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Abstract

This thesis explores the function of the conserved amino-terminal domain of the cytoskeletal
protein talin. This domain of talin is homologous with the band 4.1 superfamily of membranecytoskeleton linking proteins. Chapter 2 describes the discovery and initial characterization of
a cell-surface protein that I have named layilin. This protein binds to the amino-terminal
domain of talin, confirming the decade-old hypothesis that this region of talin contains a
membrane binding site. In addition, this discovery enhances the structure-function parallels
between talin and other band 4.1 family members. Data show that layilin colocalizes with talin
in membrane ruffles, suggesting that layilin anchors talin, and, indirectly, actin, to the plasma
membrane in ruffles. The layilin extracellular domain is significantly homologous with C-type
lectins, suggesting that layilin may function similarly to selectins or lectin endocytic receptors.
The layilin cytoplasmic domain contains three repeated motifs not yet found in other proteins.
Two of these motifs form a 10 amino acid talin-binding site, and layilin and FAK bind to
overlapping sites within talin's amino-terminal domain. Furthermore, binding between layilin
and radixin, another member of the band 4.1 superfamily, is shown. I report an association
between talin's amino-terminal domain and focal adhesion kinase (FAK), a signaling molecule
involved in cell motility. In chapter 3 my efforts to uncover the function of layilin through
dominant-negative and antisense approaches are reported. I believe the discovery of layilin
and FAK as talin binding partners represents a signficant advance in our understanding of talin
as a membrane-cytoskeleton linker with implications for both cell motility and signaling.
Thesis Supervisor: Richard 0. Hynes
Title: Professor of Biology
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Chapter 1

Introduction

The study of cell shape, motility and adhesion is essential to our understanding of
numerous aspects of development, physiology and disease. Changes in cell morphology are
necessary for fundamental developmental steps such as gastrulation and organogenesis. A
fundamental immune function, phagocytosis, requires dramatic changes in cell shape, and
normal blood clotting involves platelet shape change (Hartwig and Stossel, 1976; Fox, 1993).
Both cell adhesion and motility participate in immunity, development and tumor metastasis
(Hynes, 1987; Hynes and Lander, 1992; Lauffenburger and Horwitz, 1996). Moreover, cell
adhesion, like shape change, is necessary for hemostasis. Defects in keratinocyte adhesion can
lead to a variety of skin blistering diseases (DiPersio et al., 1997; Fuchs and Cleveland, 1998).
These cellular behaviors depend on the particular molecules that interface the cell with relevant
environmental cues such as extracellular matrix, adjacent cells, or foreign particles. These
specialized receptors, in turn, interact with the underlying cytoskeleton which effects requisite
architectural changes (Luna and Hitt, 1992). Several parameters of the actin cytoskeleton can
be modulated, including net polymerization, extent of crosslinking, and association with
membranes (Ayscough, 1998). How actin regulatory proteins coordinate to create various
desired cytoskeletal (and hence cellular) structures is not yet known.
This thesis is concerned with the mechanism by which one actin-binding protein, talin,
mediates association of F-actin with the plasma membrane. My investigations into talin
function have been guided by an understanding of other membrane-actin linkages. In
particular, I have been influenced by advances in knowledge of the band 4.1 superfamily of
proteins. Talin contains a domain weakly homologous with band 4.1 superfamily members
and has an overall structure analogous with this group of proteins. In addition, progress in
dissecting the molecular interactions in focal adhesions (or focal contacts), one site of talin
subcellular localization, has necessarily affected my thinking on membrane cytoskeleton
associations. As such, this introduction reviews briefly recent advances in erythrocyte
membrane-cytoskeleton junctions, the site of action of band 4.1, and also relates relevant
results regarding ezrin, radixin, and moesin, members of the band 4.1 superfamily. I conclude
with an overview of focal contact assembly and a detailed summary of talin structure and
function.
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The band 4.1 superfamily
The erythrocyte has long been a model for studying membrane cytoskeleton due to the
ease of obtaining large numbers of red blood cells (RBCs) and the relatively small number of
proteins in purified RBC cytoskeletons. This paradigm has further impact due to the sequence
homology between a major element of the RBC cytoskeleton, band 4.1, and several other
cytoskeleton-associated proteins (Rees et al., 1990). Motifs in other RBC cytoskeletal
elements, particularly spectrin and ankyrin, recur in other proteins as well (Bennett, 1992;
Pascual et al., 1997). It remains to be seen how broadly lessons learned from this system can
be applied. The band 4.1 superfamily includes talin, ezrin/radixin/moesin (the ERM family),
merlin, EM 10, and two protein tyrosine phosphatases (Gould et al., 1989; Frosch et al., 1991;
Funayama et al., 1991; Gu et al., 1991; Lankes and Furthmayr, 1991; Yang and Tonks, 1991;
Rouleau et al., 1993; Trofatter et al., 1993). These proteins are related by sequence homology
in their amino-terminal domains, which corresponds to the 30 kD domain of band 4.1 (Rees et
al., 1990).
Band 4.1 and the erythrocyte cytoskeleton
Recent work on the erythrocyte membrane-cytoskeleton linkage offers new insights
into the nature and mechanism of membrane-cytoskeleton attachments. The erythrocyte
plasma membrane is supported by a cytoskeleton consisting of spectrin tetramers connected to
the erythrocyte plasma membrane by two known means (reviewed in Bennett and Gilligan,
1993). Ankyrin binds spectrin near the middle of the tetramer and associates with the
cytoplasmic domain of the anion exchanger (band 3) in the membrane (Bennett and Stenbuck,
1979). Ankyrin can also bind to cytoplasmic sequences of the sodium-potassium ATPase and
of CD44, a hyaluronic acid receptor (Nelson and Veshnock, 1987; Kalomiris and Bourguignon,
1988). The ends of the spectrin tetramer are bound by band 4.1, which in turn binds the
cytoplasmic domain of one or more glycophorin isoforms in the red cell membrane (Anderson
and Lovrien, 1984). Spectrin tetramer ends also associate with short actin filaments which are
thought to serve as a hub connecting several spectrin tetramers (Bennett and Gilligan, 1993).
Deficiencies in protein 4.1, glycophorin, and other components of this spectrin cytoskeleton
result in abnormally shaped and fragile erythrocytes (Tchernia et al., 1981; Agre et al., 1985).
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Band 4.1 participates in several interesting protein-protein interactions which contribute
to erythrocyte morphology. Based on the observation that binding of exogenous lectins to
glycophorins blocks erythrocyte shape changes, it was hypothesized that glycophorins were
linked to the red blood cell cytoskeleton (Anderson and Lovrien, 1981). Binding of protein 4.1
to inside-out erythrocyte membranes and to purified glycophorin C confirmed that such an
association was possible, and the finding that anti-glycophorin antibodies significantly
inhibited band 4.1 binding to RBC membranes indicates that glycophorin C is the major
membrane binding site for band 4.1 (Anderson and Lovrien, 1984; Anderson and Marchesi,
1985; Workman and Low, 1998). This association was found to be mediated by a 30 kD
amino-terminal proteolytic fragment of band 4.1 and 17 membrane-proximal amino acids in
the glycophorin cytoplasmic domain (Hemming et al., 1995; Marfatia et al., 1995). Mutation
of three basic residues found at the junction between the transmembrane and cytoplasmic
domains in glycophorin blocks binding to band 4.1 (Marfatia et al., 1995). Phospholipids are
able to regulate this interaction, as binding between band 4.1 and glycophorin is enhanced in
the presence of polyphosphoinositols (Anderson and Marchesi, 1985).
Membrane-associated guanylate kinase (MAGUK) proteins also bind to both
glycophorin C and band 4.1, possibly forming a ternary complex (Lue et al., 1994; Marfatia et
al., 1994). MAGUK proteins typically contain one or more PDZ motifs, an SH3 domain, and a
domain homologous with guanylate kinase catalytic domains. PDZ motifs can bind to extreme
carboxy-terminal residues in the cytoplasmic domains of some membrane proteins, while SH3
domains bind to proline-rich sequences (Ren et al., 1993; Saras and Heldin, 1996). At present,
the role of the putative guanylate kinase domain in formation of the erythrocyte cytoskeleton is
unclear. Studies have delineated binding interfaces between band 4.1 and two MAGUK
proteins: p55, and the product of the human homolog of the Drosophilatumor suppressor gene
discs large (hdlg). The conserved 30 kD domain of band 4.1 binds to short runs of basic amino
acids found in p55 and hdlg (Lue et al., 1994; Marfatia et al., 1994; Marfatia et al., 1995; Lue
et al., 1996). The p55 PDZ domain binds to the C-terminal sequence YFI in the glycophorin
cytoplasmic domain (Marfatia et al., 1997). Although the PDZ domains of hdlg were not able
to bind glycophorin C, they were shown to bind to the cytoplasmic domain of the Shaker-type
potassium channel (Marfatia et al., 1996; Marfatia et al., 1997). This raises the possibility that
band 4.1 can bind indirectly through hdlg to this ion channel; the association of band 4.1
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superfamily members with ion channels and exchangers appears to be an emerging theme for
this group of proteins. The discovery that PDZ-containing protein CASK binds to band 4.1
and to the cytoplasmic domain of syndecan-2, a heparan sulfate proteoglycan, suggests that
PDZ domain proteins may associate with band 4.1 in diverse membrane-cytoskeleton
assemblies (Cohen et al., 1998; Hsueh et al., 1998). A second PDZ-containing protein has
been reported to bind the carboxy-terminal YFA motif in syndecans (Grootjans et al., 1997). A
PDZ domain protein also has been found to bind merlin and ERM family members (discussed
below; Reczek et al., 1997; Murthy et al., 1998)
Band 4.1 can bind to the cytoplasmic domain of the erythrocyte anion exchanger
(Pasternack et al., 1985). Binding between purified proteins has been demonstrated, and
binding of band 4.1 to RBC membranes can be blocked by antibodies to the anion exchanger
cytoplasmic domain (Pasternack et al., 1985, for contradictory results see Workman and Low,
1998). A five amino acid motif (LRRRY) in the anion exchanger cytoplasmic domain was
found to bind a 5 amino acid motif bearing complementary charges (LEEDY) in the band 4.1
30 kD domain (J6ns and Drenckhahn, 1992). Disruption of band 4.1-anion exchanger
complexes by IRRRY peptides leads to increased rigidity in resealed ghosts (An et al., 1996).
Perhaps band 4.1 binding to the anion exchanger competes spectrin-ankyrin complexes from
the same membrane-binding sites, resulting in a qualitatively different cytoskeleton.
Alternatively, the ratio of membrane attachment of the central domain of spectrin (i.e. through
ankyrin) to membrane attachment of spectrin ends (i.e. through band 4.1) may affect
erythrocyte cytoskeleton rigidity. Band 4.1 also may regulate other ankyrin-membrane
interactions as binding of ankyrin to CD44 is inhibited if band 4.1 is prebound to CD44
(Nunomura et al., 1997).

The ERMfamily
Three closely related band 4.1 superfamily members form the ezrin/radixin/moesin
family of proteins. While the biological functions of this family of proteins have not been
precisely determined, the biochemical role of these proteins as membrane-cytoskeleton linkers
is supported by increasing evidence. The family consists of the three proteins which give their
names to the family (ezrin, radixin, and moesin), and will be discussed along with merlin, the
product of the neurofibromatosis type II tumor suppressor gene (Bretscher, 1983; Tsukita et al.,
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1989; Lankes and Furthmayr, 1991; Rouleau et al., 1993; Trofatter et al., 1993; Edwards et al.,
1994). These proteins are related by high homology in their amino-terminal 300 amino acids
and significant, but lower homology in the remaining carboxy-terminal sequences (Takeuchi et
al., 1994a). Based on the similarity of their N-terminal domains to the membrane-binding
domain of band 4.1, this domain was proposed to contain membrane binding activity, while the
C-terminal sequences are predicted to be rich in cc-helix (Rees et al., 1990; Funayama et al.,
1991; Lankes and Furthmayr, 1991). This overall structure is quite similar to that of talin
(discussed below, and figure 1-4A). ERM proteins are believed to contribute to the structure of
cortical actin cytoskeleton. Ezrin was originally identified as a component of isolated
microvilli, and radixin was purified from liver adherens junctions (Bretscher, 1983; Tsukita et
al., 1989). In addition, ezrin, radixin, and moesin have been detected in cortical structures such
as microvilli, membrane ruffles, cleavage furrows, growth cones, and the erythrocyte marginal
band (Bretscher, 1983; Birgbauer and Solomon, 1989; Goslin et al., 1989; Tsukita et al., 1989;
Berryman et al., 1993; Franck et al., 1993; Henry et al., 1995). The NF2 tumor suppressor
protein, merlin, also localizes in peripheral actin structures (den Bakker et al., 1995; GonzalezAgosti et al., 1996; Xu et al., 1998).

ERMfunction
Several studies have addressed directly the functions of ERM proteins. Ezrin, radixin,
and moesin were selectively depleted from cells by treatment with antisense oligonucleotides
specific for each protein. Cell-substrate adhesion was disrupted when adherent cells were
cultured with a mixture of antisense oligonucleotides such that cells had very little ezrin,
radixin or moesin (as assessed by western blotting). Antisense suppression of radixin, and to a
lesser extent ezrin, inhibited de novo adhesion and spreading of cells, while cells with reduced
amounts of moesin adhered and spread normally. Similarly, cell-cell adhesion was reduced in
cells lacking ezrin or radixin, but not moesin. In the absence of all three proteins, thymoma
cells lost prominent membrane elaborations (mostly microvilli and ruffles;Takeuchi et al.,
1994b). This antisense study demonstrated a specific effect of each antisense oligonucleotide
on the levels of ezrin, radixin, and moesin; nonspecific effects of oligonucleotides were
controlled for with equal levels of appropriate sense oligonucleotides. While reports differ on
the presence of these three proteins in focal contacts, these effects on cell-substrate adhesion
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strongly suggest ERM proteins play either a direct or indirect role in both establishing and
maintaining cell-substratum adhesion. A potential role for ERMs in adhesion-associated
cytoskeletal change was revealed by Mackay et al. (1997) who found that purified moesin, but
not radixin or ezrin, can restore rho-dependent stress fiber and focal contact formation to
detergent-extracted cells. Similarly, ablation of ezrin by micro chromophore assisted laser
inactivation (micro CALI) results in collapse of membrane ruffles and disruption of cell-matrix
adhesion (Lamb et al., 1997). Transfection of ezrin was found to alter T-cell morphology by
stimulating the formation of uropods; this corresponded with sensitivity of the T-cells to lysis
by natural killer cells (Helander et al., 1996). Endogenous ezrin, radixin, and moesin are
concentrated in uropods where they colocalize with several cell-cell adhesion molecules,
(ICAM-1,2,3, CD43, and CD44), which may recruit NK or other lymphocytes to damaged
tissues (Yonemura et al., 1993; Tsukita et al., 1994; del Pozo et al., 1995; Sainio et al., 1997;
Legg and Isacke, 1998; Serrador et al., 1998). Interestingly, the myosin ATPase inhibitor
butanedione monoxime blocks uropod formation, suggesting that this process may require
contraction (del Pozo et al., 1995; Serrador et al., 1998).

ERMprotein-protein interactions

The role of ERM proteins as membrane-cytoskeleton linkers is supported by observed
binding between ERMs and the cytoplasmic domains of cell adhesion molecules. CD44 was
found to be the major protein coimmunoprecipitating with ezrin, radixin, and moesin from
surface-labeled extracts of baby hamster kidney cells, and chimeric membrane proteins
containing the CD44, CD43, or ICAM-2 cytoplasmic domain were also coimmunoprecipitated
with ERMs (Tsukita et al., 1994; Yonemura et al., 1998). Endogenous CD43 also
coimmunoprecipitates with ezrin and moesin (Serrador et al., 1998). GST fusion proteins
containing the cytoplasmic domains of these receptors are also able to bind ezrin, radixin and
moesin in vitro (Hirao et al., 1996; Legg and Isacke, 1998; Serrador et al., 1998; Yonemura et
al., 1998). The binding sites for ERM proteins were mapped to short runs of basic amino acids
found at the junction of the transmembrane and cytoplasmic domains in CD43, CD44 and
ICAM-2 (Legg and Isacke, 1998; Yonemura et al., 1998). The significance of these binding
sites is unclear, however, as one study found that the membrane-proximal basic amino acids
were required for colocalization with ERMs of chimeric receptors bearing CD43, CD44 and
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ICAM-2 cytoplasmic domain, but in another study, mutation of this binding site in the context
of full length CD44 had no effect on either its subcellular localization or on that of ERM
proteins (Legg and Isacke, 1998). It is indeed difficult to account for any degree of specificity
of binding between ERM proteins and membrane-apposed basic residues as such motifs are
common in transmembrane proteins. In chapter 2, an alternative mechanism of binding
between radixin and a membrane protein is presented.
Consistent with the analogy drawn from band 4.1, the membrane binding interface in
ERM proteins is localized in the amino-terminal region homologous with band 4.1.
Transfection of individual ezrin domains revealed that the N-terminal domain associates with
the plasma membrane, and the C-terminal domain binds cytoskeleton (Algrain et al., 1993).
Hirao et al. (1996) found that the purified N- but not C-terminal domain of moesin was
sufficient for binding to a GST-CD44 cytoplasmic domain fusion protein. Several other
proteins have been reported to bind ERM amino-terminal domains. One of the most
provocative findings is the interaction of the Na+/H+ exchanger regulatory factor (NHE-RF)
with ezrin, radixin, moesin, and merlin N-terminal domains (Reczek et al., 1997; Murthy et al.,
1998). This protein was discovered by virtue of its ability to bind to and confer protein kinase
A regulation on the Na+/H+ exchangers NHE1 and NHE3 (Weinman et al., 1993; Weinman et
al., 1995; Yun et al., 1997). NHE-RF colocalizes with ERMs in cortical actin structures in
cells and tissues (Reczek et al., 1997; Murthy et al., 1998). NHE-RF may bridge ERMs and
NHE1, serving indirectly as a membrane docking site for ERMs, although colocalization of
NHE1 with ERMs has not been documented. Perhaps the association of band 4.1 with the
erythrocyte anion exchanger is enhanced by a similar accessory protein. The guanine
dissociation inhibitor for rho, rhoGDI, also binds the N-terminal domain of ERMs, and this
association can activate rho signaling (Hirao et al., 1996; Takahashi et al., 1997). Myosin light
chain phosphatase has also been reported to bind moesin N-terminal domain and
dephosphorylate one or more sites in the moesin C-terminal domain (Fukata et al., 1998).
Potential consequences of ERM phosphorylation will be discussed below.
The carboxy-terminal domains of ezrin, radixin and moesin have been found to bind to
F-actin, consistent with the observed colocalization of this ERM fragment with actin filaments
in living cells (Algrain et al., 1993; Gary and Bretscher, 1995; Henry et al., 1995; Turunen et
al., 1994). The carboxy-terminal domain of merlin, which lacks the consensus actin-binding
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domain present in ezrin, radixin, and moesin, binds spectrin in a yeast two-hybrid assay (Scoles
et al., 1998). If this observation is confirmed, merlin would share amino-terminal domain
binding partners with ezrin, radixin, and moesin and carboxy-terminal binding partners with
band 4.1, underscoring the modular nature of these interactions.
Regulation of ERMs
The amino- and carboxy-terminal domains of ERM proteins interact with each other,
providing a means to regulate binding of ERMs to their varied partners. This type of
regulation was suggested by the observation that co-expression of N- and C-terminal domains
of ezrin together in cells inhibits the elaboration of actin-rich cell processes induced by
misexpression of the C-terminus alone (Martin et al., 1995). Similar actin-rich structures were
seen in cells overexpressing radixin C-terminal domain; the inability of overexpressed fulllength radixin to stimulate such processes suggests that the amino-terminal domain can exert
influence over the carboxy-terminal domain (Henry et al., 1995). In addition, Henry et al.
(1995) found that overexpressed radixin C-terminal domain can disrupt cytokinesis whereas
full length radixin does not. This regulation can be attributed to binding between N- and Cterminal domains, which has been demonstrated with purified fragments in vitro (Gary and
Bretscher, 1995; Magendantz et al., 1995). Just as the above misexpression experiments, as
well as in vitro actin binding assays, demonstrate regulation of carboxy-terminal binding
activities by amino-terminal domains, additional studies reveal the regulation of aminoterminal binding activities by carboxy-terminal sequences. Competitive binding experiments
indicate that association of NHE-RF or ezrin C-terminal domain with ezrin's N-terminal
domain is mutually exclusive (Reczek and Bretscher, 1998). The same appears to be true for
the interaction of radixin with NHE-RF (E. Cordero and F. Solomon, personal
communication).
Association between ERM N- and C-terminal domains, and hence their availability for
binding to appropriate interactors, may be regulated by two mechanisms. Inositol
phospholipids enhance the association of intact ezrin, radixin and moesin with the CD44
cytoplasmic domain at physiological salt concentrations, but do not increase CD44 binding to
N-terminal domains (Hirao et al., 1996). Binding of full-length radixin to NHE-RF is also
increased in the presence of acidic phospholipids (E.Cordero and F. Solomon, personal
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communication). Phospholipid-regulated binding of radixin with another membrane protein is
described in chapter 2. These effects may result from phospholipid inhibition of binding
between radixin N- and C-terminal domains (E.Cordero and F. Solomon, personal
communication). Evidence for a phospholipid-regulated intradomain interaction within the
radixin N-terminal domain also exists (E.Cordero and F. Solomon, personal communication).
Alternatively, ERM interdomain interactions may be regulated by phosphorylation.
Phosphorylation of a C-terminal threonine residue in ezrin, radixin, and moesin blocks
interaction of the N- and C-terminal domains, exposing the C-terminal actin binding site
(Matsui et al., 1998). This observation is consistent with reported regulation of ERM
subcellular localization in response to phosphorylation (Bretscher, 1989; Shaw et al., 1998).
Constitutively active rho drives ERM proteins into cortical actin structures such as microvilli,
while treatment of cells with C3 toxin, which inactivates rho, blocks LPA-stimulated relocation
of ERM proteins into these structures (Kotani et al., 1997; Shaw et al., 1998). Rho-kinase may
mediate the effect of rho on ERM localization by phosphorylating the C-terminal threonine,
potentiating interactions of N- and C-terminal domains with their respective binding partners
(Matsui et al., 1998). Protein kinase C-0 also has been shown to phosphorylate this threonine
in the presence of inositol phospholipids (Pietromonaco et al., 1998). The actions of rhokinase may be countered by myosin light chain phosphatase, which can dephosphorylate rhokinase-phosphorylated moesin in vitro (Fukata et al., 1998). Identification of the PIP-binding
site, and mutagenesis of it and the C-terminal threonine may clarify the physiological roles of
these potential regulatory mechanisms.
Overall, ERMs appear to behave much as does band 4.1, binding membrane proteins
through their amino-terminal domains and cytoskeleton with their carboxy-terminal domains.
They can bind cytoplasmic domains of membrane proteins directly, and potentially indirectly
through NHE-RF. The latter interaction, like the hdlg-glycophorin interaction, might be
mediated by PDZ modules. Moreover, the binding between these cytoskeleton proteins and
their membrane docking sites is enhanced by phospholipids.
Focal contacts as a model membrane-cytoskeleton linkage
Focal contacts (or focal adhesions) contain protein complexes which connect actin
cytoskeleton to extracellular matrix. The physiological significance of focal adhesions is
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controversial because they are rarely seen in vivo. Structures which resemble focal contacts
somewhat have been reported in tendon cells of the myotendonous junction (Damsky et al.,
1985; Tidball et al., 1986; Turner et al., 1991). In contrast, focal contacts are found in a wide
range of cell types when grown in culture. These data are best interpreted to mean that focal
contacts are formed in cells experiencing mechanical tension (Burridge, 1981). Tendon cells
experience physical stress in the course of their normal function, whereas cells cultured in vitro
tend to pull against a solid support - typically glass or plastic. A growing body of data
supports the view that the components of focal contacts are the genuine mediators of actinECM linkages in vivo, and that focal contacts are an exaggerated form of an in vivo structure
resulting from the physical conditions of tissue culture. Hence the protein complexes linking
membrane and cytoskeleton may be the same regardless of the size of the contact zone. In
living tissue, cell-matrix contacts may be diffusely arrayed over all of the surfaces of the cell
which are in contact with the substrate. In cultured cells, "focal complexes" - punctate clusters
of focal contact proteins which are smaller than focal contacts - may be a better approximation
of in vivo cell matrix adhesions (Hotchin and Hall, 1995; Nobes and Hall, 1995; Clark et al.,
1998). These small clusters of adhesions become aggregated into large, dash-shaped structures
(i.e. focal contacts) by an unknown mechanism. As actin filaments are bundled into stress
fibers, adhesion complexes at their termini may be drawn together into patches. Some
evidence supports the proposal that this occurs as the result of myosin-driven F-actin
contraction, although the existence of focal contacts in the absence of detectable clustering of
F-actin into bundles (also known as stress fibers) has not been reconciled with this point of
view (Burridge and Chrzanowska-Wodnicka, 1996; Chrzanowska-Wodnicka and Burridge,
1996).
In cultured cells, actin cytoskeleton and focal contacts are disrupted by oncogenic
transformation; hence, it is hoped that study of these structures will impact cancer biology
(Pollack et al., 1975). Indeed, it is possible that the normal role for one of the most actively
studied proto-oncogenes, c-src, may be in regulating cell spreading (Rohrschneider and Rosok,
1983; Kaplan et al., 1995). Moreover, transfection of various transformed cell lines with focal
contact proteins can restore cells to an untransformed phenotype (Ali et al., 1977; Giancotti
and Ruoslahti, 1990; Rodriguez Fernandez et al., 1992). Understanding the etiology of stress
fibers and focal contacts will likely advance our knowledge of actin dynamics and cytoskeletal
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morphogenesis. Absent insight into the origins of these in vitro structures, we can study focal
contact components and their interactions with each other, the membrane, matrix, and
cytoskeleton as a way to inform our understanding of membrane-cytoskeleton associations in
general.
Focal contacts coincide with the ends of stress fibers and align with fibrils of
extracellular matrix proteins. Extracellular matrix supports focal contact formation, reflecting
the ubiquitous presence of integrins, the major class of ECM receptors, in focal contacts.
Binding between integrins and their ligands is likely responsible for the close apposition
between the plasma membrane and the substratum seen in focal contacts. One member of the
syndecan family, a class of integral membrane proteins, syndecan-4, is reported to be in focal
contacts (Woods and Couchman, 1994). Syndecans are capable of binding to heparin-binding
domains of some ECM molecules, but a requirement for these heparan-sulfate proteoglycans in
cell adhesion has not been demonstrated (Saunders and Bemfield, 1988). The other protein
components in focal contacts are typically divided into two groups, cytoskeleton-associated
proteins and signaling molecules. This reflects the two known biological functions of cell
adhesion: providing physical integrity to tissues and regulating diverse aspects of cell
physiology. However, reports of binding between signaling and cytoskeletal proteins blur this
distinction, and our lack of knowledge about the function of many focal contact proteins makes
their classification according to such a scheme somewhat arbitrary. Most likely, adhesive
signaling acts proximally to regulate membrane-cytoskeleton linkages and distally to modulate
gene expression, cell cycle, and apoptosis.

