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iv
ABSTRACT

Talin is an essential cytoskeletal protein present in cell-matrix type adherens junctions
where it helps in attachment of the actin cytoskeleton to the plasma membrane. The nature of
the interaction between talin and actin was examined in this dissertation by investigating
three actin binding sites (ABS1-3), with ABS1 located in the 47 kDa N-terminal head and
ABS2 and ABS3 present in the 190 kDa C-terminal tail of the talin molecule.
Cosedimentation of expressed GST-fusion deletion constructs from the talin head with F-
actin showed that actin binding activity of the talin head is contained within residues 271-
320. Talin constructs containing the narrowed ABS1 exhibited less pH dependence compared
to those containing ABS3. Both ABS1 and ABS3 showed high dependence on ionic strength
in ability to bind actin. Nearly all of the N-terminal head fragment purified from calpain-
cleaved talin cosedimented with F-actin under conditions (pH 6.4 and low ionic strength)
found to be optimal for the talin-actin interaction. EGFP-fusion talin constructs containing
ABS1 were primarily colocalized with actin stress fibers when transfected into COS cells,
whereas EGFP-ABS3 was predominantly colocalized with actin-rich membrane ruffles.

The ABS2 and ABS3 within the C-terminal tail were further defined to residues
1051-1250 (ABS2) and 2331-2530 (ABS3), respectively. ABS2 exhibited high dependence
on both pH and ionic strength in interacting with actin, which is similar to that found with
ABS3. Individual transfections of EFGP-ABS2 and EGFP-ABS3 into COS cells showed that
ABS2 was primarily colocalized with actin stress fibers, whereas ABS3 was colocalized with
actin filaments at both membrane ruffles and microspike-like cell extensions. Site-directed
mutagenesis studies on ABS1 showed that substitution of alanine for the five positively

charged residues K*°, R?’7, K*®, R*® and K*®, or for all six residues within 295-300 resulted



in significant reduction in actin binding. Taken together, these results suggest that the ABS1
located within the head domain, and the ABS2 and ABS3 present in the C-terminal tail
domain, of talin each may play distinct roles in the interaction of talin with actin. These

differences may be important in regulating integrin-mediated cell adhesion and migration.



GENERAL INTRODUCTION
Dissertation Organization

My dissertation is composed of one manuscript and one additional chapter within the
main body. The manuscript is being prepared for submission for publication to the
Biochemical Journal. The preliminary results in the additional chapter will be useful for more
comprehensive studies conducted by future graduate students or postdoctoral associates in
Dr. Richard M. Robson’s lab. I have performed essentially all of the experiments described in
the dissertation. Chicken talin cDNA used in this study was obtained from Dr. David R.
Critchley (University of Leicester, U.K.). This General Introduction, which contains a
Literature Review and References cited, precedes the main body. An Overall Summary and
Comprehensive Bibliography follows the main body at the end of the dissertation. All of the
references cited in the Literature Review, the main body and the Comprehensive
Bibliography were formatted to the requirements of the Biochemical Journal, which includes

the titles of the articles cited.

Literature Review
Molecular interactions between cells and their extracellular matrix (ECM) are critical
for many biological events such as cell proliferation, motility, differentiation, survival,
embryonic morphogenesis, and regulation of gene expression, which are regulated by multi-
molecular protein complexes localized at the cell-matrix junctions (Burridge and
Chrzanowska-Wodnicka, 1996; Critchley, 2000; Geiger et al., 2001; Jockusch et al., 1995).
Multiple protein-protein interactions within these protein complexes provide the necessary

molecular linkages for mechano- and signal-transduction between the extracellular and



intracellular environments (Burridge and Chrzanowska-Wodnicka, 1996; Geiger et al., 2001).
The high degree of complexity and redundancy of molecular interactions in the cell-matrix
junctions may permit cells to respond to a variety of signals and provide more adaptive
capability (Burridge and Chrzanowska-Wodnicka, 1996; Geiger et al., 2001). These protein
complexes are usually composed of intracellular domains of (1) transmembrane proteins that
are adhesion receptors for the ECM, and (2) cellular proteins including both signaling and
cytoskeletal proteins, some of which bind to the cytoplasmic domain of the integral
membrane proteins (Burridge and Chrzanowska-Wodnicka, 1996; Geiger et al., 2001).

The cell-matrix type adherens junctions in muscle cells include the myotendinous and
neuromuscular junctions of skeletal muscle, costameres of striated muscles, and membrane-
associated dense bodies of smooth muscle, all of which play roles in mediating bi-directional
signals between cells and the ECM, and in transmitting the force generated by the
actomyosin contractile apparatus to the ECM via transmembrane adhesion receptors (Small
etal., 1992).

Myotendinous junctions are sites of tight adhesions of the terminal ends of skeletal
muscle cells to the adjacent tendons, thereby mediating tensional forces from muscle
contraction to the surrounding, extracellular tendon collagen fibers (Small et al., 1992). The
thin filaments emanating from the terminal Z-line of the muscle fibers are firmly attached to
the sarcolemma at these sites. The highly convoluted structure of the myotendinous junctions
helps the ends of the muscle cell to adhere to the tendon. The intracellular site in this region
contains junctional protein components such as vinculin and talin on the cytoplasmic side,
the transmembrane protein integrins, and proteins in the ECM such as laminin and heparin

sulfate proteoglycans (Small et al., 1992).



Neuromuscular junctions are specialized sites of adhesion in skeletal muscle where
the post-synaptic muscle cell membrane has distinct invaginations folded or protruding into
the muscle cell (Small et al., 1992). This adhesion is similar to other adherens junctions in
that the plasma membrane of the cell associates with extracellular matrix, such as the basal
lamina in the synaptic cleft (Small et al., 1992). Dense, thick submembranous coats are
localized to the crests of the invaginations where cytoskeletal proteins such as talin, vinculin,
a-actinin and filamin are enriched. It is not clear whether the cytoskeletal proteins play an
important role in accumulating acetylcholine receptors, although the cytoskeletal proteins are
believed to be involved in the formation and establishment of the neuromuscular junctions
(Small et al., 1992).

Costameres in striated muscle cells are sites of transverse connections between the Z-
lines of peripheral myofibrils and the nearby sarcolemma (Pardo et al., 1983; Small et al.,
1992). Thus, the costameres are localized periodically along the longitudinal, cytoplasmic
face of the muscle cell membrane. The costameric structures were first recognized in an
immunofluorescence localization study of vinculin in skeletal muscle (Pardo et al., 1983).
Vinculin staining exhibited dense patches of rib-like lattice that ran perpendicular to, and
repeated, along the longitudinal axis of the cell. Costameres are believed to help transmit the
forces generated from contraction across the sarcolemma to the extracellular matrix by
coupling/linking the Z-lines of peripheral myofibrils to y-actin present within the costameres
along the sarcolemma.

Membrane-associated dense bodies of smooth muscle are adherens-type junctions
located between caveolae-rich membrane domains (Small, 1995; Stromer, 1998). The

membrane-associated dense bodies are ovoid shaped, electron dense plaques located along



the cytoplasmic face of the plasma membrane (Small, 1995; Stromer, 1998). The membrane-
associated dense bodies are sites where actin filaments from the intracellular contractile
machinery are attached to the ECM via binding to integral membrane proteins (Small, 1995;
Stromer, 1998). The molecular composition of the membrane-associated dense bodies is
somewhat similar to that of focal adhesions in cultured cells. The membrane-associated dense
bodies also appear to function as anchoring sites for intermediate filaments (Chou et al.,
1994).

Membrane-attachment sites for the actin cytoskeleton in adherent cells, which
correlate to cell-matrix junctions in vivo, include focal adhesions (Burridge and
Chrzanowska-Wodnicka, 1996; Geiger et al., 2001; Jockusch et al., 1995). Focal adhesions
are structures specialized for the tight adhesion of cultured cells to the ECM, playing both
structural and signal transduction roles important in cell adhesion, growth, and differentiation
(Burridge and Chrzanowska-Wodnicka, 1996; Geiger et al., 2001; Jockusch et al., 1995).
Focal adhesions are very heterogeneous in their size, morphology and molecular
composition, although integrins and actin are always included (Zamir et al., 1999). The most

common types of integrins observed in focal adhesions are o, for adhesion to fibronectin,

and a.fB; for adhesion to vitronectin (Burridge and Chrzanowska-Wodnicka, 1996). Focal
adhesions range from less than a square micrometer to several square micrometers in size,
and usually take on a flat, elongated shape. Focal adhesions contain electron-dense, multi-
cytoskeletal protein complexes at the cytoplasmic face, which anchor bundles of actin
filaments to transmembrane adhesion receptors (Geiger et al., 2001).

Immunofluorescence microscope observation and morphometric analysis of the focal

adhesions of fibroblasts have recently shown (Zamir et al., 1999) that the regions of focal



adhesion can be grouped into the following three categories: (1) classical focal adhesions that
contain large amounts of vinculin, paxillin and phosphotyrosine; (2) fibrillar adhesions that
contain high concentrations of tensin, but retain low amounts of classical focal adhesion
proteins; and (3) mosaic adhesions that contain proteins of both classical focal- and fibrillar
adhesions. A vast amount of research has been conducted to investigate the molecular
mechanisms of cell adhesion to the ECM, which has resulted in identification of several
transmembrane proteins such as integrins, syndecan IV and dystroglycan, and of many
cytoskeletal proteins located at the cytoplasmic face of the cell membrane, including a-
actinin, talin, filamin, vinculin, tensin, etc. (Burridge and Chrzanowska-Wodnicka, 1996;
Geiger et al., 2001; Jockusch et al., 1995).

Based upon functional and biochemical characteristics, the cytoskeletal proteins have
been classified into four groups (Geiger et al., 2001): (1) cytoskeletal proteins such as tensin,
a-actinin, talin, and filamin that play a scaffolding role by directly interacting with both
integrin and actin filaments; (2) integrin-bound molecules, including paxillin, focal adhesion
kinase, integrin-linked kinase (ILK), and 14-3-3B, which interact indirectly with actin via
binding to other protein members of the focal adhesions; (3) actin binding proteins such as
vasodilator-stimulated phosphoprotein (VASP), fimbrin, ERM proteins, and vinculin, which
interact indirectly with integrins; and (4) adaptor proteins such as zyxin, cysteine-rich
protein, PINCH, vinexin, ponsin, and Grb-7, which can serve to bind and thereby
connect/link integrin- and actin-associated proteins. Many of the focal adhesion proteins have
multiple interaction partners, which further increases the complexity of the molecular
interactions occurring at/in the focal adhesions (Geiger et al., 2001). The small GTPase, Rho,

plays a major role in regulating the assembly of focal adhesions and actin stress fibers



(Ridley, et al., 1992). Activation of Rho induces the enhancement of cell contractility and
isometric tension, which leads to integrin clustering. This integrin activation stimulates the
growth of focal adhesions by recruiting cytoskeletal proteins (Burridge and Chrzanowska-
Wodnicka, 1996).

Talin is a cytoskeletal protein localized primarily at cell-matrix type adherens
junctions, such as the myotendinous junctions (Tidball et al., 1986) and costameres of
skeletal and cardiac muscle cells (Belkin et al., 1986), membrane-associated dense bodies of
smooth muscle cells (Geiger et al., 1985), and neuromuscular junctions of skeletal muscle
cells (Sealock et al., 1986). Talin is also located in focal adhesions and membrane ruffles of
many cultured cells (Burridge and Connell, 1983), where it is believed to play key roles in
linking the actin cytoskeleton to the plasma membrane via binding to integral transmembrane
proteins including the integrins (Calderwood et al., 2002; Calderwood et al., 1999; Xing et
al., 2001) and to layilin at membrane ruffles (Borowsky and Hynes, 1998), and also in
mediating signals between the extracellular matrix and cell cytoskel;eton, which are important
for cell growth, motility and differentiation (Critchley, 2000).

Talin was discovered independently by two research groups in 1982 (Burridge and
Connell, 1982; Collier and Wang, 1982) using two different cell types, namely chicken
embryonic fibroblasts (Burridge and Connell, 1982) and human platelets (Collier and Wang,
1982). Talin was found to be localized at focal adhesions and membrane ruffles in the
cultured fibroblasts by using immunofluorescence microscopy (Burridge and Connell, 1983).
Platelets contain a large amount of talin (more than 3% of total protein) (Collier and Wang,
1982). Talin is distributed diffusely throughout the cytoplasm of resting platelets, and is then

rapidly redistributed to the submembranous region upon thrombin activation, during which it



is phosphorylated and becomes involved in linking the actin cytoskeleton to the platelet
membrane (Bertagnolli et al., 1993). Talin is not found in cell-cell adhesions such as the
zonula adherens junctions in epithelial cells (Geiger et al., 1985). However, talin has been
identified in the cell-cell junction between cytotoxic lymphocytes and target cells (e.g., the
junction between helper T cells and antigen-presenting B cells) where integrins are enriched
(Kupfer et al., 1986).

Various lines of evidence recognize and support important roles for talin in cell
migration. When monoclonal antibodies raised against the N-terminal and against the C-
terminal regions of platelet talin were microinjected into human fibroblast cells, the actin
stress fibers and focal adhesions were disrupted, and cell motility was decreased (Bolton et
al., 1997) These results, in turn, are consistent with results obtained previously by
microinjection of fluorescently labeled talin fragments into fibroblasts (Nuckolls et al.,
1992). Down-regulation of talin synthesis by using antisense RNA resulted in the inhibition
of cell spreading, reduction in the size of focal contacts, and a dramatic decrease in the
number of actin stress fibers in HeLa cells (Albiges-Rizo et al., 1995). The down-regulation
of talin also generated P1 integrin having lower molecular mass, suggesting that processing
of B1 integrin is also affected. Inactivation of talin in the neuronal growth cones of chick
dorsal root ganglia obtained by a microscale, chromophore-assisted laser treatment caused
the extension and retraction of filopodia to stall temporarily (Sydor et al., 1996). Stimulation
of Dictyostelium discoideum with cAMP was shown to induce talin accumulation at the
leading edge of aggregating cells, which suggests that talin is also involved in mediating

signals in response to this chemoattractant (Kreitmeier et al., 1995). All of these results, taken



together, indicate that talin plays important roles in organizing the actin cytoskeleton and in
regulating cell motility.

Studies of talin gene disruption in Dictyostelium (Niewohner et al., 1997) and in
embryonic stem (ES) cells (Priddle et al.,, 1998) showed that talin is essential for cell
adhesion to the ECM. Dictyostelium mutants in which a talin homologue (filopodin) had
been eliminated (Niewohner et al., 1997) exhibited strong defects in their adhesion to
substrates and in phagocytosis due to the diminished adhesion of the cells to yeast particles,
whereas cytokinesis was slightly impaired. The attachment of the talin mutants to BSA-
coated glass was almost lost. However, the talin-deficient cells were not defective in
responding to stimulation with a chemoattractant such as cAMP, although the spreading and
the fusion of the cells were reduced (Niewohner et al., 1997).

