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SUMMARY

We have determined the sequence of chicken talin (2,541
amino acids, M, 271,881) which is very similar (89%
identity) to that of the mouse protein. Alignments with the
Caenorhabditis elegans and Dictyostelium discoideum talin
sequences show that the N- and C-terminal regions of the
protein are conserved whereas the central part of the
molecule is more divergent. By expressing overlapping
talin polypeptides as fusion proteins, we have identified at
least three regions of the protein which can bind F-actin:
residues 102-497, 951-1,327 and 2,269-2,541. The N-
terminal binding site contains a region with homology to
the ERM family of actin-binding proteins, and the C-
terminal site is homologous to the yeast actin-binding
protein Sla2p. Each of the actin-binding sitesiscloseto, but
distinct from a binding site for vinculin, a protein which
also binds actin. The Prol176 to Thr substitution found in
talin from Wistar-Furth rats does not destroy the capacity

of this region of the protein to bind actin or vinculin.
Microinjection studies showed that a fusion protein con-
taining the N-terminal actin-binding site localised weakly
to stress fibres, wher eas one containing the C-terminal site
initially localised predominantly to focal adhesions. The
former was readily solubilised, and the latter wasresistant
to Triton extraction. The N-terminal talin polypeptide
eventually disrupted actin stress fibres whereas the C-
terminal polypeptide was without effect. However, a larger
C-terminal fusion protein also containing a vinculin-
binding site did disrupt stress fibres and focal adhesions.
The results suggest that, although both the N- and C-
terminal regions of talin bind actin, the properties of these
two regions of the protein are distinct.
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INTRODUCTION

Talin is a cytoskeletal protein localised specificaly in
adherens-type junctions with the extracellular matrix (Burridge
and Connell, 1983; Geiger et al., 1985), although it is also
found at points of cell contact between T-helper and antigen-
presenting cells (Kupfer et al., 1987). It is thought to be one of
a number of interacting proteins which link the cytoplasmic
domains of integrins to the actin cytoskeleton (reviewed by
Jockusch et al., 1995). The complete sequences of mouse (Rees
et al., 1990) and D. discoideum (Kreitmeier et al., 1995) talin
have been published, and the human gene has been assigned
to chromosome 9p (Gilmore et al., 1995). Mouse talin contains
2,541 amino acids with a My of 269,854. Comparison with the
D. discoideum segquence (2,491 amino acids) shows that the N-
and C-terminal regions of the protein are conserved (Kreit-
meier et al., 1995).

Calpain Il cleaves chicken talin between residues 433 and
434 to produce a 47 kDa N-terminal fragment and a 190 kDa

C-terminal fragment (Rees et al., 1990). Microinjection
studies indicate that the N-terminal fragment is important in
targeting talin to cell-matrix junctions (Nuckolls et al., 1990).
This region of the protein can bind to charged lipids, and
appears to contain a membrane binding domain (Niggli et al.,
1994). Residues 165-373 show homology with the
ezrin/radixin/moesin (ERM)/band 4.1 family of cytosketal
proteins (Rees et al., 1990; Takeuchi et a., 1994), members
of which aso contain an N-termina membrane-binding
domain. The 190 kDa C-terminal polypeptide is composed of
a large number of alanine-rich repeats of around 34 amino
acids in length (McLachlan et al., 1994). This region is
reported to contain a binding site for the B1 integrin cyto-
plasmic domain (Horwitz et al., 1986), and severa binding
sites for the cytoskeletal protein vinculin (Lee et al., 1992;
Gilmore et a., 1993) which overlap sequences required for
targeting the protein to focal adhesions in cultured cells
(Gilmore et al., 1993). Talin is also an actin-binding protein
reported to possess nucleating activity, and able to enhance F-
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actin cross-linking by a-actinin (Mugurumaet al., 1990, 1992;
Kaufmann et a., 1991). The actin-binding sites in talin have
not been mapped, but the 190 kDa fragment can bind to F-
actin, and talin residues 2,300-2,541 show homology to a
yeast actin-binding protein Sla2p (Holtzman et al., 1993).
Interestingly, talin has recently been reported to bind to
residues close to the C terminus of ppl25 focal adhesion
kinase (Chen et a., 1995; M. L. Borowsky and R. O. Hynes,
unpublished data), a region which also binds paxillin (Hilde-
brand et a., 1995).

In D. discoideum, talin accumulates at the tips of filopodia
formed in response to CAMP, consistent with the view that it
plays a key role in linking actin to the membrane (Kreitmeier
et a. 1995). Tdin is recruited to newly forming foca
adhesions before vinculin (DePasquale and 1zzard, 1991)
suggesting that it isinvolved in the early eventsleading to focal
adhesion assembly. This conclusion is further supported by
microinjection studies in which a polyclonal antibody to talin
was found to inhibit both cell spreading and cell adhesion on
fibronectin (Nuckolls et al., 1992). Down-regulation of talin in
Hel a cells using antisense RNA aso reduced the rate of cell
spreading on fibronectin (Albiges-Rizo et al., 1995).

In the present study, we report the complete sequence of
chicken talin. Alignment of this sequence with that of C.
elegans (Moulder et a., 1996) and D. discoideum (Kreitmeier
et al., 1995) talin sequences point to a number of blocks of
conserved residues which may help to identify binding sitesfor
proteins which interact with talin. We demonstrate that one of
these conserved regions (residues 2,300-2,541) at the C-
terminal end of the protein contains an F-actin binding site,
although at least two other regions of the talin molecule aso
bind to F-actin. A second conserved region (residues 1,929-
2,029) contains one of the several vinculin-binding sites in
talin (Gilmore et a., 1993), each of which is adjacent to an
actin-binding site. Finally, by microinjecting purified talin
fusion proteins into chicken embryo fibroblasts (CEF), we
provide evidence that the association between the N- and C-
terminal regions of talin and the actin cytoskeleton show
different characteristics.