Getting hitched
The physical connection between integrins and actin may be achieved in several ways
through associations among numerous actin-binding proteins present in focal contacts.
Integrin cytoplasmic domains can bind in vitro to talin and a-actinin, both of which can bind
directly to F-actin (Burridge and Feramisco, 1981; Horwitz et al., 1986; Muguruma et al.,
1990; Otey et al., 1990). In addition, talin and cc-actinin have both been reported to bind to
vinculin, which can bind to F-actin and tensin, yet another actin-binding protein (Burridge and
Mangeat, 1984; Wachsstock et al., 1987; Johnson and Craig, 1995a). Thus two potential ways
to link integrins to the actin cytoskeleton are integrin-talin-vinculin-tensin-actin (with the
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potential for direct links to actin by talin and vinculin as well) and integrin-c-actinin-actin.
These models are not mutually exclusive, and still other ways to link actin to the membrane in
focal contacts may yet be discovered.
Regulation of vinculin-talin and vinculin-actin binding is an interesting example of how
signaling metabolites can alter cytoskeletal structure. Phosphatidyl-inositol-phosphates (PI-4-P
and PI-4,5-P 2) stimulate the interconversion of vinculin between two binding states (Johnson
and Craig, 1994; Johnson and Craig, 1995a; Johnson and Craig, 1995b; Gilmore and Burridge,
1996). In the absence of phospholipid, vinculin exhibits little F-actin or talin binding, whereas,
in the presence of acidic phospholipids, vinculin readily binds these cytoskeletal partners.
These binding activities were inversely correlated with intramolecular association between
vinculin's N- and C-terminal domains. Vinculin's N-terminal domain alone exhibited high
levels of talin binding independent of phospholipid and the C-terminal domain bound F-actin
readily even in the absence of polyphosphoinositides (Gilmore and Burridge, 1996). Excess Nor C-terminal domain competes with talin and actin for binding to the other half of vinculin.
The classical second messenger PI-4,5-P2, generally thought of as a precursor (via the action of
2
phospholipase C) of diacyl-glycerol and IP 3 (which mobilize intracellular Ca + and activate

PKC) is here used as a trigger to cause directly a conformational change in a cytoskeletal
protein. This mode of regulation is analogous to that described above for ERMs.
Less is known about the specific contributions many other focal contact proteins.
Members of the ezrin/radixin/moesin family have been detected in focal contacts, and a role for
them in cell-matrix adhesion is suggested by the inhibitory effect of antisense ERM
oligonucleotides on cell adhesion (Sato et al., 1992; Takeuchi et al., 1994b). Two additional
cytoskeleton-associated proteins found in focal contacts, mammalian enabled (MENA) and
vasodilator-stimulated phosphoprotein (VASP) may stimulate actin polymerization either
directly or through associations with profilin (Reinhard et al., 1992; Reinhard et al., 1995;
Gertler et al., 1996). Taken together, the proteins found in focal contacts constitute a
multiprotein mechanism with biochemical properties necessary to stimulate the formation of Factin filaments and to link them to the plasma membrane. These properties can account for the
ability of actin cytoskeleton to confer mechanical stability on tissues.
Three focal contact proteins which at present might be classified as either structural or
signaling contain LIM domains. Zyxin was identified as the antigen recognized by a
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nonimmune antiserum which stains focal contacts, and it was subsequently found to bind ccactinin in gel overlay experiments (Crawford and Beckerle, 1991; Pavalko and Burridge, 1991;
Crawford et al., 1992; Sadler et al., 1992). Fragments of zyxin can translocate to the nucleus,
raising the intriguing possibility that this, and perhaps other LIM-domain proteins, relay
signals by shuttling directly from focal contacts to the nucleus (Nix and Beckerle, 1997).
Zyxin and another focal contact protein, cysteine-rich protein (CRP) associate through their
LIM domains (Sadler et al., 1992). No specific biological function has been demonstrated for
paxillin, the most studied LIM-domain protein in focal contacts (Turner et al., 1990; Turner
and Miller, 1994). Paxillin binds numerous focal contact proteins including vinculin and talin
and is a candidate substrate for FAK (Turner and Miller, 1994; Hildebrand et al., 1995; Salgia
et al., 1995). Paxillin tyrosine phosphorylation increases in parallel with FAK kinase activity
after cells adhere to integrin ligands (Burridge et al., 1992). LIM domain 3 is required for
efficient focal contact targeting of this protein, but no binding partners have been found for
paxillin's LIM domains (Brown et al., 1996). Binding sites for vinculin, FAK and talin map
outside of the LIM domains (Salgia et al., 1995; Brown et al., 1996). Paxillin is tyrosine
phosphorylated, and may therefore bind to SH2 domains of numerous proteins; since it also
can bind to several other focal contact proteins, it has been suggested that paxillin acts as an
adaptor linking focal contact proteins with signaling pathways.

Adhesion and signaling
The complex topic of cell-matrix adhesion and signal transduction has been divided
into regulation of adhesion ("inside-out" signaling) and signaling by adhesion ("outside-in"
signaling; Hynes, 1992). A diverse array of signaling proteins have been found in focal
contacts or have been shown to bind to focal contact proteins in vitro. Although many
candidate protein players have been identified, the precise pathways effecting adhesionstimulated cellular responses (outside-in signaling) have not been determined. Candidate
signaling molecules in focal adhesions include FAK, src, protein kinase C (PKC), and integrinlinked kinase (ILK; Rohrschneider and Rosok, 1983; Jaken et al., 1989; Schaller et al., 1992;
Kaplan et al., 1994; Hannigan et al., 1996). The regulatory (p85) subunit of PI-3 K and
p130CAs are known to associate with FAK but have not been shown to be present in focal
contacts (Chen and Guan, 1994; Polte and Hanks, 1997). Significant effort has focussed on
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finding signaling molecules that associate with integrin cytoplasmic domains. ILK was
discovered in a two-hybrid screen using the P1 -integrin cytoplasmic domain as a probe to
screen a Hela cDNA library (Hannigan et al., 1996). ILK exhibits serine/threonine kinase
activity in vitro; its physiological role in integrin adhesion remains to be elucidated. At least
one isoform of PKC can be seen in focal contacts, but the role of PKC in cell-matrix adhesion
is not known (Jaken et al., 1989). This is interesting in light of the reported interaction
between

P1 -integrin cytoplasmic

domain and receptor for activated C kinase (RACK; Liliental

and Chang, 1998).
Adhesion signaling produces an array of biochemical and/or physiological responses in
various cell types. Of particular interest in recent years is the observation that integrin
signaling can activate the well-studied ras-MAP kinase mitogenic signaling pathway
(Schlaepfer et al., 1994; Chen et al., 1994; Miyamoto et al., 1995b). It has been proposed that
this signaling accounts for at least part of the adhesion requirement for cell division.
Anchorage dependent growth also may result from integrin-stimulated transcription of
immediate-early genes (Dike and Farmer, 1988; Guadagno and Assoian, 1991; Guadagno et
al., 1993; Assoian, 1997). Integrin signaling can increase PIP 2 levels, providing a substrate for
phospholipase C, thereby potentiating growth factor receptor pathways (McNamee et al., 1993;
Chong et al., 1994). Integrins synergize with growth factor signaling in other, less well
characterized ways, to enhance MAPK activation (Clark and Hynes, 1997). The precise points
at which adhesive-signaling feeds into this and other signaling pathways have not been
determined; more interestingly, the integrin-proximal signaling molecules have not been
conclusively identified.
A substantial body of evidence has accumulated supporting the role of integrinassociated membrane proteins in cell signaling. Lateral binding between integrin alpha chains
and several integral membrane proteins has been demonstrated (Berditchevski et al., 1995;
Berditchevski et al., 1996; Wary et al., 1996; Berditchevski et al., 1997b). These may in turn
effect integrin signaling by binding to cytosolic signaling molecules. Tetraspan superfamily
proteins can mediate the association of PI-4 K with a subset of alpha integrins (Berditchevski
et al., 1997a). Likewise a caveolin-1/integrin complex appears to stimulate fyn-mediated
MAPK activation (Wary et al., 1998). Interestingly, caveolin-1 associates with a distinct
spectrum of alpha integrin chains (xi and a 5) than do tetraspan proteins (a3 and a6), raising the
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possibility that specificity of integrin signaling results from integrins binding to diverse
integral membrane partners.

Src and FAK
Schlaepfer and colleagues (1994) have proposed that FAK and src cooperate during
integrin-mediated stimulation of the ras/MAPK mitogenic signaling cascade. In this model, src
binds to phosphorylated Y397 of FAK subsequent to FAK activation and autophosphorylation.
Src then phosphorylates multiple additional sites on FAK, including binding sites for GRB2
and PI-3 K. The GRB2/FAK complex binds to the guanine nucleotide exchange factor Sos,
which catalyses the conversion of ras-GDP to activated ras-GTP, thereby stimulating this
signaling pathway (Schlaepfer et al., 1994). This signaling mechanism is extremely similar to
that proposed for FAK-stimulated cell motility (discussed below), diverging in the choice of
FAK binding partners and the events that follow (summarized in figure 1-1). Both pathways
could be triggered by a single mechanism for FAK activation. Although binding to integrin
cytoplasmic domains is not sufficient to recruit FAK to focal adhesions, it is possible that this
interaction causes a change in FAK conformation, exposing the kinase domain and/or Y397,
leading to FAK activation. Consistent with this view is the observation that clustering of Plintegrin or its cytoplasmic domain is sufficient to stimulate FAK phosphorylation (Komberg et
al., 1991; Akiyama et al., 1994).
Signaling through src and FAK also illustrates the extent to which signaling and
cytoskeletal assembly are intertwined. The observation that fibroblasts transformed with v-src
had disorganized actin cytoskeleton and rounded morphology first implicated src in membranecytoskeletal linkages (McClain et al., 1978). The activating mutation Y527F is sufficient to
cause translocation of c-src from endosomal membranes to focal adhesions (Kaplan et al.,
1994). A fragment containing only the src myristylation site and SH3 domain is concentrated
in focal contacts, suggesting that in intact src, targeting information is masked by C-terminal
regulatory domains (Kaplan et al., 1994). FAK and src also cooperate in the deployment of
new membrane extensions both during cell spreading (which involves radially symmetric
membrane extensions) and in cell migration (which requires directed membrane extension).
The src SH2 domain binds to the major autophosphorylation site in FAK, Y397 (Xing et al.,
1994). Fibroblasts derived from src -/- embryos exhibit delayed cell spreading; the defect is
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most pronounced immediately after initial cell adhesion (Kaplan et al., 1995). Presumably
other src family members compensate, albeit less efficiently, allowing the src-deficient cells to
spread with reduced kinetics. Transfected src restores normal spreading kinetics to these cells.
Interestingly, kinase-dead src or src lacking the kinase domain altogether can each rescue the
spreading phenotype of src-null cells (Kaplan et al., 1995).
Focal adhesion kinase is a protein tyrosine kinase present in focal contacts. FAK is
phosphorylated on tyrosine after integrin-mediated adhesion, treatment of cells with
neuropeptides, and in cells transformed by v-src (Guan et al., 1991; Komberg et al., 1991;
Guan and Shalloway, 1992; Hanks et al., 1992; Kornberg et al., 1992; Schaller et al., 1992;
Zachary et al., 1992; Zachary et al., 1993). Src and fyn appear to be responsible for
phosphorylation of FAK, and both are capable of binding to FAK through their SH2 domains
(Xing et al., 1994; Thomas et al., 1995). Phosphorylated FAK also binds to the SH2 domain of
the p85 subunit of phosphatidyl-inositol-3-phosphate kinase (PI-3 K; Chen and Guan, 1994).
Sequences in the amino-terminal domain of FAK can bind the PI-integrin cytoplasmic domain,
but deletion of this FAK domain has no effect on its localization to focal contacts (Hildebrand
et al., 1993; Parsons et al., 1994; Schaller et al., 1995). Rather, deletion of residues between
853-1012 in the carboxy-terminal domain of FAK block focal adhesion localization, and amino
acids 852-1052 are sufficient to target a chimeric protein to focal contacts (Hildebrand et al.,
1993; Parsons et al., 1994; Schaller et al., 1995). Deletion analyses of FAK's C-terminal
domain indicate that paxillin binding and focal contact localization both map to amino acids
903-1052 while talin binding (discussed below) requires only amino acids 963-1052 (Chen et
al., 1995; Hildebrand et al., 1995).
Understanding how src and FAK cooperate to stimulate cell migration may shed light
on how they regulate membrane-cytoskeleton linkages. Cells made from FAK-null mouse
embryos have reduced motility compared to wild-type controls (Ilic et al., 1995). In addition,
microinjection of a putative dominant-negative FAK variant, FRNK (FAK-related non-kinase),
reduces cell motility (Schaller et al., 1993; Gilmore and Romer, 1996). This FAK fragment,
which contains the residues sufficient to target FAK to focal adhesions, appears to inhibit FAK
by competing it out of focal adhesions (Richardson and Parsons, 1996; Gilmore and Romer,
1996). Conversely, overexpression of FAK in CHO cells stimulates migration in vitro in a srcdependent manner (Cary et al., 1996). The FAK mutant Y397F cannot bind src, and its
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overexpression does not increase migration. Similarly, mutation of two prolines required for
binding to the SH3 domain of p 13 0CAS abrogates the effect of overexpressed FAK, as does
misexpression of the p 130

CAS

SH3 domain (Cary et al., 1998). While the FAK kinase domain

is not required to stimulate motility in this assay, phosphorylation of FAK at Y397 is
necessary, presumably to recruit src's SH2 domain (Cary et al., 1996). Kinase-dead FAK is
able to function in this assay probably because it can be phosphorylated by endogenous FAK
(Cary et al., 1996). The model which emerges is that after appropriate stimulus, FAK auto- or
cross-phosphorylates at Y397, creating a src binding site. p 13 0 CAS binds to the proline-rich
sequence in FAK's C-terminal domain, and src subsequently phosphorylates p130