Cultured ES cells, in which both copies of the talin gene had been disrupted (Priddle
et al., 1998), showed that: (1) expression of the B1 integrin subunit was markedly decreased;
(2) spreading and adhesion to gelatin and laminin, but not fibronectin, were reduced, and the
cells continued to grow in a round morphology having many surface protrusions; (3) ability
to form focal adhesions and actin stress fibers on fibronectin was lost in undifferentiated talin
ES cell mutants, whereas differentiated talin ES cell mutants were able to spread and to
assemble vinculin- and paxillin-containing focal adhesions, and to express the 1 integrin
subunit to as high a level as the differentiated wild-type ES cells (Priddle et al., 1998).

In recent studies in which disrupted talin alleles were introduced into mice, the
homozygous talin (-/-) mutant mice did not develop past the gastrulation stage (6.5-7.5 days
post coitum) (Monkley et al., 2000). These mutant mice exhibited defects in the organization

of several tissues in the embryos, indicating that talin is required for embryogenesis.



Embryonic death resulted from developmental arrest at the gastrulation stage, primarily due
to the lack of cell migration because trophoblast cells from the blastocysts of the mutant
embryos demonstrated reduced ability to spread on, and adhere to, fibronectin and laminin.
These results suggest that the role talin plays in cell motility is essential for the
morphogenetic events occurring at the gastrulation stage.

The biochemical/molecular characteristics of talin are in accord with its functional
role in vivo. Talin has a high molecular mass (~270 kDa from both mouse and chicken
cDNA) and migrates as an ~230 kDa protein by SDS-PAGE (Rees et al., 1990). The talin
molecule contains a high content (~80%) of a-helix, which is primarily contained in the long
C-terminal tail (Molony et al., 1987). The C-terminal tail (domain) is predicted to have 50 to
60 copies of irregular repeats that are approximately 34 residues long, and rich in alanine and
leucine.

The conformation of talin appears to be very flexible, depending on the ionic strength
(Molony et al., 1987). Talin adopts a compact, globular shape in low ionic strength buffers,
whereas it appears elongated (~50-60 nm long) at high ionic strength (Molony et al., 1987).
Energy-filtered, electron microscope observations of negatively stained chicken talin showed
that the talin molecule is composed of globular masses (3.8 nm in diameter) appearing in a
"beads on a string-like structure” at physiological ionic strength (Winkler et al., 1997).
Glycerol-spray and rotary-shadow electron microscope analysis of the molecular domain
structure of platelet talin indicated that talin likely exists as a homodimer arranged in an
antiparallel dumbbell shape of ~51 nm length (Goldmann et al., 1994). Only the 190 kDa C-
terminal tail of talin can be covalently crosslinked, suggesting that it is the properties of the

tail that result in dimerization of the two talin polypeptides (Goldmann et al., 1994). That the
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two subunits in talin are arranged in an antiparallel fashion was later confirmed by using
polyclonal antibodies specific to a phospholipid binding site located within the globular 47
kDa N-terminal talin head (Isenberg and Goldmann, 1998). The antiparallel arrangement of
subunits within the talin dimer enables talin to cross-link actin filaments (Zhang et al., 1996;
Schmidt et al., 1999).

Talin is highly susceptible to proteolytic cleavage by various proteases. Calcium-
activated m-calpain readily cleaves talin between residues 433 and 434, thereby generating
the 47 kDa N-terminal head and 190 kDa C-terminal tail fragments (Beckerle et al., 1986).
Analysis of the cDNA sequence of mouse talin (Rees et al., 1990) shows that the N-terminal
head fragment/domain shares homology with the ERM protein family containing the FERM
domain (band 4.1-ezrin-radixin-moesin). The FERM domain reportedly serves in the
attachment of cytoskeletal proteins to the cell membrane by binding to the intracellular
domains of transmembrane proteins (Bretscher et al., 2000; Chishti et al., 1998). The FERM
domain was first identified in purified band 4.1 protein obtained from human erythrocytes
(Leto and Marchesi, 1984). The FERM domain is located in the N-terminal region of most
FERM-containing proteins. However, myosin VIIA, a membrane-associated motor protein
that is responsible for Usher syndrome type III disease (Chen et al., 1996), has a FERM
domain in its C-terminal region, and FAP-1, a protein tyrosine phosphatase that interacts with
the cytoplasmic domain of the Fas receptor (Sato et al., 1995), has a FERM domain located
close to the middle of the protein.

The crystal structures of the FERM domain in radixin (Hamada et al., 2000), moesin
(Pearson et al., 2000) and band 4.1 protein (Han et al., 2000) show that the FERM domain is

composed of three subdomains, termed A, B, and C, arranged in a cloverleaf-like structure. It
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has been reported (Hamada et al., 2000) that inositol-(1,4,5)-trisphosphate (IP3) binds to a
basic cleft between subdomains A and C. The basic, juxta-membrane regions of adhesion
proteins, including CD44 and CD 43, were proposed to bind to an acidic groove located
between subdomains B and C of the FERM domain in radixin (Hamada et al., 2000).
Subdomains A and B of band 4.1 protein have binding sites for integral membrane proteins,
such as band 3 and glycophorin C, whereas subdomain C has a binding region for p55 (Han
et al., 2000).

The globular-like N-terminal head of the talin molecule interacts with the cytoplasmic
domains of integral membrane proteins such as some of the integrins (Calderwood et al.,
2002; Calderwood et al., 1999) and with layilin (Borowsky and Hynes, 1998). The talin head
also has binding sites for focal adhesion kinase (FAK) (Borowsky and Hynes, 1998; Chen et
al., 1995) and phospholipids (Seelig et al., 2000). Based upon secondary protein structure
predictions (Tempel et al., 1995), it has been proposed that the talin head contains three
potential phospholipid binding sites (amino acid residues 21-39, 287-304 and 385-406). One
of these three short amino acid stretches (residues 385-406) was recently reported to have the
ability to insert into neutral and negatively charged membranes by an entropy-driven process,
which suggests that the isolated peptide retains binding energy for interaction with
phospholipids, and also may act as an intrinsic membrane anchor (Seelig et al., 2000). The
large C-terminal tail of talin has been shown to interact with vinculin (Bass et al., 2002; Bass
et al., 1999; Gilmore et al., 1993), actin (Hemmings et al., 1992) and specific integrins (Xing
et al.,, 2001). Based upon the domain structure of talin, which is similar to that of members of

the ERM protein family, it has been suggested (Critchley, 1999) that talin associates with the
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cell membrane via the N-terminal head, and interacts with actin primarily via the C-terminal
tail.

The integrins are a large family of transmembrane receptor proteins, located primarily
at sites of cell adhesion to the extracellular matrix, which, in turn, is essential for several
biological events such as cell growth, motility, differentiation and survival (Burridge and
Chrzanowska-Wodnicka, 1996; Hynes, 1992; van der Flier and Sonnenberg, 2001). Integrin
molecules are heterodimers composed of noncovalently-associated a- and B-subunits, which
integrate/link the extracellular matrix via their large, globular head domains to the
intracellular cytoskeleton via short (30-50 amino acids long) cytoplasmic tails. In humans, 24
heterodimers of the integrin family, resulting from the combinations of 18 a- and 8 j-
subunits, have been identified (van der Flier and Sonnenberg, 2001). Altemative splicing and
posttranslational modification, such as glycosylation, of some subunits also increases the
complexity of the integrin family. Recent sequence analyses (Venter et al., 2001) on data
from the human genome reveals that the integrin family in the human contains 24 a- and 9 -
subunits, although the presence of the newly identified six a- and 1 B subunits requires
further investigation.

Activation of integrins induced by agonist, or upon ligand binding, involves
conformational changes and clustering of the integrins, which increases affinity for their
ligands (van der Flier and Sonnenberg, 2001). The clustering of integrins also recruits
signaling proteins such as tensin and FAK, and cytoskeletal proteins including talin, vinculin
and a-actinin (Burridge and Chrzanowska-Wodnicka, 1996). Tyrosine phophorylation events

involving the signaling proteins, which are induced upon ligand binding at the focal
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adhesions, lead to activation of downstream signaling cascades (Burridge and Chrzanowska-
Wodnicka, 1996).

The cytoplasmic tail domains of integrins play critical roles in targeting integrins to
focal adhesions, and in transmitting signals from ligand binding to the cytoplasm via
interactions with cytoskeletal proteins (Burridge and Chrzanowska-Wodnicka, 1996). Talin
binds to the cytoplasmic tails of integrin 1A, 1D (Pfaff et al., 1998), B2 (Sampath et al.,
1998) and B3 (Knezevic et al., 1996). The FERM domain within the talin head contains the
binding site (186-435 residues) for the integrins. Overexpression of a peptide containing the
integrin binding site of the talin head in CHO cells induced the activation of integrin a0,
(Calderwood et al., 1999). This result suggests that talin may regulate the binding affinity of
the integrins to their ligands. When this talin peptide was transfected into cells expressing a
mutant B3 integrin subunit lacking the C-terminal 85 amino acid residues, the activation of
integrin was not observed, thereby indicating that physical interaction between the talin head
and the integrin cytoplasmic tail is required for the integrin activation.

Another integrin binding site located within the C-terminal tail of talin was recently
localized to the end (residues 1984-2541) of the C-terminal tail (Xing et al., 2001). The
integrin binding site located within the talin head has much higher affinity than the one
located within the tail of talin (Yan et al., 2001).

The two integrin binding sites may be positioned in close proximity within the
antiparallel homodimeric talin molecule, which may help facilitate the interaction between
talin and integrins. Indeed, calpain-digested talin containing the 47 kDa head and 190 kDa
tail showed a dramatic increase in affinity to B3 integrin, which resulted from cooperative

interactions of the head and tail domains of talin with the integrin (Yan et al., 2001). These
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latter results also suggest that the interaction of the talin head with integrin is masked in
native talin, as is the case for members of the FERM protein family in which the binding
~ ability of the FERM domain to integral membrane proteins is masked by the C-terminal tail,
and then unmasked by phosphorylation of the C-terminal tail or by addition of
phosphoinositides (Bretscher et al.,, 2000). In fact, the interaction of talin with
phosphoinositides was recently reported to induce a conformational change in the talin
molecule, which enhanced the affinity of talin for §1 integrin (Martel et al., 2001). It has also
been shown that phosphoinositides, such as PI4,5P,, are important for regulating the
iocalization of talin in/to focal adhesions (Martel et al., 2001). When PI4,5P, was sequestered
by overexpressing a pleckstrin homology (PH) domain, which has specific affinity for
PI4,5P,, the majority of talin in NIH3T3 cells was excluded from the focal adhesions.

In recent studies, subdomain F3 (residues 309-405) of the talin FERM domain has
been predicted to contain a phosphotyrosine binding (PTB)-like domain based on its
sequence similarity to ERM proteins and a three dimensional homology model (Calderwood
et al., 2002). Overexpression of the F3 domain in CHO cells induced the activation of
integrin o, B;. The PTB-binding peptides have been known to form {8 turns when bound to a
PTP domain (Forman-Kay and Pawson, 1999). The highly conserved NPxY motif of the B
integrin tail tends to form a B-turn conformation, which suggests that the B turn in the NPxY
motif is required for the activation of B integrins (Calderwood et al., 2002).

Layilin is a novel transmembrane protein, which shares homology with C-type
lectins, and is colocalized with talin at membrane ruffles of cultured cells (Borowsky and
Hynes, 1998). The interaction with layilin is via a region containing residues 280-435 in the

talin head that overlaps with the FAK binding site (residues 225-327). Layilin is a
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glycoprotein that is expressed widely in various cells and tissues. Layilin was recently
identified as a cell surface receptor specific for hyaluronan, a ubiquitous extracellular matrix
protein (Bono et al., 2001). The cellular localization of layilin suggests this protein serves as
a membrane-attachment site for talin at the membrane ruffles of cultured cells, which may be
important for cell adhesion and migration at those sites. In contrast, the integrins appear to
play a role in docking talin at focal adhesion sites. The precise functional significance of the
interaction between layilin and talin remains to be shown.

Focal adhesion kinase (FAK) is a nonreceptor tyrosine kinase localized at focal
adhesions of adherent cells (Burridge and Chrzanowska-Wodnicka, 1996; Schaller, 2001).
FAK plays an essential role in regulating integrin-mediated signal transduction processes
involved in cell adhesion to the extracellular matrix, motility and survival. The generation of
transgenic mice containing a disrupted FAK gene showed a reduction in cell motility and an
increase in the number of focal adhesions (Ilic et al., 1995). Inhibition of FAK activation in
fibroblast cells resulting from microinjection of anti-FAK antibody or a peptide containing
the FAK binding site of the Bl integrin cytoplasmic tail, caused the cells to quickly apoptose
(Hungerford et al.,, 1996). On the other hand, increased FAK activation in CHO cells
obtained by overexpressing exogenous FAK enhanced cell migration on fibronectin (Cary et
al., 1996).

The molecular domain structure of FAK is composed of three domains including
large N- and C-terminal domains, and a kinase domain located between these two domains
(Schaller, 2001). The N-terminal domain has homology with the FERM domain, and
mediates interaction with the cytoplasmic tail of transmembrane proteins such as specific

integrins and growth factor receptors.
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A primary site of autophosphorylation in the FAK molecule is tyrosine residue 397,
which is one of the six tyrosine residues within the FAK molecule (Schaller, 2001). The
autophosphorylation site serves as a docking site for the proteins containing a
phosphotyrosine-binding SH2 domain such as Src tyrosine kinases and PI3-kinase (Schaller,
2001). The C-terminal domain of FAK contains a focal adhesion targeting (FAT) sequence
that is essential for correct localization of FAK to the focal adhesions (Schaller, 2001). Both
paxillin and talin, two components of focal adhesions, interact with the FAT sequence, and
both have been proposed to target the FAK to the focal adhesions (Schaller, 2001). However,
recent evidence does not support the idea. Some FAK mutants defective for binding to
paxillin are still targeted to focal adhesions (Cooley et al., 2000), and a deletion mutant of
FAK, which was not localized to the focal adhesions, retains ability to associate with talin
(Chen et al., 1995). The binding of talin to FAK appeared to mediate signals from FAK
activation by integrins (Chen et al., 1995). However, the functional significance and
molecular mechanism of the talin-FAK interaction in transmitting signals at the focal
adhesions remain unclear.