MATERIALS AND METHODS

Isolation and sequencing of chicken talin cDNAs

The strategy used to isolate cDNAS encoding the complete sequence
of chicken talin have been described previously (Gilmore et al., 1993).
cDNAs were subcloned into either M 13 or pBluescript and sequenced
on both strands using the dideoxy chain termination method of Sanger
et a. (1977). The complete nucleotide sequence was compiled and
sequence alignments conducted using the UWGCG suite of pro-
grammes.

Purification of talin fusion proteins expressed in E. coli

The chicken talin cDNAs expressed as glutathione-S-transferase
(GST) fusion proteins in Escherichia coli have been described previ-
ously (Gilmore et al., 1993). Fusion proteins were purified essentially
as described by Smith and Johnson (1988) using glutathione coupled
to agarose beads (Sigma) as an affinity matrix. The fusion proteins
were eluted with 5 mM free glutathione. Concentrations of fusion
proteins were determined using the Coomassie protein assay kit
(Pierce, Rockford, 111, USA), and the purity of the proteins analysed
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

Actin co-sedimentation assay

A fixed amount of rabbit muscle G-actin (20 pg) and increasing
amounts of the appropriate GST-talin fusion protein were mixed in a
total volume of 100 pl of buffer containing 10 mM Tris-HCI, pH 8.0,
0.2mM ATP, 0.2 mM dithiothreitol, 0.2 mM CaClz and 0.02% Triton
X-100. Actin polymerisation was initiated by the addition of 100 mM
NaCl, and the samples were incubated at room temperature for 60
minutes. Samples were centrifuged both with and without actin at
75,000 rpm (100,000 g) for 15 minutes. The supernatants were
removed, the pellet washed carefully with phosphate buffered saline
(PBS), and resuspended in 100 pl PBS. Proteins present in equal
volumes of both the supernatant and pellet were resolved by SDS-
PAGE, the gels stained with Coomassie blue and analysed using a
Molecular Dynamics scanning laser densitometer by volume integra-
tion. The ratio of the talin polypeptide:actin (arbitrary units) in the
pellet was plotted against the concentration of the talin polypeptide
added, and the binding affinity estimated from the concentration of
talin polypeptide that produced 50% of maximal binding.

Binding of 125|-vinculin to talin fusion proteins

Vinculin was purified from chicken gizzard by the method of Evans
et al (1984), and 1251-labelled with 0.5 mCi of Bolton and Hunter
reagent to a specific activity of approximately 2x107 com per pg, as
described previously (Gilmore et al., 1993). Purified talin fusion
proteins (200 ng) in 25 mM Tris-HCl, pH 7.5/150 mM NaCl (TBS)
were adsorbed onto plastic microtitre wells for 4 hours, and excess
protein binding sites blocked with 2% BSA in TBS. 125|-vinculin (4
nM) was added to the wellsin 100 pl of TBS containing 4% BSA and
0.1% Tween-20 with or without unlabelled vinculin. Following an
overnight incubation, wells were washed three times in TBS/0.1%
Tween-20 and counted in a Beckman 5500 gamma counter.

Microinjection of GST-fusion proteins into chicken
embryo fibroblasts (CEF)

CEF were grown in Dulbecco’s modified Eagle’ s medium (Life Tech-
nologies, Paisley, UK) containing 10% tryptose phosphate broth plus
5% newborn caf serum and 1% chick serum (Advanced Protein
Products, West Midlands, UK). Cells were seeded onto glass cover-
slips (etched with acrossto aid relocation of theinjected cells) at |east
2 days prior to injection. Approximately 50 cells were microinjected,
and the cells returned to the incubator for between 5 and 60 minutes
prior to fixing and staining. All injections were carried out with the
aid of a Leitz Diavert microscope using a Leitz micromanipulator
connected to a Narishige microinjector unit. Microinjection needles
were pulled from glass capillaries (Clarke Biomedical Ltd, Slough,
Berks., UK) on a microelectrode puller (Campden Instruments Ltd,
Sileby, Leics., UK).

Indirect immunofluorescence

Theintracellular localisation of the injected GST-fusion proteins was
determined as follows. Injected cells were incubated for 5 minutes at
37°C, and cells were then extracted (2 minutes) with 0.5% Triton X-
100 in MES buffer (50 mM MES buffer, pH 6.0, 3 mM EGTA, 5
mM MgCl2) to remove the cytoplasmic pool of injected protein.
Extracted cells were fixed in 3.8% formaldehyde in PBS, and the
injected GST-fusion proteins were detected with a polyclonal rabbit
anti-GST antibody (a generous gift from Dr E. Moiseeva, Depart-
ment of Biochemistry, University of Leicester) and a Texas Red-
labelled anti-rabbit 1gG (Amersham). The effects of microinjected
proteins on the actin cytoskeleton were determined after incubating
injected cells for 30-60 minutes at 37°C. Cells were then fixed in
3.8% formaldehyde in PBS, permeabilised with 0.2% Triton X-100
in PBS, and stained with FITC-labelled phalloidin (Sigma) according
to the manufacturers’ instructions. Cells were stained for vinculin
using a mouse monoclonal antibody V284 (Asijee et a., 1990)
(Serotec, Kidlington, Oxford, UK) followed by a Texas Red-labelled
sheep anti-mouse 1gG.



RESULTS

The complete sequence of chicken talin.
Comparison of the mouse, chicken, C. elegans and
D. discoideum talin amino acid sequences

