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ABSTRACT. Focal adhesion complexes are plasma membrane-associated multicomponent complexes that
are essential for integrin-linked signal transduction as well as cell adhesion and cell motility. The cytoskeletal
protein Talinl links integrin adhesion receptors with the actin cytoskeleton. Talinl and the other animal
and amoebozoan talins are members of the I/[LWEQ module superfamily, which also includes fungal
Sla2 and animal Hip1/Hip1R. The I/LWEQ module is a conserved C-terminal structural element that is
critical for /[LWEQ module protein function. The I/LWEQ module of Talin1 binds to F-actin and targets

the protein to focal adhesions in vivo. The I/LWEQ modules of Sla2 and Hipl are required for the
participation of these proteins in endocytosis. In addition to these roles in I/LWEQ module protein function,
we have recently shown that the I/LWEQ module also contains a determinant for protein dimerization.
Taken together, these results suggest that actin binding, subcellular targeting, and dimerization are associated
in I/LWEQ module proteins. In this report we have used alanine-scanning mutagenesis of a putative
coiled coil at the C-terminus of the Talin1 I/LWEQ module to show that the amino acids responsible for
dimerization are necessary for F-actin binding, the stabilization of actin filaments, the cross-linking of
actin filaments, and focal adhesion targeting. Our results suggest that this conserved dimerization motif
in the I/LWEQ module plays an essential role in the function of Talinl as a component of focal adhesions
and, by extension, the other I/[LWEQ module proteins in other multicomponent assemblies involved in
cell adhesion and vesicle trafficking.

Focal adhesion complexes are multicomponent plasmalayilin (8—13), and the centrak-helical rod domain contains
membrane-associated protein assemblies that are essenti@inding sites for vinculin, integrin, actin, and TES( 14—
for integrin-linked signal transduction and for cell adhesion 16). The C-terminal I/LWEQ module of Talinl interacts with
and cell motility @, 2). In focal adhesions, heterodimeric F-actin (7—19) and also targets Talinl to focal adhesions
oUf-integrins interact simultaneously with components of the (20).

extracellular matrix (ECM)such as fibronectin and collagen The /LWEQ module has a consensus length of 186 amino
and intracellular cytoskeletal proteins such as Talinl to 4¢igs and defines a superfamily of actin-binding proteins that
complete the linkage between the ECM and the actin jhcjydes the animal and amoebozoan talins, fungal Sla2, and
cytoskeleton. Multiple proteinprotein interactions between e animal and amoebozoan Hip1l and Hip1R, which are
additional focal adhesion components such as vinculin, homelogues of Sla2l(). The conserved structural organiza-
paxillin, focal adhesion kinase (FAK), zyxin, amdactinin tion of I/LWEQ module proteins allows these proteins to
mediate focal adhesion functions. As a primary link between gare as Jinkers to the actin cytoskeleton in diverse cellular
the cytoplasmic tail of-integrin and the actin cytoskeleton processesl(, 19, 21). These proteins have a similar modular
(3—5), Talinl is essential for the assembly of focal adhesions organization with a C-terminal I/LWEQ module, a central
(6) and is also a physiological partner of a number of other , hejical domain, and either an N-terminal FERM domain
focal adhesion proteins. The N-terminal FERM domaip (o alins or an N-terminal ANTH domain for Sla2/Hip17,

of Talinl interacts with integrin, FAK, PIPK actin, and 19 The FERM domain targets proteins to the inner face of
the plasma membran&)( while the ANTH domain (AP-
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I/LWEQ module stabilizes actin as it assembles with the These mutants also showed defects in the bundling, cross-
endocytic vesicles2d, 25). Similarly, in animal cells clathrin-  linking, and stabilization of actin filaments. Furthermore,
coated cargo accumulates near the plasma membrane whegeveral of these mutations also reduced or abolished focal
a truncated HiplR mutant lacking the I/LWEQ module is adhesion targeting. Each of these properties of the I/LWEQ
overexpressed in mammalian ce®§). The Talinl I/LWEQ module are likely to be important for the function of Talinl
module is required for the force transduction linkage between as a component of dynamic focal adhesid).(Our results

the actin cytoskeleton and the ECM in mammalian cells. The have identified additional activities of Talinl that are
two piconewton slip bond between a fibronectin-coated bead, mediated by the conserved I/LWEQ module and indicate that
which is a proxy for the ECM, and the actin cytoskeleton is dimerization is likely to be essential for Talinl function.
absent in Talinlnull cells 7). This linkage could be  Further work on these mutations in the context of the full-
restored by expression of exogenous full-length Talinl, but length protein will identify the precise cellular roles of these
Talinl lacking the I/LWEQ module was unable to rescue properties of Talinl in focal adhesion dynamics, cell adhesion
the mutant phenotype. Furthermore, Talmil cells ex- and motility, and focal adhesion-linked signaling. Given the
pressing truncated Talinl without the I/LWEQ module failed evolutionary conservation of this region, our results will also
to assemble focal adhesion28]. Consistent with these provide a foundation for studying how dimerization, actin
results, we have recently shown that the Talinl constructsbinding, and perhaps subcellular targeting of Sla2p/Hipl are
containing binding sites for focal adhesion components suchintegrated in endocytosis, cell division, and the establishment
as vinculin, FAK, and integrin, but lacking the I/LWEQ of cell polarity.

module, did not target to focal adhesions. The I/LWEQ

module alone is both necessary and sufficient for targeting EXPERIMENTAL PROCEDURES