Vinculin is a cytoskeletal protein localized at the cytoplasmic face of both cell-matrix
and cell-cell type adherens junctions (Rudiger, 1998; Yamada and Geiger, 1997). Vinculin
interacts with the plasma membrane via the indirect interaction with the integrin family at
cell-matrix junctions such as focal adhesions in cultured cells and membrane-associated
dense plaques of smooth muscle cells. Vinculin also interacts with members of the classical
cadherin protein family at cell-cell junctions, including the zonula adherens (Rudiger, 1998;
Yamada and Geiger, 1997). Vinculin is one of most abundant structural protein components

at both these junctions. Vinculin is believed to anchor actin filaments to the plasma
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membrane at these two types of cell contacts (Rudiger, 1998; Yamada and Geiger, 1997).
Disruption of both alleles of the vinculin gene in F9 embryonal carcinoma and embryonic
stem cells was shown to decrease cell spreading and adhesion to fibronectin, whereas the
motility of the vinculin mutants was increased 2.4-times (Coll et al., 1995). The vinculin-
deficient cells had a round shape and exhibited reduced lamellipodial extensions. The
vinculin-deficient F9 cells were, however, still able to organize focal adhesions that
contained classical constitutive proteins such as integrin, a-actinin, talin and paxillin
(Volberg et al., 1995). Alteration of the vinculin gene in C. elegans resulted in developmental
arrest at the larval stage, and the mutants showed defects in muscle organization suggesting
that vinculin is required for muscle function (Barstead and Waterston, 1991). A homozygous
vinculin (-/-) mutant of the mouse embryo also exhibited embryonic lethality due to defects
in the development of the heart and brain (Xu et al., 1998). Conversely, results obtained with
Drosophila showed that mutation of the vinculin homologue due to X chromosome inversion
showed no obvious defects in viability and fertility, indicating that the vinculin gene is not
essential in Drosophila, and that other alternative cytoskeletal components may compensate
for the vinculin deficiency (Alatortsev et al., 1997).

Vinculin is highly conserved across species, and migrates by SDS-PAGE with an
apparent molecular mass of 117 kDa (Geiger et al., 1980). The V-8 protease readily cleaves
within a proline-rich region in the vinculin molecule that connects two prominent fragments,
namely a 90-kDa globular N-terminal head and a 30-kDa elongated C-terminal tail (Otto,
1990). The N-terminal head has been shown to contain binding sites for talin and a-actinin,
whereas the C-terminal tail binds to F-actin and paxillin (Jockusch et al., 1995). These

multiple protein-protein interactions are modulated by an intramolecular association between
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the globular head domain and elongated tail domain of vinculin (Johnson and Craig, 1994).
Interaction of the tail domain with acidic phospholipids, including PIP,, interrupts the head-
tail interaction, exposing binding sites for talin, a-actinin, VASP (vasodilator-stimulated
phosphoprotein) and a protein kinase C phosphorylation site (Critchley, 2000). The addition
of PIP,, however, was shown to inhibit the interaction between F-actin and the vinculin tail
domain, which contains the F-actin binding site (Steimle et al., 1999). The intramolecular
head-tail association was also disrupted by a vinculin peptide, isolated from a phage-
displayed random peptide library, which contains or is located next to the talin-binding site.

The structure of the vinculin tail (residues 879-1066), which was recently determined
(Bakolitsa et al., 1999), showed that the vinculin tail contains five amphipathic helices (H1-
H5) arranged as an antiparallel bundle 60 A in length and 20-30 A in width (Bakolitsa et al.,
1999). The H2 and H3 helices have a highly amphipathic nature, interact with acidic
phospholipids, and also are involved in actin binding. A hydrophobic hairpin located at the
end of the C-terminus of the five helices (H1-HS) is thought to insert into the lipid bilayer.
The conformational changes induced by the interactions of the vinculin tail with the acidic
phospholipids and with actin may, in turn, cause the amphipathic helix to insert its
hydrophobic face into the lipid bilayer, while allowing the hydrophilic face to interact with
cytoplasmic ligands such as actin.

Metavinculin is a vinculin variant resulting from alternative splicing, which is
expressed only in muscle cells (Siliciano and Craig, 1982). Metavinculin has an insertion of
68 and 69 amino acids, respectively in the tails of the porcine (Gimona et al., 1988) and
chicken (Byme et al., 1992) molecules. Similarities in cellular localization and domain

structure of metavinculin and vinculin suggest that the functions of metavinculin may be
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similar to those of vinculin. However, metavinculin has been reported to be invoived in
dilated cardiomyopathy, suggesting that metavinculin may have a distinct role in cardiac
muscle cells (Maeda et al., 1997).

The large, ~190 kDa C-terminal tail of talin has been shown to contain three vinculin
binding sites (residues 498-656, 852-950 and 1929-2029) by using solid-phase binding
assays (Gilmore et al., 1993). These three sites were subsequently further narrowed to smaller
peptides containing residues 607-636, 852-876 and 1944-1969 by using yeast two-hybrid
assays (Bass et al., 1999). The latter set of results suggests that the vinculin binding sites
within talin are rather short linear stretches of the polypeptide chain. The sequences of the
three sites are homologous (59% similarity) to each other. The talin binding site on vinculin
originally was localized to the globular vinculin head (residues 1-258), (Gilmore et al., 1992),
and more recently has been further defined to residues 1-167 (Bass et al., 1999). The three
vinculin binding sites within the talin molecule were shown to bind to the same, or
overlapping, sites in the vinculin head (Bass et al., 2002). Interaction between a talin peptide
containing one of the vinculin binding sites (1943-2157) and vinculin was shown to be
dependent on temperature, with maximal interaction at 37°C (Bass et al., 2002). This
interaction was not dependent on ionic strength, and point mutations of hydrophobic and
basic residues in the three vinculin binding sites did not affect the binding to vinculin, which
suggested that not just hydrophobic or electrostatic interactions are responsible for the talin-
vinculin interaction (Bass et al., 2002).

A muscle specific protein, N-RAP (nebulin-related protein), was recently discovered,
and shown to be located in the myotendinous junctions in skeletal muscle and in the

intercalated disks in cardiac muscle (Luo et al., 1999). The N-RAP was found to interact with
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talin through the LIM domain located at the N-terminus of N-RAP. Localization of N-RAP at
these cell-matrix type junctions suggests that N-RAP and talin play a role in transmitting
tension resulting from contraction to the extracellular matrix by anchoring the terminal actin
filaments to the cell membrane.

Actin is one of the most highly conserved and abundant proteins in eukaryotic cells.
Actin filaments represent one of the three major cytoskeletal systems in cells of the animal
kingdom (Pollard et al., 2000; Pollard and Cooper, 1986; Weeds et al., 1991). The actin
cytoskeleton plays critical roles in many biological events, including establishment and
maintenance of cytoplasmic structure, generation of force for cell locomotion, cell division,
and intracellular vesicle transport. The actin monomer (G-actin) is globular and consists of a
single polypeptide chain (molecular mass ~42 kDa). The actin molecule is the smallest (5.5 x
5.5 x 3.5 nm) in size of the major proteins present in the three cytoskeletal, filamentous
systems. The actin monomer is composed of two domains called the large and small domains
(Kabsch et al., 1990). The small domain consists of subdomains one and two, and the larger
domain consists of subdomains three and four. The cleft between the large and small domains
has binding sites for the nucleotide ATP or ADP, and for Ca®". Actin is present in vitro as a
monomer at very low ionic strength. An increase in ionic strength to physiological levels
induces a conformational change in the actin monomer, and polymerization into long, two-
stranded helical filaments (F-actin) (Pollard et al., 2000; Pollard and Cooper, 1986).

The assembly and disassembly of actin, which are very dynamic processes and
important for many biological events, are primarily regulated by many actin binding proteins.
Based largely upon regulatory mechanisms, actin binding proteins are often divided (Pollard

et al.,, 2000; Pollard and Cooper, 1986; Weeds et al., 1991) into the following five
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representative groups: (1) proteins that bind to the sides of actin filaments and cross-link
them to form bundles or networks, such as fimbrin, a-actinin, and filamin; (2) proteins that
bind and sequester actin monomers, such as profilin, deoxyribonuclease I, and vitamin D-
binding protein; (3) proteins that sever actin filaments and cap the ends of the filaments, such
as gelsolin; (4) proteins that link actin filaments to plasma membranes, such as talin and
vinculin; and (5) proteins that generate contractile forces such as myosin.

For many years, investigators (reviewed in Burridge et al., 1988) failed to identify a
direct interaction between talin and actin, concluding incorrectly that talin could only
function with actin via a multi-protein bridge containing vinculin and a-actinin. The direct
talin-actin interaction was first shown by Muguruma et al. (1990) who demonstrated that
talin is able to bind to both G- and F-actin by using gel filtration chromatography, actin
cosedimentation and cross-linking assays. Actin binding activity of talin was shown in
studies from our lab (Schmidt et al., 1993; Schmidt et al., 1999) to be highly sensitive to pH,
ionic strength and temperature, with maximal binding found at low pH and ionic strength,
and physiological temperature (37°C). Those conditions suggest that the talin-actin
interaction includes those of an electrostatic nature.

Talin had not previously been known for possessing an ability to cross-link actin
filaments because platelet talin was shown to decrease the viscosity of F-actin solutions
(Kaufmann et al.,, 1991). Smooth muscle talin, however, was reported to increase the
viscosity and to cross-link actin filaments into bundles and networks in studies from our lab
(Schmidt et al., 1999; Zhang et al., 1996). The 190 kDa C-terminal tail of talin showed less
actin binding and cross-linking activity than did intact talin under assay conditions favorable

for intact talin (Schmidt et al., 1999). However, the cross-linking activity of the talin tail was
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increased at a lower pH of 6.0. Intact talin retains significant actin filament cross-linking
activity at pH 6.9, 100 mM KCI and 37°C, conditions similar to the physiological
environment.

Talin has been reported to contain three actin binding sites, one (ABS1, residues 102-
497) in the N-terminal head, and the other two (ABS2, residues 951-1327; ABS3, residues
2269-2541) in the C-terminal tail (Hemmings et al., 1996). The ABS3 was found to contain a
new actin binding module that is conserved across species (McCann and Craig, 1999). Four
blocks of V'LWEQ module in the ABS3 were identified from an analysis of talin sequences of
mouse, Caenorhabditis elegans, Dictyostelium filopodin, C. elegans Sla2 homologue, and
Saccharomyces cerevisiae Sla2 (McCann et al., 1997). This actin binding module competed
with intact talin for F-actin binding activity. Additional sequence analysis on 23 available
IVLWEQ modules in proteins among eukaryotes suggested that the proteins containing this
module can be grouped into four distinct families. The high conservation of this module
across species suggests an important function for the module as an adaptor, coupling proteins
involved in several biological events such as cell adhesion, migration and cortical actin
organization to actin cytoskeleton (McCann and Craig, 1999).

Biochemical properties and functional roles of ABS1 and ABS2 have not heretofore
been characterized further than what was originally reported from the Critchley lab (Bolton et
al., 1997; Hemmings et al., 1996). The presence of ABS1 in the N-terminal head has been
controversial. Cosedimentation at high pH and ionic strength of calpain-digested talin
containing both the N-terminal head and C-terminal tail fragments with F-actin showed that
only the tail c;sedimented with F-actin (Muguruma et al., 1995). Biophysical analysis using

quasi-elastic light scattering (Goldmann et al., 1999) confirmed the high dependence of the
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intact talin/actin interaction on pH and ionic strength (Schmidt et al., 1993; Schmidt et al.,
1999), and showed that the interaction of the C-terminal talin tail with F-actin affected the
dynamics of actin filaments, whereas the N-terminal head had no effect. In contrast, an
expressed construct containing the talin head domain was shown to have F-actin binding
activity (Bolton et al., 1997; Hemmings et al., 1996). As will be shown in this dissertation, [
have characterized the three actin binding sites of talin, concentrating primarily upon ABS1.
My studies strongly indicate that the talin head possesses actin binding activity.

At least one gene encoding talin has been identified in various eukaryotes, from
Dicryostelium to mammals. A talin cDNA (GenBank Accession: X56123) was first cloned
from mouse by antibody screening of an expression library (Rees et al., 1990). Two
homologues of talin protein (TALA, GenPept Accession: A57036 and TALB, GenPept
Accession: BAA75511) were identified in Dictyostelium discoideum, both of which share
higher homology with the mouse talin sequence in their N-terminal 400 amino acids and C-
terminal 200 amino acids, respectively, than in the rest of the molecules (Kreitmeier et al.,
1995; Tsujioka et al, 1999). TALB contains an additional C-terminal domain, which
contains about 60 amino acid residues that are homologous to the C-terminal domain of
villin. The talin protein homologue of C. elegans (GenBank Accession: 1.46861) shows
approximately 39% homology with mouse talin in protein sequence (Moulder et al., 1996).
The protein sequence of chicken talin shows very high homology (89% identity) with that of
the mouse talin. A homology search of the Drosophila melanogaster database resulted in the
identification of a predicted protein (GenPept Accession: AAF50399) that shares homology
with the FERM domain within the N-terminal head and with the actin binding domain

(ABS3) near the end of the C-terminal tail of talin.
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The human talin gene (GenPept Accession: Q9Y490) was found to contain 57 exons,
and its sequence exhibited high homology with those of mouse (98% identity) and chicken
(88% identity) talins (Ben-Yosef and Francomano, 1999). The human talin gene (TLN) was
localized to human chromosome 9p13 (Ben-Yosef and Francomano, 1999). The sequence of
a second talin gene (7LN2) has recently been assembled from the genomic and the expressed
sequence tag (EST) databases (Monkley et al., 2001). The human 7LN2 gene codes for a
protein (talin2) containing 2,532 amino acids, which shows high homology (74% identity and
86% similarity) with human talinl. The FERM domain in the human talin2 head is very
similar to that of talinl and, therefore, may be expected to bind to similar ligands as talinl.
The talin2 protein has the same calpain cleavage site between the head and tail domains, and
the alanine-rich repeats in the C-terminal tail, suggesting that talinl and 2 have very similar
domain structures. Expression of the talin2 gene was detected in a variety of tissues, with the
highest level of expression in heart. More than one talin2 transcript was observed in heart,
brain, lung, skeletal muscle, liver and spleen, which suggests the presence of various
isoforms of talin2. The biological functions of the multiple transcripts in various tissues

remain to be established.
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CHARACTERIZATION AND FUNCTIONAL IMPLICATIONS OF AN ACTIN-
BINDING SITE WITHIN THE TALIN HEAD DOMAIN
A paper to be submitted to Biochemical Journal
Ho-Sup Lee, Robert M. Bellin, Diana L. Walker, Marvin H. Stromer, David R. Critchley*,

and Richard M. Robson'!