CAS

activating other downstream events needed to increase motility (Vuori et al., 1996). The
SH2/SH3 adaptor protein crk is one possible effector. Overexpression of either p 1 3 0 CAS or crk
in COS cells increases migration, and co-overexpression of both further stimulates migration.
This effect is dependent on Crk/p130CAS complex formation and is blocked by dominant
negative rac, providing a potential link between src/FAK signaling and small GTPases
(discussed below; Klemke et al., 1998). Elucidation of additional upstream and downstream
targets should prove extremely interesting.
Rho family GTPases and the cytoskeleton
The small GTPases rho, rac and cdc42 exert a strong influence over cytoskeletal
morphology as mediators of both growth factor and extracellular matrix signals. Rho
stimulates stress fiber and focal contact formation, rac induces ruffles and activates rho, and
cdc42 drives filopodia extension and activates rac (Ridley and Hall, 1992; Ridley et al., 1992;
Hotchin and Hall, 1995; Nobes and Hall, 1995; Clark et al., 1998). While few downstream
targets of cdc42 have been found, several putative effectors of rho and rac have been reported.
Two proposed targets of rho can account for many observations regarding both rhoinduced and spontaneous formation of focal contacts and stress fibers (figure 1-2). First, rho
has been shown to stimulate PI-4-P 5-kinase, resulting in a net increase in PI-4,5-P 2 , and
possibly explaining a previous report of PI-4,5-P 2 accumulation in response to integrinmediated adhesion (McNamee et al., 1993; Chong et al., 1994). Clark and colleagues (1998)
have reported that adhesion to extracellular matrix in the absence of serum stimulates focal
contact and stress fiber formation in a rho-dependent manner; this strongly suggests that
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adhesion through integrins is sufficient to activate rho, which could in turn stimulate PI-4-P 5kinase. Activation of rho by adhesion is a reasonable prediction since integrin-mediated
adhesion is sufficient to activate ras (Clark and Hynes, 1996). PI-4,5-P 2 can have many
effects, several of which impinge on cytoskeletal assembly. One effect is to increase net Factin by releasing actin-capping proteins such as gelsolin to create free barbed ends which are
available for monomer addition (Janmey et al., 1987; Janmey and Stossel, 1987; Janmey and
Stossel, 1989; Hartwig et al., 1995). Polyphosphoinositides can also activate vinculin and
ERM family members for binding to actin and other proteins involved in actin-membrane
linkage (discussed above). These two rho-stimulated outcomes would result in polymerization
of F-actin and its association with several proteins implicated in linking it to the plasma
membrane.
Another putative rho effector, rho-kinase, can stimulate focal adhesion and stress fiber
assembly when its catalytic domain alone is introduced into cells (Leung et al., 1996; Matsui et
al., 1996; Amano et al., 1997; Chihara et al., 1997). Three targets of rho-kinase will be
considered. First, ezrin, radixin, and moesin can be phosphorylated on carboxy-terminal
threonines such that an intramolecular interaction is disrupted to reveal binding sites for actin
and putative membrane docking sites for ERM proteins (Fukata et al., 1998; Matsui et al.,
1998). Rho-dependent phosphorylation of ERMs correlates with their translocation into actinrich membrane projections resembling microvilli; phosphorylation- and/or PI-4,5-P 2-induced
conformational changes (discussed above) in ERMs could also result in their assembly into
focal contacts (Shaw et al., 1998). Rho-kinase can also phosphorylate myosin-light chain
phosphatase (MLCP), inactivating it (Kimura et al., 1996). MLCP dephosphorylates myosin
light chain (MLC), inhibiting myosin ATPase activity. MLC itself is a rho-kinase substrate,
and phosphorylation of MLC increases myosin motor activity (Amano et al., 1996; Chihara et
al., 1997). Hence the net effect of rho stimulation would be myosin activation. MLCP
coimmunoprecipitates with ERM proteins and binds in vitro to their amino-terminal domains,
suggesting a direct link between these two branches of rho-regulated cytoskeletal dynamics
(Fukata et al., 1998).
The role of myosin-dependent contractility in stress fiber and focal contact formation
was demonstrated through the use of pharmacological inhibitors of myosin light chain kinase
(KT5926), myosin ATPase (butanedione monoxime, BDM), and the kinase inhibitor H7. Each
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of these compounds blocked both serum-induced contractility and rho-induced stress fiber and
focal contact formation (Chrzanowska-Wodnicka and Burridge, 1996). Rho-dependent
phosphorylation of FAK and paxillin, which follows integrin-mediated adhesion, was also
inhibited by these contractility inhibitors, raising the possibility that at least some integrinmediated signals may be secondary to, or enhanced by cytoskeletal rearrangements
(Chrzanowska-Wodnicka and Burridge, 1996; Clark et al., 1998).
A third protein shown to be required for rho-induced stress fiber and focal contact
formation is the sodium/proton exchanger 1 (NHEl; Vexler et al., 1996; Tominaga and Barber,
1998). NHEl can be activated as a consequence of integrin-mediated adhesion (Ingber et al.,
1990). Studies with both pharmacological inhibitors of this ion exchanger and an NHEldeficient cell line indicate that this protein is required for cytoskeletal rearrangements triggered
by lysophosphatidic acid (the stress fiber inducing component in serum) and rho (Vexler et al.,
1996; Tominaga and Barber, 1998). The same reagents were used to show the involvement of
NHEl in integrin-mediated adhesion and spreading (Tominaga and Barber, 1998). The authors
have not unraveled the mechanism by which NHE 1 acts in this process, but they have ruled out
pH change as a contributing factor (Tominaga and Barber, 1998). An intriguing possibility is
that NHE 1 binds ERM proteins to the cell membrane indirectly through NHE-regulatory factor
(NHE-RF). NHE1 has been reported to localize in focal contacts (Grinstein et al., 1993).
In sum, candidate downstream effectors of rho include numerous proteins otherwise
implicated in cell-matrix adhesion. These proposed pathways can serve as an organizing
principle for diverse models about regulated focal contact formation.
The finding that rac can stimulate membrane ruffling has spurred the search for both
regulators and effectors of rac. A possible model integrating some suspected protein mediators
is shown in figure 1-3. Among the several candidate proteins with demonstrable guanine
nucleotide exchange factor (GEF) activity toward rac (including vav, dbl, trio and Tiam-1),
Tiam-1 stands out as the most interesting potential player (Hart et al., 1991; Michiels et al.,
1995; Debant et al., 1996; Crespo et al., 1997). Tiam-1 was discovered because its
overexpression increased the invasiveness of a non-invasive T lymphoma cell line (Habets et
al., 1994). Tiam-1 protein stimulates the dissociation of GDP from rac, cdc42 and rho (in
descending order of efficacy) allowing each to become activated by binding GTP (Michiels et
al., 1995). Misexpressed Tiam-1 induces ruffles, and this effect is blocked by coexpression of
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a dominant negative rac, indicating that Tiam-1 acts through rac (Michiels et al., 1995). This
presumably results from its ability to catalyze GDP/GTP exchange. Indeed, Tiam-1 lacking its
dbl-homology domain, which is predicted to contain its exchange factor activity, does not
induce ruffles (Michiels et al., 1997). The Tiam-1 protein has two plekstrin homology (PH)
domains; PH domains in some other proteins have been shown to bind to phospholipids
(Lemmon et al., 1996). The amino-terminal PH domain of Tiam-l is required for membrane
localization, whereas neither the dbl homology domain nor the PDZ motif is needed to achieve
membrane association (Michiels et al., 1997). Deletion of the N-terminal PH domain blocks
membrane association and abrogates ruffle-inducing activity. However, the N-terminal PH
domain can be substituted by another suitable membrane-binding domain to restore ruffle
induction (Michiels et al., 1997).
PI-3 kinase acts upstream of rac in several ruffling cell systems. Given the requirement
for the Tiam- 1 PH domain, it is possible that PI-3 K products provide a localized membrane
binding site for the Tiam- 1 PH domain. Studies using the pharmacological inhibitors of
PI-3 K, wortmannin and LY294002, or dominant negative forms of PI-3 kinase indicate that
PI-3 K is a signaling intermediate in growth factor (PDGF) and cytokine (IL2) stimulated
ruffles (Wennstr6m et al., 1994; Hooshmand-Rad et al., 1997; Arrieumerlou et al., 1998).
Moreover, in most systems analyzed, these reagents suggest that PI-3 K activity is not required
for ruffling induced by activated forms of rac (Hooshmand-Rad et al., 1997; Arrieumerlou et
al., 1998). Since a dominant-negative form of rac blocks growth factor-, cytokine-, and
activated PI-3 K-stimulated ruffling, PI-3 K has been placed between signaling receptors and
rac in the ruffle signaling pathway. Using a similar approach, PI-3 K has been placed between
ras and rac in ras-induced ruffling (Rodriguez-Viciana et al., 1997). These authors found that
the PKC inhibitor, calphostin, blocked PI-3 K induced ruffles, but a PKC inhibitor that blocks
PKC kinase activity directly had no effect. It is proposed that calphostin C, which blocks PKC
by inhibiting protein-lipid binding, may inhibit ruffles in this system by blocking some other,
unknown protein-lipid interaction (Rodriguez-Viciana et al., 1997). One candidate is
hypothetical binding between the Tiam-1 PH domain and a D3 phosphoinositide. To date a
single exception places PI-3 K downstream of rac, indicating that rac signaling pathways can
vary among cell types. A rac-induced migratory phenotype in mammary epithelial cells was
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found to be sensitive to the PI-3 K inhibitors wortmannin and LY294002, placing PI-3 K
downstream of rac in this system (Keely et al., 1997).
As the story of upstream rac regulators has unfolded, potential rac effector molecules
have emerged. Recently it was reported that LIM kinase binds F-actin and prevents its
depolymerization by phosphorylating and inactivating cofilin, an actin-depolymerizing protein
(Arber et al., 1998; Yang et al., 1998). Rac stimulates LIM kinase activity towards serine 3, an
inhibitory site on cofilin, decreasing the rate of actin depolymerization and thereby effecting
net extension of microfilaments (Arber et al., 1998; Yang et al., 1998). Kinase-dead LIM
kinase inhibits rac-stimulated cofilin phosphorylation and membrane ruffling but has no effect
on stress fiber formation. Indeed, overexpression of wild-type and constitutively active LIM
kinase was sufficient to induce accumulation of peripheral F-actin, whereas overexpression of
kinase-dead LIM kinase had no effect (Arber et al., 1998; Yang et al., 1998). Overexpression
of cofilin induced changes in actin cytoskeleton which were suppressed by simultaneous
overexpression of LIM kinase; a cofilin point mutant lacking the LIM kinase phosphorylation
site (S3A) was not inhibited by LIM kinase (Arber et al., 1998; Yang et al., 1998). This
interesting discovery is made more intriguing by the homologies present in LIM kinase: it is
composed of two amino-terminal LIM domains, a PDZ domain, and a carboxy-terminal
serine/threonine kinase catalytic domain (Bernard et al., 1994; Mizuno et al., 1994; Okano et
al., 1995). This raises the question of binding partners for the two LIM domains and a
membrane docking site for the PDZ domain. Further study of the rac/LIMK/cofilin pathway
should be of interest to those studying both signal transduction mechanisms and cytoskeleton
dynamics.
The role of the rac-binding protein p21-associated kinase (p6 5 PAK) in raC-induced
cytoskeletal changes is more controversial. Sells and colleagues (1997) found that expression
of an activated form of p6 5 PAK induced ruffles in two cell lines, and that p6 5 PAK kinase activity
was neither necessary nor sufficient for this cytoskeletal change. Rather, binding to the
SH2/SH3 adaptor protein Nck correlated with the ability of p65 PAK to stimulate ruffling.
Moreover, Nck- p65PAK association was stimulated by an activated raC allele (Sells et al.,
1997). Expression of PI-3 K or activated rac caused translocation of p65PAK into membrane
ruffles (Dharmawardhane et al., 1997). These data are suggestive of a role for p6 5 PAK in
ruffling. However, three other studies found that rac protein with an effector loop mutation
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which either abolishes or significantly reduces binding to p6 5 PAK Still induces ruffling,
apparently independent of p6 5 PAK association (Joneson et al., 1996; Lamarche et al., 1996;
Westwick et al., 1997). These results suggest that direct and stable binding between p65 PAK
and rac is not required for signaling, but they do not rule out the possibility that transient
associations between rac and p6 5PAK, or indirect signaling through one or more unknown
intermediaries, are sufficient to induce ruffles.
Based on the phenotype of gelsolin-deficient cells, gelsolin has been proposed to
mediate the effects of rac on actin cytoskeleton (Azuma et al., 1998). Cell lines derived from
gelsolin-null mice fail to ruffle and migrate at half the speed of their wild-type counterparts. In
addition, these cell lines and all tissues examined from the null mice have a five-fold increase
in rac protein levels. Perhaps rac is upregulated in an attempt to compensate for reduced
cytoskeleton remodeling efficiency. These three phenotypes are rescued by transfection of null
cell lines with gelsolin cDNA. Although there is no evidence that gelsolin is a proximal target
of rac signaling, these data underscore the relationship among signaling and cytoskeletal
proteins.

Talin
Talin structure
Talin was identified as a minor band in partially purified smooth muscle protein
preparations migrating with an apparent molecular weight of 235 kD and was found to be
present in focal contacts and ruffling membranes in cultured fibroblasts (Burridge and Connell,
1983). Rotary shadowing of purified talin revealed a rod-shaped protein with a globular
domain at one end (Molony et al., 1987). Proteolysis of talin yields two polypeptides, one of
190 kD, which corresponds to the elongated rod domain, and one of 47 kD, which is the
globular domain (figure 1-4B; Burridge and Connell, 1983; Fox et al., 1985; Winkler et al.,
1997). The 47 kD fragment contains the N-terminus of talin; the deduced amino acid sequence
in this domain is homologous to the 30 kD amino-terminal domain of band 4.1, identifying
talin as a member of this protein superfamily (Rees et al., 1990). The amino-terminal sequence
homology is interrupted in C. elegans talin by two insertions and in Dictyostelium talin by a
short deletion in this region relative to vertebrate talins, suggesting the existence of two
subdomains within talin's band 4.1 homologous sequences (Hemmings et al., 1996; Moulder et

28

al., 1996). These subdomains may correspond to two globular lobes seen within the 47 kD
fragment in one EM study (Winkler et al., 1997). The carboxy-terminal 190 kD talin fragment
is predicted to consist mostly of cc-helices, probably explaining the high (approximately 75%)
cc-helix content measured in purified talin (Molony et al., 1987; McLachlan et al., 1994).
There is some evidence to suggest that these two domains interact with each other
reversibly giving rise to two talin conformations. This type of intramolecular association has
been demonstrated for vinculin and ERM proteins (discussed above). Talin, like vinculin,
undergoes a salt-dependent change from a principally globular to a mostly elongated rod shape
(Molony et al., 1987; Winkler et al., 1997). Moreover, this conformational change is
dependent on the presence of talin's amino-terminal domain as the carboxy-terminal 190 kD
domain is constitutively rod-shaped in EM studies (Molony et al., 1987). The analogous
intradomain interactions in vinculin and ERM proteins appear to be regulated by acidic
phospholipids, and the amino-terminal domain of talin can bind lipids under some
circumstances (Niggli et al., 1994; Gilmore and Burridge, 1996). In addition, lipid binding can
be correlated with morphological changes. For instance, the amount of PI-4,5-P 2 that can be
coimmunoprecipitated with talin is seven- to ten-fold greater in spreading platelets than in
suspended platelets (Heraud et al., 1998). Purified talin protein has also been reported to have
the ability to open holes in synthetic liposomes, raising the possibility that talin can directly
remodel membranes (Saitoh et al., 1998). At present there is no direct evidence indicating a
functional difference between the globular and elongated forms of talin or supporting the
hypothesis of intramolecular binding within talin. However, this model warrants further
investigation in light of these suggestive observations and the analogy with other band 4.1
superfamily members.
Talin subcellularlocalization
Talin is readily detected at the ends of stress fibers coincident with integrins and other
focal adhesion markers by immunofluorescence. Time-lapse video studies combined with
immunostaining indicate that talin is present at the distal-most edge of newly-formed
membrane extensions and that it arrives in focal contacts before vinculin (DePasquale and
Izzard, 1991). The authors make the interesting claim that talin at the leading edge does not
appear to incorporate into nearby forming focal adhesions, but pulse labeling studies will be
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required to confirm this observation (DePasquale and Izzard, 1991). Taken together, these
observations suggest that talin is involved in the earliest stages of membrane-cytoskeleton
junction assembly at sites of cell-matrix adhesion. A role for talin during membrane dynamics
is also supported by talin's presence in peripheral ruffles of spreading fibroblasts and platelets
(Burridge and Connell, 1983; Beckerle et al., 1989). Immunoelectron microscopy studies on
spreading platelets shows talin to be closely apposed to the plasma membrane, on average
within 40 nm, at the platelet periphery (Beckerle et al., 1989). A Dictyostelium talin homolog
redistributes to migrating fronts within 30 seconds of induction by cAMP, where it localizes to
filopodia projecting in the direction of travel (Kreitmeier et al., 1995). Protrusion of
membranes around a particle during phagocytosis has been compared to cell spreading, and
talin is found in phagocytic cups in macrophages surrounding particles and at sites of bacterial
pathogens invading fibroblasts (Greenberg et al., 1990).
Talin localizes not only to dynamic membranes but also to sites of stable membranecytoskeleton associations such as focal contacts and their in vivo correlate, the myotendonous
junction (Burridge and Connell, 1983; Tidball et al., 1986). In chicken muscle, both
immunofluorescence and immunoelectron microscopy also show talin to be concentrated in
digit-like processes projecting from the end of muscle cells. These EM studies indicate that in
muscle, as in platelets, talin is extremely close to the plasma membrane (Tidball et al., 1986).
C. elegans talin colocalizes with P integrin at sites of attachment of body wall muscle to the
hypodermis, a structure which, like the myotendonous junction, bears the force of muscle
contraction (Moulder et al., 1996). Worm accessory muscles also contain talin, although
surprisingly talin was not found in any other cell types. Given the widespread distribution of
talin in adherent cells of vertebrates, the absence of talin from other worm cell types may
indicate that one or more additional worm talins exist, or that other proteins can substitute for
talin function in worms. Talin colocalizes with integrins at the interface between T-cells and
antigen-presenting cells, suggesting that in rare circumstances talin participates in cell-cell
adhesion (Kupfer et al., 1986; Bum et al., 1988).
Talin's amino-terminal domain appears to be important for proper restriction of talin in
focal contacts. Microinjection of fluorescently-labelled talin into fibroblasts or MDBK cells
results in labeling of focal contacts (Nuckolls et al., 1990). However, microinjected C-terminal
190 kD fragment labels both focal contacts and adherens junctions at sites of cell-cell contact
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in MDBK cells, indicating that the N-terminal domain is required to keep talin out of adherens
junctions (Nuckolls et al., 1990). Microinjected amino-terminal domain weakly labels focal
contacts, but otherwise appears distributed diffusely throughout the cytoplasm (Nuckolls et al.,
1990). Thus it does not appear as if this talin domain contains strong focal contact localization
determinants, but rather may act by regulating the availability of other binding sites within
talin's C-terminal domain for other proteins, most likely vinculin or actin (discussed below).
In these experiments, neither injected fragment had a detectable effect on cell adhesion or
cytoskeletal morphology (Nuckolls et al., 1990).

Talin function
Experimental data support a role for talin in cell adhesion and dynamic reorganization
of membrane-associated cytoskeleton. The localization of Dictyostelium talin to migrating
fronts suggested that talin would be involved in these cells' motility, but the phenotype of
talin-null Dictyostelium does not support this hypothesis. Rather, it provides evidence that
talin is necessary for tight adhesion of cells to both substrates and particles. Reflection
interference contrast microscopy was used to assess the distance between the cell membrane
and the substratum, revealing that over most of the ventral surface, wild type cell membranes
are within 50 nm of the substrate whereas talin mutant cells only approach the underlying
surface to about 140 nm. The different adhesive strength was evident in that mutant but not
wild-type cells were readily released from the surface by gentle pipetting (Niew6hner et al.,
1997). Surprisingly, even though these mutant cells had an obvious defect in adhesion, they
were able to migrate and undergo changes in cell shape normally, suggesting that even minimal
adhesion provides sufficient traction for motility in Dictyostelium. Reduced adhesion to
particles was inferred from the inability of talin mutant Dictyostelium to grow in shaken liquid
cultures in which cells feed on co-cultured yeast or bacteria. Niewdhner et al. (1997) found
that growth was improved when cultures were shaken less, thereby causing less shear stress.
Talin-null Dictyostelium exhibit drastically reduced growth in liquid culture on E. coli B/r
compared to wild-type Dictyostelium or compared to mutant grown in culture with Salmonella
minnesota R595. The relevant difference between these two bacterial strains is their surface
carbohydrate repertoire. Growth on solid media using the same food sources showed that
particle engulfment and uptake was not affected in the mutant, suggesting that the defect lay

31

specifically in binding. In these experiments, bacterial adhesiveness was modulated by
genetically altering the surface carbohydrates, hinting that this mode of talin-dependent particle
adhesion may involve one or more carbohydrate-binding receptors. Moreover, a form of
EDTA-sensitive Dictyostelium aggregation was inhibited in the talin-null cells, indicating that
talin is required for some form of divalent cation-dependent adhesion. A lectin-like activity,
which could depend on both cations and sugar residues, has been implicated in binding of
Dictyostelium to E. coli B/r and may interact with talin in this process as well as during EDTAsensitive aggregation (Chadwick et al., 1984).
Manipulations interfering with talin activity in vertebrate cells reveal a role for this
protein in membrane dynamics. Two morphological changes in cells which probably use
closely related if not identical mechanisms are spreading and migration. In each case, cells
extend sheets of new membranes away from the cell body, in one case this is polarized while in
the other case it is essentially radially symmetric. Talin-null embryonic stem (ES) cells fail to
spread on gelatin-coated surfaces and exhibit reduced kinetics of spreading on a fibronectin
matrix (Priddle et al., 1998). In addition, when these ES cells are differentiated into embryoid
bodies, relatively few cells migrate out of the null-derived EBs compared with wild type.
Those cell that do migrate out of talin-null EBs represent only two cell types as compared to
numerous distinguishable morphological types seen with wild-type EBs. Two caveats cloud
the interpretation of these results: one is that the null ES cells have significantly reduced levels
of Pl integrin and somewhat reduced levels of the focal contact proteins vinculin and aactinin, although embryoid bodies have normal amounts of 11 integrin. This may be evidence
that talin either transports 11 integrin to the membrane or stabilizes it once it gets there. An
analogous reduction is seen in glycophorin C in band 4.1-deficient cells (Alloisio et al., 1985;
Reid et al., 1990; Chasis and Mohandas, 1992). Also troubling is the production by the null ES
cells of trace but detectable amounts of a truncated talin protein which is nearly full-length,
most likely starting at codon 76 (Priddle et al., 1998). Hence, these cells may be talin
hypomorphs rather than nulls. In the absence of further data or a clean talin-null, these data
may be considered at least suggestive of a role for talin in both spreading and migration.
Despite these potential flaws, the results from the talin knockout agree rather well with
other methods used to disrupt vertebrate talin function. Injection of anti-talin antibodies into
partially spread chicken embryo fibroblasts (CEFs) prevents further spreading and, in some
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cases, reverses spreading that has already occurred (Nuckolls et al., 1992). Similarly,
microinjected antibodies reduce migration of CEFs in an in vitro wound healing model
(Nuckolls et al., 1992; Bolton et al., 1997). Hela cells expressing an inducible antisense talin
gene exhibit a reduction in talin protein between 60-90%. These cells, like the talin-null ES
cells, have reduced levels of P1 integrin, although in this case aberrantly migrating forms of
both c5 and Pl integrin can be detected on SDS gels (Albiges-Rizo et al., 1995). This result
suggests that talin may have a role in normal presentation of PI integrins on the cell surface,
but the apparent reduction in normal

P1 integrin renders the reported spreading defect of these

cells difficult to interpret (Albiges-Rizo et al., 1995).
Localized disruption of talin protein by micro CALI offers another demonstration of the
role of talin in dynamic membrane extension (Sydor et al., 1996). Malachite green-conjugated
antibodies directed against either talin or vinculin were loaded into chicken dorsal root ganglia
neurons. During laser irradiation of growth cone leading edges, extension and retraction of
filopodia was recorded. Targeting of talin resulted in cessation of all new filopodial extensions
during the laser treatment, with a gradual recovery to normal rates over the subsequent five
minutes (Sydor et al., 1996). The specificity of this effect was verified by inactivating vinculin
in the same way; this resulted in the buckling and collapse of filopodia but caused no decrease
in the rate of new filopodial formation (Sydor et al., 1996). A role for talin in filopodial
extension may explain the report of talin at the front end of motile Listeria monocytogenes, as
this pathogen causes the formation of filopodia-like cellular processes (Dold et al., 1994).
Perhaps this bacterium exploits the ability of talin to reorganize the plasma membrane to
facilitate its spread from cell to cell.
Defects in morphology resulting from talin down-regulation are reflected in changes in
cytoskeletal morphology in the same systems. The small number of talin-null ES cells which
were able to spread on a fibronectin matrix did not form focal contacts or stress fibers,
although again this observation must be tempered by the knowledge that these cells also have
less PI integrin (Priddle et al., 1998). On the other hand, differentiated cells derived from
talin-null embryoid bodies form normal-looking focal contacts and stress fibers, indicating that
under at least some circumstances these structures can form in the absence of full-length talin.
In these cells, the small quantities of truncated talin polypeptide may be adequate to support
these cytoskeletal structures, obscuring an essential role for talin. Talin-null ES cells also
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exhibit abnormal membrane blebbing, which could reflect weakness in the underlying
membrane-associated cytoskeleton; further exploration of this phenotype is required (Priddle et
al., 1998). Consistent with the phenotype of talin-null ES cells is the observation that
microinjection of human foreskin fibroblasts with anti-talin antibodies disrupts stress fibers
(Bolton et al., 1997). Microinjection of talin protein fragments derived from both N- and Cterminal domains have a similar effect on CEFs (Hemmings et al., 1996).