;ra?gz&/tgef;a(\:raalb?ed?ﬁ)srfg(s:,tir? nboilngﬁgybcellular targeting Is Expression Plasmid ConstructedmTalin1.2345-2541 (I/
The I/LWEQ modules of all superfamily members share L‘QNIEQ m?dulte) h?hs be_(lagtdescpbe% ptreV|ou319)( Usmgd th

a similar structural organization consisting of fiwehelices » ﬁ‘ ch?nns Il}LIi(\:NéS rr? \c/jwl i r{qpet r?tu " air|]ont,hwe pr;la(pcziren €
connected by short loop regioris7( 18). We previously used orowing .Q hodule mutants using the Qu ) ange
an in silico approach to predict that the I/LWEQ module of (Stratagene) site-directed mutagenesis protocol: Q2505A
Talinl forms a five-helix bundlel@) and have shown using (R(?'ZlS?)Q ALzF\?(S)iA IE;LZ’S)Z AE2L561AZAR(2E§2A6)A Lég,lo\SAy(zL;;\o)A
circular dichroism that the consensus sequence 99% YBA)- L§509,g: n L25155A L)2’4A ) L250(9A +)'L2522A
o-helical 20). More recently, a crystal structure of the (L26,g\" Lo515A 4+ L2522A(L46A)" E2512A+ R2519A
C-terminus of HiplR confirmed that the I/LWEQ module (ESRS)A and L2509A- L251(5A+?_’2522A L246A). Th
plus the upstreanu-helix (29), which is not part of the ( . ) an : . ( )- €
I/LWEQ module proper, exists as a five-helix bundle. followm_g sense with cognate antisense (not shown_) oligo-
However, that structure lacks the finathelix (block 4), nucleqtldes(lntegrated DNA Technologies) were used in muta-
which we have shown previousl{ 7, 20) and in this report genesis. QlA’,&AGATTATCGCAGCAGCGGAAGAGA_

. . . TGCTTCGG-3, L2A, 5-GCACAGGAAGAGATGGCACG-
to be important for I/LWEQ module function. Previous GAAGGAACGAGAG-3- E3A B-GAGATGCTTCGGAAG-
studies have indicated that Talinl is a dimer in vi@®)( GCACGAGAGCTGGAAGAé 2 LA 5-CTTCGGAAGG
but the exact mechanism responsible for this dimerization R _ i
: . . AACGAGAGGCGGAAGAGGCTCGGAAAAAG-3; R5A,
is not well characterized. We have previously shown that 5-CTGGAAGAGGCTGCGAAAAAGCTCGCC-3 LBA
the I/LWEQ modules of Talinl an®ictyostelium discoi- 5-GCTGCGAAAAAGGCCGCCCAGATCCGG-3 R7A’
deumTalA exist as dimers in solutiorll@). Brett et al. also . g '

5-GTCTAGGCCCAGATCGCGCAGTACAAGTTC-3Y8A,

have proposed that oligomerization is critical to HiplR
I/LWEQ module function 29). In the present study we have _?_éi’éi’éTgCGGCAGCAGCAGGCCAAGTTCTTGCCT'

shown that the finab-helix of the Talinl I/LWEQ module . . .
contains this dimerization determinant. This part of Talinl ~ Double and triple mutations were constructed using a
is also essential for actin binding and focal adhesion targeting Préviously generated mutant and the appropriate oligonucle-
(20). The close apposition of dimerization with actin binding otides for the second and third mutations. Mutant GFP-fusion
and subcellular targeting signals in Talinl suggests that constructs were prepared by subcloning the coding sequences
dimerization is associated with these essential functions of N0 PEGFP-C3 (Clontech). The DNA sequence of each
Talin1. Projection of the finad-helix of Talin1 onto a helical ~ construct was verified independently by DNA sequence
wheel diagram revealed a possible mechanism for dimer- determination.

ization. The eight most conserved residues are on one face Protein Preparation.6His-fusion proteins were purified

of the a-helix, in an alternating pattern of hydrophobic and using immobilized metal affinity chromatography (IMAC)
charged residues that are predicted to form a coiled 8tjl (  as described previously ). Following cleavage of the 6His
Given that coiled coils are common dimerization motifs in tag proteins were further purified by size exclusion chro-
proteins, this region of the I/LWEQ module could be matography using Sephacryl 100-HR. Protein purity and 6His
responsible for dimerization. tag cleavage were confirmed using SBISAGE.

To test this hypothesis we performed alanine-scanning F-Actin Binding.l/LWEQ module protein solutions were
mutagenesis on these conserved amino acids. We found thaprecleared by centrifugation at 160@J0r 20 min to remove
mutation of the core residues, as both single and multiple potential protein aggregates prior to protein concentration
mutations involving the hydrophobic and charged residues, determination using the calculated extinction coefficient.
lessened the dimeric character while simultaneously decreast-Actin cosedimentation assays were then performed as
ing the actin-binding capacity of the Talin1 I/LWEQ module. previously describedl@). The binding data (three or four
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for independent replicates for each assay) were then plottedand pellet fractions were stained using Coomassie Blue G250,
using GraphPad Prism 4.0 and fit to a rectangular hyperbolaand the amount of the I/LWEQ module in each fraction was

for calculation of binding constants and maximal binding
values Y = BnaX/Kg + X; Bmax = maximal binding;Kq =

guantified densitometrically using NIH image v1.62. Nor-
malized results, with the wild-type Talinl I/LWEQ module

dissociation constant). The recombinant wild-type and mutant as 100% cross-linking activity, from four to five independent

proteins did not sediment in the absence of F-actin. F-Actin

assays were then plotted using GraphPad Prism 4.0.

bands serving as internal controls confirmed an accurate Ejectron MicroscopyActin (3.0M) was polymerized in

linearity of response for densitometry measurements.
Gel Filtration Chromatography.Standards and Talinl

the presence of the I/LWEQ module protein (@) in a
total volume of 5QuL for 60 min at 22°C. The F-actin was

I/LWEQ module proteins were chromatographed on Sephacr-then incubated on a Formvar carbon-coated grid (Electron

yl S100-HR (1.5 cmx 50 cm) in 10 mM Tris, pH 8.0, 25
mM KCI, 1 mM EDTA, and 0.02% sodium azide at a flow
rate of 0.3 mL min®. The column was calibrated with the
following standards (Sigma): blue dextran (2000 kDa),
bovine serum albumin (67 kDa), ovalbumin (45 kDa),
carbonic anhydrase (31 kDa), and cytochran{&2.7 kDa).
Identification of the I/LWEQ module proteins in the elution

fractions was determined using absorbance at 280 nm and

confirmed by SDS-PAGE gel electrophoresis coupled with
silver staining.