Analysis of the complete deduced amino acid sequence of
chicken talin shows the protein to contain 2,541 amino acids
with a M of 271,881. The chicken and mouse (Rees et a.,
1990) proteins are very similar throughout the entire sequence
(Table 1). Comparison with the C. elegans (Moulder et al.,
1996) and D. discoideum (Kreitmeier et al., 1995) sequences
indicates that talin is highly conserved (Table 1), the N- and
C-terminal regions of the protein being the most similar (Fig.
1A). Residues 1-433, which are N-termina to the calpain |1
cleavage site in chicken talin, show 57% identity (79% simi-
larity) with C. elegans talin, and 44.4% identity (65.9% simi-
larity) with D. discoideum talin. There are two blocks of
conserved sequencesin the C-terminal region. Residues 1,960-
2,150 in chicken show 59.2% identity (71.7% similarity) with
the C. elegans, and 27% identity (42% similarity) with the D.
discoideum protein. Residues 2,300-2,541 in chicken show
50.8% identity (68.5% similarity) with the C. elegans, and
35.2% identity (51.5% similarity) with the D. discoideum
protein. Thislatter region istherefore slightly more conserved,
and displays homology with the C-terminal region of the yeast
actin-binding protein Sla2p (Holtzman et ., 1993) (Fig. 1B),
suggesting that this region of talin may also bind to actin. The
central region of the protein (residues 434-1,960), which is
predicted to be highly a-helical in both mouse and chicken
talin and contains multiple aanine-rich repeats (McLachlan et
al., 1994), is significantly less conserved in primary sequence
(chicken to C. elegans, 30.6% identity, 51.2% similarity;
chicken to D. discoideum 19.4% identity, 40.9% similarity).

Identification of actin-binding sites in talin

To establish which regions of the talin molecule bind to F-
actin, overlapping talin fusion proteins spanning nearly the
entire sequence of the protein were purified and analysed for
their ability to co-sediment with F-actin. Five fusion proteins
extending through residues 102-1,327 were all found to co-
sediment with F-actin, as did a fusion protein spanning
residues 1,646-2,541, whereaslittle if any of the various fusion
proteins were able to sediment in the absence of F-actin (Fig.
2). In contrast, fusion proteins spanning residues 1,304-2,023
(Fig. 2) and 1,554-2,124 (data not shown) did not co-sediment
with F-actin. The smallest fusion proteins with binding activity
were those spanning residues 102-497, 951-1,327 and 2,269-
2,541. We conclude that at least three distinct regions of the
talin molecule are able to bind to F-actin.

To assess the relative affinities of these regions of the talin
molecule for F-actin, increasing amounts of the talin polypep-
tides were incubated with a fixed quantity of F-actin, and the
amount of the talin polypeptide co-sedimenting with F-actin
determined by SDS-PAGE and densitometry. The ratio of the
talin polypeptide:actin found in the pellet was then plotted
against the concentration of talin polypeptide added, and the
relative affinities of the fusion proteins estimated from the con-
centrations of the proteins giving 50% of maximal binding
(Fig. 3). The values for talin polypeptides spanning residues
102-497 and 2,269-2,541 were 5 UM and 17 uM, respectively.
Unfortunately, the talin fusion protein spanning residues 951-
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Table 1. Comparison of the amino acid sequences of
mouse, chicken, C. elegans and D. discoideum talin

Sequence identity (%)

Mouse Chicken Ce D.d.
S Mouse 100 89.0 388 244
> Chicken 935 100 389 246
2 ce 58.7 58.8 100 247
& D 455 452 478 100

1,327 tended to aggregate at higher concentrations and was
therefore replaced by one spanning residues 852-1,328. The
relative affinity of thistalin polypeptide for F-actin was 8 uM.
The affinities of the recombinant talin polypeptides for F-actin
are lower than that of intact talin for G-actin (Kg 0.25 uM;
Kaufmann et al., 1991), but are similar to those determined for
other recombinant actin-binding domains from proteins such
as a-actinin, utrophin and dystrophin (Winder et al., 1995).

Further definition of the C-terminal vinculin-binding
site in talin

We have previously provided evidence that talin contains three
vinculin-binding sites spanning residues 498-656, 852-950 and
1,554-2,268 (Gilmore et al., 1993). To define further the
boundaries of the C-termina vinculin-binding site in relation
to the neighbouring actin-binding site, a series of cDNAs
encoding this region were made by PCR following standard
procedures (Gilmore et a., 1993), and the expressed fusion
proteins assayed for their ability to bind 125]-vinculin in asolid
phase binding assay. 125]-vinculin bound to talin polypeptides
spanning residues 1,554-2,124, 1,554-2,060 and 1,554-2,029
in a manner that was inhibited by unlabelled vinculin (Fig. 4).
However, a talin polypeptide spanning residues 1,554-1,929
was unable to bind 125]-vinculin above background levels, and
activity was not regained by afurther deletion to residue 1,829.
We conclude that residues 1,929-2,029 are essentia for
vinculin binding to this region of the talin molecule. However,
the fact that there was a significant reduction in vinculin
binding when residues 2,029-2,124 were del eted raises the pos-
sibility that this region contains more than one vinculin-
binding site.