Protein-proteininteractions
The molecular basis for at least some of the proposed functions of talin can be
explained by interactions with other cytoskeleton-associated proteins (known binding sites are
schematized in figure 1-4). Indirect evidence that talin associates with

PfI integrin comes

mostly from colocalization data which extends the initial observation that talin, like integrins,
is found in focal contacts (Burridge and Connell, 1983). In chicken peripheral blood
lymphocytes talin was found to colocalize with antibody-induced integrin caps in the presence,
but not absence, of phorbol ester (Bum et al., 1988). This suggested a role for PKC regulation
of this association, but further support for that hypothesis has not emerged. In NIH 3T3
fibroblasts, talin cocaps with transfected chicken P1 integrin that has been clustered with a
species-specific anti-chicken integrin antibody (Lewis and Schwartz, 1995). Talin did not
cocap with transfected P 1 integrin that had been deleted of the carboxy-terminal 15 amino
acids. Interestingly, the ability of various truncated forms of PI integrin to recruit F-actin into
clusters correlates with their ability to cocluster talin and FAK; clustering of a-actinin is
insufficient to induce F-actin colocalization (Lewis and Schwartz, 1995). Independent cocapping studies reveal that recruitment of talin to sites of capped

PI integrins depends on

ligand binding by integrins. Either ligand-mimicking antibodies or non-mimicking antibodies
plus the ligand-derived peptide, RGD, were able to cocluster talin with integrins, but talin was
not colocalized with clustered unliganded integrins (Miyamoto et al., 1995a). In this assay,
talin cocapping with integrins was not affected by inhibitors of tyrosine kinases (genistein and
herbimycin) or cytochalasin D, the latter result being consistent with talin's proposed role as an
adaptor between integrins and actin (Miyamoto et al., 1995b). Likewise, association of C.
elegans talin with the plasma membrane in muscle cells was dependent upon presence of wildtype worm P integrin but not vinculin (Moulder et al., 1996).
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A substantial body of in vitro binding data has accumulated to support the biochemical
association of talin with P integrins. Equilibrium gel filtration was used to detect an integrintalin complex exhibiting a dissociation constant on the order of 7x1 0 7 M (Horwitz et al., 1986).
This talin-integrin complex was shown to be capable of binding to vinculin or fibronectin, and
the association between talin and integrins was blocked by a small peptide derived from the P1
integrin cytoplasmic domain (Horwitz et al., 1986; Tapley et al., 1989). The integrin-binding
site was mapped to the talin carboxy-terminal domain (Horwitz et al., 1986). A GST-p1
integrin cytoplasmic domain fusion protein also was shown to bind to talin in cell lysates, and
deletion of the C-terminal 13 amino acids abolished this association (Chen et al., 1995). Talin
coimmunoprecipitates with P1 integrins in lysates of CHO cells overexpressing the integrin;
this association was specific for the

P1A cytoplasmic

domain and was not seen with the P1B

form of the cytoplasmic domain (Retta et al., 1998). Pfaff et al. (1998) found that P1A
cytoplasmic domain peptides bound to intact and carboxy-terminal domain of talin, and that

P1D, a muscle-specific splice form of the P1 cytoplasmic domain, bound talin about 7-fold
better, whereas a P1A peptide containing the mutation Y788A and a P7 cytoplasmic domain
peptide did not bind talin at all. In this assay, another actin-binding protein, filamin, bound the
P1A and P7 cytoplasmic domains but not the

P1D isoform, demonstrating

the specificity of

these interactions, and suggesting that different integrin cytoplasmic domains utilize distinct
mechanisms to connect to F-actin (Pfaff et al., 1998). Knezevic et al. (1996) detected some
binding of talin to P3 integrin cytoplasmic domain peptides above background binding to a
scrambled peptide, which probably reflects the sequence similarity between P3 and p1A. Talin
was also found to bind more convincingly to odlIb cytoplasmic domain peptides, a result which
disagrees with the observations of Pfaff et al. (1998) and is best explained by differences in the
two binding assays used. Pfaff et al. (1998) used dimeric peptides which were presented in a
fixed orientation, potentially obscuring a talin-binding site, whereas Knezevic and colleagues
(1996) coated plastic wells with peptides which were presumably monomeric, and probably
resulted in randomly displayed sequences including a putative talin binding site. Resolution of
this discrepancy awaits further investigations.
Whereas P1 integrin is the major known membrane binding site for talin in focal
contacts, vinculin is the primary actin-associated protein which interacts with talin. Vinculin,
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which consists of a globular N-terminal domain and an elongated rod C-terminal domain, is
found in focal contacts as well as cell-cell junctions (Geiger, 1979; Milam, 1985). Vinculin
also has been reported to bind to F-actin and the focal contact proteins paxillin, c-actinin, and
VASP (Belkin and Koteliansky, 1987; Wachsstock et al., 1987; Turner et al., 1990; Johnson
and Craig, 1995a; Brindle et al., 1996). The talin-vinculin interaction has been extensively
documented and has been detected by gel overlay, ligand blotting, cosedimentation,
coimmunoprecipitation of purified proteins, and several solid-phase binding assays (Otto,
1983; Burridge and Mangeat, 1984; Jones et al., 1989; Turner and Burridge, 1989; Nuckolls et
al., 1990; Gilmore et al., 1992; Gilmore et al., 1993; Hemmings et al., 1996). These studies
reveal that talin contains three separable vinculin binding sites with highest affinity of
approximately 10-8 M, all within the carboxy-terminal talin fragment. Analysis of these three
binding sites indicates that vinculin binding is neither necessary nor sufficient for focal contact
targeting of talin, consistent with results obtained in vinculin-null nematodes. Similarly, two
point mutants which ablate talin binding by vinculin have no effect on targeting of vinculin to
focal contacts, indicating that focal contacts contain vinculin binding activities other than talin.
Binding of vinculin to talin is regulated by an interesting mechanism which has served
as a model for intramolecular interactions in other proteins (discussed above). The imperfect
coincidence of talin and vinculin subcellular localization gave the first hints that talin-vinculin
binding was regulated. Vinculin was found at cell-cell as well as cell-matrix adhesion sites,
whereas talin was found only in focal contacts (Geiger, 1979; Burridge and Connell, 1983).
Similarly, capped integrins in lymphocytes induced talin colocalization but not vinculin (Bum
et al., 1988). Importantly, in the absence of the vinculin carboxy-terminal domain, PI-4,5-P 2
does not increase binding of talin to vinculin amino-terminal domain, indicating that the effect
of PI-4,5-P 2 on talin-vinculin binding is not mediated by talin (Gilmore and Burridge, 1996).
Three actin-binding sites have been mapped within talin, two of which are in the
carboxy-terminal domain and one of which either overlaps, or is contained within, the aminoterminal talin fragment (Hemmings et al., 1996). These interactions may explain the modest
increases in actin polymerization observed in vitro in the presence of talin (Muguruma et al.,
1990; Kaufmann et al., 1991; Niggli et al., 1994). Additional protein-protein interactions of
talin are of unclear physiological significance. Chen et al. (1995) observed a small amount of
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FAK in talin immunoprecipitates. This may be significant given the apparent requirement for
each protein during cell motility.

Regulation of talin function
Several post-translational modifications of talin have been described, but their
physiological relevance is unknown. Phosphorylation on serine, threonine, and tyrosine occurs
to low stoichiometry in cells transformed by the Rous sarcoma virus (RSV; Pasquale et al.,
1986; DeClue and Martin, 1987). The C-terminal domain was phosphorylated on multiple
sites up to about 0.07 mole phosphate/mole talin. Since only a small fraction of talin is
incorporated into the cytoskeleton, it is possible that the observed low stoichiometry of
modification of the entire pool reflects efficient phosphorylation of cytoskeletal talin, resulting
in relevant alterations in function. A precedent for this is found in the observation that
activated src preferentially associates with actin cytoskeleton in thrombin-treated platelets
(Clark and Brugge, 1993). Nonetheless, talin phosphorylation is not sufficient to cause
cytoskeletal rearrangements as no correlation between talin phosphorylation and cell
morphology was found in CEFs transformed by partial RSV mutants (DeClue and Martin,
1987). Similarly, PDGF-stimulated talin tyrosine phosphorylation results in no change of
subcellular distribution (Tidball and Spencer, 1993). Talin has been shown to be
phosphorylated by PKC in vitro (Litchfield and Ball, 1986). Treatment of platelets with
thrombin or phorbol esters and fibroblasts with phorbol esters or dibutyryl-cAMP can cause
increases in total talin phosphorylation, but these modifications only sometimes correspond to
changes in cytoskeletal structure (Turner et al., 1989; Beckerle, 1990; Bertagnolli et al., 1993).
Perhaps talin phosphorylation represents one of several means by which cells can effect
morphological changes.
Recent studies strongly suggest a role for calpain proteases in cell spreading and
migration. Inhibition of calpain in NIH 3T3 cells slowed cell spreading and reduced
lamellipodia extension, whereas similar treatment of CHO cells reduced migration speed by
inhibiting rear retraction rates (Huttenlocher et al., 1997; Palecek et al., 1998; Potter et al.,
1998). Talin is subject to limited proteolysis in cell lysates, probably through the action of
calpains and thrombin, both of which can cleave talin in vitro (Fox et al., 1985; Beckerle et al.,
1987). It has been suggested that talin proteolysis seen in thrombin-activated platelets results
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from the action of thrombin post-lysis, however, rather than from physiological action of
calpains as was originally proposed (Fox et al., 1985; Bertagnolli et al., 1993). Indeed, talin
proteolysis does not correlate with changes in cytoskeleton in a variety of cell types (Turner et
al., 1989; Tidball and Spencer, 1993). In one study, insoluble membrane-associated talin was
found to be exclusively in the cleaved form, raising the possibility that the small amount of
cytoskeletal talin is proteolytically processed (Tranqui and Block, 1995). In this study,
however, insufficient care was taken to show that talin was digested prior to cell lysis; more
careful repetition of this work could enhance its impact. The discovery that calcium-dependent
protease II colocalizes with talin in focal contacts and the growing evidence that calpains are
involved in remodeling actin makes the question of physiological talin proteolysis one which
must be resolved (Beckerle et al., 1987). The observation that cells overexpressing calpastatin,
a calpain inhibitor, have seven-fold higher levels of ezrin and two-fold greater levels of radixin
and moesin than control cells, but unchanged levels of talin, suggests that ERM proteins may
be more physiologically relevant calcium-dependent protease targets than is talin (Potter et al.,
1998). Proteolysis of ezrin by calcium-sensitive proteases has been reported (Yao et al., 1993;
Shuster and Herman, 1995).
Evidence that talin is important for membrane-cytoskeleton association, motility,
spreading and adhesion, together with its band 4.1 homology motivated investigation into the
band 4.1-like amino-terminal domain. Binding by this fragment of talin to the cytoplasmic
domain of a membrane protein, perhaps facilitated through interaction with a PDZ-domain
containing mediator, would fulfil predictions made nearly a decade ago based solely on talin's
homology to band 4.1 (figure 1-5; Rees et al., 1990). This prediction is explored in this thesis.
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Figure 1-1: A model for FAK in cell motility. FAK and src may use distinct adaptors to
effect motility and mitogenic signaling. Details are discussed in the text.
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Figure 1-2: A model for rho-stimulated focal contact formation. The candidate effectors
PI-4-P 5-kinase and rho kinase act through partially overlapping pathway to stimulate
actin polymerization, membrane binding, and contraction.
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Figure 1-3: A model for rac-stimulated membrane ruffling. PI-3 kinase products may
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vav. GTP-bound rac acts through unknown intermediates to activate LIM kinase, which
increases actin polymerization by inactivating cofilin. Another candidate effector,
p65 PAK, may contribute to ruffle formation directly in an unknown way, or a p65 PAK-Nck
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Figure 1-5: Membrane-cytoskeleton associations mediated by interaction of band 4.1
superfamily proteins with both membrane proteins and cytoskeleton. In this model, talin
is shown bound to the cytoplasmic domain of integrins though talin's carboxy-terminal
domain. It has been suggested that an additional membrane-binding site may exist in
talin's amino-terminal domain. Several PDZ-domain-containing proteins have been
found to bind to band 4.1, merlin, and members of the ERM family. Here, a hypothetical
PDZ protein is shown binding both talin and its hypothetical membrane binding partner.
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Chapter 2

Functions of the talin amino-terminal domain

Radixin-binding experiments described in the last section of this chapter were performed in
close collaboration with Etchell Cordero and Frank Solomon (MIT). Specifically, I provided
GST-layilin fusion proteins and probed the western blots, while Etchell produced the radixin
fusion proteins, performed the binding steps, electrophoresed and transferred the samples. Part
of this chapter has been published (Appendix B; Borowsky and Hynes, 1998).

"Don't do anything that someone else can do. Don't undertake a project unless it is manifestly
important and nearly impossible.. .so if you succeed, you will have created a whole domain for
yourself."
Edwin H. Land

Introduction
Talin's role as a membrane-cytoskeleton linker in focal contacts has been characterized
in detail; a short peptide derived from the

PI-integrin

cytoplasmic domain can block the

association of talin with integrins, and three actin-binding domains and three vinculin-binding
sites have been mapped in talin (Tapley et al., 1989; Hemmings et al., 1996). Interestingly the
integrin-, three vinculin-, and two of the three actin-binding sites in talin are all found within
the carboxy-terminal 190 kD calpain "tail" fragment of talin (Horwitz et al., 1986; Gilmore et
al., 1993; Hemmings et al., 1996). Microinjected talin tail fragment localizes to focal contacts,
suggesting that the known integrin-, vinculin-, and actin-binding sites account for talin's
membrane-cytoskeleton linking role in focal contacts (Nuckolls et al., 1990). In contrast,
talin's role in membrane ruffles has not been elucidated, although it seems reasonable to
project that, as in focal contacts, it connects F-actin to an unknown site on the plasma
membrane.
While the tail fragment can account for talin's role in focal adhesions, the role of talin's
47 kD amino-terminal calpain cleavage product ("talin head", amino acids 1-435) is not
known. An examination of talin protein sequence from highly divergent organisms reveals that
talin's N-terminal domain is the most well conserved region within the sequence. For instance,
C. elegans and D. discoideum talins are 78% and 66% similar to mouse talin within the head
domain, but only 59% and 46% similar to mouse talin overall (Kreitmeier et al., 1995; Moulder
et al., 1996). This highly conserved segment also contains talin's homology to band 4.1. This
sequence conservation may suggest that some conserved function exists for the talin head
domain, or it could mean that these proteins share a similar tertiary structure. Experimental
analyses of talin head function have given somewhat mixed results. Nuckolls et al. (1990)
found that a small fraction of microinjected talin 47 kD domain fragment incorporated into
focal contacts while most was diffusely localized in cells; the injected protein had no effect on
cytoskeletal morphology, cell spreading or adhesion. However, injected talin tail protein was
targeted to focal contacts and also exhibited ectopic localization at cell-cell junctions, where
full-length talin is not normally found, suggesting that talin head may enhance targeting to
focal contacts or mask other binding sites within talin's tail domain (Nuckolls et al., 1992). In
contrast, microinjected glutathione-S-transferase(GST)-talin 47 kD fragment colocalized with
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actin filaments and disrupted stress fibers in a majority of cells (Hemmings et al., 1996).
Bolton and colleagues generated two anti-talin monoclonal antibodies which, when
microinjected into human foreskin fibroblasts, disrupt actin stress fibers, and when injected
into chick embryo fibroblasts, significantly inhibit cell migration (Bolton et al., 1997). One of
these monoclonal antibodies recognizes an epitope in the talin 47 kD fragment and the other
binds a site at the extreme C-terminus of talin.
While the talin head domain appears to play an important role in cell motility and
morphology, no specific mechanism has been proposed to explain these observations. Based on
the sequence similarity between talin's N-terminal domain and band 4.1 Rees et al. (1990)
hypothesized that the conserved talin head domain contained an additional membrane binding
site for talin. Previous efforts to identify talin-head binding proteins have not produced
candidates. lodinated talin 47 kD fragment detected no bands in CEF lysates in gel overlay
experiments (Nuckolls et al., 1990). Likewise, efforts to detect binding of surface-labeled or
metabolically-labeled proteins to immobilized GST-talin head fusion protein were unsuccessful
(DiPersio and Hynes, personal communication). Since integrins and talin colocalize in focal
contacts, integrins have been considered to be a likely membrane binding site for this domain
of talin. However, no P1 integrins were found to bind to columns containing GST-talin head
(DiPersio and Hynes, personal communication.)
I decided to search for talin head binding proteins using a novel binding assay, the yeast
two-hybrid screen, with the hope that the use of an alternative approach might be productive.
In addition, to supplement prior efforts to find talin head binding partners by affinity for a
GST-talin head fusion protein, I have screened material bound by a GST-talin head fusion
protein for known focal contact proteins. In looking for particular proteins by western blotting,
I was able to detect an interaction, not previously observed, between FAK and talin.
Furthermore, in a two-hybrid screen I have identified a previously unknown type I integral
membrane protein which interacts with talin head, is expressed in all adherent cell lines
analyzed, and colocalizes with talin in membrane ruffles. A short motif present in the
cytoplasmic domain of this protein is sufficient for talin head binding. This protein also binds
at least one other member of the band 4.1 superfamily, radixin. I believe this protein represents
a membrane binding site for talin in ruffles, while integrins anchor talin in focal contacts.
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Materials and Methods
Yeast two-hybrid screen
Construction ofplasmids: Manipulation of DNA was performed according to standard
molecular biological protocols (Sambrook et al., 1989). Unless otherwise stated, restriction
enzymes and DNA modifying enzymes were purchased from New England Biolabs (Beverly,
MA). A pBluescript subclone of a talin cDNA encoding amino acids 1 to 435 (clone A14) was
made by partially digesting a chicken talin cDNA with NcoI, digesting with PstI, and cloning
the product into pBluescript SK- that had been digested with NcoI and PstI. To make the
LexA fusion bait, clone A14 was digested with Sac and EcoRV, the ends polished with T4
DNA polymerase in the presence of 0.1 mM each dNTP at 11 C for 20 mins, and the
appropriate fragment ligated into pEG202 that had been digested with EcoRI and rendered
blunt by the action of the large fragment of DNA polymerase I in the presence of 0.2 mM each
dNTP for 20' at RT (Gyuris et al., 1993). A pJG4-5 subclone of layilin lacking a cytoplasmic
domain was made by inserting a synthetic oligonucleotide (2STOPS:
CGGTTAATGATCATTAACCG) with two in-frame stop codons into the 3' PvuII site in the
longest partial layilin cDNA isolated in the 2-hybrid screen (Gyuris et al., 1993). A pJG4-5
subclone of layilin cytoplasmic domain was made by ligating a PvuII/XhoI layilin cDNA
fragment into pJG4-5 that had been digested with EcoRI, Klenow-blunted, and digested with
XhoI. A plasmid encoding LexA fused to the type-II TGFPR cytoplasmic domain was the gift
of Dr. R. Weinberg, MIT.

Yeast transformation: Yeast strains were cultured according to standard protocols (Guthrie
and Fink, 1991). The yeast strain EGY48 (alpha, his3, trpl, ura3-52, lex(leu2)3a) was used for
library screening and testing various candidate interactors (Gyuris et al., 1993). Yeast
transformations were performed using a modified lithium acetate/polyethylene glycol method
(Schiestl and Gietz, 1989). Briefly, yeast were grown at 30 'C to 1-2 x 107 cells/ml in
appropriate media, pelleted at room temperature for 10 minutes at 200 x g, washed once in 50
mls of sterile distilled water, pelleted as above, and resuspended in 1 ml of sterile distilled
water. Yeast were quick-spun, washed twice with 1 ml of LiTE (10 mM Tris pH 7.5, 1 mM
EDTA, 100 mM lithium acetate) and resuspended in an appropriate volume of LiTE. Fifty pd
of the yeast suspension was distributed to microcentrifuge tubes preloaded with 1-2 pg of each
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plasmid to be transformed plus 45 pg of sheared, denatured calf thymus DNA. Three hundred
p1 of PEG/LiTE (10 mM Tris pH 7.5, 1 mM EDTA, 100 mM lithium acetate, 40% PEG 3350)
was added to each tube and mixed by pipetting up and down. Each sample was incubated for
30 minutes at 30 C, transferred to 42 C for 20 minutes, then briefly pelleted, resuspended in
300 p1 sterile water, and 50-150 pl of this suspension plated on appropriate solid growth
media.

Recovery ofplasmid DNA from yeast: Plasmids were recovered using a modified "beadsmash" protocol (Hoffman and Winston, 1987). Yeast from a 2 ml overnight culture were
pelleted, resuspended in 50 pl STES (0.5 M NaCl, 0.2M Tris pH 7.6, 0.01M EDTA, 1% SDS)
and vortexed for 1 minute in the presence of an equal volume of acid washed glass beads
(Sigma G8772). Sixty ptl of phenol/chloroform (1:1) were added, samples were vortexed, 150
p additional STES added, and tubes were spun for 5 minutes at 13,000 x g. The aqueous
phase was transferred to a fresh tube, extracted once with an equal volume of chloroform,
ethanol precipitated in the presence of 0.3 M NaAc pH 5.2, and the pellet washed in 70%
ethanol and resuspended in 40 pA of water. Alternatively, one ml of an overnight culture was
pelleted, resuspended in 0.5 ml S buffer (10 mM KPO 4 pH 7.2, 10 mM EDTA, 50 mM p-ME,
50 pg/ml zymolyase), incubated for 30 minutes at 37 C, lysed with 100 p1 of lysing solution
(250 mM Tris pH 7.5, 25 mM EDTA, 2.5% SDS), vortexed, and incubated 30 minutes at 65 C.
After 166 pl of 3M potassium acetate were added and the solution chilled on ice for 10
minutes, the samples were spun at 4 C for 10 minutes at 13,000 x g, the supernatant
precipitated with 0.8 mls cold ethanol for 10 minutes on ice, the DNA pelleted by spinning as
above and resuspended in 40 pl of water. Five ptl of plasmid DNA were electroporated into
Escherichiacoli KC8 and selected for growth in the presence of 100 ptg/ml ampicillin on
minimal growth media supplemented with histidine, uracil, and leucine.

Preparation ofyeast protein lysates: Yeast protein lysates were prepared using a modified
"bead-smash" method (Solomon et al., 1992). One to two mls of yeast at approximately 107
cells/ml were spun briefly at 13,000 x g at room temperature , washed once in 1 ml PBS (137
mM NaCl, 2.7 mM KCl, 8.1 mM Na 2HPO 4 , 1.5 mM KH 2PO 4 , 0.9 mM CaCl 2, 0.5 mM MgCl 2 )
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containing protease inhibitors (1 mM PMSF, 9 TIU/ml aprotinin, 5 micrograms/ml leupeptin),
and mixed with one pellet volume of glass beads and 150 ul PBS. The yeast/glass bead
suspension was subjected to 5 cycles consisting of 30 seconds vigorous vortexing and 30
seconds on ice. Three hundred pl of PBS and 150 pl of 4x loading buffer were added, and
samples were boiled for 10 minutes and then centrifuged for 10 minutes. The supernatants
were analyzed by SDS/PAGE and western blotting.