Chemical Cross-Linking3,3-Dithiobis(sulfosuccinimidyl)
propionate (DTSSP; Pierce), which is a reversible chemical
cross-linker, was used to identify I/LWEQ module dimers
in solution. Wild-type and mutant I/LWEQ module protein
solutions (35:«M) were incubated with excess DTSSP (0.5
mM) in PBS (25 mM sodium phosphate, 150 mM NacCl,
pH 7.2) at 22°C for 30 min. The cross-linking reactions
were then quenched with 50 mM Tris, pH 7.5, for 15 min.
The reaction mixture was split into two fractions, and each
half was analyzed using SB®AGE under either reducing
(50 mM DTT) or nonreducing denaturing conditions to
identify reversibly cross-linked species. These were visual-
ized by immunoblotting with antibodies to the T7 tag
(Novagen) in the cleaved 6His protein or Talinl-specific
antibodies 21).

F-Actin StabilizationF-Actin depolymerization was mea-
sured in the presence of Talinl I/LWEQ module proteins
using a fluorescence assa¥3]. Complete polymerization
of 10 uM pyrene-actin (Cytoskeleton, Inc.) was monitored

Microscopy Sciences) for 90 s. After excess liquid was

removed by blotting with filter paper, the grid was stained

with 2% uranyl acetate (Electron Microscopy Sciences) for
60 s. The grids were then air-dried for 2 h. Electron

micrographs were obtained at 8300@nagnification using

a Philips Technai transmission electron microscope, and
digital images were acquired using Gatan software.

Cell Culture, Transfections, and Fluorescence Microscopy.
Hela cells were cultured on fibronectin at a density of 15000
cells per coverslip as previously describ26)(@nd incubated

for 24 h. The cells were then transfected with each GFP-
Talin1 I/LWEQ module construct using FUGENE 6.0. After
incubation for 24 h, the transfected cells were fixed in fresh
4% paraformaldehyde in PBS for 20 min af@ and then
permeabilized with 1% Triton X-100 in PBS for 20 min at
0 °C. The fixed, permeabilized cells were then blocked with
1% normal goat serum in PBSrfa h at 4°C and incubated
overnight with anti-vinculin (Sigma V-9131, 1:400 dilution)
in 1% normal goat serum/PBS. The cells were then washed
with PBS and incubated with a goat anti-mouse rhoadmine-
labeled secondary antibodyrf@ h at 4°C in a humidified
chamber. The coverslips were mounted using VectaShield
(containing DAPI), and fluorescent images were obtained
using a Nikon Eclipse TE600 microscope. Digital images
were acquired using MetaMorph (Molecular Devices). The
expression of each intact GFP-I/LWEQ module fusion
construct was verified by immunoblotting of transfected
cultures using anti-GFP.

by the increase in pyrene fluorescence at 407 nm (excitationresyLTS

at 365 nm), which reached a maximum in 30 min and

remained stable during the course of each experiment. The The C-Terminal Block 4 of the I/LWEQ Module of Talinl

polymerized F-actin was then diluted 100-fold to a final
concentration of 0.uM in buffer A in a total volume of
500 uL to induce depolymerization. The dilution buffer
contained the Talinl I/LWEQ module protein being assayed
at a final concentration of 1.0M. Actin depolymerization

Contains a Dimerization Motiflt has been reported previ-
ously that full-length Talinl is isolated as a dimer and
functions as a dimer in vivo30). We previously showed
that the Talinl I/LWEQ module exists as a dimer in solution
(19). Using both gel filtration and chemical cross-linking,

was monitored by the decrease in fluorescence using awe have determined here that dimerization requires the

Perkin-Elmer Model LS55 luminescence spectrometer. De-

polymerization was followed for 10 min at 2Z, and the

C-terminal block 4 of the I/LWEQ module. As with the full-
length protein and the I/LWEQ module, each of the I/LWEQ

data were plotted using Graph Prism 4.0. The resulting curvesmodule truncation mutants containing block 4 {(114)
are the averages of three to five independent assays. Théehaved as a dimer during gel filtration and chemical cross-

data were normalized using the F-actin stabilization activity
of the wild-type protein as 100% and the actin-only or actin-
GST (1.0uM) controls as 0% stabilization activity.

Actin Cross-Linking by Talinl I/LWEQ Module Proteins.
Actin cross-linking by the Talin1 I/LWEQ module proteins
was measured using low-speed centrifugation. Acting®1p
was polymerized in the presence of the I/LWEQ module
protein (3.0uM) in a total volume of 5QuL for 60 min at
22 °C. The reaction was then centrifuged for 20 min at
1300@. Following SDS-PAGE, proteins in the supernatant

linking using DTSSP (Figure 1A). Interestingly, comparison
of these results with our previous analysis of the I/LWEQ
module (@9) shows that dimerization of these I/LWEQ
module proteins also correlates with actin binding and focal
adhesion targeting of the Talinl I/LWEQ module. Only
truncations which contain block 4 are dimers in solution,
bind to F-actin, and localize to focal adhesions (Figure 1A).
None of the truncations (F5T8) which lack block 4
dimerizes, binds to F-actin, or is targeted to focal adhesions.
These results suggest that the I/LWEQ module must be a
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Ficure 1: Identification of the dimerization signal in block 4 of the Talinl I/LWEQ module. (A) Truncation mutagenesis showed that
block 4 is essential for dimerization of the Talinl I/LWEQ module. Only constructs containing block 4/helix 5 behaved as dimers, as
assayed by gel filtration and chemical cross-linking. Columns marked with asterisks indicate that block 4 is also required for actin binding
and focal adhesion targeting (FAT), as we have shown previo2€ly (B) Analysis of the Talinl I/LWEQ module using Coil81)
predicted that the block 4/helix 5 sequence is very likely to form a coiled coil, which could account for the dimerization of the constructs
containing block 4.