To determine how many vinculin-binding sites are contained
within the C-terminal region of talin, binding of 123-vinculin
to a talin fusion protein spanning residues 1,646-2,541 was
studied in the presence of increasing concentrations of
unlabelled vinculin. Scatchard analysis of the data indicated a
high and lower affinity interaction between vinculin and the
talin polypeptide, with Kg values of 4x10~7 M and 3.5x107% M
(Fig. 5), a characteristic previously observed using talin
purified from chicken gizzard (Gilmore et a., 1993). We have
shown that the biphasic nature of the binding curve is due to
the presence of two classes of labelled vinculin molecules with
ahigh and lower affinity for talin (A. P. Gilmore, unpublished
data), a property which results from the intramol ecul ar associ-
ation between the head and tail regions of the vinculin
molecule (Johnson and Craig, 1994). The stoichiometry of
binding for the high affinity interaction was 0.2 moles of
vinculin bound per mole of talin whereas that for the lower
affinity interaction, which measures the total number of
vinculin binding sites in talin, was close to 1:1. The results
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d XSSPERAAMI Bs- SEVIRSVESINASIHeRVE SReL NREELMSD! SS|ITNQSESHAGL [Sizi NVIEKHL
EARRHVVHCST STYNPDI CLPAKSEL DESIOMET ANSADYNHUBSHAAT| LGl TRERASQFNE- - QDE[S,
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G. 1526 %P K ENZANSIIANIYK T | (AN GAF NEENEE .R@ATAPI EAVENETARAS NRERATMZA AR PEERRAVEREVTEAKT
C.e. 1542 SRS S TRFNDMEENP DARSER- - BTSSusEMRQVAL QL HADKFDEAAT QGRS TEeHSA QL BsRE
D. 1471 @VRDEl VKEIIQQEAHATSSARIVK SVT SKEPGRKEAVI SQSLKELESEI NNLLI TSSXSERGI (€] ADFNKLNVST CgiSV
G. 1606 NESSRCHESIARSLAVNGEPP GHSIRT KIET NVRDKe® REEDEFAFDVENECVREVDQASEAAI SQQ
C.e. 1620 [IDTINeVEOIAKEWASAFABEATIOR R VREVNAI HEARNZeleMEL EANNGRISAL SGQI ERSEIVDCYASG
D. 1551 STASSENE SESECSCKEEG EL S5l MSENAVL VT NSLEKOT [KVT SSMVZeVNFEEZNIE AQgAI SDL SSVINISVAVGS
G. 1686 LAPREE- - - - | QEANHNSNI TAVQE[INNL [JEPVASIYARAEAS QEHKYSQVASY FEPI LINA CA¥ASKpigNHQeENVNEL
C.e. 1700 NVQKHEA- - - NAERQEL QVQHI ASGL EDKVDBNHNAYAVE H PKVYQL HCleV ADINAcANAGvyVESNele TEMF
D. 1631 FDSSANNKEGLEHVESQERLVDVTKKEGT GINMNL KESEQSPEAT €l SAKALSFI APSIHVNT TKPALCAT A ADASNDEV
G. 1762 [EBQTEYIL LY TAKEXEENEK QRARIQE AL EERVQVMEAVERNT TL NEAASAAE YSIET QANOLBEGP
C.e. 1777 [BK AEMANVVIASRESEEN Y- NAVEAHANVKDRAGQL (PRI GEVROUIAK YV SEEQE TS SSARIBVAY
D. 1711 TeESKNYCDS! MKECINSLTRSSNE- - SKEGYQ! | VNKCVDASEHAVSKEVAQRSSGVNL YREL DESLBRIIRKEVVEISAKD
G. 1842 NGEPE[E- - T[gVIRELITIYVK T ARA V QEAIK SHNP DE[E! | ANQETRNDNYGQLEQQAKPEYAL PJAENEE[RES HIINR
C.e. 1856 SSAHPlES- S[FARASHRINTAYL EDRRYA! EYPUL NIl - - DEeAASL NISEKNRL VIAGDVRINAGVL PEADREQRLIL
D. 1789 APKDSENRGYGQERKEELSNL TEINCRLSLKTI YATDGNL VST STI EKDT ARYT SDI [AHVSSAT LAGT SDQKIJRDSIEI TS
G. 1920 OEMEHGSAAL WAIKIIEAL QCS[FSEAYTKKEM ESRKYSEKYSHURIINCAENZGEIGN TIYAS ADLDT 11 NFAT
C.e. 1932 [sxReTelel ETVAIVIXEGKRAHZERERI @ROMSSORGTYVERYE QYUY SA SRR INSANYAN T €DLDTTI NFAT|
D. 1869 RQVI VETGDI WNHI RVNSTDKANS- SleAKVNDEY[RATNDNI TRFMQSHEK QAT teEl L SDAT DQI RRVIISRIEGY SL[ZAA
G. 2000 [XETMYRENS- - --------- ET[RA MKTAKALVEDT KWL VOINAIIAS N QYXe'S S\ ST RMAE VYL €A
C.e. 2012 SlesM¥SSDD----------- RK[gPS[EK KTAKAL VEDTKIAL VINEAINS ANAAQY NS DANRTIEAY
D. 1948 [XeQNENDQSSQSTVNEVTKQQHLKNLQRDTI TQINLMI VSSSQRYGSSRGT ST TKVANYVSSIHVKTARDI S
G. 2069 DP iR | INAVKDVANAL (€] ‘AeKAG% AVAZeL KLY UNVIES PEVERIZAIKGT RAL EAR
C.e. 2081 SEEN L VIHAYREVAANET S NSl sL QHAVGHEDA SIYAR EKNQQeIRAVIEAA
D. 2028 ADTTE - [@QDI LSISKALS! SSQQNVL AQRFKKEBATAFRSIGKEAERVAEDYGQFET SN YIAT SDRGKE! KEMEKS
G. 2149 [JEHERQELAVFSSPVPPAQVS- - - - TIREDE RVTKGI TVAJAKAGAAGNSCR- QEDVATEESERA ADMERACKEAAY
C.e. 2161 VDAJGFEVKQFEHDENEGARI PTDF RgEHL QETREHVSE| PKRVNQGADAPESEEE! [JCVINESSINYRSL MAVVRTI SN
D. 2106 [JVQVANYHEKPDTVESNKDRT- - - - - | GAOSARDLAKSSI El [TSYTES[e- - DSLVKSSQAVVENYQEFT SNSHGVI A
G. 2224 HPEVSRBVEQRANRFENECADGYNEMEE- - EVLVI L QKPTHEL KQQWAGYSERYASSHTEM QAAEAKETEWDP- - - -
C.e. 2241 DADT- [3PQRYAYMDSEERDVIANNVR SIRVSL[§TQMYRNPGQEESRRLMLE ALSH CNE[YTIEL PHNHEN- - -
D. 2179 LLGNGNELKSKYEENVIQT TGDMEAMHGQ- - -- - KDQDKNGS- TSI TRSI §DCyHSWYTSKSL PEGQNI VVEEDN
G. 2298 - - EEPTVI [NENENNIYIAANFVIAKINE QEKER- - - AKPKEADESL DfEE QYL ERVANSRAART SARYK AL ALY\ Al
C.e. 2317 - - ESAARONSNENRTINSSEFNSN AR Cl VQENTISE! VETE[FDDNEI | SINIGT H\yHTEV NEeENAMe
D. 2253 VL[EsL A INSPENSAARIEEERTIN AAREQS- - KSKNGKL DAEGVAATVDRSSA AKIYNTNAVINe SKRRED
G. 2373 [EKVGVI PANAVED! eGL | SAARIVINAATININI CEAANINAe GRASE EIML | SSAKQVAASTAQL L VACNVKADgDS| o
C.e. 2395 [ERARAEGTGTY- - - QISECMRIYZVY VSV EKReDIYNNT1 VKIEQT TH= NAKQVEISSTAGL L VACRVIZADEDS Ol
D. 2331 - Ql AskEsvykagr- TIENENEINIK QY YNIE REVIZNIVK SATIeKE EEZ EMBA TR SV AL BV SISR BY8SQ
G. 2451 - AVKREOAYYENAYK RAS DNIY KEYIOKIIA AFQEH- BIETVVVKEK QRNAAQEEL RKEREL EEARNKL AVNROQ
C.e. 2470 - ANRNVNeJNRNAAERRYQSINOCEMEARE- - [BRNI Al SDRL QUYBAQEENL RKEREL[EEAR[FKL ARIENKI
D. 2409 ARHSHESTRARQYASET S DIRYANAK ARTEDEQQAEEEQEQFNF T[eSKVKEL EQeNVKI KL EKERETINRROVL NS[piXe,
G.g. 2529 KFLPTEL[REEEQN
C.e. 2547 E------ BGEEA
D.d. 2489 N------ KN- - - -
G.g. 2311 AKEOIE QEKER- - - AKPKADESL DFEEQENENYNSFAART SINTIYYS Fig. 1. Sequence alignment
C.e. 2330 QI VQENT[®EI VETE[JDDNEI | S| L HAGHT[® of chicken talin. (A) Talin
D.d. 2268 RECQS- - KSKNGKLDAEGVAATIJVDRS SARRAKIYA L@E f (h')k
Sla2p 753 [ PLESLALMEI sequences from chicken
G 2368 [EEVAREKVGVI PRNAVDECONE NN MYZYYNIN NI A AV EHAS] (Gallus gallus) (this study),
g = NSE. - - -
C.e. 2390 EHMAMERA - - ANGGTGT VSRR G VY VASY HKMS DY TVKIEQT T(E- - - - [ C. elegans (Moulder et dl.,
D.d. 2326 KRREDQI s- - GSV\KARP TIENECREIVAK QY Yy HREVENIMISAIIEKREE- - - - [FE 1996) and D. discoideum
Sla2p 796 EIRTTTSI P- LNQFMLKNSRUTEHINEINAKAVACNINVE T TSI WSEDNENT SPEQF (Kreitmeier et al., 1995)
G.g. 2424 [EES XS HBEE- - - RVKENOLYYENEY KIS XeKkRAAGQ  werealigned using the
C.e. 2443 ADIEDS EMANERL CAAGEAVENANERL VIeSAQeEY R ithi
D.d. 2380 AL PG COBYsseADHS TS TARNASAT SORY Ak ARTlRgp  C'ustdl programme within
Sla2p 855 NSHEVYNS| oV ARSEYATS! ASKADKL EHCSKDVTDACRSL GNAYVGVI EDDHST — the UWGCG package.
I dentiti lack
G.g. 2481 BHEETVVVKEKMYGE- OQJKFLPTEL dentities (black) and
C.e. 2500 BRNI Al SDRL\YNE- [N HLNRARNE- - - - - D conservative substitutions
D.d. 2440 ESQEEEEQEQFNFIRESKVKEL] ROVL NSRONYN- - - - - KN---  (grey) were highlighted
Sla2p 915 SEQeQPLDFTSEHYL- KTAEYEQeVERRKL [EQSHS NARNRECENRRHANYN- - - - QRBD- :
P Q Q RE using the programme
G.g. 2540 QN Boxshade. The arrowhead
Soe. 2593 A indicates the calpain 11 cleavage site between residues 433 and 434 inferred from N-terminal sequencing
Sl a2p -- of the 190 kDatalin polypeptide liberated from chicken gizzard talin by this protease (Rees et a., 1990).