Summary
Talin is a large cytoskeletal protein that links integrins to F-actin. Talin reportedly contains
three actin binding sites (ABS1-3),' one in the N-terminal head domain, and two in the C-
terminal rod domain (Hemmings et al., 1996, J. Cell Sci. 109, 2715-2726). Although the C-
terminal ABS3 has been well characterized, the properties of ABS1 within the talin head
have not been defined. We show herein that the N-terminal head fragment purified from
calpain-digested talin cosediments with F-actin, and that a recombinant talin polypeptide
spanning residues 102-497 has similar activity. Using deletion analysis, we show that
residues (271-320) within the talin FERM (band 4.1-ezrin-radixin-moesin) domain are
essential for actin binding, and are highly conserved across species. Binding of both ABS1
and ABS3 to actin was highly dependent on ionic strength (as for native talin), but binding of

ABS1 was much less pH dependent than was ABS3 or native talin. EGFP-tagged ABS1
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expressed in COS cells colocalized with actin-rich structures, especially stress fibers, whereas
EGFP-ABS3 was found in membrane ruffles. Overall, these studies provide strong evidence
for an actin binding site in the talin FERM domain. This region also contains an integrin-
binding site suggesting that it may link integrins to F-actin independent of the C-terminal

actin binding site.

Introduction
Talin is a large (270 kDa, 2,541 amino acids) cytoskeletal protein that is localized primarily
in cell-extracellular matrix adherens-type junctions, although it is also found in membrane
ruffles of migrating cells [1], human platelets (2], and the junctions between T-cells and
antigen presenting cells [3]. Thus, it is localized in the focal adhesions of adherent cells in
culture (1], the myotendinous [4] and neuromuscular junctions [5] of skeletal muscle cells,
the costameres of skeletal and cardiac muscle cells {6], and the membrane-associated dense
bodies of smooth muscle cells [7]. Talin is believed to play a key role at these sites in linking
the actin cytoskeleton to the cytoplasmic domain of the integrin family of cell adhesion
molecules [8, 9]. Evidence for such a role has come from a variety of sources. When
antibodies against talin were microinjected into fibroblasts, migration of the cells was
inhibited, and focal adhesions and actin stress fibers were disassembled [10, 11]. Inactivation
of talin in neuronal growth cones by using chromophore-assisted laser inactivation resulted in
neurite retraction [12], and downregulation of talin in HeLa cells by using antisense RNA
technology caused decreased cell spreading and reduced the size of focal adhesions [13]. A
similar phenotype was observed in mouse embryonic stem cells carrying mutations in both

talin alleles [14]. Finally, talin (-/-) mouse embryos were arrested at gastrulation, apparently
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due to a failure of mesoderm migration [15], which may reflect defects in coupling integrins
to the actomyosin contractile apparatus within the cell.

The biochemical properties of talin are also consistent with a role in linking integrins to F-
actin. The N-terminal head domain of talin contains a FERM (band 4.1-ezrin-radixin-moesin)
domain with binding sites for the cytoplasmic domains of f1 and B3 integrins [16] and for
layilin {17], a C-type lectin that colocalizes with talin in membrane ruffles. It also contains a
binding site for FAK [18, 19], which is implicated in coupling cell adhesion to cell
proliferation and suppression of apoptosis and cell migration [20]. The large C-terminal rod
domain of talin contains a second integrin binding site [21], three vinculin binding sites [22,
23], and is able to bind F-actin [24-26]. An as yet undefined domain of talin also has recently
been shown to bind to an N-terminal LIM domain within a striated muscle-specific, nebulin
related protein, N-RAP [27], suggesting that N-RAP and talin may together play a significant
role in anchoring actin filaments of the terminal myofibrillar sarcomeres to the sarcolemma at
myotendinous junctions in skeletal muscle cells and the intercalated disks in cardiac muscle
cells. The talin molecule is comprised of two subunits that are likely arranged in an
antiparallel manner [28, 29], which probably explains why it can cross-link actin into
networks and bundles [26, 30-33]. The ability of talin to crosslink F-actin is highly dependent
on pH, ionic strength and temperature, and talin exhibits optimal actin binding activity in
vitro at pH 6.4, low ionic strength and 37°C [26].

The best characterized actin binding site in talin (ABS3) is located close to the C-terminal
region of the protein [10, 34], and is highly conserved across species. It contains a so-called
IVLWEQ module that is also found in a number of other actin binding proteins such as Sla2p

and Hip-1 [35, 36]. A recombinant polypeptide containing this module was shown to inhibit
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binding of intact talin to F-actin suggesting that it is a major determinant of actin binding in
vitro [35]. However, preliminary evidence for two other actin binding sites in talin has been
presented [34], one of which (ABS1) is located within the N-terminal head domain. The
presence of an actin binding site in the talin head is controversial because the purified head,
which can be liberated from talin by calpain II cleavage [37], did not bind actin as detected
by biophysical analysis [31] or by actin cosedimentation analysis of a calpain-digest of talin
containing both the head and tail domains [38]. In the present study, we have used a series of
GST talin head fusion proteins in actin cosedimentation assays, and provide evidence that
residues 271-320 within the talin FERM domain contains an actin binding site. Moreover, we
also show that the purified talin head isolated from talin after calpain cleavage does indeed
bind F-actin at low ionic strength and at pH 6.4. Finally, when EGFP fusion proteins
containing this region were expressed in COS cells, they colocalized with actin-rich
structures. Together, these data provide strong evidence for the presence of an actin binding

site in the talin head domain.

Materials and Methods
GST talin fusion constructs
DNA fragments encoding various regions of the talin head (Fig. 1) and the C-terminal ABS3
of talin (residues 2269-2541) were amplified by PCR from chicken talin cDNAs [34] using
oligonucleotides containing a BamHI restriction enzyme cleavage site at the 5’ end and an
EcoRI at the 3’ end. The amplified PCR products were gel purified, digested with BamHI and
EcoRl, and ligated into the glutathione S-transferase (GST) fusion vector pGEXA4T1

(Amersham Biosciences, Piscataway, NJ). The reading frames of all fusion constructs were
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confirmed by DNA sequencing. Expression of the recombinant plasmids in Escherichia coli
(BL21-Codon™-RIL, Stratagene, La Jolla, CA) and the purification of the fusion proteins
using glutathione-crosslinked agarose (Amersham Biosciences) were performed as described
by Carroll et al. [39]. GST fusion proteins were further purified using DEAE-cellulose
(DES2, Whatman, Fairfield, NJ) anion exchange column (1.0 x 10 cm) chromatography.

Protein concentrations were measured by using a modified Lowry method (Sigma, St. Louis,

MO).

Purification of talin and the talin head domain

All steps were carried out at 0-4 °C unless stated otherwise, and the pH of buffers was
adjusted at the temperature at which they were used. Highly purified talin was prepared from
turkey gizzard smooth muscle as described [26]. The ~47 kDa N-terminal head fragment of
talin was prepared from purified talin by proteolytic digestion with m-calpain prepared by
procedures modified from Edmunds et al. [40]. Purified talin was cleaved by m-calpain in 20
mM Tris-HCl, 15 mM B-mercaptoethanol, pH 7.0, with a talin to m-calpain molar ratio of
300:1. Proteolysis was initiated by addition of CaCl, (2.5 mM final concentration), and after
1 h at 25 °C, the reaction was stopped by adding an excess of E-64 (10 pug/ml, Peptides
International, Louisville, KY). The talin head was then purified by chromatography on a 1.0

x 10 cm DEAE-cellulose (DES52, Whatman) column.

Actin cosedimentation assays
G-actin was purified from actin powder preparations of porcine skeletal muscle as described

[41], followed by gel filtration column chromatography (2.5 x 70 cm, Sephacryl S-300 HR,



39

Amersham Biosciences). Actin cosedimentation assays, all done in duplicate, were
performed essentially as described by Schmidt et al. [26]. Each sample (GST fusion protein,
talin, calpain-digested talin, or purified talin head fragment (0.2 mg/ml)) was individually
mixed with actin (0.5 mg/ml) in cosedimentation buffer (10 mM imidazole-HCI, 1 mM ATP,
1 mM B-mercaptoethanol, 1 mM EGTA, 0.1 mM CaCl,) at the designated pH, and actin
polymerization was initiated by adding MgCl, (2 mM final concentration). The mixture (final
volume 150 pl) was incubated at 25 °C for 1 h and centrifuged at 100,000 x g for 20 min in a
Beckman airfuge. The resulting pellets were resuspended in 100 ul of the cosedimentation
buffer including 1% (w/v) SDS, and comparable amounts of supernatants and pellets
(supernatants 21 ul; pellets 14 pl) were analyzed by SDS-PAGE. The gels were stained with
Coomassie brilliant blue, scanned, and the integrated density of the bands was measured by

using the Scion Image program (Scion Corporation, Frederick, MD).

EGFP fusion constructs and transfections into COS cells

The EcoRI and BamHI restriction enzyme cleavage sites of the green fluorescent protein
(GFP) fusion vector pPEGFPC2 (Clontech, Palo Alto, CA) were altered, creating a BamHI site
at the 5’ end and EcoRI at the 3’ end in order to ligate the PCR products generated for cloning
in the proper orientation. The oligonucleotides for reconstructing the restriction cleavage sites
of pEGFPC2 were as follows: 5'-AGCTTCGGATCCTGCAGTCGACGGTACCGCGGGC-
CCGGGGGAATTCA-3' and 5'-GATCTGAATTCCCCCGGGCCCGCGGTACCGTCGAC-
TGCAGGATCCGA-3'. The two oligonucleotides were mixed in buffer (10 mM Tris-HCI,

pH 7.4), heated for 30 sec at 100 °C, and the mixture cooled to room temperature in order to
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anneal the two oligonucleotides. These were then ligated into HindIll-Xbal digested
pEGFPC2 vector and transformed into E. coli (XL1 Blue). Amplified talin PCR products
were gel purified, digested with BamHI/EcoRI and ligated into the modified pEGFPC2
vector digested with the same enzymes. A DNA fragment encoding the ABS3 (residues
2269-2541) from the C-terminal end of talin was also amplified by PCR and cloned into the
modified pEGFPC2 vector. The actin binding site of a-actinin (residues 1-269) [42] was
prepared by PCR amplification of a chicken a.-actinin cDNA (GeneBank™ accession number
J03486) as template, and cloned into the Sa/l and Sacll restriction enzyme sites of pEGFPC3.
Plasmid DNA for transfection experiments was purified by using the EndoFree Plasmid Maxi

kit (Qiagen, Valencia, CA). All constructs were sequenced to confirm the reading frame and

authenticity of the constructs.

COS-7 cells were maintained in Dulbecco’'s modified Eagle's medium (Gibco/BRL,
Rockville, MD) supplemented with 10% fetal calf serum. Transfections were carried out by
using the FuGENE 6 Transfection Reagent (Roche Molecular Biochemicals, Indianapolis,
IN) as follows. Cells were grown on fibronectin (10 pg/ml)-coated sterile coverslips in 60
mm culture dishes until they reached 50-70% confluence. Serum free Dulbecco's modified
Eagle's medium (200 pl) was mixed with 6 ul of FuGENE 6, and incubated at 25 °C for 5
min. Two pug of GFP fusion plasmid were added to the mixture that was incubated for an
additional 15 min at 25 °C, and then added to the culture dishes. The cells were incubated at
37 °C for 12 to 20 h, then washed three times with PBS (80 mM Na,HPO,, 20 mM
NaH,PO,-H,0, 100 mM NaCl, pH 7.4), and fixed with 4% (w/v) paraformaldehyde (Electron

Microscopy Sciences, Fort Washington, PA) in PBS for 20 min at 25 °C. The cells were
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permeabilized with 0.1% Triton X-100 in fixative for 5 min, and then washed three times in
PBS. Cells were stained with rhodamine-phalloidin (Molecular Probes, Eugene, OR), which
had been diluted 1:40 in PBS, for 1 h at 37 °C to visualize F-actin. After washing with PBS
two times and once with H,O, the cells were mounted on slides with Gelvatol (Air Products
and Chemicals, Inc., Allentown, PA) and observed with a Zeiss Photomicroscope III
equipped with phase contrast and epifluorescence optics. The images of the cells were

obtained with a SPOT RT camera (Diagnostic Instruments, Inc.).

Results
{SUGGESTED PLACEMENT FOR FIG. 1}
Defining an actin binding site within the N-terminal head of talin
Talin reportedly contains three actin binding sites, one in the N-terminal head domain (ABS1
residues 102-497) and two in the C-terminal rod domain (ABS2 residues 951-1327; ABS3
residues 2269-2541) [34]. To confirm that the talin head does indeed contain an actin binding
site and to further define the residues involved, various GST-talin head constructs were tested
in actin cosedimentation assays for their abilities to bind F-actin at pH 6.4 and low ionic
strength, conditions that are optimal for the talin-actin interaction [26]. Most of the fusion
proteins starting at residue 102 were insoluble. In contrast, those starting at residue 201 were
soluble, and moreover a construct spanning residues 201-497 bound to F-actin as well as the
102-497 construct. Therefore, ABS1 was mapped by making N- and C-terminal deletions of
the 201-497 construct (Fig. 1).

{SUGGESTED PLACEMENT FOR FIG. 2}
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Progressive C-terminal deletions up to residue 320 had little or no effect on binding to F-
actin, and ~92% of a GST fusion protein containing talin residues 201-320 was able to co-
sediment with F-actin (Fig. 2, panels ¢ and d). GST alone did not bind to F-actin (data not
shown). However, further deletions led to substantial loss of binding activity (Fig. 1), and a
GST 201-270 construct showed only low levels of specific F-actin binding, with ~96% of the
protein remaining in the supernatant (Fig. 2, panels a and b). Progressive deletion from the N-
terminus up to residue 270 resulted in some reduction in protein solubility and stability and a
noticeable fraction of the GST 271-497 construct sedimented in the absence of F-actin (Fig.
2, panel g). However, virtually all (~99%) of the protein was recovered in the pellet when
centrifuged in the presence of F-actin (Fig. 2, panel h) indicating that residues 271-497 still
retained binding activity. A construct containing talin residues 295-497 also co-sedimented
(over 90%) with F-actin (Fig. 1), whereas one containing residues 321-497 failed to do so
(Fig. 2, panels e and f). These results suggest that residues 271-320 within the talin head
region are responsible for binding to F-actin, with residues 295-320 containing the major
determinants of F-actin binding.

{SUGGESTED PLACEMENT FOR FIG. 3}

Effect of pH on the interaction betweea ABS1 and F-actin

We have previously shown that the interaction of talin with F-actin is highly dependent on
pH and that the ability of talin to cosediment with F-actin increased dramatically as the pH
was decreased to pH 6.4 [26]. We therefore analyzed the effect of pH on the interaction
between ABS1 and F-actin in cosedimentation buffers at pH 6.4, 6.9 and 7.3, respectively.