dimer to perform several of its critical functions as a adjacent block 4o-helices, with hydrophobic interactions
structural element of Talinl and that tlehelix (helix 5) between the leucine residues (£P6, L4—L4, and L6-L2)
coextensive with block 4 is the likely dimerization determi- and electrostatic interactions by the charged residues (E3
nant. R5 and R5-E3). This coiled coil would likely be antiparallel;
To identify potential mechanisms that could account for similar coiled coils have been identified in previously
dimerization of block 4, we performed several secondary characterized proteins3§). To determine whether these
structure predictions on the I/LWEQ module, in addition to amino acids mediate dimerization of the Talinl I/LWEQ
that shown in Figure 1A, which is a recapitulation of our module, we performed an alanine-scanning mutagenesis of
previous results showing that the I/LWEQ module is a highly residues Q1A, L2A, E3A, L4A, R5A, L6A, R7A, and Y8A
a-helical structural element probably consisting of a five- and multiple mutants of the internal hydrophobic and charged
helix bundle (9). The analysis in Figure 1B using the Coils residues (L24A, L26A, L46A, L246A, E3R5A).
prediction algorithm shows that block 4 has a very high  Dimerization of the Talinl I/LWEQ Module Is Mediated
probability of forming a coiled coil%1); other algorithims, by the Consered Face of Block 4We used gel filtration
such as Paircoil34), produced a similar result (not shown). and chemical cross-linking of the alanine mutants to deter-
Coiled coil motifs can be stabilized by interactions between mine whether the conserved amino acids of block 4 mediate
both hydrophobic and charged amino acids, which result in I/LWEQ module dimerization. As expected based on our
proper alignment, orientation, and selectivity of the coiled previous study of the I/[LWEQ module (monomer molecular
coil (35). A closer examination of the block 4 sequence mass: 23 kDa), gel filtration confirmed that the wild-type
revealed that eight of the amino acids of block 4 are nearly protein behaves as a dimer in solution, by coeluting with
universally conserved among all members of the I/LWEQ ovalbumin, which has a molecular mass of 45 kDa (Figure
module superfamily (Figure 2A, residues-8). Consistent ~ 3A). In contrast to the unmodified protein, each of the
with the hypothesis that block 4 forms a coiled coil, we also mutants, except for Y8A, eluted from the same column with
found that when the block 4-helix is projected onto a  an apparent molecular mass of approximately-36 kDa,
helical wheel, all eight residues lie on the same face of the which is intermediate between the calculated monomer and
o-helix (Figure 2B). Thus, a coiled coil could form between dimer molecular masses and is indicative of a monemer
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Gallus gallus Talin2
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Schizosaccharomyces pombe
Yarrowia lipolytica
Saccharamyces kluyveri
Saccharomyces cerevisiae

Standards ]
@ 67kDa ]
® 45kDa
® 30kDa
@ 22kDa
® 13kDa |

Talin

Molecular mass (kDa)
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Ficure 3: Talinl I/LWEQ module dimerization. (A) Gel filtration
chromatography showed that the wild-type I/LWEQ module and
the Y8A mutant elute as a dimer, while each of the other mutants
eluted as an apparent monomeéimer mix. (B) Chemical cross-
linking confirmed the gel filtration results. Treatment of the dimeric
WT and Y8A with DTSSP converted nearly all of the protein to a
dimeric species (middle lane) under nonreducing denaturing condi-
tions, which could be subsequently converted back into a monomer
under reducing conditions (right lane). Conversion of the monomeric
mutants (R5A, L26A, and L246A) into dimers was less efficient
(middle lane) under identical cross-linking conditions. Similar
results were obtained with the other monomeric mutants (not
shown).

I/LWEQ module existed as a monomer (panel 1, left lane).
Treatment of this protein with DTSSP converted the bulk
of the protein to the dimeric species (panel 1, lane 2;
denaturing, nonreducing conditions). Treatment of the cross-
linked species with the reducing agent dithiothreitol con-

. . verted the protein back into a predominantly monomeric
agléﬁfe_z'( A)Segrti]eir?geag?dnsseé\éﬁtelcr)]réeofal?é?%(eﬁt o;ftk;)?o‘lc/li_vxE(()gf species (panel_l, _Iane 3; denat_uring and reducing conditions).
representatives of the I/LWEQ module superfamily, including e obtained similar results with the Y8A mutant (panel 2),
animal talin, animal Hip1, and fungal Sla2. The most conserved which is also a predominantly dimeric protein according to
residues 8 have been subjected to alanine-scanning mutagenesisgel| filtration (Figure 3A). Representative cross-linking results
in this report. Key_: red,. identities; blue, conserved amino .a0|ds; for single (R5A), double (L26A), and triple (L246A) mutants
yellow, similar amino acids. (B) Projection of the bloclx4helix . . .
onto a helical wheel diagram shows that amino acid$8 lie on are shown in panels—as, r_eSPeCt'Vely' With each Of these
one face of the helix (arc). The conserved leucines (2, 4, and 6) mutants, chemical cross-linking was much less efficient than
are in yellow; the internal charged residues (E3, R5) are in red and with the wild-type and Y8A proteins, which is demonstrated
blue, respectively; Q1, R7, and Y8, which are outside of the core py the increased amount of un-cross-linked protein in each
of the putative coiled coll, are in gray. center lane. The other I/LWEQ module mutants showed
dimer equilibrium. The double and triple leucine mutants similar results (not shown). In addition to using gel filtration
(L24A, L26A, L46A, and L246A) and the double E3R5A and chemical cross-linking we also analyzed mutant L2A
mutant also eluted as monomsetimer mixtures. The YBA  using analytical ultracentrifugation. This mutant had an
mutant eluted with an apparent molecular mass of 45 kDa, apparent molecular mass of 30 kDa according to sedimenta-
which is consistent with a dimer for this protein. These data tion equilibrium analysis (S. J. Smith and M. G. Fried,
(Figure 3A) suggest that the mutations disrupted the stability unpublished results), which is also consistent with a mono-
of the dimerization motif associated with the putative coiled mer—dimer equilibrium for this protein, perhaps skewed to

coil region of block 4 and prevented the Talinl I/LWEQ
module from forming a stable dimer in solution.

the monomer. Taken together, our results demonstrate that
the conserved residues of block 4 mediate dimerization of

We further analyzed the strength of these dimers using the I/LWEQ module.

chemical cross-linking. Wild-type and mutant Talin1 I/LWEQ

Mutation of Block 4 Results in a Decrease in F-Actin

module proteins were treated with the homobifunctional Binding CapacityActin binding is a critical activity of Talinl
amine-reactive, cleavable cross-linker DTSSP, and cross-as a component of focal adhesions, and we have previously

linked species were identified using SBBAGE. These

shown that the I/LWEQ module is likely to contain the

results are shown in Figure 3B. In the absence of cross-linker,primary actin-binding site of Talin11(). Therefore, we next
under denaturing conditions most of the wild-type Talinl determined the actin-binding activities of each of the block
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Ficure 4: F-Actin binding of Talin1 I/LWEQ module mutants. Actin-binding assays were performed for each mutant and plotted with the
result for the wild-type protein. The apparent binding affinity for each mutant (single and multiple) was less than for the unmodified
protein, as was the total actin-binding capacity (see Table 1). These data are the averages of three to four independent assays for each
protein.