(B) Alignment of the C-terminal sequences of chicken, nematode and slime mould talin with the C-
terminal region of the S cerevisiae actin binding protein Sla2p (Holtzman et al., 1993). A noteable
feature is the sequence GLISAA which is present in all four proteins.
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Fig. 2. Binding of talin fusion proteins to F-actin.
Chicken talin fusion proteins were incubated in the
presence (+) and absence (=) of G-actin, and 100 mM

NaCl added to initiate actin polymerisation. The ' -

samples were then centrifuged at 100,000 g for 15
minutes to pellet F-actin; samples of the supernatant
(S) and the pellet (P) were analysed by SDS-PAGE,
and the proteins visualised by staining with Coomassie
blue. The positions of the fusion proteins (filled
arrowheads) and actin (open arrowheads) are shown to

theright of each panel. S P

indicate that the C-terminal region of talin contains a single
vinculin-binding site. Binding of 123|-vinculin to a fusion
protein spanning residues 565-1,328 was also biphasic (Kg
values 1x1077 M and 4x1078 M) with Bmax values of 0.1 and
2:1, respectively. These results are consistent with previous
results indicating that there are two additional independent
vinculin-binding sites in talin between residues 498 and 656
and 852-950 (Gilmore et al., 1993).

Analysis of the potential effects of a Pro 1,176 to Thr
substitution in talin on binding to actin

A point mutation has been identified in talin in the Wistar-
Furth strain of rat which results in a Pro to Thr substitution at
residue 1,176 (Jackson et al., 1993). Interestingly, these rats
show an heriditary defect in platelet formation, and the distri-
bution of talin in megakaryocytes and platelets is abnormal
(Jackson et al., 1992; Pestina et a., 1995). Proline residues in
the talin rod domain are predicted to be clustered in the so
called leader sequence at the beginning of each of the multiple
34 residue repeats (McLachlan et al., 1994). The substitution
could therefore destroy the folding of talin resulting in a non-
functional protein, or it could lead to inactivation of a binding
sitein thetalin molecule. Thisregion of talin contains an actin-
binding site (residues 951-1,327), and is close to a vinculin-
binding site (residues 852-950), and we therefore investigated
the effect of the substitution on the relative binding affinity of
afusion protein spanning residues 852-1328 for F-actin. Both
the mutant and the wild-type fusion proteins bound to F- actin
(Fig. 6A,B), and the susbstitution had no effect on the affinity
of the talin polypeptide for F-actin (Fig. 6C). Neither did the
substitution have any obvious affect on the ability of a talin

P S P 5 P S P S F
fusion protein spanning residues 565-1,328 to bind to vinculin
or to localise to focal adhesions when microinjected into CEF
(data not shown). These results are consistent with recent
findings that the substitution does not segregate with the
platelet defect in Wistar-Furth rats (C. W. Jackson, persona
communication) and may indeed be silent, although we do not
exclude the possibility that it might inactivate an as yet unchar-
acterised binding site. The talin rod domain is thought to
contain a binding site for B1 integrins (Horwitz et a., 1986),
athough the site has yet to be defined.