Two GST fusion proteins were analyzed, one containing residues 201-320 (Fig. 3A), and the
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other residues 271-497 (Fig. 3B), both of which encompass the narrowed ABS1. The results
in Fig. 3 show that the ability of ABS1 to bind F-actin is not highly dependent on pH, and
that decreasing the pH from 7.3 to 6.4 only slightly increased the ability of the fusion
proteins to cosediment with actin. Approximately 98% of GST 201-320 cosedimented with
F-actin at pH 6.4, whereas about 91% and 80% of the fusion protein was cosedimented at pH
6.9 and pH 7.3, respectively (Fig. 3A, compare panels b, d, and f). Binding of the 271-497
construct (Fig. 3B) was even less pH sensitive, with ~99% of the fusion protein cosedimented
with F-actin at pH 6.4, 96% at pH 6.9, and 93% at pH 7.3, respectively (Fig. 3B, compare
panels b, d, and f). Thus, near maximal binding of ABS1 to F-actin is retained at a higher pH
than was observed with native talin.

{SUGGESTED PLACEMENT FOR FIG. 4}

Effect of pH on the interaction of ABS3 with F-actin

Sequence alignments show that the C-terminal ABS3 contains a new actin binding module
(I/'LWEQ), which is also found in a number of other actin binding proteins [35, 36]. We,
therefore, analyzed the effect of pH on the ability of ABS3 to bind F-actin in order to
compare with that obtained with ABS1. The results (Fig. 4) showed that decreasing the pH
from 7.3 to 6.4 significantly increased the amount of ABS3 that cosedimented with F-actin.
Approximately 76% of the ABS3 was sedimented at pH 6.4, compared to 30% at pH 6.9, and
18% at pH 7.3 (Fig. 4, compare panels b, d and f). These results are in marked contrast to
those obtained with ABS1 (Fig. 3), and indicate that the ability of ABS3 to cosediment with
actin shows a similar pH dependence to that seen with native talin. These differences suggest

that the electrostatic properties of ABS1 may be different from those of ABS3.



{SUGGESTED PLACEMENT FOR FIG. 5}

Effect of ionic strength on the interaction of ABS1 and ABS3 with F-actin

The talin-actin interaction has been shown to be markedly reduced at high ionic strength [26].
Since the minimal ABS1 (residues 271-320) is highly basic (pI ~10.15), the interaction
between ABS1 and F-actin may be primarily electrostatic in nature. To test this hypothesis,
we investigated the effect of ionic strength on the interaction by using two fusion proteins
containing residues 201-320 and 271-497. The results showed that increasing the KCl
concentration progressively decreased the ability of both fusion proteins to cosediment with
F-actin (Fig. 5), although even at 100 mM KCl, there was still significant binding. In
contrast, the ability of native talin to bind F-actin was almost completely inhibited in 100
mM KCl at 25 °C [26].

{SUGGESTED PLACEMENT FOR FIG. 6}

We next examined the effect of ionic strength on binding of ABS3 to F-actin.
Concentrations as low as 25 mM KCI markedly decreased the ability of ABS3 to bind F-actin
(~48% inhibition), and adding 50 mM and 100 mM KCl further inhibited binding. In
comparison to ABS1, which showed most significant inhibition at KCl concentrations
between 50 mM and 100 mM, the decrease in the ability of ABS3 to bind to F-actin was most
marked between 0 mM and 25 mM. These results indicate that ABS3 is even more sensitive
to ionic strength than is ABS1, and that electrostatic interactions may aiso be involved in the
interaction of ABS3 and F-actin.

{SUGGESTED PLACEMENT FOR FIG. 7}
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The purified talin head fragment binds to F-actin

The Ca™-dependent protease type II (m-calpain) readily cleaves talin between residues 433
and 434 [43], generating an ~47 kDa N-terminal head and an ~190 kDa C-terminal rod
domain [37). Previous reports have indicated that the ~190 kDa rod domain, but not the ~47
kDa head, binds to F-actin [31, 38]. Because recombinant talin head polypeptides bind to F-
actin (studies herein and see Ref. 34), we re-examined the ability of the purified N-terminal
head fragment liberated from intact talin by m-calpain to cosediment with F-actin at pH 6.4
and low ionic strength. Intact talin almost quantitatively cosedimented with F-actin under
these conditions (Fig. 7, panel b). Interestingly, when calpain-cleaved talin that contained
both the talin head and rod domains was similarly analyzed, a considerable portion of both
polypeptides was found to cosediment with F-actin (Fig. 7, panel c), and quantitative analysis
showed that ~54% of the rod domain and 47% of the N-terminal head cosedimented with F-
actin. To verify and extend these findings, the talin head fragment was purified, and the
results showed that it almost quantitatively cosedimented with F-actin (Fig. 7, panels d and
e). This confirms the data obtained using recombinant talin polypeptides and establishes that
there is indeed an actin binding site in the talin head.

{SUGGESTED PLACEMENT FOR FIG. 8}

Colocalization of EGFP-tagged ABS1 with F-actin in COS cells

To investigate whether the talin head has actin binding activity in vivo, we generated EGFP
fusion constructs that included ABS1 residues 271-320, and transfected them into COS cells.
COS cells transiently transfected with EGFP constructs encoding talin residues 201-320 (Fig.

8A) and 271-497 (Fig. 8C), both of which contain ABS1, colocalized with phalloidin-labeled
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actin stress fibers. The constructs did not localize to focal adhesions. The EGFP fluorescence
was also distributed diffusely in the cytoplasm, presumably due to the high level of
expression. COS cells expressing EGFP 201-270 (Fig. 8B) and 321-497 (Fig. 8D)
(corresponding to the control constructs that do not include residues 271-320 and that do not
bind F-actin in vitro) showed diffuse EGFP fluorescence distributed throughout the
cytoplasm with no distinct localization at actin-rich structures. This strongly suggests that the
colocalization of EGFP constructs 201-320 and 271-497 with F-actin is indeed specific.

We also transfected COS cells with an EGFP 2269-2541 (Fig. 8E) construct that contains
ABS3 [34] and an EGFP construct containing the N-terminal ABS of a-actinin (residues 1-
269) (Fig. 8F) as positive controls. As shown in Fig. 8E, the EGFP fluorescence with ABS3
was predominantly colocalized with actin-rich membrane ruffles and more weakly with
cortical actin filaments and actin stress fibers. As shown in Fig. 8F, the a-actinin construct
showed extensive colocalization of EGFP fluorescence with actin stress fibers visualized
with rhodamine-phalloidin, as well as strong fluorescence concentrated in focal adhesion-like
structures at the ends of stress fibers. The a-actinin construct also colocalized with
membrane-associated actin filaments. The results shown in Fig. 8 support the conclusion that
ABS]1 is able to bind to F-actin in vivo, and also suggest that ABS1 and ABS3 may play

distinctive roles in interacting with cellular actin.

Discussion
We have used a series of recombinant talin polypeptides to provide strong evidence that the
talin head contains an actin binding site (ABS1) that is defined by residues 271-320. We have

also shown that the N-terminal head purified from calpain-digested, tissue-purified talin has
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the ability to interact with actin. The interaction between F-actin and ABS1 was relatively
insensitive to pH, which is in contrast to the properties of ABS3 (and of intact talin), which
showed a marked reduction in binding at pH 7.3. However, binding of ABS1 to actin was
inhibited by KCI concentrations above 50 mM and was only marginally less salt sensitive
than intact talin. The above data initially appear to conflict with previous studies that failed to
detect any interaction between the talin head and F-actin. Quasi-elastic light scattering
studies showed that the purified ~190 kDa C-terminal rod domain, but not the purified ~47
kDa N-terminal head of talin, affected actin dynamics [31]. However, the rod domain
reportedly contains two well-separated, distinct actin binding sites [34], which may affect
actin dynamics differently than would one actin binding site in the head domain in their
assays [31]. Furthermore, those studies [31] included assays conducted below pH 6.4, where
we have found the talin head region becomes insoluble’. We also have shown that talin is
much more effective than is the ~190 kDa talin rod domain in formation of actin filament
networks and bundles [26], again supportive of an actin binding function for the talin head. It
was reported in one study [38] that only the C-terminal rod domain in a calpain-digested talin
sample was observed to cosediment with F-actin. However, the "purified" N-terminal talin
head has not heretofore been tested biochemically for its ability to bind actin. The fact that
the previous study failed to detect binding of the talin head, when present within a talin
digest, to F-actin may be due at least in part to several factors; (i), Muguruma et al. [38]
carried out their studies at high pH (7.5) and ionic strength (100 mM KCl), conditions under
which binding of even intact talin to actin is drastically reduced [26]; (ii), competition may
exist between the talin head and rod domains for binding sites on F-actin; and (iii), the C-

terminal rod domain has been reported to contain two actin binding sites [34], and might
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therefore bind F-actin more tightly than the N-terminal head that contains a single actin
binding site. That the C-terminal rod domain in the talin digest cosedimented with F-actin
less efficiently than did intact talin (Fig 7), coupled with the observation that the purified C-
terminal rod domain has less actin binding and crosslinking activity than does intact talin
[26] are consistent with the concept that the talin head contributes significantly to the overall
actin binding activity of intact talin. In additional support of this conclusion, the GST talin
201-320 construct competes with intact talin for binding to actin, and a 10:1 molar ratio
inhibited talin binding by ~67%".

{SUGGESTED PLACEMENT FOR FIG. 9}

The talin head contains a region of homology to the FERM proteins band 4.1, ezrin, radixin
and moesin, which act as linkers between the actin cytoskeleton and type 1 integral
membrane proteins such as CD44 and ICAM 1-3 [44]. The crystal structure of the radixin
[45], moesin [46] and band 4.1 [47] FERM domains have recently been reported revealing
three subdomains (A-C; using the nomenclature of Ref. 45) connected by short linkers.
Although the original sequence alignments suggested that the homology between talin and
ERM proteins was restricted to residues 165-373 [43], it is now apparent that the homology
extends from approximately residue 86 to 405 [45]. This suggests that the talin FERM
domain will have a similar three lobed structure, and the predicted boundaries of subdomains
A-C in talin are approximately 86-195, 208-303 and 310-405, respectively. However, the
talin FERM domain is distinct from that of the ERM proteins in terms of sequence identity
(25% as opposed to ~74% within the ERM family), and the presence of an ~33 residue
insertion between subdomains A and B. Our deletion analysis indicates that putative

subdomain A of the talin FERM domain (residues 86-195) is not required for actin binding
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because fusion proteins lacking this region (e.g., GST 201-497) bind F-actin as well as GST
102-497. Similarly, subdomain C (residues 310-405) is unlikely to bind F-actin since GST
321-497, which contains most of subdomain C, does not bind actin. Instead, the talin
polypeptide GST 201-320, which contains the whole of subdomain B (residues 208-303),
binds strongly to F-actin. Further deletion analysis has allowed us to map ABS1 to residues
271-320, which is predicted to correspond to the C-terminal half of subdomain B, the linker
region between subdomain B and C, and the start of subdomain C. In radixin, the equivalent
region (residues 164-212) is negatively charged (pI ~5.26), and the linker region forms an
acidic groove in the middle of the negatively charged surface that has been suggested as a
possible binding site for the basic juxta-membrane domains of integral membrane proteins
[45]. However, talin ABS1 (residues 271-320) has a pI of ~10.15, and thirteen of the fifty
residues are positively charged. Nine of eleven negatively charged residues in the acidic
groove of radixin are correspondingly substituted with positively charged or uncharged
residues in the talin ABS1 (Fig. 9, panel A). These positively charged residues may be part of
the site involved in binding F-actin. The FERM domain of ezrin has also been reported [48]
to possess an actin binding site (residues 288-310) located at the end of subdomain C, a
region that contains the highly conserved basic sequence RRRK. Although the equivalent
region of talin (residues 396-410) contains a similar conserved sequence (KKKK), a GST
321-497 talin fusion protein containing this sequence did not bind actin.

Protein sequence alignments of ABS1 (residues 271-320) with talin sequences from other
species show that this region is highly conserved (Fig. 9, panel B). Moreover, the sequence
identity of ABS1 between chicken and mouse (94%), is somewhat greater than that of the

whole talin sequence (89%) [34], which is consistent with the conclusion that this region
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contains a binding site for actin that is itself highly conserved. Another talin gene (7LN 2)
previously identified from mouse and human EST databases has been assembled using
human genomic sequences [49]. Talin ABS1 shows a higher degree of relatedness to the
equivalent region in talin-2 (82% identity, 91% similarity) than that shown by the sequences
as a whole (76% identity, 86% similarity). The fact that GST constructs spanning talin
residues 295-497 and 201-320 both bind strongly to F-actin focuses attention on the role of
residues 295-320 in actin binding, and we refer to this region as the “core ABS1.”
Interestingly, this region has more conserved residues than the rest of the ABSI1, and is
identical in human, mouse and chicken.

The ability of EGFP ABS1 fusion proteins to colocalize with actin-rich structures in COS
cells is consistent with the conclusion that ABS1 has actin binding activity. The weak
colocalization with actin stress fibers is similar to that observed by Hemmings et al. [34]
when a GST talin fusion protein (residues 102-497) containing the ABS1 was microinjected
into chick embryo fibroblasts. This colocalization was abolished when cells were extracted
with Triton X-100 before fixation suggesting that the interaction between ABS1 and the actin
cytoskeleton is labile [34]. In contrast, the EGFP construct (residues 2269-2541) containing
ABS3 localized strongly to membrane ruffles and membrane-associated actin filaments with
weaker colocalization to actin stress fibers in the cytoplasm. Again, this localization is
reminiscent of that observed with the equivalent GST fusion protein that was resistant to
detergent extraction [34].

The differences between ABS1 and ABS3 in resistance to Triton X-100 extraction [34],
plus the differences shown herein between ABS1 and ABS3 in cellular localization and the

fact that actin binding by ABS3 (but not ABS1) is markedly pH dependent, indicate that the
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two sites have quite distinct properties. However, the structural basis of this difference is
unclear. Charged groups and their distribution on the surface of a protein will clearly
influence the pH dependence of protein-protein interactions. For instance, binding of
Dictyostelium hisactophilin to F-actin was shown to be markedly pH dependent (within pH
5.7-6.7) [50], and the high content (26%) of histidine residues (pK 6.04) is believed to
contribute to this effect. ABS1 (pI ~10.15) contains a high content (20%) of lysine residues
(pK 10.54) and this may explain the lack of pH dependence of actin binding to ABS1 in the
physiological range. The presence of a large number (26%) of positively charged residues in
ABS1 may also account for the marked inhibitory effects of increasing ionic strength on
binding to actin. In contrast, ABS3 has a pI of ~5.80 which is close to the pK of histidine, and
the three histidine residues within ABS3 may account for the pH dependence of actin binding
in the pH range of 6.4 to 7.3. It is also possible that the change in pH may induce a change in
the conformation of ABS3 that is more favorable for the interaction with actin. The finding
that talin has at least two actin binding sites with different pH sensitivities suggests that the
ability of talin to interact with actin may be finely modulated in response to local changes in
pH within the cell, and that each actin binding site may have a distinctive role in interacting
with actin.