4 mutants. In this analysis the dissociation constant of the block 4 are required for full actin-binding activity of the
wild-type I/LWEQ module was 0.97%M, with a binding Talinl I/LWEQ module.

capacity of 96%, which is similar to our previous results  I/LWEQ Module Dimerization Has a Role in F-Actin
(19). In contrast to the unmodified protein, each of the eight Dynamics.As the link between integrins and the actin
single mutants, four double mutants, and one triple mutant cytoskeleton in focal adhesions, both integrin and actin
had a reduced actin-binding activity, which is reflected binding are likely to be essential for normal Talin1 function.
primarily in the reduced maximum binding activity seen with  We have previously shown that the I/LWEQ module of
each mutant (Figure 4). For example, the actin-binding Talinl both cross-links and stabilizes F-actin against depo-
activity of R7A was nearly abolished, which is consistent lymerization (9), perhaps due to an ability to bind to the
with our previous studies showing that this residue (R2526 sides of actin filaments. The results presented above indicate
of Talinl, R958 of yeast Sla2p) is required for F-actin that actin binding and dimerization are coupled, and if one
binding (17). The actin-binding capacities of the other formal actin-binding site exists per monomer, then mutants
mutants were intermediate between wild type and the inactive that negatively affect dimerization would be expected to also
R7A. These binding data are summarized in Table 1, which lessen the F-actin stabilization and cross-linking activities
shows that the relative association constant for F-actin for of the Talin1 I/LWEQ module.

each mutant is substantially less than for the Talinl I/LWEQ  In agreement with our previous results, we found that the
module. Our results show that the conserved amino acids ofTalin1 I/LWEQ module inhibited depolymerization of actin
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tion assay. When F-actin alone was centrifuged at 1§000

Table 1: Dissociation Constants for F-Actin Binding " ’ ! A
very little of the protein sedimented (Figure 6, control lane,

IILWE ; . . X
Consm?ct Kq (M) relative Ky By R actin only). Inclysmn of Fhe W|I(_j—type Talm; I/LWEQ
WT 097 0 % 0.994 module resulted in the sedimentation of essentially all of the
Q1A 87 90 82 0.992 F-actin (Figure 6, WT lane). The three single mutants (Q1A,
L2A 53 55 68 0.969 R7A, and Y8A) from outside of the putative core of block
E3A 9.6 9.9 74 0.946 4 had activities of 4660% of wild type. The activities of

L4A 11 11 82 0.986 the single leucine mutants (L2A, L4A, and L6A) and the
R5A 25 2.6 29 0.787 - ;

L6A 19 20 39 0.963 double mutants L24A and L26A were similar, ranging
R7A ' ' ’ between 40% and 55%. As with the inhibition of actin
Y8A 3.1 3.2 35 0.858 polymerization (Figure 5), the triple leucine mutant (L246A)
L24A 1.8 19 54 0.936 had the largest effect on cross-linking, which was also similar
L26A 3.6 3.7 52 0.956 ; P, At

LAGA 29 23 33 0.959 to that of L46A. As with the inhibition of depolymerization,
L246A 1.8 1.9 35 0.860 mutation of the charged amino acids E3A and R5A,
E3R5A 2.0 2.1 58 0.809 separately and together, had the least effect on F-actin cross-

a Dissociation constantsg) for the unmodified (WT) Talinl and  liNking, especially compared to the triple leucine mutation.
mutant l/LWEQ module constructs were calculated from the data in ~ The preceding results demonstrated that the I/LWEQ
Figure 4 using GraphPad Prism 4.0 using the expressierBmaX/Kq module affects the organization of actin filaments but
+ X. The Re value is for the best fit of the average of three to four  yanresent measurements of the bulk properties of filaments
independent assays. Comparison of the relatly®alues shows that . .
mutation of the conserved amino acids of block 4 significantly reduces under_ the _mfluence of the Tal'n,l ILWEQ mod.ule. To
the actin-binding capacity of the Talin1 I/LWEQ module. examine directly how these proteins affect actin filaments,
we used transmission electron microscopy of negatively
filaments when the actin is diluted below the critical stained F-actin preparations (Figure 7). As expected, F-actin
concentration for polymerization (Figure 5A). After 10 min, alone formed a loosely tangled network-e8 nm filaments
when diluted from 10 to 0.4M, F-actin was approximately ~ on the surface of the grid. When F-actin was mixed with an
42% depolymerized, and the early phase of depolymerizationequimolar amount of the wild-type Talinl I/LWEQ module,
could be readily modeled as a first-order exponential process.the filaments were markedly more cross-linked. The fila-
When the unmodified Talinl I/LWEQ module was added ments also formed bundles (Figure 7, actin WT, ar-
as a component of the dilution buffer, the rate of actin rowheads; see inset). With each mutant the actin filaments
depolymerization slowed substantially, and after 10 min, were more cross-linked than the actin-only control prepara-
greater than 80% of the F-actin remained, even though thetion but did not show the level of cross-linking or evidence
total actin concentration was well below the critical con- of stiff bundles that were observed with the wild-type protein.
centration for actin polymerization, which is approximately Thus, while the mutant proteins were apparently capable of
0.5 uM under these conditions. When allowed to proceed cross-linking F-actin, as suggested by the bulk measures of
for longer periods, the actin-only control depolymerized actin organization in solution, they did not have the same
completely, as measured by the decrease in pyrangn effect on actin filaments as the unmodified protein. Taken
fluorescence, while the actin- Talinl I/LWEQ module together, our results demonstrate that dimerization is likely
solution remained stable at greater than 50% F-actin. Eachto be essential for the normal interaction between the Talinl
of the block 4 mutants inhibited actin depolymerization but I/LWEQ module and F-actin in cells.
not as well as the wild-type protein (Figure 5). The inhibition ~ Dimerization and Focal Adhesion Targeting of the Talinl
activities of the single mutants outside of the putative-L2  I/LWEQ Module.In addition to its role as an actin-binding
L6 core (Q1A, R7A, and Y8A) were similar, at 5G5% of element, we recently showed that the I/LWEQ module is
the wild type (Figure 5). Our data indicate that mutation of essential for targeting Talinl to focal adhesions in mam-
the three leucine residues (L2A, L4A, and L6A) had a malian cells 20). Full-length GFP-Talinl is targeted to focal
progressive effect from the N-terminus to the C-terminus adhesions in a variety of cells, but Talinl lacking the
block 4, with the triple mutation (L246A) having a syner- I/LWEQ module does not localize to focal adhesions. A GFP
gistic effect, resulting in a mutant with approximately 35% fusion containing only the Talinl I/LWEQ module is targeted
of the wild-type protein. Mutation of the charged residues to focal adhesions as well as the full-length protein, which
(E3A, R5A), individually and together, had the least effect demonstrates that the I/LWEQ module of Talinl is both
on the inhibition of F-actin depolymerization (Figure 5). necessary and sufficient for focal adhesion targeting. The