Microinjection of talin polypeptides containing N-
and C-terminal sequences into CEF

Talin isrelated to the ERM family of cytoskeletal proteins by
virtue of a low level sequence similarity between the N-
terminal region of the proteins (Rees et al., 1990; Takeuchi et
a., 1994). Studies on ezrin have shown that both the N- and
C-termina regions of the protein associate with the actin
cytoskeleton, athough only the latter interaction was stable to
extraction with Triton X-100 (Algrain et a., 1993). To
establish whether the N- and C-terminal regions of talin
showed similar characteristics, purified talin fusion proteins
spanning residues 102-497 (which includes the region of
homology with the ERM family of proteins) and 2,269-2,541
(homologous with ayeast actin-binding protein; Fig. 1B) were
microinjected into CEF, and their subcellular distribution and
resistance to Triton X-100 extraction determined. Cells
injected with the fusion proteins were incubated at 37°C for 5
minutes, and either extracted with Triton X-100 to remove the
soluble pool of injected protein prior to fixation and staining,
or fixed first then extracted with Triton X-100. The fusion
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Fig. 3. Determination of the relative affinities of talin polypeptides
for F-actin. Increasing amounts of the talin fusion proteins indicated
were incubated with a fixed concentration of F-actin (5 uM), and
binding analysed by co-sedimentation, SDS-PAGE and scanning
densitometry as described in Materials and Methods. The ratio of the
talin polypeptide:actin (arbitrary absorbance units) in the pellet were
plotted against the amount of talin polypeptide added using the Profit
package (Quantum Soft, Zurich, Switzerland).

proteins were localised using an anti-GST antibody, and actin
was visualised with FITC-phalloidin. The intracellular locali-
sation of the fusion protein GST/102-497 proved difficult to
establish. If the cells were extracted with Triton X-100 prior
to fixation, staining was completely abolished (data not
shown). In cells fixed then stained, the large pool of cytosolic
fusion protein made it impossible to visualise any discrete
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Fig. 4. Binding of 123|-vinculin to talin fusion proteinsin the region
of residues 1,554-2,124. Microtitre wells coated with the talin fusion
proteins (200 ng) indicated were incubated with 125]-vinculin (4 nM)
in the absence or presence of 500 nM unlabelled vinculin, and the
amount of 125]-vinculin bound determined as described in Materials
and Methods. Assays were carried out in triplicate and the bars show
the standard error about the mean.

Table 2. Effect of microinjecting talin fusion proteinsinto
CEF on actin stressfibres

Talin fusion proteins (amino acid co-ordinates)

Effect on actin

stress fibres 102-497 2,269-2,541 1,646-2,541
No disruption 28+3 90+6 11+1
Partial disruption 49+5 10+6 51+1
Total disruption 23+4 0 38t1

Talin polypeptides expressed as GST-fusion proteins were injected into
CEF, the cells incubated at 37°C for 30 minutes, then fixed and stained for F-
actin as described in Materials and Methods. The effect of the fusion protein
on the organisation of actin stress fibres is expressed as a percentage (+ s.d.)
of the total number of cellsinjected.

localisation of the protein within the cell body. However, the
protein appeared to co-align with actin filaments extending
from focal adhesions at the cell periphery (Fig. 7A,B). Inter-
estingly, when injected cells were incubated for 30 minutes at
37°C prior to fixation and staining, the GST/102-497 fusion
protein caused disruption of actin stress fibres in most though
not all cells (Fig. 7C,D). Vinculin-containing focal adhesions
were similarly disrupted (data not shown). Quantitative
analysis showed that the fusion protein caused either a partial
or total disruption of stress fibres in >70% cells (Table 2),
whereas injection of GST aone produced little or no effect
(Fig. 7E,F).

Microinjection of the fusion protein GST/2,269-2,541
resulted in significantly different results. The fusion protein
localised predominantly to focal adhesions within 5 minutes of
microinjection (Fig. 8A,B), with weak co-localisation with
actin filaments in some cells (data not shown). Staining was
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Fig. 5. Stoichiometry of binding of vinculin to talin fusion proteins
spanning residues 565-1,328 and 1,646-2,541. Microtitre wells
coated with the talin fusion proteins (200 ng) indicated were
incubated with 1231-vinculin (4 nM) in the presence of increasing
concentrations (5 nM - 4,000 nM) of unlabelled vinculin, and the
amount of 125]-vinculin bound determined as described in Materials
and Methods. The means of triplicate assays were corrected for non-
specific binding to wells coated with BSA. The data are presented as
Scatchard plots.

resistant to extraction with Triton X-100. After 30 minutes,
very few cells (<20%) showed any signs of stress fibre dis-
ruption (Fig. 8C) or loss of vinculin-containing focal adhesions
(data not shown). However, the fusion protein was no longer
localised specifically in focal adhesions and appeared to be
more uniformly distributed throughout the cell with some
evidence of filamentous staining (Fig. 8D). A larger C-terminal
talin polypeptide (residues 1,646-2,541) was also seen to
localise to the ends of actin stress fibres in focal adhesions
within 5 minutes of injection (Fig. 9A,B), and the protein was
again resistant to extraction with Triton X-100. However,
>80% of cells which were microinjected with GST/1,646-
2,541 and incubated for 30 minutes at 37°C showed partia or
total disruption of actin stress fibres (Fig. 9C,D and Table 2),
and loss of vinculin-containing focal adhesions (Fig. 9E,F).