In addition to ABS1, the talin FERM domain also contains binding sites for integral
membrane proteins including integrins (residues 186-435) [16] and layilin (residues 280-435)
[17], as well as for FAK (residues 225-357) [17], a cytoplasmic protein tyrosine kinase
implicated in the regulation of focal adhesion dynamics [20]. Recently, a second integrin
binding site in talin has been identified [21] towards the C-terminal region of the protein

(residues 1984-2541). The investigators [21] speculated that these two integrin binding sites,
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one in the N-terminal and the other in the C-terminal region of talin, may lie in close
apposition within the talin antiparallel dimeric molecule [28, 29], and that this may serve to
regulate the strength of the interaction between integrins and talin. It may be significant that
both integrin binding sites are within the same vicinity as actin binding sites, thus raising the
possibility that the talin head and C-terminal rod might both participate in coupling integrins
to the actin cytoskeleton. Furthermore, the expressed N-terminal domain of talin (residues 1-
435) recently was shown to have higher affinity for the cytoplasmic domain of the P integrins
than does intact talin [51]. Interestingly, calpain digestion of talin resulted in cooperative and
increased binding of talin head and rod domains to the cytoplasmic domain of f, integrin,
suggesting that the talin head may even function as an independent entity in some cellular
events [51, 52]. Furthermore, it recently has been reported [53] that subdomain F3° of the
talin FERM domain is predicted to contain a phosphotyrosine binding (PTB)-like domain and
expression of this domain in cells fostered activation of integrins. Those results indicate that
the talin FERM domain plays an important role in signal tranduction. The presence of the
PTB-like domain adjacent to, and slightly overlapped with, ABS1 (271-320) further supports
important functional roles for the talin head.

In conclusion, we have demonstrated the presence of an actin binding site in the N-terminal
talin head, and have narrowed down the region involved to residues 271-320. We have shown
that this site has different characteristics than those of ABS3 in the C-terminal rod domain,
and suggest that ABS1 might provide a means of coupling the high affinity integrin binding

site in the talin FERM domain to the actin cytoskeleton.
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ERM, ezrin-radixin-moesin, FERM, band 4.1-ezrin-radixin-moesin; GST, glutathione S-

transferase; PAGE, polyacrylamide gel electrophoresis; PTB, phosphotyrosine binding.

*H.-S. Lee and R. M. Robson, unpublished observations.

‘Subdomain F3 described in Pearson et al. [46] is essentially equivalent to subdomain C

described in Hamada et al. [45]. We have used the designation subdomain C throughout the

remainder of this report to refer to this subdomain within the FERM domain of the talin head.



Figure 1 GST-talin constructs used to identify the actin-binding site in the talin head

The NH;,- and COOH-terminal amino acid residues of the talin polypeptides expressed as GST-fusion proteins are indicated.
Each deletion mutant (0.2 mg/ml final concentration) was mixed with G-actin (0.5 mg/ml final concentration) in cosedimentation
buffer, and actin polymerization was induced by addition of MgCl, (2 mM final concentration). Samples were incubated for 1 h
at 25 °C, and centrifuged at 100,000 x g for 20 min. The actin binding ability of each mutant was analyzed by running
supernatants and pellets on SDS-PAGE and quantified by densitometry of Coomasie blue stained bands. An indication of the
amount of a given talin polypeptide that cosedimented with F-actin is indicated as follows: ++++ = over 90%; +++ = ~80%; ++ =

~50%; + = ~35%; --- = ~5%.
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Figure 2 Analysis of the ability of GST-talin head fusion proteins to cosediment with F-actin
GST-talin fusion proteins (0.2 mg/ml) containing residues 201-270 (a, b), 201-320 (c, d), 321-497 (e, f) and 271-497 (g, h) were
mixed with G-actin (0.5 mg/ml) in cosedimentation buffer, and 2 mM MgCl, was added to polymerize G-actin. Samples were

incubated for 1 h at 25 °C, and centrifuged at 100,000 x g for 20 min. Supernatants (S) and pellets (P) resulting were analyzed by

SDS-PAGE (b, d, f,h). Fusion proteins centrifuged in the absence of F-actin (a, c, e, g) as controls.
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Figure 3 Effect of pH on the ability of GST-talin 201-320 and GST-talin 271-497 to cosediment with F-actin
The ability of GST-fusion proteins containing talin residues 201-320 (A) and talin residues 271-497 (B) to cosediment with F-
actin was assayed at the following final pH values: pH 6.4 (a, b), pH 6.9 (c, d) and pH 7.3 (e, f). Supematants (S) and pellets (P)

were analyzed by SDS-PAGE. Fusion proteins centrifuged in the presence of F-actin (b, d, f). Fusion proteins centrifuged in the

absence of F-actin as controls (a, c, €).
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Figure 4 Effect of pH on the ability of GST-talin 2269-2541 (ABS3) to cosediment with F-actin

The ability of a GST-fusion protein containing talin residues 2269-2541 to cosediment with F-actin was assayed at the following
final pH values: pH 6.4 (a, b), pH 6.9 (c, d) and pH 7.3 (e, f). Supematants (S) and pellets (P) were analyzed by SDS-PAGE.

Fusion proteins centrifuged in the presence of F-actin (b, d, f). Fusion proteins centrifuged in the absence of F-actin as controls

(a, c, e).
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Figure S Effect of ionic strength on the ability of GST-talin 201-320 and GST-talin 271-497 to cosediment with F-actin

The ability of GST-fusion proteins containing talin residues 201-320 (A) and 271-497 (B) to cosediment with F-actin at pH 6.4
in the presence of increasing concentrations of KCI was analyzed by SDS-PAGE. Supernatant (S) and pellet (P) of the fusion
proteins centrifuged in the absence of F-actin, and without the addition of KCl (a); pellets (P) only of the GST-talin fusion
protein/F-actin mixture in the presence of increasing concentrations of KCI (b). The addition of 25 mM KClI did not significantly
decrease the ability of GST-talin 201-320 to cosediment with F-actin, whereas there was a 36% reduction in the amount of
binding of GST-talin 271-497. The addition of 50 mM KCl decreased the ability of both fusion proteins to bind actin by

approximately 50%. At 100 mM KCl, binding of GST-talin 201-320 and GST-talin 271-497 was reduced by 62% and 70%,

respectively,
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Figure 6 Effect of ionic strength on the ability of GST-talin 2269-2541 (ABS3) to cosediment with F-actin

The ability of a GST-fusion protein containing talin residues 2269-2541 to cosediment with F-actin at pH 6.4 in the presence of
increasing concentrations of KCl was analyzed by SDS-PAGE. Supernatant (S) and pellet (P) of the fusion protein centrifuged in
the absence of F-actin, and without the addition of KCl (a); pellets (P) only of the GST-talin fusion protein/F-actin mixture in the
presence of increasing concentrations of KCI (b). The addition of 25 mM KClI significantly decreased the ability of GST-talin

2269-2541 to cosediment with F-actin by approximately 48 %. The addition of 50 mM and 100 mM KClI further decreased the

ability of the fusion protein to bind actin by approximately 75%, and 87%, respectively.
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Figure 7 Cosedimentation of the calpain-generated talin head fragment with F-actin
The ability of talin, and of talin fragments generated by calpain cleavage, to cosediment with F-actin was assayed at pH 6.4.
Actin alone (a), 0.2 mg/ml of intact talin (b), calpain-digested talin (c), and purified N-terminal talin head fragment in the

absence (d) and presence (¢) of F-actin. Supernatants (S) and pellets (P) were analyzed by SDS-PAGE.
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Figure 8 Transient expression of EGFP-talin and EGFP-a-actinin fusion constructs in COS-7 cells

EGFP-talin head constructs containing ABSI talin residues 201-320 (A) and EGFP-talin head constructs lacking ABS! talin
residues 201-270 (B); EGFP-talin head constructs containing ABS1 talin residues 271-497 (C) and EGFP-talin head constructs
lacking ABSI talin residues 321-497 (D); EGFP-talin rod construct (residues 2269-2541) containing ABS3 (E); actin binding

site (residues 1-269) of a-actinin (F). Cells were counter stained with rhodamine-phalloidin to visualize F-actin. Bar = 20 pm.
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Figure 9 Sequence alignment of talin ABS1 with ERM proteins and of talin across species (A) The ABSI sequence of
chicken talin is compared with those of mouse ERM proteins including moesin [54], radixin [55] and ezrin [55]. The conserved
sequences are aligned and identified by using the CLUSTALW and BOXSHADE program, (*) indicates identical residues in all
sequences, (:) represents conserved substitutions, and (.) shows semi-conserved substitutions, (B) Talin sequences are from

human (GenPept accession; Q9Y490), mouse {43], chicken [34], Drosophila (GenPept accession: AAF50399), D. discoideum

[56} and C. elegans [57].
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FURTHER CHARACTERIZATION OF TWO COOH-TERMINAL ACTIN-
BINDING SITES AND AN ADDITIONAL MUTAGENESIS STUDY ON THE NH,-
TERMINAL ACTIN-BINDING SITE OF TALIN
An additional study to provide background for future research

Ho-Sup Lee

Summary

Talin is one of the major components in cell-matrix type adherens junctions where it
presumably interacts with actin via its three actin binding sites (ABS)', with one located in
the 47 kDa N-terminal head (ABS1) and the other two (ABS2 and ABS3) in the 190 kDa C-
terminal tail domain. Thus, talin is believed to help link the actin cytoskeleton to the plasma
membrane. In the studie§ described herein, the characteristics of ABS2 and ABS3 were
examined by using deletion analyses, actin cosedimentation, and cell transfection assays. The
ABS2 and ABS3 were defined to residues 1051-1250 and residues 2331-2530, respectively.
The ABS2 exhibits high dependence on pH and ionic strength, with much stronger binding to
F-actin at lower pH and ionic strength, which is similar to the results previously obtained
with ABS3 (Lee, H.-S., Bellin, R. M., Walker, D. L., Stromer, M. H., Critchley, D. R., and
Robson, R. M. 2002, manuscript in preparation). Results of COS cell transfections with

EGFP-fusion constructs showed that ABS2 is primarily colocalized with actin stress fibers

'The abbreviations used are: ABS, actin binding site; ECM, extracellular matrix;
EGFP, enhanced green fluorescent protein; EGTA, ethylene glycol-bis(B-aminoethyl ether)-

N,N, N’,N’-tetraacetic acid; GST, glutathione S-transferase; MCE, B-mercaptoethanol.
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whereas ABS3 is predominantly colocalized with actin-rich membrane ruffles.

As shown earlier in this dissertation, the actin binding activity of the N-terminal head
of talin is contained within residues 271-320 (ABS1). To identify determinants involved in
the actin binding, I performed in vitro site-directed mutagenesis on specific amino acid
residues within ABS1. I have found that substitution of alanine for the amino acid residues
295-306 within the ABS1 core resulted in marked reduction in actin binding, suggesting that

these residues are potentially major determinants for interaction of ABS1 with actin.

Introduction

Cell-matrix type adherens junctions are sites of tight adhesion of cells to their
surrounding extracellular matrix (ECM), and are important for many biological events such
as cell growth, motility, differentiation and survival [1-3]. Talin is one of the major structural
proteins primarily localized in these cell-matrix type adherens junctions, and is believed to
play a critical role in linking the actin cytoskeleton to the plasma membrane by interacting
with actin and with the cytoplasmic domains of transmembrane proteins [4,5] such as the
integrins [6] and layilin [7, 8]. Several lines of study, including the downregulation of talin
by anti-sense RNA technology [9] and microinjection of talin antibodies into fibroblasts [10],
have shown that talin is one of the key links between the ECM and the actin cytoskeleton.
Talin also has been shown to be important for the formation and extension of filopodia and
lamellipodia [11, 12], and it is essential for embryonic tissue morphogenesis [13].

Talin is a high molecular weight (~ 230 kDa by SDS-PAGE) cytoskeletal protein and
exists as an antiparallel homodimer [14, 15] with a flexible-like conformation [16, 17]. Talin

is composed of a globular ~47 kDa N-terminal head and an elongated ~190 kDa C-terminal
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tail, which are obtained by m-calpain proteolytic cleavage [18]. The N-terminal head domain
shares homology with the FERM domain (band 4.1-ezrin-radixin-moesin) of members of the
ERM protein family, which have been shown to function as cytoskeleton-membrane cross-
linkers [19, 20]. The FERM domain of talin contains the binding sites for most of the
proteins that bind to the talin head, including integrins [6, 21], layilin [7, 8], focal adhesion
kinase (FAK) [22], and actin [23]. It also contains the binding sites for phospholipids [24,
25]. The C-terminal tail domain of talin has binding sites for vinculin [26-28], actin and
integrin [21]. The talin molecule contains three actin-binding sites, with one (ABS1) in the
N-terminal head, and two (ABS2 and 3) located in the C-terminal tail [10, 23]. A new actin
binding module (LLWEQ), which is highly conserved across species, was recently found in
the ABS3 [29, 30]. A biophysical analysis of the talin-actin interaction from another lab [31]
identified actin binding activity in the tail domain, but not in the head domain of talin. We,
however, have shown that the purified N-terminal head from calpain-digested talin is able to
bind actin, and that 50 amino acid residues (271-320) within the talin head are responsible for
the binding [32].

In an effort to examine the roles played by the C-terminal tail of talin in interaction
with actin at cell-matrix junctions, I have further defined ABS2 and ABS3, and have
compared the characteristics of ABS2 with those of ABS3 by using actin cosedimentation
and cell transfection assays. I have also employed in vitro site-directed mutagenesis to
identify some of the determinants of ABS1 within the talin head that may be critical for the

interaction of ABS1 with actin.
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Materials and Methods

GST talin fusion constructs and expression in E. coli - GST talin constructs were
made by amplifying the corresponding chicken talin cDNA using PCR, and cloning the PCR
products into glutathione S-transferase (GST) fusion vector, pEGX4T1 (Amersham
Biosciences, Piscataway, NJ). The talin constructs were expressed in E. coli (BL21-codon™-
RIL, Stratagene, La Jolla, CA), and purified as described [33] with affinity column
chromatography on glutathione-agarose beads.