Libraryscreen: The two-hybrid library screen was performed as previously described using
the CHO cDNA library pVPCHO (the gift of Dr. V. Prasad, Albert Einstein Medical College,
Gyuris et al., 1993). EGY48 containing the LexA-talin bait and the beta-galactosidase (P-gal)
reporter plasmid pSH18-34 was transformed with DNA prepared from two pools of pVPCHO
library that contained approximately 7.5x 04 and 8.2x 04 recombinants. Yeast transformants
were pooled, frozen in aliquots, and their plating efficiency determined. About 106 yeast
transformants were plated on synthetic complete medium containing raffinose and galactose as
carbon sources, but lacking histidine, leucine, tryptophan and uracil. Forty-eight to ninety-six
hours later 244 yeast colonies were picked and assayed for blue color on medium containing
X-gal (Boehringer Mannheim, Indianapolis IN). Plasmid DNA was recovered from 40 doublepositive (leu+, lacZ+) colonies, and candidate interactors were sorted into 19 classes based on
Alul and HaeIII restriction digestion patterns of the library inserts (Hoffkian and Winston,
1987; Gyuris et al., 1993). After retesting representative interactors of each class with negative
control baits, 30 of the original 40 clones were deemed worthy of further study. Based on
partial sequence data these 30 candidates were determined to comprise 3 cDNAs (Epicentre
PCR sequencing kit, Epicentre Technologies, Madison, WI).
Anchored PCR: Primers internal to the longest interactor cDNA recovered from pVPCHO
(LECTF1: TGGACAGATGGGAGCACAT and LECTR1:
GGAATTCCCCACTTTCTGAAGGGTTC) were used to screen pools of a CHO cDNA
library subcloned in pcDNA I (a gift of Dr. M. Krieger, MIT) for the presence of my interactor
cDNA (Guo et al., 1994). A fragment of the interactor cDNA was amplified from a positive
pool using a 3' primer within the cDNA (LECTR1) and a 5' primer complementary to the T7
promoter present in the vector (T7P: TAATACGACTCACTATAGG), subcloned into
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pBluescript, sequenced and found to encode an open reading frame continuous with and
overlapping that in the cDNA cloned from pVPCHO. The open reading frame encoded by the
PCR product completed the C-type lectin homology present in the original pVPCHO isolate,
contained a suitable start codon, and so was deemed likely to be the genuine 5' end of the
cDNA.

Northern analysis
PreparationofRNA: CHO RNA was prepared by acid phenol extraction as previously
described (Chomczynski and Sacchi, 1987) Poly-A+ RNA was isolated essentially as
described (Bradley et al., 1988). Briefly, 20 x 15 cm dishes of nearly confluent CHO cells
were trypsinized, pooled, pelleted and washed with PBS. The cells were resuspended in 20
mls of proteinase K solution (200 pg/ml proteinase K, 0.5% SDS, 100 mM NaCl, 20 mM Tris
pH 7.5, 1 mM EDTA), lysed with 3 x 25 second cycles in a Polytron homogenizer (Brinkman
Instruments, Waterbury NY), and incubated for 90 minutes at 37 'C. The NaCl concentration
was brought to 500 mM and 200 mg of oligo dT cellulose (as a suspension in high salt buffer
[0.1% SDS, 500 mM NaCl, 20 mM Tris pH 7.5, 1 mM EDTA]; Pharmacia, Piscataway NJ)
was added per 10 9 cells. After mixing for 2 hours at room temperature, the oligo dT cellulose
was washed twice in batch with high salt buffer, and poured as a column in a 1 ml syringe
plugged at the bottom with sterile glass wool. The resulting column was washed with 10
column volumes of high salt buffer and then eluted with 4 column bed volumes of low salt
buffer (0.05% SDS, 20 mM Tris pH 7.5, 1 mM EDTA). The 4 fractions were pooled, heated to
65 'C for 5 minutes, cooled on ice, brought to a final NaCl concentration of 0.5 M, and
incubated with a fresh aliquot of oligo dT cellulose for 30 minutes at RT. Washes, column
building, elutions, and rebinding were repeated as above twice for a total of three rounds of
selection on oligo dT cellulose. On the last cycle, 4 x 300 pl fractions of poly-A RNA were
eluted in low salt buffer and ethanol precipitated overnight at -20 *C. RNA was pelleted,
washed with 70% ethanol, and resuspended in 50 pl of diethylpyrocarbonate-treated water.
Fractions were assayed by ethidium spot testing and fractions 2 and 3 appeared to contain most
of the RNA at about 100 ng/pl.
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Electrophoresisand transfer: One to ten micrograms of RNA was mixed with 2 volumes of
loading buffer (lx MOPS, 6% formaldehyde, 40% deionized formamide), heated to 65 C for
10 minutes, cooled rapidly on ice, and run on an agarose gel (1% agarose, 1xMOPS, 6%
formaldehyde). The gel was treated for 40 minutes at room temperature with 50 mM NaOH/10
mM NaCl, neutralized with 2 x 20 minute washes of 0.2 M Tris pH 7.8/18xSSC, and
transferred overnight onto Hybond-N nitrocellulose (Amersham Life Sciences, Arlington
Heights, IL) with 20xSSC (Alwine et al., 1977). The filter was crosslinked in a Stratagene
stratalinker (Stratagene, La Jolla, CA) set on AUTO CROSSLINK, prehybridized for at least 2
hours at 57.5 C in Church-Gilbert buffer (1 mM EDTA, 500 mM Na 2 H2 PO 4 pH 7.2, 7% SDS,
1% BSA), hybridized overnight in the same buffer containing 106 CPM of layilin probe,
washed twice at room temperature in 2 x SSC/0.I% SDS and twice at 55C in 0.2 x SSC/0.1%
SDS and then exposed on X-OMAT AR film (Kodak, Rochester NY) with an intensifying
screen at -80 C.

Synthesis ofprobesfor northern blotting: Ten ng of layilin cDNA clone B 1.13 was labeled by
random priming. Specifically, the DNA was denatured for 5 minutes at room temperature in 2
mg/ml pd(N) 6 and 100 mM NaOH, then brought to reaction conditions (0.8 mg/ml pd(N)6 , 40
mM NaOH, 130 mM Tris pH 7.5, 5 mM MgCl 2 , 10 mM p-ME, 12 pM each dATP, dTTP,

dGTP, and 50 pCi cC-3P-dCTP, 5 units Klenow fragment) and incubated at room temperature
for 2 hours. Unincorporated nucleotides were removed by passing the labeling reaction
mixture through a G-50 spin column (TE micro select-D, 5 Prime -+ 3 Prime, Inc., Boulder
CO).
Preparation of polyclonal anti-layilin antisera
Conjugation ofpeptide antigen to Keyhole limpet hemocyanin (KLH): Conjugation of the
antigen was performed using a method similar to Marcantonio and Hynes (1988). Six
milligrams of KLH (20 mg/mil, Calbiochem-Behring Corp., La Jolla CA) was added in 0.3 mls
to 1 ml of 10 mM KPO 4 pH 7.0 in a small beaker with stirring. Then 0.24 mls of 5 mg/ml
sulfo-m-maleimidobenzo(-N-hydroxysuccinimide) ester (sulfo-MBS, Pierce, Rockford IL, in
10 mM KPO 4 pH 7.0) was added dropwise to the stirred KLH solution and then stirred for 30
minutes at room temperature. The solution was run over a G25 column (Pharmacia PD-10) as
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follows. All steps were done under gravity flow. The column was equilibrated with 5 bed
volumes (approx. 9 mls/bed volume) of 100 mM KPO 4 pH 6.0. Fraction number 1 was
collected as the sample was run into the column. Approx. 12 x0.5 mls fractions were collected.
Fractions that were blue-gray to the eye (6-8) were judged to contain the activated KLH. A
synthetic oligopeptide (LC20) with the sequence CSPDRMGRSKESGWVENEIYY was
purchased from the MIT Biopolymer Facility, and 21 mg of this HPLC-purified peptide was
dissolved in 3 mls of PBS. Since the peptide was reported to be 75% pure, 21 mg corresponds
to 15.75 mg peptide, making the solution approximately 5 mg/ml. The peptide and activated
KLH were mixed in a 15 mls centrifuge tube, and the pH was adjusted with 2N NaOH until it
reached approximately 7. The solution was mixed gently at room temperature for 3 hours, by
which time a white precipitate had formed and the solution was cloudy. The solution was
dialyzed against 2 x 4 liters of PBS at 4 C. The final preparation had a protein concentration of
3.15 mg/ml, as assayed using a Bio-rad Dc protein assay kit (Bio-rad, Hercules CA) with BSA
as a standard.
Commercialproduction of immune sera: KLH-conjugated peptide was shipped to Covance
(Denver PA) for production of antisera. Two rabbits were given intradermal implants of 0.3
mg antigen, boosted 21 days later with a subcutaneous injection of 0.3 mg antigen and then
boosted every 21 days thereafter with a subcutaneous injection of 0.15 mg antigen. Rabbit 618
received a total of 5 boosts and rabbit 619 received a total of 6 boosts. Bleeds were collected
10 days following each boost and then every 2 weeks after the last boost for 4 cycles for rabbit
618 and 9 cycles for rabbit 619. Rabbit 618 produced 168 mls of serum and rabbit 619
generated 225 mls of serum.
Western blotting: Protein samples were electrophoresed on appropriate percentage SDS/PAGE
gels and transferred at 4 *C for 90 minutes to Protran nitrocellulose (Schleicher and Schuell,
Keene NH; Towbin et al., 1979). Filters were blocked for at least 60 minutes (room
temperature) or overnight (4 'C) in blocking buffer (5% Carnation non-fat dry milk
reconstituted in PBS/0.1% Tween-20). Blots were incubated either overnight at 4 *C or for 2-4
hours at room temperature with an appropriate dilution of antibody in blocking buffer. Antilayilin antiserum was used at 1:1000. Blots were washed with PBS/0. 1% Tween-20 with at
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least 5 changes over 30 minutes at room temperature. Filters were incubated with appropriate
HRP-conjugated secondary antibodies (Jackson Immunoresearch Labs, Inc., West Grove PA)
diluted 1:2000-1:5000 in blocking buffer for 45 minutes at room temperature and then washed
as above. Bands were visualized using the Renaissance chemiluminescence kit (DuPont-NEN,
Boston MA) and autoluminography.

Ammonium sulfateprecipitationofpolyclonal antisera: Eight mis each of the E and F bleeds
were pooled, spun 30 minutes at 3000 x g, and the supernatants transferred to small beakers.
With all reagents at room temperature, 16 mls of a saturated solution of ammonium sulfate (pH
7.0) was added dropwise to the antiserum, with constant stirring. The mixture was transferred
to 40 mls centrifuge tubes and slowly agitated overnight at 4 C. The slurry was spun and 3000
x g for 30 minutes at 4 C. The supernatant was set aside for later analysis and the pellets
resuspended by pipetting up and down in 6 mls of PBS. The resuspended pellets were dialyzed
overnight at 4 C against 3 changes of PBS. The dialysate was brought to a final volume of
10.5 mls with PBS and spun at 30,000 x g for 30 minutes at 4 C.
Immobilizing the peptide antigenfor affinity purification: Fifteen mg of HPLC-purified LC20
peptide was dissolved in coupling buffer (100 mM Tris pH 8.0, 500 mM NaCl, 1 mM EDTA)
at a final concentration of 6 mg/ml. Eight mg of DTT was dissolved in the peptide solution
and the resulting solution was incubated with gentle shaking at room temperature for 72 hours
to reduce the thiol group in the amino-terminal cysteine. The peptide solution was spun for 5
mins at room temperature at 13000 x g and then desalted by passage over a Sephadex GI 5
(Pharmacia) column with a bed volume of 20 mls. The column was equilibrated in coupling
buffer and run at a flow rate of 10 mls/hour. 1.5 mls fractions were collected and assayed for
peptide with a Bio-rad protein assay. Fractions 6-9 were pooled and coupled to 3.5 mls
thiopropyl-Sepharose 6B (Pharmacia) prepared as follows. One gram of thiopropyl-Sepharose
6B was swollen in 200 mls degassed distilled water for one hour, washed four times with 20
mls distilled water on a sintered-glass filter, and equilibrated in degassed coupling buffer. The
reduced peptide was incubated with the thiopropyl-Sepharose 6B in a 15 mls conical bottom
tube with gentle mixing overnight at room temperature. The slurry was washed on a sinteredglass filter 4 times with 50 mls coupling buffer, 2 times with 50 mls blocking buffer (100 mM
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sodium acetate pH 4.5), 10 times with 50 mls blocking buffer containing 1.2 mM p-ME, and 2
times with 50 mls blocking buffer. The thiopropyl-Sepharose 6B conjugated peptide (LC20)
was divided into 2 aliquots of about 1.5 mls each and poured as two columns each in a 10 mls
dispo column. The columns were washed with 300 mls of PBS and stored at 4 C in 0.02%
azide in PBS.
Affinity purification: A thiopropyl-Sepharose 6B (Pharmacia) column with covalently-coupled
LC20 was washed sequentially with 15 mls of: 10 mM Tris pH 7.5 under gravity flow, 100
mM glycine pH 2.5 at 25 mls/hour, 10 mM Tris pH 7.5 at 25 mls/hour. Ammonium sulfateprecipitated antiserum was applied to the column at 20 mls/hour. The flow rate was increased
to 25 mls/hour and the eluate recirculated on the column for 30 minutes, so that the antiserum
ran over the column a total of three times. On the last cycle the depleted serum was collected
and saved for use as a control for the affinity-purified antiserum. The column was washed at
25 mls/hour with 30 mls of 10 mM Tris pH 7.5 and then 30 mls of 500 mM NaCI in 10 mM
Tris pH 7.5. Antibody was eluted in 1.2 mls fractions with 100 mM glycine pH 2.5 into 1.5
mls microcentrifuge tubes pre-loaded with IM Tris pH 8.0 sufficient to neutralize the glycine.
Preparation of tissue lysates
Organs dissected from an adult female mouse were washed twice with cold PBS, resuspended
in an equal volume of homogenization buffer (100 mM NaCl, 10 mM Tris pH 7.5, 1 mM
EDTA, 1 mM PMSF, 9 TIU/ml aprotinin, 5 micrograms/ml leupeptin) and homogenized on ice
with an electric grinder (Kontes, Vineland NJ) in 1.5 ml microcentrifuge tubes. An equal
volume of 2xRIPA buffer (1xRIPA: 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
158 mM NaCl, 10 mM Tris pH 7.5, 1 mM EGTA, 1 mM PMSF, 9 TIU/ml aprotinin, 5
micrograms/ml leupeptin) was added, samples were vortexed, incubated on ice for 60 minutes,
boiled for 10 minutes, spun at 13,000 x g at 4 'C for 10 minutes, and assayed for total protein
using a detergent-compatible protein assay (Bio-rad). An equal mass of each sample was
analyzed by western blotting.
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Avidin depletion
Three 10 cm dishes of nearly confluent CHO cells (107 cells) were washed with PBS, and cells
were released with versene (0.02% EDTA, PBS, phenol red), pooled, washed twice with PBS,
and diluted to a density of 5x10 6/ml with PBS. The sample was divided into two parts, and
DMSO containing 10 mg/ml EZ-Link sulfo-NHS-LC-biotin (Pierce) was added to one half of
the sample, while DMSO alone was added to the other half, and cells were rocked gently for 60
minutes at room temperature (Isberg and Leong, 1990). Cells were washed three times with 1
ml of Tris wash buffer, lysed in 1.5 mls RIPA buffer, sheared through a 26 gauge needle to
reduce viscosity, and spun for 10 minutes at 4 'C and 13,000 x g to remove insoluble debris.
Two 1 ml syringes plugged with glass wool were packed with 200 p of Immunopure
Immobilized Monomeric Avidin (Pierce) poured as a 33% slurry and prepared according to the
manufacturer's instructions. The columns were loaded with 200 p1 of biotin-labeled or mocklabeled lysate, capped and incubated at room temperature for 76 minutes, and then PBS applied
to each column as three 200 pl fractions were collected. Equal volumes of each eluted fraction
were analyzed by western blotting.
Surface labeling and immunoprecipitation
RIPA lysates from surface-biotinylated CHO cells were prepared as described above. Lysate
from 8x10 5 cells was mixed with 50 p1 of protein A Sepharose CL-4B (as a 1:1 slurry in RIPA
buffer; Pharmacia), 1 pl of anti-layilin antiserum or control serum, and 1 mg of heatinactivated BSA in RIPA buffer in a total volume of 450 pl. After incubation at 4 *C overnight
with end-over-end mixing, the Sepharose was washed 5 times with 1 ml RIPA buffer. Each
sample was divided into two parts and one part was treated with peptide: N-glycosidase F
(PNGase F) according to the manufacturer's instructions (New England Biolabs). Samples
were boiled for 10 minutes in 1x gel loading buffer, spun for 10 minutes at 13,000 x g at room
temperature, electrophoresed on 7.5% acrylamide gels, and transferred to nitrocellulose filters.
Filters were blocked overnight at 4 *C in blocking buffer (5% non-fat dry milk reconstituted in
PBS/0. 1% Tween-20), rinsed twice and then washed once for 5 minutes with PB S/0. 1%
Tween-20, incubated for 45 minutes at room temperature with HRP-streptavidin (Amersham
Life Science) diluted 1:2000 in PBS/0.1% Tween-20, rinsed twice and then washed once for 15
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minutes in PBS/0.l% Tween-20, followed by 5 x 10 minute washes in PBS/0.l% Tween-20.
Bands were detected using chemiluminescence (DuPont-NEN).

GST fusion binding
Plasmid construction: The GST-chicken talin 1-435 fusion (GST-CT) was made by ligating a
BamHI/EcoRI fragment from chicken talin clone A14 into BamHI/EcoRI digested pGEX-2T
(Pharmacia). Deletions within this region of talin were made by either digesting this construct
with appropriate enzymes or by generating PCR products within it. Specifically, to make
GST-CT 1-94, GST-CT was cut with SphI and EcoRI, blunted with Klenow and religated. To
produce GST-CT 280-435, GST-CT was cut with BglII and BamHI, blunted with Klenow and
religated. To generate GST-CT 1-280, GST-CT was cut with BglII and EcoRI, blunted with
Klenow and religated. To create GST-CT 187-435, GST-CT was cut with Clal and BamHI,
blunted with Klenow and religated. The insert for GST-CT 187-357 was derived from GSTCT 187-435 using PCR with a primer starting at the codon for amino acid 357 (CTR1:
CGAATTCGATGTTGGTCAGGCTCC) and a primer in the vector (pGEX1:
TTGCAGGGCTGGCAAGC). The insert for GST-CT 225-435 was synthesized by PCR using
a primer starting at the codon for amino acid 225 (CTF1: CGGATCCGGCTCCCACCCCGTC)
and a primer in the vector (pGEX2: GCTGCATGTGTCAGAGG). Each PCR product was
digested with BamHI and EcoRI and ligated into BamHI, EcoRI digested pGEX-2T. In order
to make the GST-layilin cytoplasmic domain fusion containing amino acids 261-374, a
pBluescript subclone of layilin cDNA was made that extends from the 3' XhoII site to the 3'
end of the cDNA, with the XhoII site blunted and ligated to the pBluescript EcoRV site and the
3'end of the layilin cDNA cloned into the pBluescript XhoI site. The construct was digested
with EcoRI and XhoI, and the appropriate fragment was cloned into EcoRI/XhoI cut pGEX5X-1 (Pharmacia). The GST-layilin 244-335 fusion was made by amplifying the cDNA
encoding those amino acids with primers LECTF2 (GGAATTCTCAGCTGCATGTTGGGTT)
and LECTR1, digesting the PCR product with EcoRI, and subcloning the fragment into EcoRIdigested, phosphatase-treated pGEX-5X-1. The GST-layilin 330-374 fusion was made by
amplifying a pBluescript subclone of the layilin cDNA with a 5' primer starting with the codon
for amino acid 330 (LECTF3: GGAATTCAACCCTTCAGAAAGTGGGTT) and T7P. The
PCR product was digested with EcoRI and XhoI and the resulting fragment ligated into pGEX-
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5X-1 which had been digested with EcoRI and XhoI. The GST-(LH23)x3 fusion was made by
self-ligation of a double-stranded oligomer consisting of top strand LH23T
(GATCCTTGAGAGTGGATTTGTGACCAATGACATTTATGA) and bottom strand LH23B
(GATCTCATAAATGTCATTGGTCACAAATCCACTCTCAAG),

digestion with BamHI and

BglII, and ligation of the resulting multimerized oligomer into pGEX-5X-l that had been
digested with BamHI and treated with shrimp alkaline phosphatase(Boehringer Mannheim).
All GST-talin and GST-layilin fusion protein constructs were confirmed by sequence analysis.
The GST-fibronectin(FN) constructs have been described previously (Peters et al., 1995).
Proteinpreparation: Bacterially-expressed GST-fusion proteins were prepared essentially as
described (Smith and Johnson, 1988) A saturated overnight culture of DH5a containing the
plasmid of interest was diluted 1:10 in LB/AMP and grown for 3 hours with shaking at 37 C. 1
M IPTG was added to a final concentration of 1 mM and cultures were grown an additional 2
hours. Cells were harvested by centrifugation at 4 C for 5 mins at 4500x g, the pellets
resuspended in 10 mls cold PBS per 200 mls culture volume, sonicated in 10 ml aliquots in a
50 mls conical bottom tube on ice for 5 mins at 0.5 seconds on/0.5 seconds off, 15% power.
1/10 vol. 10% TX-100 was added, and PMSF added to 1mM, aprotinin added to 2.2 pg/ml (9
trypsin inhibitor units/ml), and leupeptin added to 5 pg/ml. Samples were vortexed briefly and
then spun at 30,000 x g for 20 mins at 4 C. The supernatant was mixed with about 250 pl of
packed, preswollen glutathione agarose (Sigma, St. Louis MO) for 3 hours at either room temp
or 4 C, washed four times in 10 mls PBS, and stored as a 1:1 slurry in PBS at 4 C for up to 4
weeks prior to use.
Affinity isolation: Detergent lysates of either CHO, NIL8 or their transfected derivatives were
made by scraping and pooling cells, washing with Tris wash buffer (50 mM Tris pH 7.5, 150
mM NaCl, 1 mM MgCl 2 , 1 mM CaCl 2) and then lysing on ice for 20 minutes with 1 ml of lysis
buffer (0.1% TX-100, 0.3 M sucrose, 50 mM Tris pH 7.5, 100 mM KCl, 1 mM CaCl 2 , 2.5 mM
7
MgCl 2 , 1 mM PMSF, 9 TIU/ml aprotinin, 5 micrograms/ml leupeptin) per 10 cells. The lysate