DISCUSSION

Comparisons of the chicken talin sequence reported here with
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Fig. 6. The effect of aPro 1,176 to Thr substitution on binding of a
talin polypeptide spanning residues 852-1,328 to F-actin. Platelet
talin isolated from the Wistar-Furth (WF) strain of rat contains a Pro
1,176 to Thr substitution (Jackson et al., 1993). (A,B) The effect of
this substitution on binding of increasing concentrations of a chicken
talin fusion protein (residues 852-1,328) to afixed concentration of
F-actin (5 uM) was analysed using a co-sedimentation and SDS-
PAGE as described in Materials and Methods. (C) Theratio of the
talin polypeptide:actin (arbitrary absorbance units) in the pellet was
plotted against the amount of talin polypeptide added using the Profit
package (Quantum Soft, Zurich, Switzerland).

those of C. elegans (Moulder et a., 1996) and D. discoideum
(Kreitmeier et a., 1995) talin sequences show the N- and C-
terminal regions of the protein to be conserved. The region N-
terminal to the calpain I cleavage site in chicken talin contains
two blocks of conserved sequence; residues 4-129 and 166-
422. The intervening region contains an insert in C. elegans
and a deletion in D. discoideum talin. There are also two
conserved regions toward the C terminus of the protein, one
spanning residues 1,960-2,150, the other residues 2,334-2,524
(Fig. 1A,B). We show here that the former contains avinculin-
binding site, and the latter an actin-binding site which displays
homology to the yeast actin-binding protein Sla2p (Holtzman
et a., 1993). However, two other regions of talin also bind to
F-actin, namely residues 102-497 and 951-1,327. Interestingly,
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Fig. 7. Microinjection of CEF with atalin fusion protein containing
residues 102-497. CEF were microinjected with the talin fusion
protein GST/102-497 and incubated at 37°C for 5 minutes (A,B)
prior to fixation and permeabilisation. Cells were stained for F-actin
using FITC-phalloidin (A) and for the injected fusion protein using a
rabbit polyclonal antibody to GST and a Texas red-labelled anti-
rabbit 1gG (B). The fusion protein was weakly associated with actin
filaments at the periphery of the cell (arrows). Injected cells were
also incubated at 37°C for 30 minutes (C,D) and fixed then stained
for F-actin (C) and the GST/102-497 (D). Under these conditions,
the actin cytoskeleton in most injected cells was completely
disrupted, whereas uninjected cells contained numerous actin stress
fibres. Cellsinjected with GST alone (E,F) and stained for F-actin
(E) and GST (F) were unaffected. Bar, 5 um.

each of the actin-binding sites in talin is distinct from, but
adjacent to a binding site for vinculin, a protein which can also
bind to F-actin (Menkel et al., 1994; Johnson and Craig, 1994).
Microinjection studies show that those regions of talin con-
taining the N- and C-terminal actin-binding sites have distinc-
tive properties in terms of their localisation, resistance to
detergent extraction and ability to disrupt focal adhesions and
actin stress fibres. A schematic representation of the domain
structure of talin which incorporates this new information is
shown in Fig. 10.

The microinjection studies of Nuckolls et al. (1990) indicate
that the N- terminal region of talin contains key determinants

Fig. 8. Microinjection of CEF with atalin fusion protein containing
residues 2,269-2,541. Injected cells were incubated at 37°C for 5
minutes (A,B), permeabilised with Triton X-100 to extract the
cytoplasmic pool of injected protein, then fixed and stained for F-
actin (A) and injected fusion protein (B) as described in Materials
and Methods. Under these conditions, the fusion protein was
localised to focal adhesions (arrows) with little or no staining along
actin stress fibres. Injected cells were also incubated at 37°C for 30
minutes (C-D), fixed first and then stained for F-actin (C) and the
injected GST-fusion protein (D). The injected fusion protein (D) was
now localised in focal adhesions (arrow) and along the actin stress
fibres extending from focal adhesions (arrowhead), and the actin
cytoskeleton remained unaffected (C). Bar, 5 um.

responsiblefor specific localisation of the protein to cell-matrix
junctions. However, binding partners for this region of talin
which might account for the localisation of the protein have
remained elusive. The fact that the N-terminal region contains
two blocks of conserved residues separated by anon-conserved
region suggests that it is composed of separate domains with
distinct functions. Talin residues 165-373 share homologies
with band 4.1 and the ERM family of cytoskeletal proteins
(Rees et al., 1990; Takeuchi et al., 1994). This region of the
band 4.1 protein contains a binding site for the cytoplasmic
domain of the transmembrane protein glycophorin C aswell as
the peripheral membrane protein p55 (Marfatia et a., 1994),
evidence that it is important in localising band 4.1 to the
membrane/cytoskeletal interface. Whether the ERM homol ogy
region in talin contains abinding site for an integral membrane
protein remains to be clarified, although the available evidence
suggests that integrins bind to the C-terminal rod domain of
the molecule (Horwitz et al., 1986). However, we demonstrate
here that the ERM homology region in talin does contain or is
adjacent to an actin-binding site, as a fusion protein spanning
residues 102-497 binds actin in vitro, and localises (albeit
weakly) to actin stress fibres when microinjected into cultured
cells. Interestingly, the 47 kDa N-terminal talin polypeptide
liberated by calpain Il cleavage (residues 1-433) localized to
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Fig. 9. Micrainjection of CEF with atalin fusion protein containing
residues 1,646-2,541. Injected cells were incubated at 37°C for 5
minutes (A,B), permeabilised with Triton X-100 to extract the
cytoplasmic pool of injected protein, then fixed and stained for F-
actin (A) and injected fusion protein (B) as described in Materials
and Methods. The fusion protein localised to focal adhesions (arrow)
with little or no staining along actin stress fibres. Injected cells were
also incubated at 37°C for 30 minutes (C-F) and fixed first, and then
stained for F-actin (C), vinculin (E) and the injected GST-fusion
protein (D,F). Under these conditions, the actin cytoskeleton and
vinculin-containing focal adhesions were completely disrupted in
most of the injected cells, athough they were unaffected in
neighbouring cells which had not been injected with the talin fusion
protein (arrows). Bar, 5 um.