Both Talinl and the Talinl I/LWEQ cross-link F-actin I/LWEQ modules of other superfamily members, such as
filaments into networks and bundle$7( 37). As with the those of Sla2p and Hipl, and including Talin2 are not
inhibition of actin depolymerization, this activity is likely targeted to focal adhesions. Since the amino acids required
dependent on the ability of I/LWEQ module dimers to bind for dimerization are important for simple F-actin binding and
simultaneously to two filaments. While we used high-speed the interaction of the Talinl I/LWEQ module with actin
sedimentation (1600@) to measure actin-binding activity  filaments in vitro (Figures 37), we next determined whether
of the I/LWEQ module with increasing actin concentration these conserved residues are also involved in focal adhesion
(Figure 3), we used low-speed sedimentation (180@d targeting.
equimolar solutions of F-actin and the I/LWEQ module  As expected, the unmodified GFP-I/LWEQ module tar-
protein to measure the cross-linking activity of the Talinl geted to focal adhesions in HelLa cells plated on fibronectin
I/LWEQ module and the block 4 mutants. Our results were (Figure 8, row 1, arrowheads). Moreover, most of the fusion
remarkably similar to those obtained in the F-actin stabiliza- protein was found in focal adhesions, as shown by the
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Ficure 5: F-Actin stabilization against depolymerization. (A) The ability of wild-type and mutant Talinl I/LWEQ module proteins to
stabilize F-actin against depolymerization was assayed for 10 min for each protein. Column 1 includes Q1A, R7A, and Y8A, which are
outside of the putative coiled coil core. Column 2 includes the leucine mutants, and column 3 includes the internal E3R5 mutants. Stabilization
activity was reduced for each mutant. (B) The data from (A) were normalized to WT stabilization aetiti®0% at 10 min. The first

group after the WT protein data includes the peripheral mutants (Q1A, R7A, and Y8A). This is followed by the core leucine mutants
(L2L4L6) and the core E3R5 mutants. The triple L246A mutant had the greatest effect on stabilization activity, while the E3R5 single and
double mutants had the lowest effects. Data are the me&D for three to five independent assays.

yellow/yellow-green color of the overlay of the vinculin (red) where we found that this mutant neither binds to F-actin with
and GFP-Talinl (green) channels, with very little exogenous high capacity nor targets to focal adhesio@6)( None of
GFP-Talinl I/LWEQ evident in the cytoplasm outside of the mutants containing L6A (L6A, L26A, L46A, L246A)
focal adhesions. The Q1A, E3A, and R5A mutants (Figure targeted to focal adhesions (Figure 8, rows 4 and 5, red
8, row 2, arrowheads) were also targeted to focal adhesions.channel only visible in the merged image, arrowheads). In
The L2A mutant targeted well to focal adhesions (Figure 8, general, the leucine mutants also showed relatively low levels
row 3, arrowhead). We observed slight evidence of targeting of chemical cross-linking (Figure 3B); F-actin stabilization
with L4A and L24A, but both of these mutants also had activity, especially in the context of the triple leucine
significant diffuse GFP-fusion protein in the cytoplasm. The mutation (Figure 5B); and cross-linking activity, as assayed
R7A mutant did not target to focal adhesions, which is shown by low-speed sedimentation (Figure 6). These results are
by the complete absence of GFP-Talinl I/LWEQ module consistent with our hypothesis that dimerization is linked to
colocalization with vinculin in the merged image (Figure 8, the biological functions of Talinl, including focal adhesion
row 4, red focal adhesions, arrowheads). This is in agreementtargeting. In contrast to the leucine multiple mutants, the
with our previous study of Talinl focal adhesion targeting, E3R5A double mutant showed a low level of focal adhesion
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Ficure 6: Cross-linking of actin filaments by the Talinl I/LWEQ module. Low-speed sedimentation was used to determine the ability of
the Q1-Y8 mutants to cross-link actin filaments. The data were normalized using=\¥00% cross-linking activity. These results are

similar to the F-actin stabilization data (Figure 5). The L46A and L246A mutants had the lowest capacities to cross-link actin filaments,
perhaps due to its higher monomeric character than the other mutants and the wild-type protein. The control is F-actin alone, which did not
sediment at 130@p Data are the meaitr SD of four to five independent assays.

activation, while the centrak-helical rod domain contains

at least three sites for interaction with the focal adhesion
component vinculin43). The C-terminal I/LWEQ module
specifies F-actin bindingl{), and we have also recently
shown that this conserved element is both necessary and
sufficient for targeting Talinl to focal adhesion&0).
Previous studies have shown that Talinl exists as a dimer
il . , (30), but the functional significance of dimerization has not
profs | Viee been addressed directly.