was centrifuged at 13,000 x g for 10 minutes at 4 'C, and then precleared with 500 p1 of
packed glutathione-agarose (pre-equilibrated in lysis buffer) per ml of lysate for 30 minutes at
4 'C. For peptide blocking experiments, 5 mg/ml peptide in PBS was added to a final
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concentration of 1 mg/ml to the cleared lysate and the mixture incubated on ice for 20 minutes.
Five hundred microliters of cleared lysate were added to 50 [1 of glutathione-agarose
preloaded with each GST-fusion protein and rotated end-over-end for 1 hour at 4 'C. The
samples were centrifuged briefly, the supernatants removed, and the glutathione-agarose
pellets washed four times with 500 p lysis buffer without detergent. The glutathione-agarose
pellets were then boiled for 10 minutes in an equal volume of 1x gel loading buffer and
analyzed by western blotting (Towbin et al., 1979).
Radixin-binding experiments:
All steps were performed at 4 'C. Binding of layilin in CHO cell lysates to immobilized
recombinant radixin or radixin fragments was performed as described for binding to GST-CT
above except that his-tagged radixin fragments (provided by Etchell Cordero) bound to nickelSepharose were used instead of GST-talin bound to GSH-agarose. Direct binding between
recombinant radixin and layilin was detected as follows: 0.2 nmoles of his-tagged radixin (or
N- or C-terminal fragments thereof) were incubated with 40 pA of a 1:1 slurry of Ni-Sepharose
in buffer I (300 mM NaCl, 50 mM NaPO 4 , 20 mM imidazole pH 8.0) for ~30 minutes in a total
volume of 250 pl. The supernatant was removed, the beads were washed once with buffer I,
resuspended in 225 pl, and 0.2 nmoles of GST-layilin (261-374) were added in 25 pA of PBS.
After ~30 minutes, beads were washed 3 times in buffer V (300 mM NaCl, 50 mM NaPO 4 , 40
mM imidazole pH 8.0, 10% glycerol), and bound material eluted for 10 minutes in buffer VII
(300 mM NaCl, 50 mM NaPO 4, 250 mM imidazole pH 8.0). Samples were diluted in gel
loading buffer and equal aliquots of each sample analyzed by western blotting with an antibody
directed against GST. In some experiments, his-tagged radixin N-terminal domain was
preincubated with 0.2, 0.4, or 2.0 nmoles of his-tagged radixin C-terminal domain, and the
mixture added to beads, washed, and then mixed with layilin fusion protein as described above.
To assay effects of phospholipids on radixin-layilin binding, his-tagged full-length radixin was
preincubated with 15 or 50 ptM of either phosphatidyl-inositol-phosphate or phosphatidylcholine for ~30 minutes and then processed as described above for binding to GST-layilin
(261-374).
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Generation of cell lines expressing epitope-tagged layilin
A hemagglutinin(HA)-tagged version of layilin was made by inserting a synthetic EcoRI linker
(New England Biolabs) into the 5' PvuII site in the layilin cDNA. An oligonucleotide
encoding the sequence EFYPYDVPDYASPEF was ligated into the EcoRI linkered form of
layilin, and this construct was confirmed by DNA sequencing (Wilson et al., 1984). The
tagged layilin cDNA was transferred into the expression vector pLEN-neo and the resulting
construct transfected into cells using standard calcium-phosphate protocols.

Immunofluorescence
Cells were plated on glass coverslips coated with 5 [ig/ml human plasma fibronectin (Beckton
Dickinson, Bedford MA), and incubated for 15 minutes to detect ruffles in spreading cells,
overnight to obtain well-spread cells, or several days to achieve high cell density for in vitro
wounding experiments. Spreading cells were stained prior to fixation and permeabilization,
although identical staining patterns were observed when staining was performed on fixed and
permeabilized cells. Otherwise cells were stained after fixation and permeabilization as
follows. Coverslips were washed three times in PBS, fixed for 10 minutes in 4%
paraformaldehyde in PBS, washed as above, permeabilized for 10 minutes in 1% Brij 99
(Fluka, Ronkonkoma NY) in PBS, washed as above, blocked with 10% normal goat serum
(NGS, Vector Laboratories, Inc., Burlingame CA) in PBS for 30 minutes at 37 'C, incubated
with primary antibody diluted in 10% NGS/PBS for 30 minutes at 37 'C, washed as above,
incubated with fluorescently-labeled secondary antibodies (Biosource International, Camarillo
0
CA) and fluorescently-labeled phalloidin (Sigma) as appropriate, for 30 minutes at 37 C,
washed as above, rinsed once in water and mounted in gelvatol (Monsanto, St. Louis MO)

containing DABCO (Sigma) to prevent fading. For peptide blocking experiments, antibodies
were preincubated on ice with an appropriate peptide at 1 mg/ml for at least 30 minutes.
Antibodies were used at the following dilutions: anti-layilin, 1:200; TD77 (anti-talin), 1:100;
12CA5 (anti-HA-tag), 1:2000; secondary antibodies, 1:200, phalloidin, 1:5000. Monoclonal
antibody TD77 was the gift of Dr. D.R. Critchley, University of Leicester (Bolton et al., 1997).
In some experiments stained cells were viewed on a Zeiss Axiophot and immunofluorescent
images were recorded on Kodak film or digitally captured with an Optronics DEI-750 CCD
camera. The results of some experiments were recorded digitally on a Zeiss Axioplan 2
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equipped with a Photometrix CCD camera and IPLab Spectrum software. For wounding
experiments, confluent monolayers grown on fibronectin-coated coverslips were scraped under
warm PBS with a rubber policeman to remove approximately half of the monolayer and
returned to a 37 'C/5% CO 2 incubator for 45-90 minutes until prominent phase-dark ruffles
were observed (Nuckolls et al., 1992).

Preparation of T-cells
The spleen or lymph nodes were dissected from a healthy male BALB/C mouse, and
cells were dispersed mechanically by forcing the organ through a nylon mesh screen. After 2
washes in PBS + Ca/Mg, cells were resuspended in RPMI/10% fetal calf serum. Cells were
spun for 20 minutes at room temperature and 1200 x g onto a lympholyte M cushion.
Lymphocytes were recovered from the media/lympholyte interface, washed twice with
RPMI/10% fetal calf serum, and plated in 10 mls of RPMI/10% fetal calf serum on a 10 cm
plastic tissue culture dish. After 1 hour at 37 C/5% CO2, non-adherent cells were removed and
passed over a column consisting of about 1 gram of nylon wool. Non-adherent cells were
eluted with RPMI/l 0% fetal calf serum, adjusted to 10 6/ml and cultured in the presence of 5
ptg/ml concanavilin A for 48 hours. Cells were washed 4 times with RPMI/10% fetal calf
serum and returned to culture in the presence of 4 ng/ml of recombinant human IL-2 for 10-12
days. Cells were plated in a small volume onto glass coverslips (which had been pre-treated
with 20 [tg/ml human plasma fibronectin) and incubated for 45 minutes at 37 C/5% CO 2.
Samples were fixed and processed for immunofluorescence as described above.
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Results
Misexpression of talin-head has cell-type specific effects
In order to elucidate the function of talin's 47 kD N-terminal fragment, NIH3T3 and
CHO cells were transfected with a plasmid which constitutively expresses mouse talin head
domain bearing a hemagglutinin (HA) epitope tag at its C-terminus (MT-HA). NIH3T3 cells
were transfected with either MT-HA or a plasmid which expresses an HA-tagged form of
radixin (HAC-RAD; Henry et al., 1995). No stable clones which expressed MT-HA were
obtained in several experiments, although clones expressing tagged radixin were recovered.
An appropriately sized band was detected on western blots from cells transiently transfected
with MT-HA, indicating that the fusion protein is made. Cells were examined at early times
after transient transfection; cells expressing MT-HA were relatively rare and always exhibited
morphology of a weakly adherent cell (figure 2-1c). In contrast, mock-transfected cells or
those transfected with HAC-RAD were flat. HA staining of MT-HA transfectants revealed
brightly stained cells with strong signal throughout the cell (figure 2-1c). Cells expressing
HAC-rad had positively stained apical membrane projections (figure 2-1b). Untransfected
cells showed some faint perinuclear staining (figure 2-l a).
Whereas no NIH3T3 clones were obtained that expressed MT-HA, several stable cell
lines were recovered from transfected CHO cells. In these cells, MT-HA was distributed
throughout the cytoplasm with some increased staining in peripheral membrane ruffles (figure
2-1d). The establishment of cell lines stably misexpressing the talin head domain indicates that
this fragment of talin does not inevitably disrupt cell adhesion or spreading. CHO cells, which
are capable of growth in suspension, may be more tolerant of manipulations which disrupt
cytoskeleton or adhesion than are NIH3T3 cells.

Identificationof a talin-head-bindingpartnerby a yeast two-hybrid screen
Given talin's homology to other members of the band 4.1 superfamily, Rees et al.
(1990) hypothesized that talin's N-terminal domain, like those of band 4.1 and ERM proteins,
would bind to an integral membrane protein. Since previous biochemical efforts to find such a
talin-head-binding protein yielded no candidates, I used a LexA-based yeast two-hybrid system
to find talin-head-binding proteins (Nuckolls et al., 1990; Gyuris et al., 1993). I generated a
LexA-talin fusion protein containing the band 4.1 homologous region of chicken talin (amino-
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acids 1-435, LexA/CT 1-435). Western analysis indicated that yeast carrying a 2pt plasmid
encoding LexA/CT 1-435 express a protein of the expected size (70 kD) not expressed in the
parental yeast strain or yeast expressing LexA alone (figure 2-2). This fusion protein, neither
alone nor when co-expressed with the B42 acidic transcriptional activator, activated either the
leu2 or p-gal reporter genes (TABLE 1, figure 2-6B, and data not shown). Based on results
from a transcriptional repression assay I inferred that the LexA/CT 1-435 bait binds DNA in
the nucleus (Gyuris et al., 1993, figure 2-3). In this assay, an indicator yeast strain (EGY40)
exhibits inducible lacZ gene expression and

p-gal activity when yeast

are grown on galactose.

If these yeast also express a LexA fusion protein capable of entering the nucleus and binding to
LexA binding sites inserted between the promoter and start of transcription p-gal induction is
inhibited. The yeast strain expressing the LexA/CT 1-435 fusion protein exhibits 4-fold lower
inducibility, suggesting that the LexA/CT 1-435 bait contains a functional LexA DNA-binding
domain and enters the yeast nucleus.
I screened approximately 106 yeast colonies representing about 105 cDNAs from a
CHO cDNA library with this LexA-talin head bait and picked 40 colonies which displayed
both leucine prototrophy and the ability to activate a lacZ reporter. After grouping the 40
cDNAs into classes based on Alu and HaeIII restriction patterns I recovered representative
cDNAs from each class and retested them with LexA/CT 1-435 and a panel of four negative
control LexA-fusion protein baits (LexA-max, LexA-bicoid, LexA-secl6p, LexA-TGF3R;
Zervos et al., 1993; Espenshade et al., 1995). These controls were chosen because each has
demonstrable DNA-binding and/or protein-protein binding activity in yeast. I recovered 30
cDNAs comprising a total of three genes which reproduced leucine prototrophy and P-gal
activation when cotransformed into yeast with the talin bait but not with the negative controls
(TABLE 1). Of these 3 genes, two encoded short translational fusion proteins with no
homology to proteins in the GENBANK database. One of these short fusions was recovered
once, and is most likely an artifact. The second was represented by four cDNA fragments with
identical 5' ends; this observation suggests that all four colonies may be progeny of a single
primary transformant, or alternatively, that this cDNA fragment is well represented in the
library. Homology searches of GENBANK revealed this cDNA to be homologous to a
ubiquitin conjugating enzyme cDNA. This interactor cDNA was fused to a sequence at the
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extreme 3' untranslated region of the gene, and so it was deemed likely to be another artifact of
the screen.
The remaining 25 candidate interacting sequences were overlapping fragments of a
previously unidentified cDNA. Partial sequence analysis revealed that this cDNA contained a
novel ORF with potentially interesting homologies. The cDNAs recovered from the yeast
screen lacked 5' untranslated sequences and a start codon. The 5'-most sequences encoded
part of domain homologous with C-type lectins but lacking the N-terminal extent of a complete
carbohydrate recognition domain (CRD). In order to obtain additional 5' sequences, I screened
pools of a pcDNA-CHO library for the presence of an internal PCR fragment of the cDNA and
then cloned the 5' end of the cDNA from two positive pools using anchored PCR (Guo et al.,
1994). The final assembled sequence contains a start codon embedded in a Kozak consensus
and encodes a complete CRD-homologous domain (figure 2-4A). Northern analysis with
probes derived from the resulting 1777 bp cDNA detected a single 1800 nucleotide (nt) band
evident in CHO poly-A+ and total RNA (figure 2-5). Upon longer exposure, a similarly-sized
band is evident in total RNA prepared from NIH3T3 fibroblasts, suggesting cross-species
conservation of the gene.
The cDNA contains an open reading frame predicted to encode a 374 amino acid
protein of estimated molecular mass 43 kD (figure 2-4A). The protein has an amino-terminal
signal sequence and predicted cleavage site typical of a secreted or transmembrane protein, a
130 amino acid domain with significant homology to C-type lectin carbohydrate-recognition
domains (CRD), a 30 amino acid hydrophobic span suggestive of a transmembrane domain,
and a 120 amino acid C-terminal domain containing three novel repeated motifs and two
YXXID motifs similar to those known to allow AP-2-mediated recycling of some
transmembrane proteins (von Heijne, 1986; Letourneur and Klausner, 1992; Drickamer, 1993).
I named this protein layilin based on the sequence "LAYILI" found in its putative
transmembrane domain.
Since talin is a cytosolic protein a physiologically relevant interaction between layilin
and talin must be mediated by layilin's putative cytoplasmic domain. Each of the seven
independent layilin cDNAs recovered and sequenced contains the cytoplasmic domain of
layilin, suggesting that the layilin cytoplasmic domain is sufficient for talin binding. I
confirmed this by testing the cytoplasmic domain and the extracellular and transmembrane
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domains separately in the two-hybrid assay. Expression of three B42-layilin fusion proteins
was confirmed by western blotting with an antibody to the HA-epitope tag (figure 2-6A). The
fusion protein spanning most of the layilin extracellular domain, the transmembrane domain,
and the stop-transfer sequence (amino acids 92-244) was expressed at relatively high levels,
while that consisting of only the layilin cytoplasmic domain (amino acids 244-374) was
expressed less well. Despite relatively low expression levels, the layilin cytoplasmic domain
alone (amino acids 244-374) conferred leucine prototrophy and activated the LacZ reporter
whereas the B42-fusion which contains most of layilin (amino acids 92-244), but lacks the
cytoplasmic domain, did not.
A comparison of layilin's C-type lectin homologous sequences with the CRDs of two
known C-type lectins is shown in figure 2-4B. Layilin contains 14/14 residues found in all
carbohydrate-binding C-type lectins and an additional 18/20 highly conserved residues
(Drickamer, 1993). One of the two nonconserved residues, V141, corresponds to an oxygencontaining residue which coordinates one of two calcium ions bound by some C-type lectins
(Weis et al., 1991b). However, not all lectins use this calcium-binding site, and the absence of
an oxygen-containing side chain at position 141 suggests that layilin lacks this second calciumbinding site (Graves et al., 1994). Interestingly, layilin contains a 5 amino acid insertion
relative to the mannose-binding protein CRD (amino acids 148-152 of layilin, figure 2-4B,
underline), which is of the same size and at the identical position as an insertion found in the Eselectin CRD. The inserted sequences in the E-selectin CRD form a loop which projects into
the ligand-binding pocket, and mutation of these sequences disrupts selectin-mediated adhesion
(arrow, figure 2-7; Graves et al., 1994). Layilin contains an additional 7 amino acid insertion
adjacent to the 5 amino acid insertion which may form part of the same loop (figure 2-4B,
double underline). Layilin shows approximately 40% amino acid similarity to all other CRDs
examined; the presence of a selectin-like insertion raises the possibility that layilin may bind to
ligand in a manner similar to selectins. Layilin also differs from other CRDs by an insertion of
7 amino acids relative to the mannose-binding protein CRD (amino acids 102-108 of layilin,
figure 2-4B, broken underline). This insertion falls in sequences which form the first of four
large calcium-binding loops in other CRDs and is distal to the proposed ligand-binding site
(double arrow, figure 2-7).
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The 45 amino acids between the CRD homology and the putative transmembrane
domain are rich in negatively charged amino acids (11/45), prolines (7/45), and S/T residues
which may serve as O-linked carbohydrate attachment sites (10/45). These characteristics are
suggestive of an elongated stalk which serves to project the CRD away from the plasma
membrane.
Potential human and pig layilin homologs present in the expressed sequence tag (EST)
database indicate conservation among different species of some layilin sequence features.
First, a pig EST encodes a protein that includes most of the layilin CRD (figure 2-4C). This
potential homolog is 80% identical and 88% similar to hamster layilin and includes the
insertions discussed above. In addition, both hamster and pig layilin sequences contain E134
and S 136, residues of some value in predicting the carbohydrate specificity of CRDs (see
discussion). The second candidate layilin homolog is encoded by two human ESTs and
overlaps the layilin cytoplasmic domain (figure 2-4D). The 92 amino acid hypothetical human
protein is 73% identical and 83% similar to hamster layilin and contains three copies of the
long repeat and a single copy of each of the short cytoplasmic domain motifs. Alignment of
the human and hamster cytoplasmic domains reveals that the human version lacks the Cterminal 20 amino acids, precisely those used in my peptide antigen. This may explain my
inability to detect layilin protein in human cell lines with my antibody (see below).

Production ofpolyclonal anti-layilin antiserum
A synthetic peptide containing the C-terminal 20 residues of layilin (LC20) was
coupled to keyhole limpet hemocyanin (KLH) and sent to Covance for the production of
polyclonal antiserum. Serum from rabbits 618 and 619 exhibited immunoreactivity in western
blotting experiments with appropriate bands in lysates from E.coli expressing a GST-layilin
cytoplasmic domain fusion protein and so were characterized further (data not shown).
Detergent lysates from CHO cells were subjected to immunoblotting with sera from both
rabbits in the absence or presence of the layilin-derived peptide LC20 (figure 2-8A). No bands
were detected by pre-immune sera from either rabbit (not shown). As shown, 618 sera reacted
with several bands in CHO cell lysates, including two or more bands migrating at
approximately 55 kD that were also recognized by serum from rabbit 619 (figure 2-8A,
arrowhead). This is consistent with the predicted layilin molecular weight of 43 kD.
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Moreover, these bands were competed from both sera by the LC20 peptide. Two bands
recognized by 618 were not competed by the peptide, indicating that they are recognized by
contaminating antibodies present in the serum. Transfection of the layilin cDNA increased the
signal of the 55 kD bands recognized by both 618 and 619 but not other bands (figure 2-1 lA).
For these reasons it was concluded that the 55 kD bands represent endogenous layilin.
The antisera were affinity purified on immobilized LC20 peptide to improve their
specific signal. Panels B and C of figure 2-8 show results of affinity purification for serum
from rabbits 618 and 619, respectively. The activities of the affinity purified antisera on
western blots are shown in lanes 6 and 7, and the corresponding depleted sera are shown in
lanes 5. Serum from rabbit 618 was efficiently depleted of reactivity with a contaminating
band migrating at about 70-80 kD while the other bands were effected partially or not at all.
These observations suggest that these bands cross-react with anti-layilin antibodies; no
immunoreactivity was recovered in two attempts to elute antibodies from these bands. Serum
from rabbit 619 exhibited specificity for the 55 kD bands similar to that seen before
purification, except that background staining present throughout the lane was significantly
reduced (compare lanes 3 and 6 in figure 2-8C). This general background staining was
recovered in the depleted serum, as shown in lane 5 of figure 2-8C. Affinity purified 619
serum and its control depleted serum were used for all further characterization of layilin.

Layilin protein is widely expressed in cells and tissues
To find out whether layilin, like talin, is expressed in a variety of cell lines and cell
types, I screened numerous cultured cell lines and mouse tissues for the presence of layilin
protein. The antiserum detected an immunoreactive protein of approximately the same size as
hamster layilin in several rodent cell lines tested but not in human cells (figure 2-9A). The
cross-reacting band in three rat cell lines tested migrated slightly faster than the band in
hamster lysates, indicating a molecular weight difference of about 4 kD (figure 2-9A). This
could represent differential glycosylation (see below) or a deletion or alteration in the
polypeptide itself. My inability to detect layilin-reactive protein in human cells might be
explained by the sequence of the candidate human layilin homolog described above.
I found detectable levels of layilin in most of the 12 mouse tissues analyzed by western
blotting (figure 2-9B). Layilin was most abundant in ovary, and readily detectable in most
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other solid tissues assayed. These observations indicate that layilin, like talin, is widely
expressed in adherent cell types both in vitro and in vivo.
Layilin is a glycoprotein expressed on the cell surface
The presence of a putative signal sequence and transmembrane domain suggested that
layilin would be found on the cell surface. I tested this hypothesis by immunoprecipitation
from surface-labeled CHO cell lysates. The anti-layilin antiserum immunoprecipitates from
lysates of surface-biotinylated CHO cells a 55 kD band whose size is in good agreement with
the band detected by western blotting of whole cell lysates with the same antibody (arrowhead,
figure 2-1OA). Similar results were obtained with NIL8 hamster fibroblasts (figure 2-12B).
Peptide-depleted serum does not immunoprecipitate any surface-labeled material from biotinlabeled CHO cells, and the 55 kD band precipitated by the antiserum is competed by
preincubating the affinity-purified antiserum with a layilin-derived peptide (figure 2-1 OA and
data not shown). The surface-labeled band immunoprecipitated by anti-layilin antiserum is
sensitive to treatment with PNGase F, indicating the presence of N-linked carbohydrates
(figure 2-10 panel A, compare the last two lanes; Maley et al., 1989). Immunoprecipitation
from the same lysate of PI integrin indicates both effective surface-labeling and enzymatic
cleavage of carbohydrate chains from PI and associated a integrin subunits (left most lanes of
figure 2-10A). The anti-HA epitope monoclonal 12CA5 immunoprecipitates a similarly sized,
surface-labeled, PNGase F sensitive band from both CHO and NIL8 cells expressing HAtagged layilin (figures 2-1 1B and 2-12B, and data not shown).
Western blotting of CHO cell lysates treated with PNGase F shows a shift in the
mobility of the band detected by anti-layilin antiserum similar to that seen in surface-labeled
material, confirming that I am observing the same band by both surface label and western
blotting and indicating that most of the cellular pool of layilin is glycosylated (figure 2-1OB).
As a positive control I show that PNGase F efficiently trims N-linked carbohydrates from both
mature and precursor forms of PI integrin in cell lysates, as indicated by the collapse of the
two forms of integrin in untreated lanes into a single, more rapidly migrating band in the
treated sample (top panel of figure 2-1OB). PNGase F-treated layilin migrates slightly slower
than predicted based on its deduced amino acid sequence (51 kD vs. 43 kD); this discrepancy
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may reflect additional post-translational modifications to layilin, such as O-linked
glycosylation, or may simply result from aberrant electrophoretic migration.
I used accessibility to a membrane non-permeable biotinylation reagent to assess the
proportion of total layilin present on the cell surface. A population of CHO cells was divided
into two parts and one was surface-labeled with sulfo-NHS-LC-biotin while the other was
subjected to the same surface-labeling protocol in parallel without addition of the biotin.
Lysates made from these two samples were applied to identical columns of immobilized avidin
to capture any proteins which reacted with the surface-labeling reagent, thereby depleting
surface proteins from the extracts. The flow-throughs from these columns were then analyzed
by western blotting for P1-integrin and layilin (figure 2-10C). The integrin control indicates
that the avidin column efficiently removed all of the mature, surface-expressed

P1-integrin

(arrow, figure 2-10C) from the labeled lysates (lanes 2-4) without affecting the amount of
precursor P 1 -integrin (which is not expressed on the surface, asterisk figure 2-1 0C). In
contrast, the avidin column did not deplete either form of P1 -integrin from mock-labeled
lysates (figure 2-10C, lanes 5-7). By assaying the same fractions for layilin I found that the
majority of layilin was depleted in the biotin-treated sample as compared to the unbiotinylated
control, indicating that most layilin protein is on the cell surface (figure 2-1 OC, bottom panel,
compare lanes 2-4 with lanes 5-7).