focal adhesions rather than actin filaments when microinjected
into cells (Nuckolls et a., 1990). These results support the
notion that the conserved residues at the extreme N-terminal
region of talin play a role in targeting the protein to focal
adhesions, whereas the ERM homology region provides a link
to the actin cytoskeleton. This link would appear to be rela-
tively labile as the talin fusion protein spanning residues 102-
497 was quantitatively extracted from microinjected cells
treated with Triton X-100 prior to fixation. More C-terminal
regions of the protein which localised to focal adhesions, were
resistant to detergent extraction. These observations are similar
to those made with cells stably expressing various talin

polypeptides (Gilmore et a., 1993), and are reminiscent of
studies on ezrin (Algrain et al., 1993). The expressed N-
terminal region of ezrin, which localized to the sub-membra-
nous actin cytoskeleton, was solubilised by Triton X-100,
whereas the C-terminal region of the protein, which localised
to actin stress fibres, was resistant to detergent extraction. The
N-terminal region of talin has also been shown to bind charged
lipids (Niggli et al., 1994) and might therefore interact with
membranes in a manner independent of protein-protein inter-
actions. Platelet talin has been shown to translocate to the
membrane following activation even in the absence of integrin
GPllb-Illa (Bertagnolli et a., 1993). These various observa
tions suggest a model in which the N-terminal head region of
talin binds to one or more proteins responsible for localising
talin specifically to cell-matrix junctions, to membrane lipids,
and to the actin cytoskeleton viainteractions which are readily
disrupted by non-ionic detergents.

The C-terminal rod domain of talin contains two additional
actin-binding sites neither of which displays any obvious
sequence homology to the other, or to those mapped to the
C-terminal regions of ezrin (Turunen et al., 1994) and moesin
(Pestonjamasp et al., 1995). Talin binds to both G- and F-
actin, and is reported both to nucleate actin filament assembly
(Muguruma et al., 1990; Kaufmann et a., 1991), and to
augment the ability of a-actinin to cross-link F-actin
(Mugurumaet al., 1992). The actin cross-linking activity may
be explained by the fact that talin contains more than one
actin-binding site, or by the observation that it can form
dimers under certain conditions (Molony et al., 1987). What
role each of the actin-binding sites in talin fulfills remains to
be explored. The C-terminal site (residues 2,300-2,541) is
homologous to a region of the S. cerevisiae protein Sla2p
which appears to be important in controlling the assembly of
the cortical actin cytoskeleton at bud sites (Holtzman et al.,
1993). By analogy, the C-terminal actin-binding site in talin
may play a key role in the assembly of actin filaments asso-
ciated with focal adhesions. The fact that a fusion protein
(residues 2,269-2,541) containing this site localised to focal
adhesions when microinjected into CEF may be relevant in
this regard. The three actin-binding sites in talin are each
close to regions of the protein that bind vinculin (Fig. 10), a
protein which can also bind to actin (Menkel et al., 1994;
Johnson and Craig, 1994). Vinculin interacts with talin via
residues within the N-terminal globular head region (residues
1-258) of vinculin (Jones et al., 1989; Gilmore et al., 1993)
whereas the actin-binding site(s) are in the C-terminal region
of the molecule (Johnson and Craig, 1994), which can form
an extended tail. It will be interesting to establish whether
talin enhances the ability of vinculin to bind to actin in a
manner similar to its ability to augment the actin-bundling
activity of a-actinin (Muguruma et al., 1992). Bearing in
mind that vinculin aso binds a-actinin (McGregor et al.,
1994), and both talin (Horwitz et al., 1986) and a-actinin
(Otey et al., 1993) are reported to bind to the cytoplasmic face
of integrins, it seems likely that the interactions among these
proteins play a pivotal rolein the assembly of actin filaments
and stress fibres on the cytoplasmic face of focal adhesions.

If talin is a key component of focal adhesions as suggested
by the results from a variety of experimental approaches, one
might expect that microinjection of sub-domains of the protein
would competitively inhibit the interactions between talin and
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its various hinding partners, and so disrupt focal adhesions.
This prediction was confirmed when we observed that afusion
protein (residues 1,646-2,541) containing both the C-terminal
vinculin and actin-binding sites disrupted focal adhesions and
actin stress fibres in CEF. However, a smaller C-termina
fusion protein (2,269-2,541) containing the actin-binding site
(but not the vinculin-binding site) was ineffective in this
regard. One potential explanation for this observation is that
the larger fusion protein disrupts focal adhesions by inhibiting
the interaction between talin and vinculin. Vinculin is known
to be a relatively low abundance protein essential for focal
adhesion assembly (Rodriguez-Ferandez et al., 1993), at least
in fibroblasts. The concentrations of actin in the cell may be
too great for the C-terminal talin polypeptide to compete the
interaction between actin and endogenous talin. The fact that
afusion protein (residues 102-497) containing the N-terminal
actin-binding site, but no vinculin-binding site, was also able
to disrupt focal adhesions could be explained if this region
contains an additional binding site for another focal adhesion
protein, as discussed earlier.

Whether the actin and vinculin-binding sites in talin are
always exposed or are regulated in some way remains to be
established. In vinculin, an intramolecular association between
the globular N-terminal head and the C-terminal tail has been
shown to obscure the actin and talin-binding sites (Johnson and
Craig, 1994). The head-tail association is inhibited by acidic
phospholipids such as PIP2 exposing the actin-binding site
(Weekes et d., 1996). Talin has been observed to exist in both
aglobular and an extended configuration in vitro, whereas the
190 kDa rod domain is always fully extended (Molony et al.,
1987). Interestingly, the 190 kDa talin polypeptide has been
reported to bind vinculin more tightly than does intact talin
(Burridge and Mangeat, 1984).
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