Actin Cosedimentation Assay - Cosedimentation of fusion proteins with F-actin was
performed in cosedimentation buffer (10 mM imidazole-HCl, pH 6.4, | mM ATP, | mM
MCE, 1 mM EGTA, 0.1 mM CaCl,) as described [34]. G-actin was prepared from porcine
skeletal muscle as described [35]. Each fusion protein (0.2 mg/ml) and G-actin (0.5 mg/ml)
were mixed in the cosedimentation buffer at the selected pH. Actin polymerization was
induced by the addition of 2 mM MgCl, (final concentration). The reaction mixtures were
incubated for 1 hr at 25°C, and centrifuged at 100,000 x g for 20 min in a Beckman airfuge.
The resulting supernatants and pellets were analyzed by SDS-PAGE. The density of the band
in Coomassie brilliant blue stained gels was determined by using the Scion Image program
(Scion Corporation, Frederick, MD).

EGFP talin fusion constructs and transient expression in COS Cells — The designated
regions of talin were amplified by PCR using a chicken talin cDNA as a template, and the
PCR products were subcloned into the green fluorescent protein fusion vector, pEGFPC2
(Clontech, Palo Alto, CA), which has been modified in its restriction cleavage sites in order
to clone the PCR products in proper orientation. The plasmid DNAs for transfection were

prepared by using Endofree Plasmid Maxi Kit (Qiagen, Valencia, CA). The transfections into
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COS cells were performed by using FuGENE 6 Transfection Reagent (Roche Molecular
Biochemicals, Indianapolis, IN) as described [32]. The COS cells were fixed with 4%
paraformaldehyde for 20 min at 25°C, and permeabilized with 0.1 % Triton X-100 in fixative
for 5 min. F-actin in the cells was visualized by staining with rhodamine-phalloidin for 1 hr
at 37°C. Samples were then washed with PBS three times, and then mounted with Gelvatol
(Air Products and Chemicals, Inc., Allentown, PA). The cells were viewed with a Zeiss
phase/epiﬂuoreséence Photomicroscope III, and photographed with a SPOT RT camera and
software (Diagnostic Instruments, Inc.).

In vitro site-directed mutagenesis — The recombinant plasmid containing chicken talin
cDNA corresponding to residues 196-400 cloned within the histidine-tag fusion vector, pET-
15b (Novagen, Madison, WI) was obtained for use as a mutagenesis template from Dr.
Robert C. Liddington (Burnham Institute, CA). The mutations of selected amino acid
residues of ABS1 (within residues 271-320) to alanine were introduced by using the PCR-
based QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA). The DNA
template was amplified w1th the mutagenic primers by PCR, and the PCR products were then
treated for 1 hr at 37°C with Dpnl in order to digest non-mutated parental DNA template.
The digest was then mixed with competent cells to transform E. coli (XL-1 Blue, Stratagene,
La Jolla, CA). The DNA sequences and the reading frames of all mutant plasmids were
confirmed by DNA sequencing. The mutated plasmids were then expressed in E. coli (BL21-
Codon™-RIL, Stratagene, La Jolla, CA), and the his-tagged proteins were purified by

chromatography on Ni*~ matrix (Qiagen, Valencia, CA).
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Resuits

Definition of ABS2 and ABS3 within the C-terminal tail domain of talin — An initial
study including the presence of ABS2 and ABS3 within the C-terminal tail of talin was
reported from the lab of Dr. David R. Critchley [23]. To further define and characterize
ABS2 and ABS3, I generated a deletion series of GST- talin tail fusion proteins, and tested
their ability to bind actin by using an actin cosedimentation assay. The optimal conditions
(pH 6.4 and low ionic strength) found for the intact talin-actin interaction [34] were used.

The deletion of ABS2 (residues 951-1327) from the N-terminus to residue 986
resulted in the loss of ~30% of the actin binding activity (Fig. 1). Removal of residues 986 to
1050 showed no further effect. A little over 30% of the GST-fusion protein containing
residues 1051-1327 cosedimented with F-actin. Further deletion of only 10 residues resuited
in a dramatic loss of actin binding (Fig. 1), with ~95% of the talin polypeptide containing
residues 1061-1327 remaining in the supernatant. Deletion from the C-terminus to residue
1250 showed some reduction (~30%) in actin binding activity, and further deletion of 20
amino acid residues (i.e., construct containing 951-1230) almost abolished the ability to bind
actin. About 94% of the fusion protein containing residues 951-1230 remained in the
supernatant. These preliminary results indicate that much of the actin binding activity of
ABS2 is located within residues 1051-1250, although some appears to reside in residues 951-
986 and 1251-1327, respectively. Approximately ~39% of the fusion protein containing
residues 1051-1250 cosedimented with F-actin (Fig. 2). Two short regions of sequence
(residues 1051-1060 and residues 1231-1251) were found to be quite important in actin

binding, and the regions containing residues 951-985 and 1251-1327 also appeared to be

important.



85

Progressive deletion from the N-terminus of ABS3 (residues 2269-2541) up to
residue 2331 showed little decrease in actin binding (Fig. 3). Further deletions resulted in a
dramatic reduction in protein stability (i.e., these expressed proteins were insoluble), which
made it difficult to examine the effects of the deletions. Expressed construct 2464-2541 was
soluble and exhibited some actin binding ability. The deletion from the C-terminus of ABS3
to residue 2530 did not greatly affect the ability of the fusion protein to bind actin. Further
deletion of 50 amino acid residues resulted in a major decrease in ability of the fusion protein
(residues 2306-2480) to bind to actin. These preliminary results indicate that residues within
2331-2530 are important for the actin binding activity of ABS3, with more than 90% of the
fusion protein containing residues 2331-2530 cosedimented with F-actin (Fig. 4).

Effect of pH and ionic strength on the interaction between ABS2 and F-actin — Talin
has been shown to be highly sensitive to pH and ionic strength in interaction with actin, with
optimal binding at low pH (~6.4) and ionic strength [34, 36]. We have previously shown that
both ABS1 and ABS3 are very dependent on ionic strength, and that ABS1 is much less
dependent on pH than is ABS3, with the latter exhibiting much stronger binding to actin at
low pH 6.4 [32]. Therefore, I investigated the effect of pH and ionic strength on the ability of
ABS2 to bind actin. The results in Fig. 5 show that the progressive decrease in pH from 7.3
to 6.4 significantly enhanced the ability of ABS2 to bind F-actin. Approximately 80% of
ABS2 (residues 951-1327) cosedimented with F-actin at pH 6.4, whereas ~62% and ~47 %
of ABS2 cosedimented, respectively, at pH 6.9 and 7.3.

The results in Fig. 6 show that the progressive increase in the concentration of KCl to
100 mM significantly decreased the ability of ABS2 to cosediment with F-actin. The addition

of 25 mM KCI decreased by ~41% the amount of ABS2 that cosedimented with F-actin.
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Approximately 32% and 19% of the amount of ABS2 that cosedimented (in comparison to
no KCl added) was reduced at the KCl concentrations of 50 mM and 100 mM, respectively.
These results suggest that the electrostatic/ionic interactions are involved in the ABS2/actin
interaction, which is similar to the characteristics of ABS3.

Localization of EGFP-tagged ABS2 and ABS3 with F-actin in COS cells — 1
transfected and transiently expressed the EGFP-fusion constructs of ABS2 (residues 951-
1327) and ABS3 (residues 2269-2541) individually into COS cells to investigate the
interactions of the two ABSs with F-actin in cells. Fluorescence microscope observations of
COS cells transfected with EGFP-fusion ABS2 showed that ABS2 was primarily colocalized
with actin stress fibers, with some localization of the cortical actin (Fig. 7A). Diffuse EGFP
fluorescence was also observed in the cytoplasm because of high expression of the fusion
protein. The COS cells transfected with EGFP-fusion ABS3 construct exhibited strong EGFP
fluorescence colocalized primarily with actin-rich membrane ruffles (Fig. 7B), and much
weaker colocalization with actin stress fibers. These results indicate different localizations
between the ABS2 and the ABS3 in the actin-rich structures of COS cells.

In vitro site-directed mutagenesis of ABS! — We have previously shown that the actin
binding activity of the talin head is contained within talin residues 271-320 [32]. To begin to
determine the amino acid residues essential for actin binding, I systematically mutated
specific amino acid residues located within ABS1 to alanine by using PCR-based in vitro
mutagenesis. Alanine, a small amino acid, is located in both buried (interior) and exposed
(exterior) positions in proteins, although it is more often found exposed at the surface of
proteins. Protein folding is generally believed to be only minimally affected by the alanine

substitution [37, 38, 45]. I focused on regions containing the charged residues because ABS1
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is highly basic in nature (pI ~10.15), which may be important in the interaction with actin. I
generally mutated from two to five residues at a time to increase the likelihood of identifying
important determinants in binding to actin. Some hydrophobic residues in one of the mutants
(KPP VPR*?YPVIK®) in Table 1 were also substituted with alanine. The preliminary
results presented in Table 1 show that mutations of a segment containing residues within
295-306 resulted in a significant reduction of actin binding ability. Two of the eight mutants
showed a marked decrease in binding to F-actin, although a portion of the two mutants
precipitated by themselves in the cosedimentation buffer. Mutation of positively charged
residues between 295 and 306 significantly decreased the ability of the mutant to bind actin.
Mutation of all of the residues between 295-300 to alanine also significantly reduced actin
binding. Residues R*" and K*®, however, were found not to be absolutely essential for the
actin binding because the mutant containing alanine substituted for K*"*M*'N*E**R*"K3®
cosedimented with F-actin. These very preliminary results suggest that the charged residues,

295

such as K*?, R*® and K’*, may be potential determinants involved in interaction of ABS1

with actin.

Discussion
We have previously demonstrated that ABS1 within the N-terminal head of talin can
be defined to residues 271-320, and that the biochemical and cellular characteristics of ABS1
are distinct from those of ABS3, which is located near the end of the C-terminus [32]. Talin
possesses yet another ABS (ABS2) within the C-terminal tail [23], which has not previously
been further characterized with regard to its interaction with actin. To initiate studies

examining properties of the C-terminal talin tail/actin interaction at cell-matrix type
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junctions, I have further defined the amino acid residues in ABS2 and ABS3, and have
compared the actin binding properties of the ABS2 with those of the ABS3 by actin
cosedimentation assays and by transient cell transfection.

My deletion analysis of ABS2 showed that the region containing residues 1051-1250
is minimal for significant binding to actin. Deletion of internal residues 1091-1097 in ABS2
also resulted in the loss of actin binding activity (data not shown). These results suggest that
the actin binding domain in ABS2, which contains 200 amino acid residues, is not comprised
of a simple linear peptide. The higher order protein conformation (i.e., secondary and
tertiary) of ABS2 may consist of a native folded structure that is important for interaction
with F-actin.

The ABS3 was further defined to residues 2331-2530. The ABS3 has been reported to
contain four blocks (residues 2344-2368, 2388-2410, 2421-2444 and 2500-2528) of a novel
actin binding module (VLWEQ) [29]. The construct I made containing residues 2464-2541,
which includes only the fourth block of the module, showed some weak actin binding
activity. In contrast, the construct containing residues 2306-2480, which contains the first
three of the four actin binding modules exhibited very low actin binding activity, suggesting
the fourth block, which has higher affinity for actin than the other three blocks, might play a
major role in binding to actin.

Sequence alignment of ABS2 and of ABS3 with talin proteins across species shows
that ABS2 and ABS3 are highly conserved among chicken, mouse, and human to a similar
degree (~75% identity for ABS2 and ~78% identity for ABS3) (data not shown). However,

ABS3 is much more conserved in lower organisms such as Drosophila, C. elegans and
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Dictyostelium than is ABS2. Both ABS2 and ABS3 are, overall, less conserved than ABS1 in
talin molecules across species.

The study of COS cell transfections with EGFP-fusion constructs containing the two
actin binding sites showed that ABS2 is primarily colocalized with actin stress fibers within
the cytoplasm, whereas ABS3 is primarily colocalized with actin filaments at the membrane
ruffles. The localization of ABS3 at the membrane ruffles, together with the fact that the
ABS3 shares homology with the yeast protein Sla2p that is involved in assembly of cortical
actin cytoskeleton [39], suggest that ABS3 may be important in the assembly of cortical actin
filaments and focal adhesions.

We have previously found that ABS3, in contrast to ABSI1, is highly sensitive to pH
and ionic strength in interacting with actin [32]. The ability of native talin to crosslink actin
filaments has been shown to be highly dependent on both pH and ionic strength [34, 40]. The
purified C-terminal tail of talin was demonstrated to crosslink actin filaments, but at a pH
lower than was optimal for intact talin [34]. The high dependence on pH and ionic strength of
both ABS2 and ABS3 suggest that these two actin binding sites in the large C-terminal talin
tail domain may be involved in crosslinking actin filaments. The EGFP fluorescence of
ABS3 in COS cells indicated it more strongly colocalized with actin filaments than did
ABS2, suggesting that ABS3 within the antiparallel talin dimer may play a larger role in
crosslinking actin filaments. The localized pH in the leading edge of moving cells is
increased due to the activation of the Na'/H" exchanger, which is involved in cell migration
and the assembly of focal adhesions [41]. Based upon my findings that increased pH
significantly decreases ability of ABS2 and ABS3 to crosslink actin filaments, whereas the

transmembrane proteins such as the integrins and layilin may still bind to actin via the more
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pH-independent ABS1 within the talin FERM domain, raises the possibility that ABS1 may
function to permit cells to remodel cortical actin filaments during cell migration.

In the previous chapter herein, we have shown that residues 271-320 within the N-
terminal head of talin are responsible for ability of the head domain to bind to actin [32]. To
more precisely identify the determinants involved in binding to actin, I have initiated
experiments in which I have employed in vitro site-directed mutagenesis of specific amino
acid residues within ABS1. Results of my preliminary study show that mutation within the
region containing amino acid residues 295-306, which are located within the core ABS1
region, resulted in significant reduction in binding to F-actin. These results suggest that those
residues are possible determinants important in the interaction of ABS1 with actin. Sequence
comparisons to the FERM domains of the ERM protein family, for which X-ray crystal
protein structures have been published [42-44], show that the residues 295-306 are located
primarily in the fourth a-helix within subdomain B (nomenclature in [42]) and in the first
half of the linker region between subdomains B and C. This region contains five positively
charged residues and four hydrophobic residues. The residues R*’ and K*® do not appear to
be essential for the binding to actin because alanine substitution of residues
K7*M®'N®E®R¥K’® resulted in little effect on the ability of the mutant to bind actin
(Table 1). Residues K**, Y**®, R*® and L** are identical within the talin molecules from C.
elegans to human. Further mutations of those four residues may provide us better insight into
the critical determinants of ABS1 involved in the interaction with actin. Because protein-
protein interactions are known to often include more than one determinant (amino acid
residue) in contributing to the interactions [37, 38], a combination of charged and

hydrophobic amino acid residues within the region may be required for binding to actin.
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Small amounts of these two mutants, which had reduced ability to bind to F-actin,

precipitated in the cosedimentation buffer suggesting that the protein folding of these two

mutants was altered. However, the expression level of these mutants in E. coli was similar to

that of wild type proteins, which suggests that structural integrity of the two mutants may not

have been affected by alanine substitution because misfolded proteins are usually poorly

expressed [45]. Clearly, a much more detailed and comprehensive study involving site-

directed mutagenesis will be required to elucidate the nature of the ABS1/actin interaction.
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Fig. 1. Deletion scheme to define ABS2 within the C-terminal tail of talin. The deletion constructs of talin fused to GST were
generated and expressed in E. coli, and the NH2- and COOH-terminal amino acid residues of the fusion proteins are indicated.
Each talin mutant (0.2 mg/ml final concentration) was mixed with G-actin (0.5 mg/ml final concentration) in the cosedimentation
buffer at pH 6.4, and G-actin was polymerized to F-actin by the addition of MgCl, (2 mM final concentration). The mixtures
were incubated for 1 hr at 25°C, and centrifuged at 100,000 x g for 20 min. The resulting supernatants and pellets were subjected
to SDS-PAGE analysis, and the actin binding ability was determined by measuring the density of Coomasie blue stained bands.