Layilin localization
Concurrent with production of the polyclonal antisera described above, I engineered a
hemagglutinin epitope tag into the full length layilin protein to facilitate characterization of its
subcellular distribution. I inserted the HA epitope in the extracellular domain immediately
amino-terminal to the putative lectin domain. I reasoned that the signal sequence cleavage site
was likely to be far enough away so as not to be affected by nor to result in the cleavage of the
tag. CHO cells either transiently- or stably-transfected with an expression vector encoding the
tagged form of layilin express the expected fusion protein. The monoclonal anti-HA antibody
12CA5 detects a cluster of bands migrating at approximately 55 kD in CHO cells transiently
transfected with the construct (figure 2-1 1A, open arrowhead). Cells transfected in parallel
with full length layilin cDNA lacking an epitope tag resemble untransfected cells on an antiHA western blot (figure 2-1 lA). Probing of the same cell lysates with affinity-purified anti-
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layilin antibodies reveals that CHO cells transiently transfected with DNA encoding either
untagged or epitope-tagged layilin have an increased signal in bands migrating around 55 kD
(solid arrowhead in figure 2-11 A). This is consistent with the hypothesis that 12CA5 and the
anti-layilin antibody are both detecting the same material. The bands produced by cells
making HA-tagged layilin migrate slightly slower than do endogenous or transfected untagged
layilin, consistent with the presence of an HA tag. Expression of particularly high levels of
tagged (or untagged) layilin results in an increase in a slightly faster migrating band as well.
This band corresponds to the size of PNGase F-treated layilin, and may represent unprocessed
layilin precursor. Surface expression of epitope-tagged layilin is demonstrated in figure 2-11B.
Immunoprecipitation from surface-biotinylated extracts of untransfected and stably-transfected
CHO with antibodies against the HA tag reveal that transfected cells have high levels of HAtagged layilin on their surface. Anti-layilin antibodies also immunoprecipitate significantly
more layilin from transfectants than from untransfected controls. The material
immunoprecipitated by 12CA5 also migrates slightly more slowly than does endogenous
layilin, consistent with a slightly larger polypeptide. The band immunoprecipitated by antilayilin antibodies appears to be approximately the sum of the more rapidly migrating
endogenous layilin band plus the more slowly migrating HA-tagged form of the protein.
Similar immunoblotting and immunoprecipation analysis of stably-transfected NIL8 hamster
cells is shown in figure 2-12, indicating that proper expression of this tagged protein is not
unique to CHO cells.
Immunolocalization of HA-tagged layilin in stable CHO transfectants shown in figure
2-13. Cells were plated on fibronectin-coated coverslips, allowed to spread for 50 minutes and
double-labeled with 12CA5 and a polyclonal anti-talin antiserum (N68 1). Both antibodies
stain peripheral ruffles evident around the edge of these cells (figure 2-13 panels a-c). In
addition, 12CA5 gives rise to perinuclear staining similar to that seen in transiently transfected
cells. The diffuse cytosolic signal evident in the talin staining is probably background.
Secondary antibody produced only faint background (figure 2-13d) and anti-transferrin
receptor antibodies stained the perinuclear region and gave a diffuse membrane signal (figure
2-13e). The latter control indicates that diffuse membrane expression is not sufficient to give
rise to ruffle staining. These cells were subjected to similar staining after fixation in
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paraformaldehyde but with varied permeabilization steps. Essentially identical staining was
observed after permeabilization with NP40, Brij 99, and acetone (figure 2-14).
I also analyzed layilin subcellular distribution in NIL8 hamster fibroblasts which have a
well-articulated actin cytoskeleton that has been extensively characterized (Hynes and Destree,
1978; Mautner and Hynes, 1977). To confirm the specificity of my observations, I examined
the distribution of both HA-tagged and endogenous layilin. Colocalization of HA-tagged
layilin with F-actin in stable NIL8 transfectants is shown in figure 2-15. Spreading cells
exhibit prominent phalloidin-positive ruffles around their perimeter which also stain with
12CA5. Note the absence of 12CA5 background signal in ruffles on negative cells in the same
field (for example, arrow, figure 2-15, panels a,c,e). Colocalization of HA-tagged layilin with
talin in membrane ruffles is also evident in NIL8 cells shortly after plating (figure 2-15, panels
b,d,f). Evidence of layilin in peripheral ruffles of spreading cells raised the possibility that
layilin is present in extending membrane sheets (i.e. lamellipodia) in general. I next examined
the distribution of HA-tagged layilin in NIL8 cells which had been induced to migrate in an in
vitro wounding model. Cells were plated at high density and allowed to adhere and spread
overnight, forming a confluent monolayer. Portions of the coverslip were denuded with a
rubber scraper to create stripes of cells alternating with strips of the coverslip free of cells.
After incubation for 45-90 minutes, the majority of cells on the edge of these "wounds" were
migrating into them, with approximately 10-30% of cells exhibiting prominent phase-dark
ruffles. These ruffles stained positively with the anti-HA antibody and with the affinitypurified anti-layilin antiserum (figure 2-16, panels a-c). In addition to staining ruffles, the antilayilin antibody also stains nuclei. Examination of mitotic cells suggests the cross-reacting
nuclear antigen is in chromatin.
In the experiment shown in figure 2-16, I included competing peptide to block either
12CA5 (figure 2-16, panels d-f) or the affinity-purified anti-layilin antibody (figure 2-16,
panels g-i). A peptide containing the HA epitope blocked 12CA5 staining but not anti-layilin
staining. Similarly, the peptide used as antigen to raise anti-layilin antisera blocked the antilayilin signal without affecting the 12CA5 staining. In each case, staining with the other
antibody confirms the presence of a layilin-containing ruffle. The combination of this
experiment with western blotting and surface labeling experiments validates the specificity of
the affinity-purified anti-layilin antibody.
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Immunolocalization of endogenous layilin in untransfected NIL8 cells agrees well with
the subcellular distribution of HA-tagged layilin. Depleted anti-layilin antiserum was used as a
negative control for the affinity-pure antibody. The depleted serum gives rise to nuclear and
some diffuse membrane and/or cytosolic staining but does not stain prominent phalloidin-rich
ruffles (arrowheads, figure 2-17, panels a-c). In contrast, the affinity-purified antibody stains
ruffles and colocalizes with phalloidin staining. The cell shown in figure 2-17 (panels d-f) is
extending two lamellipodia at right angles to one another, each showing strong layilin staining
at its leading edge (panel d). Phalloidin staining confirms that F-actin is also concentrated in
these structures (figure 2-17f). I did not observe specific stress-fiber staining with the antilayilin antiserum in well-spread cells exhibiting prominent stress fibers. Hence, endogenous
layilin, like epitope-tagged layilin, is present at the leading edge of extending membranes. The
antibody also gives rise to significant nuclear background and stains the midbody. Signals in
the nucleus and the midbody are probably artifacts of the antiserum as I saw no nuclear or
midbody staining with 12CA5 in cells expressing HA-tagged layilin. Furthermore,
biochemical analyses, which suggest that layilin is predominantly on the cell surface, are
inconsistent with the presence of significant levels of layilin in the nucleus.
Colocalizationof layilin with talin in ruffles
I used double-label immunofluorescence to see whether layilin colocalizes with talin in
focal contacts or membrane ruffles. Both spreading-induced and migration-driven ruffles were
analyzed. I induced leading edges in NIL8 cells by scraping monolayer cultures. The resulting
ruffles show strong staining with the anti-talin monoclonal TD77, confirming earlier reports of
talin in ruffling membranes (figure 2-17i; Burridge and Connell, 1983; DePasquale and Izzard,
1991; Bolton et al., 1997). In the same cells, talin is also readily seen in focal contacts arrayed
behind the leading edge (arrows, figure 2-17, panels h-i). Layilin staining is clearly visible in
the same ruffles which contain talin but is not evident in focal contacts (arrows, figure 2-17g).
The coincidence of talin and layilin staining in these cells is indicated by yellow staining in the
merged image of layilin and talin immunofluorescence, while the green focal contacts confirm
that talin but not layilin is found in focal contacts (figure 2-17h). Endogenous layilin also
colocalized with talin in NIL8 cells allowed to adhere and spread for a short time (figure 2-17,
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panels j-1). Again, talin was evident in both ruffles and nascent focal contacts whereas layilin
was only present in ruffles (arrows, figure 2-17, panels j-1).

Layilin localization in polarized mouse T-cells
Several cell-cell adhesion molecules and some associated submembranous cytoskeletal
proteins have been shown to polarize in cytokine activated T-cells. Under these conditions, Tcells adhere to fibronectin-coated coverslips through small but very flat leading edges and
develop a dorsal protrusion termed the uropod. I found that CD43, a potential regulator of cellcell adhesion, became concentrated in the uropod upon treatment of cells with recombinant
RANTES, confirming earlier reports (figure 2-18, panel c; Serrador et al., 1998). In addition, I
found that the monoclonal antibody 13H9, which can detect ezrin, radixin, moesin, and merlin,
stained both the uropod and the leading edge of polarized T-cells (figure 2-18e). In contrast,
anti-layilin antibody did not show appreciable uropod staining in the same cells (figure 2-18,
panels d and f).

GST-talin-headfusions bind layilin andFAK
To confirm and characterize further the interaction between talin and layilin I tested the
ability of several GST fusion proteins containing either talin or layilin sequences to bind layilin
or talin, respectively, in detergent extracts from CHO cells. In each experiment, samples were
assayed by Coomassie staining to ensure equal loading of GST fusion proteins. GST-layilin
fusions containing amino acids 261-374 and 330-374 of the layilin cytoplasmic domain
retained a fraction of intact talin in CHO detergent lysates whereas a GST-layilin fusion
containing amino acids 244-335 and a negative control GST-fusion containing a fibronectin
type III repeat (GST-FN EIIIB) did not (figure 2-19A). Moreover, the GST-layilin fusions
distinguished between the full-length talin protein and a prominent proteolytic fragment
present in the lysate by binding to only the full-length talin polypeptide. This fragment is
probably the 190 kD C-terminal talin fragment which lacks the layilin-binding domain
altogether. These observations indicate that the minimal talin binding site is within amino
acids 330-374. This region of layilin includes three copies of the motif ESG(F/W)V (LH2) and
two N(D/E)IY repeats (LH3), with each LH3 repeat adjacent to an LH2 repeat (figure 2-4A).
Talin binds to a GST fusion protein containing 3 copies of a tandem array of the LH2+LH3
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repeats found at amino acids 343-352 of layilin (figure 2-19A). In addition, a synthetic peptide
(LC20) derived from the C-terminal 20 amino acids of layilin and containing one copy of the
LH2+LH3 module found at amino acids 364-373, blocks binding of talin to GST-layilin 330374 (figure 2-19A). In contrast to LC20, an unrelated peptide containing the HA epitope does
not block binding of talin to the GST-layilin fusion protein (figure 2-19A). These observations
confirm that talin binds layilin through one or more LH23 motif.
Acidic phospholipids have been reported to modulate binding between band 4.1
superfamily members and their membrane docking sites. I found no effect of 50 pM
phosphatidyl-serine, phosphatidyl-inositol-4-phosphate (PI-4-P), or phosphatidyl-inositol-4,5bisphosphate on talin binding to LH23 repeats (PI-4,5-P 2 ; figure 2-19B). As expected, there
was no binding of talin to a GST-FN negative control either (figure 2-19B). Binding of
vinculin to talin has also been reported to increase in the presence of PI-4-P and PI-4,5-P 2, but I
saw no binding of vinculin either directly or indirectly to GST-(LH23)x3 fusion protein in the
absence or presence of phospholipids (figure 2-19B). The latter result may be interpreted as a
specificity control for the GST-(LH23)x3 fusion protein.
I also observed reciprocal binding of layilin to GST-talin fusions. Figure 2-20A (lower
panel) shows that glutathione-agarose preloaded with a GST fusion protein containing amino
acids 1-435 of talin (GST-CT 1-435), the same talin fragment used as the LexA-talin head bait,
binds layilin in CHO extracts whereas glutathione-agarose loaded with equal amounts of a
control GST-fibronectin fusion protein does not. The GST-CT fusion also binds HA-tagged
layilin in extracts prepared from NIL8 cells expressing epitope-tagged layilin. Using the
monoclonal 12CA5 to detect the epitope tag, I found that GST-talin fusions which include
amino acids 280-435 can specifically retain HA-tagged layilin from a cell lysate (figure 2-20B,
upper panel). A form of HA-tagged layilin lacking the cytoplasmic domain does not show
binding to GST-CT above background, suggesting that this interaction is dependent on the
layilin cytoplasmic domain (figure 2-20B, bottom blot).
I used this GST-talin fusion protein to determine if other focal contact proteins bound
to talin head. I examined the material bound to the talin and control fibronectin GST-fusions
for the presence of other focal contact proteins and found that FAK bound to talin's N-terminal
domain (figure 2-20A, top blot). This confirms and extends previous reports of an interaction
between FAK and talin (Chen et al., 1995; Zheng et al., 1998). I did not detect any binding of