FIGURE 7: Cross-linking and bundling of individual actin filaments In this report we have shown that the C-terminus of the
by the Talin1 /LWEQ module. Transmission electron microscopy |/LWEQ module of Talinl contains a dimerization determi-
E)i"nedaﬂee ddl:th:étitr??ngllg?t,i?fenlf\l/ugrlk 'é IE\::VrEst rl?r?lgeudlefilcarrzsesr;t“sn{(ﬁai nant coextensive with am-helix that is predicted to form a
also contained bundles of-80 filaments (top row, center, and coiled coil stabilized b)_/ hydrophob|c interactions between_
inset, arrowheads). Three representative leucine mutants (L4A,three conserved leucine residues and two electrostatic
L26A, and L246A) are shown in row 2. None of these mutants interactions between a conserved glutamic acid and arginine
\|/_V<’=|1(S gapible Ef I_m{lrJ]CIng F-actin t;l:rr]ldle fctertatuor;, and the crotss- (Figure 9). Our results support this model. Alanine-scanning
Inkea networks In the presence o € mutant proteins were not as H H H

extensive as for the wild-type protein. Similar results were obtained mutag.eneS|s'of the reS|dgeS predicted to form' the cpre of
with the other mutants (not shown). the coiled coil and the adjacent conserved amino acids on

the same face of the putative blockodhelix/coiled coil

targeting (Figure 8, row 5), which is consistent with the less produced proteins that are less dimeric than the wild-type

severe phenotype of this mutant compared to that of the protein. Moreover, these mutations affect properties of the

multiple leucine mutations (cf. Figures 5 and 6). Talinl I/LWEQ module that are likely to be important for
the function of Talinl in focal adhesion complexes. Our
DISCUSSION results show that these mutants have decreased actin-binding

capacity, which is reflected by a decrease both in the apparent
association constants for F-actin and in the maximal binding
the actin cytoskeleton as components of multiprotein as- capacity for_F-actm. These defects are generally more
semblies {921, 39). In this report we have focused on pronounced.m the Iattgr._These _bl_ock 4 mutants also have
Talinl. Previous studies from a number of different labora- 10Wer F-actin cross-linking activity and lower F-actin
tories have shown that Talin1 is a critical component of focal Stabilization activity than the wild type protein, which are
adhesions. For example, Talin1 is required for the assemblyikely to be due to both a lower affinity/capacity for F-actin

of focal adhesion complexes,(39) and the establishment ~ Pinding and a decrease in dimeric character.

of the mechanical link between the actin cytoskeleton and In addition to these effects on F-actin interactions, mutation
the ECM that is required for cell adhesion and cell motility of these conserved amino acids also affects focal adhesion
(27). These properties are due to the capacity of Talinl to targeting of the Talinl I/LWEQ module (Table 2). As
bind to both F-actin and the cytoplasmic tail @integrin. expected from our previous studiels?f, we confirmed that
Talinl is also essential for integrin activaticf0-42). These the conserved arginine-2526 is required for actin binding and
different functions of Talinl are due to its modular structure. for focal adhesion targeting. This R7A mutant neither bound
The N-terminal FERM domain is involved in integrin to F-actin nor targeted to focal adhesions. However, the

Our long-term goal is to understand how members of the
I/LWEQ module protein superfamily function as linkers to
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L246A ~ E3R5A

Ficure 8: Focal adhesion targeting of the Talinl I/LWEQ module. HeLa cells plated on fibronectin were transiently transfected with each
of the wild-type (row 1) or single, double, and triple alanine mutant I/lLWEQ module construct (reds Representative image overlays

of the GFP-Talinl I/LWEQ module (green) and vinculin (red) demonstrate that the Talinl I/LWEQ module colocalizes with vinculin in
focal adhesion complexes, while mutant I/LWEQ module proteins generally colocalize less with vinculin at focal adhesion complexes. L6A
and the multiple leucine mutants containing L6A were not targeted to focal adhesions (no merge of GFP-Talinl I/LWEQ and vinculin
signal). These data are summarized in Table 2.

N n? F r F H 1C Table 2: Focal Adhesion Targetihg

2| |3] |4/ /5| |6] 7 8
Q IL| |E| L||R| |[L| R Y Talinl Talinl
vy R IL| IRl ILI|El L] @ construct FAT construct FAT

C | 8 7 [6] |5] [4][3] [2] 1 | N full length +++++ R7A -
I/LWEQ +++++ Y8A +

Ficure 9: Block 4 dimer. Our data support this model, in which Q1A A+ L24A +
the three leucine pairs (2.6, L4—L4, and L6-L2) and the two L2A +4+++ L26A -
E3—R5 pairs mediate dimerization of block 4. The internal charged E3A ++ L46A -
residues are hypothesized to specify the putative antiparallel nature ~ L4A ++ L246A -
of the coiled coil. EgAA ++ E3R5A +

con_servgd R7K m“t‘?‘”t.'s targe_te_d to focal adhesions despite aWe showed previously that full-length Talinl and the Talinl
having little aCtm'bmdmg activity Z0). We_ do th yet ~ I/LWEQ module are targeted equally well to focal adhesic@®.(In
understand why a positively charged amino acid at this this report we have found that the block 4 I/LWEQ module mutants
position is sufficient for focal adhesion targeting but not actin target less well to focal adhesions in HeLa cells (Figure 8). Mutant
binding. This result does indicate that actin binding and focal L6A and the multiple leucine mutants containing this mutation were
7 . . . . not targeted to focal adhesions. FAT: focal adhesion targeting.
adhesion targeting are not directly coupled in Talinl. In
contrast to R7A, mutant Q1A, which is also outside of the as the wild-type protein. These data, along with observation
coiled coil core, targeted to focal adhesions but not as well that the L6A mutant did not colocalize with vinculin in focal