The amount of talin fusion protein cosedimented with F-actin is indicated as follows: +++ = ~65%; ++ = ~30-40%; --- = ~5%.
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Fig. 2. Cosedimentation of GST-talin ABS2 with F-actin. The narrowed talin ABS2 (0.2 mg/ml) containing residues 1051-

1250, fused to GST, was mixed with G-actin (0.5 mg/ml) in the cosedimentation buffer at pH 6.4, and 2 mM MgCl, was added to
polymerize the G-actin. The sample was incubated for 1 hr at 25°C and centrifuged at 100,000 x g for 20 min. The resulting

supernatants (S) and pellets (P) were analyzed by SDS-PAGE. Panel a, ABS2 alone; Panel b, mixture of ABS2 and actin.
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Fig. 3. Deletion scheme to define ABS3 within the C-terminal tail of talin. The deletion constructs of talin fused to GST were
generated and expressed in E. coli, and the NH2- and COOH-terminal amino acid residues of the fusion proteins are indicated.
Each talin mutant (0.2 mg/ml final concentration) was mixed with G-actin (0.5 mg/ml final concentration) in the cosedimentation
buffer at pH 6.4, and G-actin was polymerized to F-actin by the addition of MgCl, (2 mM final concentration). The mixtures
were incubated for 1 hr at 25°C, and centrifuged at 100,000 x g for 20 min, The resulting supernatants and pellets were subjected
to SDS-PAGE analysis, and the actin binding ability was determined by measuring the density of Coomasie blue stained bands.
The amount of talin fusion protein cosedimented with F-actin is indicated as follows: ++++ = over 90%; t+++ = ~80%; + = ~

25%; === = ~5%.
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Fig. 4. Cosedimentation of GST-talin ABS3 with F-actin. The narrowed talin ABS3 (0.2 mg/ml) containing residues 2331-
2530, fused to GST, was mixed with G-actin (0.5 mg/ml) in the cosedimentation buffer at pH 6.4, and 2 mM MgCl, was added to
polymerize the G-actin. The sample was incubated for 1 hr at 25°C and centrifuged at 100,000 x g for 20 min, The resulting

supernatants (S) and pellets (P) were analyzed by SDS-PAGE. Panel a, ABS3 alone; Panel b, mixture of ABS3 and actin,
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Fig. 5. Effect of pH on the ability of GST-talin ABS2 to cosediment with F-actin. Cosedimentation of GST-talin ABS2
containing residues 951-1327 with F-actin was performed in cosedimentation buffer at the following pH values: pH 6.4 (a,b), pH
6.9 (c,d) and pH 7.3 (e,f). Supematants (S) and pellets (P) from the cosedimentation assays with actin (b,d,f) and without actin

(a,c,e) were analyzed by SDS-PAGE,
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Fig. 6. Effect of ionic strength on the ability of GST-talin ABS2 to cosediment with F-actin. Cosedimentation of GST-talin
ABS2 containing residues 951-1327 with F-actin was performed at pH 6.4 in cosedimentation buffer containing increasing
concentrations of KCI. Supematants (S) and pellets (P) resulting from the cosedimentation assays without actin at 0 mM KClI (a);

pellets (P) resulting from the cosedimentation assays of ABS2 with actin in the presence of increasing concentrations of KCl (b).
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Fig. 7. Transient expression of EGFP-talin fusion constructs in COS-7 cells. (A)
EGFP-talin ABS2 construct containing residues 951-1327; (B) EGFP-talin ABS3 construct
containing residues 2269-2541; (C) EGFP-fusion control construct that does not contain
the three actin binding sites of talin. F-actin was visualized by staining with rhodamine-

phalloidin.
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Table 1. In vitro site-directed mutagenesis of ABS1

ABS1 mutants with alanine substitution Actin binding ability
R¥K*® Precipitated
M*IN*® Very little effect
D¥K* Very little effect
K7EMBINEPIRPTK® Very little effect
DK E®R¥K*™® Very little effect **
DK K7EMBEINE# RPTKI® Precipitated
K¥R¥KPRIPK Large change in binding to actin**
KPSV PR ¥Ty #8y 99K 300 Large change in binding to actin *

Actin binding ability of mutants was measured by densitometry of Coomassie brilliant blue-
stained bands resulting from actin cosedimentation assays, and is indicated as follows: Very
little effect = ~90% of the mutant cosedimented with F-actin; Large change in binding to
actin = only ~5% of the mutant cosedimented with F-actin; Precipitated = ~90% of the
mutant precipitated by itself in the cosedimentation buffer; ** = ~50% of the mutant
precipitated by itself in the cosedimentation buffer; * = ~30% of the mutant precipitated by
itself in the cosedimentation buffer. For reference, approximately 95% of a control construct

containing ABS1 (residues 196-400) cosedimented with F-actin.
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OVERALL SUMMARY

The primary objective of my dissertation research was to examine the characteristics
of the interaction between talin and actin by investigating specific domains within talin
involved in the interaction. The manuscript included within the main body of the dissertation
was primarily focused on the actin binding site (ABS1) located within the 47 kDa N-terminal
head. The second part of the main body described preliminary studies of the ABS2 and ABS3
within the 190 kDa C-terminal tail of talin, plus preliminary results of a mutagenesis study on
ABSI. The conclusions obtained from the results of the manuscript include the following:

(1) The ABSI1 in the N-terminal head domain of talin was defined to residues 271-
320, which are within the FERM (band 4.1-ezrin-radixin-moesin) domain of talin. GST-talin
fusion proteins containing residues 201-320 and 271-497 (i.e., included ABS1 residues 271-
320) cosedimented with F-actin, whereas GST-talin fusion proteins containing residues 201-
270 and 321-497 (i.e., did not include residues 271-320) did not cosediment with F-actin.

(2) The interaction of ABS1 with actin is only weakly pH dependent. The GST-talin
fusion proteins containing ABS1 did not show a significant increase in the amount
cosedimented with F-actin as pH of the cosedimentation buffer was decreased to 6.4. A high
level of the interaction of ABS1 with actin was maintained from pH 6.4 to 7.3.

(3) The interaction of ABS3, which is located near the end of the C-terminal tail of
talin, with F-actin is highly dependent on pH. Progressive decrease in the pH from 7.3 to 6.4
markedly increased the amount of GST-talin fusion protein containing ABS3 that
cosedimented with F-actin, which is very similar to the characteristics of native tissue-

purified talin.



(4) The interaction of ABS1 with actin is highly sensitive to ionic strength. A
progressive increase in the KCl concentration of the cosedimentation buffer up to 100 mM
significantly decreased the ability of GST-talin fusion proteins containing ABS1 to
cosediment with F-actin.

(5) The interaction of ABS3 with actin is highly sensitive to ionic strength. The
presence of 25 mM KCl inhibited approximately 48% of the ability of GST-talin fusion
protein containing ABS3 to cosediment with F-actin. Increasing the KCl concentration to 50
mM and 100 mM further decreased actin binding.

(6) The purified 47 kDa N-terminal head of talin was able to bind actin. This N-
terminal fragment, purified from calpain-digested talin, almost completely cosedimented with
actin at optimal in vitro conditions of talin-actin interaction. These findings demonstrate the
presence of ABS1 in the N-terminal head, and support/confirm the results obtained with the
recombinant talin constructs.

(7) EGFP-fusion ABS1 colocalized with F-actin in COS cells. The EGFP-fusion
constructs containing ABS1 colocalized primarily with actin stress fibers when transfected
into COS cells. In contrast, transfected EGFP-fusion ABS3 colocalized primarily with actin
filaments at membrane ruffles, thereby showing that the interaction of ABS1 with actin is
specific, and that the localization pattern of ABS|1 is distinct from that of ABS3 in COS cells.

(8) Talin ABS1 showed relatively lower conservation (~25% identity) in amino acid
sequences among the ERM proteins, in comparison to higher conservation (~48% identity
with C. elegans to ~94% identity with human and mouse) among talin proteins across
species. The highly positive nature of side chains of amino acid residues (271-320) in ABS1

(pI ~10.15) is quite different from the negative nature of side chains of corresponding
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residues (e.g., pI ~5.26 in radixin) in the FERM domain of ERM proteins. The ABS1 was
somewhat more conserved than was the entire talin sequence in comparisons of the chicken
and mouse. The core ABS1 residues (295-320) were identical in the amino acid sequences
among human, mouse and chicken.

The major objectives of the second part of the main body of my dissertation were to
initiate studies in which I have defined and characterized the ABS2 and ABSS3 in the C-
terminal tail of talin, and to conduct preliminary in vitro mutagenesis studies on ABS1 in the
N-terminal head. The conclusions obtained from the results of this second part were as
follows:

(1) ABS2 was further defined to residues 1051-1250. Deletion from the N-terminus to
residue 986 and from the C-terminus to residue 1250 resulted in some loss of actin binding.
Additional deletion from the N-terminus to residue 1050 did not affect the binding to actin.
Further deletions. of 10 to 20 residues from either the NH,-terminus of GST-talin fusion
protein containing residues 1051-1327, or from the COOH-terminus of GST-talin fusion
protein containing residues 951-1250 significantly decreased the ability of these fusion
proteins to cosediment with F-actin, respectively.

(2) ABS3 was further defined to residues 2331-2530. Deletion from the N-terminus to
residue 2330 and from the C-terminus to residue 2531 did not highly affect the ability of
ABS3 to bind to actin. Further deletions from the COOH-terminus (e.g., GST-talin 2306-
2480) almost abolished actin binding, and deletions from the NH,-terminus greatly reduced
the solubility of the fusion proteins, which made it difficult to test the effect of these
deletions. A GST-talin fusion protein containing residues 2464-2541 that contains the fourth

block of the 'LWEQ module retains some actin binding ability, whereas a GST-talin fusion
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protein containing residues 2306-2480 that contains the other three blocks of this module did
not retain actin binding ability, thereby suggesting the fourth block may be very important in
binding to actin.

(3) ABS2 was highly dependent on pH in binding to actin. Cosedimentation of GST-
talin fusion protein containing ABS2 (residues 951-1327) with F-actin at low ionic strength
showed that the ability of ABS2 to bind actin was progressively increased as pH was
decreased from 7.3 to 6.4.

(4) ABS2 was highly sensitive to ionic strength in ability to interact with actin.
Progressive increase in the concentration of KCl to 100 mM significantly reduced the amount
of GST-talin fusion protein containing ABS2 to cosediment with F-actin. Approximately
81% of the ability of GST-ABS2 to cosediment with F-actin at low pH (6.4) was lost in the
presence of 100 mM KCI.

(5) Transfection of EGFP-tagged ABS2 (residues 951-1327) and EGFP-tagged ABS3
(2269-2541) into COS cells, respectively, showed that ABS2 was primarily colocalized with
actin stress fibers, whereas ABS3 was predominantly colocalized with actin filaments at
membrane ruffles.

(6) Alanine substitution of amino acid residues between 295-306 of ABS1 resulted in
a significant reduction in binding to actin. The preliminary in vitro site-directed mutagenesis
study on ABS1 showed that the ability of two mutants, one containing mutation of residues
K*R*¥K’*¥R*® K** and the other containing mutation of all residues within 295-300, to
cosediment with F-actin was almost abolished. Taken together with the result that residues

R*’K’* were not found to be essential for ABS1 to bind actin, these preliminary mutagenesis
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studies suggest that K**, R** and K’* within the ABS1 core region may be potentially
important/critical for interaction of ABS1 with actin.

The results in this dissertation provide strong evidence for the presence of an actin
binding site (ABS1) within the N-terminal head domain of talin, which was defined to
residues 271-320. The biochemical and cell biological characteristics of ABS1 were different
from those of ABS3, which suggest that these two ABS may play distinctive roles in ability
of talin to interact with actin. The ABS1 is located within the major integrin binding site of
the FERM domain, suggesting it may serve to directly link the actin cytoskeleton to the
integrins. The subdomain F3 (the nomenclature of Pearson et al., 2000; or subdomain C in
the nomenclature of Hamada et al., 2000) within the talin FERM domain has recently been
predicted to contain a phosphotyrosine binding (PTB)-like domain, and to have the ability to
induce integrin activation when expressed in cultured cells. The localization of ABS1 close to
the PTB-like domain further suggests the possibility of a functional role for ABS1 in signal
transduction. The actin filament crosslinking ability of native talin has been shown to be
significantly dependent on pH and ionic strength. The fact that ABS2 and ABS3 both showed
high pH and ionic strength dependence in interacting with actin suggests both ABS2 and
ABS3, which are located in the C-terminal tail, may play a role in crosslinking actin
filaments in response to local changes in cellular pH, whereas ABS1 in the N-terminal head
may directly link integrins to the actin cytoskeleton in a pH-independent manner. The ability
of talin to modulate actin binding activity via its pH-insensitive (ABS1) and pH-sensitive
ABS (ABS2 and ABS3) may be important for attachment of actin filaments to the plasma
membrane and for remodeling of the actin cytoskeleton necessary during cell adhesion and

migration. A localized pH increase within microenvironments of the cell, such as at the
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leading edge, may reduce/inactivate actin crosslinking activity of ABS2 and ABS3, thereby
facilitating remodeling of the actin cytoskeleton necessary for cell migration, while talin
remains attached to the plasma membrane via ABS1.

These results, taken in roto, suggest distinctive functional roles for ABS1 located
within the N-terminal head, and for ABS2 and ABS3 located within the long C-terminal tail
domain of talin, respectively. The ABS1 may serve in part to attach actin filaments to the
integrins in a pH-independent manner, whereas ABS2 and ABS3 may serve to crosslink actin

filaments in a pH-dependent manner.
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