10896 Biochemistry, Vol. 46, No. 38, 2007 Smith and McCann

4 is essential for normal Talinl function. Further research
will be required to identify the exact mechanism of dimer-
ization. In preliminary experiments we have found that a
chemically synthesized peptide consisting only of the amino
acids of block 4 of Talinl forms a very stabtehelical
dimer, which is disrupted only by lengthy incubation at 100
°C or in the presence of 8 M urea (S. J. Smith and R. O.
McCann, unpublished results). Thus, the block 4 dimerization
Ficure 10: Model of the full-length Talinl dimer. The results motif is likely to be strong enough for the maintenance of a

presented here and our previous studies on focal adhesion targetin ; P -
and actin binding of Talinl indicate that the primary dimerization Stable dimer in vivo. We are currently characterizing how

motif in Talin is at the C-terminus of the I/LWEQ module (block Mutation of the putative coiled coil core amino acids affects
4 o-helices in red-orange). The I/LWEQ module dimer also contains peptide dimer stability and orientation. These studies and
an essential focal adhesion targeting signal, which is abolished infurther analysis of a three-dimensional structure of the

mutants that have substantial monomeric character (e.g., L246A)'I/LWEQ module that includes block 4 [cf. the THATCH/
A C-terminal integrin-binding site may account for this focal )

adhesion targeting. Our resuits also indicate that the C-terminus of LATCH structure of Hip1R 29)] will elucidate how these
the I/LWEQ module is likely to contain a primary F-actin binding  proteins interact with their partners.

ite for Talinl and th imerization is n ry for full in PP
f)itr?dir?g. Kaey: FaEFSMt, Isltt(ejrm?nalE}I:[zﬁinlsFE%Cl\(/elssgrgair?; Rl(J)d,ar((:)td At the other end_ of the spectrum, it V\.”” be necessary to
domain which consists of conservaehelical repeats; FAK, focal ~ analyze the behavior of these mutants in the context of the
adhesion kinase; Vn, vinculiny/f, integrins; ECM, extracellular full-length protein. Although we have previously shown that
Ir?f\;\;ié;Ql?n'vcl)’dgllgsi‘?gagne%mobr:ac?ﬁ Ig\%oﬂ\ée-?gg?ct%?; do;‘s the several critical functions, including actin binding and focal
similar to the structure of the HiplpI/LWEQF;noduIe, which lacks f';\dheglon. targetlng of ma.lmmallian Tal.ml and mﬂz)na.
the final block 4a-helix, which is shown in red29). intestinalisTalin-a alternative splice variant, are properties

of the I/LWEQ module 88), incorporation of these mutants,

adhesions, indicate that the C-terminus of block 4 is more as well as the truncation mutants (Figure 1), into the full-
important for subcellular targeting than the N-terminus. The length protein will allow us to determine how dimerization,
subcellular localization of the multiple L26A, L46A, and actin—Talinl interactions, and focal adhesion targeting are

L246A mutants, which were not targeted to focal adhesions, coupled in focal adhesions in cells. For example, recent
also supports this conclusion. The behavior of these mutantsresearch on the dynamics of different classes of focal
also indicates that the conserved leucine residues are morexdhesion proteins has led to the attractive hypothesis that
important for targeting than the other residues, including the actin-binding proteins such as Talinl act as a molecular
E3R5 glutamatearginine pair. Although the E3R5 mutants, clutch for cell motility in focal adhesions3R). The actin-
together and separately, were similarly defective in actin binding, dimerization, and focal adhesion targeting mutants
binding, they were generally less defective in actin cross- of Talinl described here will provide new constructs to
linking and stabilization than the multiple leucine mutants. further test this hypothesis. Other I/LWEQ module elements,

Mutant Y8A, which is outside of the core and retains including the highly charged opposite face of the block 4
substantial dimeric character, is nevertheless defective in eachy-helix, are also candidates for mutagenesis. We are currently

of the other properties examined in this WOFK. Further s_tudies ana|yzing their actin_binding and subcellular targeting prop-
complementary to those presented here will be required togrtjes.

fully understand the role of this conserved residue. A detailed
comparison oDrosophilatalin and mammalian Talinl may
reveal the importance of Y&®rosophilatalin has a single
insertion the removes Y8 from the conserved face of the
block 4 a-helix (21). It has been shown that subcellular

targeting of this talin I/LWEQ module to integrin-based X
adhesion sites requires endogenous t&indd). It will be for as many as 50000 annual deaths worldwide due to

interesting to determine how actin binding and stabilization @moebiasis and amoebic dysentery, cell adhesion and cell

are different with this talin compared to the other I/LWEQ motility are virulence factors inEntamoebainfections.
modules. Therefore, the study dt. histolyticatalin as a component

It has long been known that Talinl is a dimer when of the adhesion plate, which is structurally analogous to the

purified from native sources such as platelets, and the focal adhesjon complex in animal ceIIs., may lead to a better
available data suggest that Talin1 exists as an antiparallelunderstanding dEntamoebgathogenesiss0, 51). We have.
dumbbell-shaped dimer3(). On the basis of the data recently shown that Talin2, which is not a focal adhesion
presented here, we propose that the block 4 dimerizationcomponent, is induced during striated muscle differentiation
motif is responsible for Talinl dimerization, with the central and is a component of stable adhesion complexes such as
I/LWEQ module dimer targeting the protein to focal adhe- costameres and intercalated disE&)( We expect that our
sions, while the FERM domains extend out from the I/LWEQ results on Talinl will provide a foundation for the study of
module dimer in opposite directions (Figure 10). This Talin2 in muscle assembly. Similarly, we anticipate that the
conformation is similar to that of filamin, which, like Talinl, use of cognate block 4 mutations in the study of Sla2p and
is a large, modular cytoskeletal protein found at the plasma Hip1l/Hip1R/Hip12 will lead to a deeper understanding of
membrane 45). Taken together, our results indicate that the roles of these I/LWEQ module proteins in endocytosis
dimerization mediated by the conserved amino acids of block and vesicle trafficking 44, 53, 54).

Finally, block 4 is highly conserved in other I/LWEQ
module proteins, including talins from amoebozoans such
asDictyostelium discoideumndEntamoeba histolytical he
roles of D. discoideumTalA and TalB have been studied
(46—49). In the case oE. histolyticg which is responsible
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