78

(c-actinin, tensin, tubulin, vinculin, paxillin, or P1-integrin to GST-CT 1-435 or to GST-FN
EIIIB (figure 2-20C and data not shown). As specificity controls, three GST-FN type III
fusions were assayed for FAK binding and found to be negative (figure 2-20C). Attempts to
confirm the talin-FAK interaction by co-immunoprecipitation and two-hybrid were
unsuccessful (figure A-4 and data not shown).
I used this assay to map the sequences within talin head sufficient for layilin and FAK
binding (figures 2-20A and 2-20B). Layilin bound to each GST-talin fusion containing at
least amino acids 280-435. FAK bound well to GST-fusions which include amino acids 186435 and weakly to shorter fusions overlapping amino acids 225-357, including the fusion
protein containing only amino acids 225-357. Hence amino acids 225-357 contain a minimal
FAK-binding site, and amino acids 280-435 constitute the smallest layilin-binding site tested.
The FAK-binding site maps entirely within talin's band 4.1 homologous domain, and the
layilin-binding site overlaps this region while including more C-terminal talin sequences. The
fact that these binding sites are distinguishable confirms the specificity of each interaction.
Interaction of layilin with radixin (in collaborationwith E. Cordero and F. Solomon)
Given the sequence similarity (approximately 30%) between talin's N-terminal domain
and the members of the ERM family of membrane-cytoskeleton linkers, and in light of the
observation that layilin and ERMs are both found in membrane ruffles, I chose to assess the
potential biochemical interaction between layilin and one member of the ERM family, radixin.
In a solid-phase binding experiment parallel in design to those described in the previous
section, I found that bacterially-expressed his-tagged radixin N-terminal domain (homologous
with talin's N-terminal domain) was able to bind layilin in detergent extracts of CHO cells
(figure 2-21A). His-tagged radixin C-terminal domain, in contrast, bears no sequence
homology to talin and also does not bind layilin above background binding seen with the solid
Sepharose support (figure 2-21A). Interestingly, full-length his-tagged radixin did not bind
layilin in this assay either (figure 2-21A). Further in vitro binding studies were carried out to
determine if the layilin-radixin interaction is direct. Purified bacterially-expressed GST-layilin
(261-374) binds to purified bacterially-expressed his-radixin N-terminal domain but not hisradixin C-terminal or his-radixin full length proteins (figure 2-21B). Purified GST did not bind
his-radixin (figure 2-21B).
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Previous studies on ERM proteins suggest that they can exist in at least two
conformations, one of which prevents binding of at least some ligands to the N-terminal
domain (Gary and Bretscher, 1995; Magendantz et al., 1995; E. Cordero and F. Solomon,
personal communication). We speculated that the layilin-binding site in the radixin N-terminal
domain might be subject to such regulation. This model was tested by incubating purified hisradixin N-terminal domain and GST-layilin in the presence of increasing amounts of radixin Cterminal domain and assaying the relative amount of layilin bound. Figure 2-21C shows that
increasing doses of C-terminal domain correlate with reduced binding of GST-layilin to radixin
N-terminal domain. This could result from direct competition of layilin and radixin C-terminal
domain for identical or nearby binding sites in radixin's N-terminal domain or it could be a
secondary consequence of conformational changes within radixin's N-terminal domain brought
about in the presence of the C-terminal domain.
Binding between radixin's N- and C-terminal fragments can be inhibited by acidic
phospholipids. If an interaction between radixin's N- and C-domains blocks a layilin binding
site, disruption of the radixin interdomain interaction should create a layilin binding site. The
GST-layilin cytoplasmic domain fusion protein showed increased binding to his-tagged full
length radixin in the presence of micromolar concentrations of PI-4-P (figure 2-21C). These
observations support a model for layilin-radixin binding in which layilin binding is regulated
by an intramolecular interaction within radixin. Furthermore, the finding that layilin can bind
radixin raises the possibility of more widespread interaction of layilin with other band 4.1
family members.
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Discussion
Talin was discovered as a component of focal contacts and the leading edge of
migrating cells, but the molecular basis of its role in ruffles is unknown (Burridge and Connell,
1983). Similarly, the significance of talin's band 4.1 homology, initially observed when the
talin cDNA was reported (Rees et al., 1990), has not been revealed. The discovery of layilin,
an integral membrane protein found in ruffles, which binds to talin's band 4.1 homologous
domain, confirms the hypothesis of Rees et al. that this domain of talin contains a membranebinding site and suggests a specific function for talin in the leading edge of migrating cells as
an adaptor between the membrane and F-actin. A role for talin in migration was initially
suggested by its subcellular localization in ruffles and demonstrated by the inhibitory effect of
microinjecting anti-talin antibodies into cells along the edge of a wound (Nuckolls et al., 1992;
Bolton et al., 1997). Microinjection of a monoclonal antibody (TA205) raised against a fusion
protein containing amino acids 139-433 within talin head domain also inhibits cell motility,
further implicating this talin fragment in cell motility (Bolton et al., 1997). The monoclonal
antibody TA205 recognizes a GST-talin fusion containing amino acids 1-186, placing the
epitope between amino acids 139-186 (my unpublished observations); I have identified binding
sites for both FAK and layilin adjacent to this antibody binding site which may account for its
inhibitory activity (figure 2-20). Talin's role in the dynamic aspects of membrane-cytoskeletal
junctions in vertebrate cells is underscored by the observation that localized disruption of talin
in neuronal growth cones prevents the formation of new membrane extensions (Sydor et al.,
1996). By binding to integrins and layilin, two types of transmembrane proteins with distinct
subcellular distributions, talin may be able to distinguish between the relatively static
membrane-cytoskeletal connections in focal contacts and the highly dynamic membrane-actin
linkages in ruffles. How the talin-layilin interaction is regulated by, or contributes to, the
control of membrane-cytoskeleton associations should be explored further.
Models for layilinfunction
Given the colocalization of layilin with talin and the observed binding between them,
layilin is a good candidate for a membrane-binding site for talin in ruffles. I observe
colocalization of both epitope-tagged and endogenous layilin with talin in actin-rich membrane
ruffles (figures 2-13, 2-14, 2-15, and 2-17). Bacterially-expressed GST-talin fusion proteins
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bound layilin in cell lysates, and, in parallel experiments, GST-layilin cytoplasmic domain
fusions bound talin in cell lysates (figures 2-19 and 2-20). These results, in addition to my
initial finding that talin and layilin interact in a yeast two hybrid assay, are consistent with a
direct interaction between the two proteins. Moreover, direct binding between layilin and
radixin was observed (figure 2-21). Layilin contains significant homology to proteins with Ctype lectin activity. Carbohydrate recognition domains have been found in both type I (Nterminus extracellular) and type II (N-terminus cytoplasmic) single-pass transmembrane
proteins (Drickamer and Taylor, 1993). Known type I C-type lectins fall into two functional
groups: cell-cell adhesion molecules of the selectin family, and endocytic receptors such as the
macrophage mannose receptor. This observation, combined with my initial characterization of
the layilin protein, leads me to suggest two general models for layilin function.
In the first model layilin acts in cell migration by anchoring to the membrane talin,
which in turn binds F-actin. This chain of interactions may transmit force from actin to the
membrane, resulting in its characteristic deformation into ruffles. In this scenario, layilin may
serve simply as a talin docking site, or it could be an early-acting adhesion molecule which
binds extracellular matrix, nucleating the formation of focal contact precursors at the cell
periphery. In this case layilin would be functioning analogously to selectins, which mediate
transient adhesion between rolling leukocytes and the endothelium followed by tight integrinmediated adhesion. However, whereas selectins mediate cell adhesion in specialized cells of
the immune system, I hypothesize that layilin performs fundamental cell adhesion tasks
common to most cells because layilin and talin are present in many different tissues (figure 29). Layilin would thus form transient adhesion sites between ruffles and extracellular matrix
which are refined into focal contacts after integrin recruitment. This could occur in both
spreading and migrating cells. Talin, which can bind both layilin and integrins, may provide
continuity between the two types of cell-matrix linkages as transient layilin-containing
structures mature into integrin-containing focal adhesions. Integrin extracellular matrix
receptors are known to be signaling as well as adhesion receptors, and if layilin encounters
matrix early in the process of cell adhesion it may also signal. The three internally-repeated
motifs in the layilin cytoplasmic domain are potential binding-sites for cytoskeletal or
signaling molecules in addition to talin. The conservation of these motifs in hamster and
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human layilins suggests that they are of importance, and I have shown that two of these
repeats form a binding-site for talin (figure 2-19).
It is interesting to note that the C-type lectin CRD is structurally homologous to another
carbohydrate-binding domain, the link module (Kohda et al., 1996). Link modules are found
in a variety of carbohydrate-binding proteins, including CD44, one of the proteins reported to
bind to the N-terminal domain of ERMs (Tsukita et al., 1994). CD44 has also been proposed
to function in cell migration and tumor metastasis (Sherman et al., 1994). It is notable that
several members of the band 4.1 superfamily interact with the cytoplasmic domain of known or
suspected carbohydrate-binding molecules implicated in migration and adhesion.
In a second model layilin may function as an endo- or phagocytic receptor, similar to
some other C-type lectins such as the macrophage mannose receptor (Drickamer and Taylor,
1993). This model is suggested by the observation that talin is present in phagocytic cups in
macrophages and at sites of uptake of some bacterial pathogens (Greenberg et al., 1990; Finlay
et al., 1991; Finlay et al., 1992; Young et al., 1992; Love et al., 1998). In addition, the layilin
cytoplasmic domain contains two YXXD motifs (YNVI, YDNM, figure 2-4A). These motifs
are similar to sequences that mediate clathrin-dependent endocytosis of other membrane
proteins by binding to the p2 chain of the AP-2 adaptor complex (Ohno et al., 1995; Marks et
al., 1997). Although AP-2 complexes do not bind a GST-layilin cytoplasmic domain fusion
(data not shown), AP-2 complexes are not generally able to bind their targets in an affinity
isolation assay (T. Kirchhausen, personal communication). Layilin may act simply by binding
to and internalizing ligands bearing an appropriate carbohydrate moiety, or it may have
additional functions in recruitment or stabilization of cytoskeleton in phagocytic ruffles.
Alternatively, talin might stabilize a complex consisting of layilin and its bound ligand during
uptake. Again I would postulate that, given its widespread expression pattern in tissues, layilin
participates in some general mode of uptake not limited to macrophages or other professional
phagocytes. These two models, adhesion and uptake, are not mutually exclusive.
Speculations on layilin carbohydratebinding
Although it is impossible to predict the carbohydrate specificity of a C-type lectin based
solely on its amino acid sequence, some parallels between layilin and other CRDs suggest
potential sugar-binding preferences for layilin. The layilin CRD shares 4/5 residues known to
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form the calcium- and ligand-binding pocket in rat MBP-A (boldface, figure 2-4 panel B; Weis
et al., 1992). These are layilin amino acids E134, E141, N164, and D165, which correspond to
amino acids E185, E193, N205, and D206 in MBP-A. The MBP-A ligand pocket also contains
N187, which is not conserved in the layilin sequence. The MBP-A ligand binding site can
accommodate sugars with 2 consecutive equatorial hydroxyls stereochemically equivalent to
the mannose 3' and 4' hydroxyls, accounting for all known MBP-A carbohydrate ligands
(Weis et al., 1992). Glutamate 185 and N187 of MBP-A coordinate the mannose 3' OH while
E193 and N205 perform the same function for the 4' OH (figure 2-7B; Weis et al., 1992).
The significance of N1 87 is revealed by the mutant NI 87D, which still binds calcium but not
carbohydrates (Quesenberry and Drickamer, 1992). This is presumably because the aspartate
side chain can coordinate the calcium but cannot serve as a hydrogen bond donor to the
mannose hydroxyl. The importance of E185 and N187 in determining ligand specificity is
demonstrated further by the E185Q/N187E double mutant which mimics the sequence of
galactose-binding CRDs (Drickamer, 1992). This mutant MBP binds galactose with higher
affinity than it does mannose (Drickamer, 1992). While this mutant does not exhibit
carbohydrate binding specificity equivalent to naturally occurring galactose-binding lectins,
this experiment shows that these two amino acid positions strongly influence sugar preferences
in C-type lectins. Layilin has a serine at the position equivalent to N187 of MBP-A, which,
like N1 87, can act as both a hydrogen bond donor and acceptor. However, the serine
functional group is expected to be recessed relative to an asparagine side chain in the same
position since serine has one fewer carbon than does asparagine. Based on this simple model,
layilin might be expected to bind to sugars topologically similar to the 3' and 4' OH of
mannose, but carrying a substitution at the 3' position which extends into the opening in the
binding site created by the serine.
The CRD-like domain of the FcEsRII has a threonine at position 187, similar to the
serine at this position in layilin. The FcsRII CRD binds Ig Fc regions independent of
carbohydrate and binds to N-linked carbohydrates present on CD21 (Vercelli et al., 1989;
Aubry et al., 1992; Aubry et al., 1994). This parallel underscores the possibility that this
domain of layilin, despite its suggestive sequence homology, may not bind a carbohydrate
ligand at all.
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Implicationsfor the band 4.1 superfamily
The band 4.1 superfamily members merlin and ezrin/radixin/moesin are present in
membrane ruffles, and down regulation of ERM proteins by treatment of cells with antisense
oligonucleotides results in reduced cell adhesion (Takeuchi et al., 1994b; Henry et al., 1995).
This defect may be causal or may be a secondary consequence of reduced cell spreading. In
collaboration with Etchell Cordero and Frank Solomon, I have found that a purified
bacterially-expressed GST-layilin cytoplasmic domain fusion protein binds purified
recombinant radixin head domain (figure 2-21). The scope of interactions between layilin and
members of the band 4.1 superfamily has not yet been defined, but raises additional potentially
interesting roles for layilin. Previous reports of binding between band 4.1 family members and
membrane proteins implicate clustered basic residues as binding sites for band 4.1 and ERMs.
Jdns and Drenckhahn found that band 4.1 binds to the basic sequence LRRRY in the
cytoplasmic domain of the erythrocyte anion exchanger, one band 4.1 membrane docking site
in red blood cells (J6ns and Drenckhahn, 1992). Marfatia and colleagues showed that mutation
of three membrane-proximal basic residues in the glycophorin C cytoplasmic domain abrogates
binding in vitro between protein 4.1 and peptides derived from glycophorin C (Hemming et al.,
1995; Marfatia et al., 1995). Recently, short basic sequences in the cytoplasmic domains of
CD44, CD43, and ICAM-2 were identified that appear to mediate binding to ERM proteins
(Legg and Isacke, 1998; Yonemura et al., 1998). Interestingly, as shown in figure 2-19, talin
binds to ten amino acids derived from two repeated motifs within the layilin cytoplasmic
domain (ESGFVXNDIY). This binding site does not contain the membrane proximal or any
other stretch of basic residues in layilin, demonstrating another mode of binding between band
4.1 family members and integral membrane proteins. I am collaborating with Etchell Cordero
and Frank Solomon to determine if the ten amino acid talin-binding site within the layilin
cytoplasmic domain is also a radixin-binding site.
The interaction of band 4.1 with glycophorin C is enhanced in the presence of polyphosphoinositides (Anderson and Marchesi, 1985). A mechanism for this regulation is
suggested by studies on ERM proteins demonstrating binding between ERM head and tail
domains that is reversed in the presence of acidic phospholipids (Gary and Bretscher, 1995;
Magendantz et al., 1995; Hirao et al., 1996). Radixin-layilin binding in vitro is subject to
similar regulation (figure 2-2 1). Although no such regulated head-tail interaction has been

85

described for talin, talin's N-terminal domain has been reported to bind some phospholipids
under conditions of low ionic strength (Niggli et al., 1994). In addition, talin undergoes a
conformational change from a globular structure to an elongated rod in response to changes in
salt concentration, which may represent a transition from a closed to an open form of the
protein with different abilities to bind talin-binding partners (Molony et al., 1987; Winkler et
al., 1997). I would have circumvented this mode of regulation with my recombinant LexAand GST-fusion proteins which contain only talin head. Recent reports that ERM localization
and head-tail association can be influenced by phosphorylation of ERMs suggest a potential
mode of regulation that could be applied to talin and is consistent with observed talin
phosphorylation (Pasquale et al., 1986; Turner et al., 1989; Beckerle, 1990; Bertagnolli et al.,
1993; Tidball and Spencer, 1993; Matsui et al., 1998; Shaw et al., 1998). Moreover, radixin
phosphorylation is another possible method of regulating access of layilin to radixin's Nterminal domain. It will be of interest to determine whether binding of talin to layilin or FAK
is regulated by either phospholipid binding or talin phosphorylation.
In conclusion, I have uncovered novel functions for the talin head domain, analogous
with those of the homologous N-terminal domains of other band 4.1 family members: the
interaction with layilin in ruffles and the binding of FAK. This talin domain therefore acts
both as a membrane linker and in signal transduction, while the tail of talin binds a different
membrane anchor (integrins) and forms links to the cytoskeleton.
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Table 1: Interaction of candidate talin-binding proteins with positive and negative controls
CT 1-435
leu
Pgal

Clone

,

max
leu

LexA fusion partner
, TGFORII
leu
pgal
Pgal

secl6p
leu
Pgal

bcd
leu
Pgal

A1.6

0

1

A1.10

1

0

0

0

3

0

3

0

3

0

0

0

2

0

3

0

0

0

3

0

3

0

3

0

3

0

3

0

B1.23

1

0

B1.37

1

0

B1.51

0

0

3

0

0

0

B1.57

3

0

Mxi I

0

0

A1.19

b

A1.49

A1.53

B1.53b

a

Yeast cotransformed with the indicated 2-hybrid primary clones (first column) and each of five control
bait plasmids (top row) were patched in triplicate onto galactose/raffinose media to induce expression of
the candidate interactor and scored for either leucine prototrophy (left hand columns) or blue color (right
hand columns). The number of positive patches is indicated. Clones highlighted in grey were pursued
further.
aTwo plasmids were recovered from clone B 1.53: plasmid a had a 1.2 kb insert while plasmid b had a 0.6
kb insert. Both plasmids were retested.
bThese isolates were discarded because these yeast strains showed leucine prototrophy in the absence of
galactose induction and did not retest positive for blue color.

Figure 2-1: Expression of talin 47 kD domain in NIH3T3 and CHO cells. NIH3T3(a-c)
and CHO (d) cells were stained with the anti-HA antibody 12CA5. Cells are
untransfected (a), transiently transfected with HA-radixin (b) HA-talin head (c), or
stably-expressing HA-talin head (d). Bar = 10 microns.
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Figure 2-2: Talin head 2-hybrid bait is expressed in yeast. Anti-lexA immunoblot of
lysates from parental yeast strain EGY48 and EGY48 transformed with a plasmid
encoding the LexA-talin bait.
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EGY48/LexA-CT 1-435
EGY48

Figure 2-3: Quantitation of P-galactosidase activity in yeast strain EGY40 in the absence
or presence of the LexA-talin bait. Comparison of LexA-CT and control strains under
induced conditions shows a 4-fold repression of P-galactosidase activity in the presence
of the LexA-talin fusion (p=0.04, student's t-test). The LexA-CT-expressing strain
induces P-gal to a level 51-fold over uninduced compared to a 744-fold induction for the
control strain. Each bar represents the average of three samples, and one standard
deviation is indicated.
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Figure 2-4: (A) The layilin cDNA and deduced amino acid sequence are shown. The
signal sequence cleavage site predicted by the GCG program SIGCLEAVE is indicated
with an arrow. A grey box highlights the C-type lectin homology. A single potential Nlinked glycosylation site is marked with a diamond. The proposed transmembrane
domain is shown in italics. Three copies of a 16-18 amino acid repeat (layilin homology
1, LH1) are shown with a broken underline. Three copies of a penta-amino acid repeat
(LH2) are double underlined, and two copies of a tetra-amino acid repeat (LH3) are
underlined. Two potential poly-A addition signals at the end of the cDNA are also
underlined. This cDNA has been submitted to GenBank with accession number
AF093673.
(B) Alignment of the carbohydrate-recognition domains from rat mannose-binding
protein A, dog E-selectin, and hamster layilin. Shown at the bottom is the CRD
consensus sequence derived by Drickamer (1993): single letter amino acid code indicates
absolutely conserved residues; other abbreviations: 0, any oxygen containing aminoacid; Z, E or Q; 0, aliphatic; (D, aromatic, Q, aliphatic or aromatic residue. The
alignment was performed using the GCG program PILEUP and then manually adjusted.
The five amino-acid insertions found in layilin and E-selectin are underlined, a 7 aminoacid insertion unique to layilin is double underlined, a second 7 amino acid insertion is
shown with a broken underline. Five amino acids which contact the mannose ligand in
MBP-A are shown in boldface.
(C, D) BESTFIT alignments of putative pig (C) and human (D) homologs with hamster
layilin. The hamster sequence is shown on the top line. In (C) the lectin homology is
shaded, and the three insertions relative to MBP-A are underlined as in part (B) above. In
part (D) internal repeats are underlined as in part (A). Asterisk, stop codon.
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A
ACTAGTAACGGCCGCCAGTGTGCTCTAAAGGTGTCCTTAAGAGATGCGGCTGCCTCGGTGGCAGTTGCCCGA
ACACAGCCGCCTGTTTGCCCACTTCTCTGCCTTAGTCCCGGGGTGTTGGGACGCACTGGAGTCCAGCAATGC

m
AGCCGGGACCAGCGTTGCAGGCCGTGTTGCTGGCGGTGCTGCTGTCAGAACCACGGAGTTCGAAGGGTCGGC
S S K G R
S E P R
L Q A V L L A V L L
Q P G P A
TGCTGAGCGGGCAGCTGGTCTGCCGGGGAGGGACTCGGAGGCCTTGCTATAAAGTCATTTAO-.1A
L L S G Q L V C R G G T R R P C Y K V I Y

TAWAAAGAATATGCTGACGAGAAGCCAAGTACAACACCTTCTATAAGGCCTGGAGGTG
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AAGCAACTGAGCCACCAACACCAGTACTTCCAGAAGAAACACAGAAAGAAGACACCAAAGAAACATTCAAAG
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AAAGCAGAGAGGCTGCTTTGAATCTTGCCTACATCCTAATCCCCAGCATTCCCCTGTTCCTCTTACTAGTGG
L L V
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TCACTTCAGCTGCATGTTGGGTTTGGATCTGTAGAAGAAGAAAACAAGAGCAGCCAGATCCTACCACAAAGG
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AGCAACACACCATTTGGCCCACTCCTCACCAAGAAAACAGCCCCAACCTAGATGTTTACAATGTCATCAGAA
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Figure 2-5: Northern blot analysis of layilin expression. One or five micrograms of
NIH3T3 and CHO total RNA or 1 microgram of CHO poly-A+ RNA were analysed for
layilin expression. The single transcript detected in CHO RNA is highly enriched in the
poly-A+ RNA. Upon longer exposure, several bands are evident in NIH3T3 RNA; the
two most prominent comigrate with mouse rRNAs and may result from cross-reaction of
the probe with rRNAs. The faint band migrating just above the 18S rRNA comigrates
with the transcript in hamster RNA and may be a mouse layilin transcript. The positions
of the 18S (1874 nt) and 28S (4718 nt) ribosomal RNAs are indicated for size reference.
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Figure 2-6: (A) Anti-epitope tag immunoblot showing expression of polypeptides of the
expected molecular weights for layilin cytoplasmic domain (aa 244-374), layilin (aa 92374), and layilin lacking its cytoplasmic domain (aa 92-244). The parental yeast strain,
EGY48, is included for comparison. Short and long exposures are shown to emphasize
differences in expression levels of these fusion proteins. The predominant protein in each
lane is of the expected size, and some degradation products are also evident, particularly
in the 10 minute exposure.
(B) Growth of yeast expressing the LexA/CT 1-435 bait and fish encoding various
fragments of layilin on media either lacking or supplemented with leucine. All strains
grow in the presence of leucine, indicating that none of the fusion proteins are toxic to
yeast. Only yeast expressing fusions containing amino acids 244-374 grow in the
absence of leucine, indicating that the layilin cytoplasmic domain is both necessary and
sufficient for interaction with talin amino acids 1-435 in yeast. Mxil and max fusion
proteins are included as negative controls with talin and layilin and as a positive control
together (Zervos, 1993).
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Figure 2-7: (A) Carbohydrate recognition domain structure. Three calcium ions are
shown; Ca++ 3 is believed to be a crystal artifact. Arrow, site of 5 amino acid insertion in
selectins (corresponds to underlined sequence in figure 2-4B). Double arrow, site of 7
amino acid insertion in layilin (corresponds to broken underline in figure 2-4B). Adapted
from Weis (1992).
(B) Structure of the rat MBP-A ligand binding site. The 5 amino acids indicated are
those shown in bold face in figure 2-4B. Adapted from Weis (1992).
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Figure 2-8: (A) Anti-layilin immunoblot of CHO cell lysates with antisera from rabbits
618 and 619. Each antiserum detects 55 kD bands which are competed in the presence of
the antigen peptide (arrowhead). 618 serum also detects a number of other bands which
are competed by the peptide, plus two which are not competed.
(B) Affinity purification of 618 serum. Strips from a curtain gel loaded with CHO cell
lysates were probed with: lane 1, secondary antibody only; lane 2, immune serum; lane 3,
ammonium sulphate-precipitated serum (dialysed to PBS); lane 4, ammonium sulphate
supernatant (dialysed to PBS); lane 5, serum depleted by passage over immobilized
peptide column; lane 6, affinity purified antiserum (glycine-eluted fraction 2); lane 7,
affinity purified antiserum (glycine-eluted fraction 3). Arrowhead, 55 kD species
recognized by both antisera.
(C) Affinity purification of 619 serum. Lanes as in (B) above.
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Figure 2-9: Expression of layilin protein in cells and tissues. (A) Western blot with
affinity-purified anti-layilin antiserum of mouse, rat, monkey, hamster, and human cell
lines. Specifically reacting bands in rat cell lines migrate slightly faster than does the
prevalent immunoreactive species in monkey, mouse and hamster cells. Abbreviations:
NRK, normal rat kidney; REF, rat embryo fibroblast; BHK, baby hamster kidney. The
position and size in kilodaltons of molecular weight standards are shown. Five
micrograms of protein were loaded per lane.
(B) Organs were dissected from a healthy adult female mouse, homogenized and lysed in
gel loading buffer. Ten micrograms of each lysate were loaded per lane and blotted for
layilin. Total CHO protein is included to indicate the position of layilin.
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Figure 2-10: Layilin is a glycoprotein expressed on the cell surface. (A) CHO cells
were surface-labeled with biotin, lysed in RIPA buffer, immunoprecipitated with anti P1integrin antiserum, peptide depleted (LAYILIN CONTROL) or affinity-purified antilayilin antiserum (LAYILIN IMMUNE), and labeled bands detected with HRPstreptavidin. Some samples (+ lanes) were treated with PNGase F to remove N-linked
carbohydrates. The position of the layilin band is marked with an arrowhead before
PNGase F treatment and a small arrow after PNGase F treatment. The position and size
in kilodaltons of molecular weight standards are shown.
(B) A detergent lysate of CHO cells was treated with or without PNGase F to remove Nlinked sugars, western blotted and probed with anti

p31 -integrin or affinity purified anti-

layilin antiserum. Note that essentially all the layilin and integrin present in the lysate is
PNGase F-sensitive. Additional controls are included to show that the enzyme is
required for the observed effect. The position and size in kilodaltons of molecular weight
standards are shown . Arrowheads, untreated bands; arrows, PNGase F-treated bands;
asterisk, P 1 -integrin precursor.
(C) Layilin is predominantly found on the cell surface. CHO cells were surface-labeled
with biotin (lanes 2-4) or mock surface-labeled without biotin (lanes 5-7), lysed and
passed over an avidin column to remove labeled material. The first three fractions eluted
from each column (lanes 2-4 and 5-7) were analysed by western blotting for P1-integrin
and layilin. When assayed for Pf1-integrin (top panel), the lysate (lane 1) contains two
bands: the upper band (arrow) represents mature

P1-integrin; the lower band (asterisk) is

an intracellular precursor. Biotin selectively labels the mature (top) band without
affecting the precursor form of P1 (compare lanes 2 and 5, top panel), indicating the
reagent does not have access to the cells' interior. The same fractions (bottom panel)
reveal that most layilin, like mature P1-integrin, is biotin-labeled (compare lanes 2 & 5,
bottom panel). All lanes were loaded with equivalent fractions of the cell lysate.
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Figure 2-11: HA-tagged layilin is expressed in and exported to the surface of CHO cells.
(A) In this western blot, the anti-HA tag monoclonal 12CA5 (left panel) recognizes a set
of 55 kD bands (open arrowhead) specifically in cells transfected with HA-layilin but not
in cells transfected with layilin alone or untransfected cells. As a positive control for
anti-HA staining, a lysate of cells transfected with HA-talin head was included; a small
arrow indicates the HA-talin head band. An identical set of lanes was probed with an
anti-layilin antiserum (right panel), which to reacts with a set of 55 kD bands in cells
transfected with HA-layilin; this antiserum also detects a -55 kD species in cells
transfected with untagged layilin (solid arrowhead). Endogenous layilin can be seen in
lanes from untransfected cells or cells transfected with HA-talin head (solid arrowhead).
(B) HRP-streptavidin was used to detect surface biotinylated proteins from CHO cells or
stably-transfected CHO cells which express HA-layilin. Peptide-depleted layilin
antiserum (LAYILIN CONTROL) does not immunoprecipitate any surface labelled
material from either cell line. In contrast, affinity-purified anti-layilin antiserum
(LAYILIN IMMUNE) immunoprecipitates a 55 kD band from control untransfected cells
(arrowhead) and a much broader band from HA-layilin expressing cells. The anti-HA
monoclonal 12CA5 immunoprecipitates a broad band slightly above 55 kD from
transfectants and nothing from untransfected controls. The material precipitated by antilayilin from the transfected cells appears to be the sum of endogenous and HA-tagged
layilin.
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Figure 2-12: HA-tagged layilin is expressed in and exported to the surface of NIL8
cells.
(A) Lysates from control (NIL8) and stably-transfected NIL8 cells expressing HA-layilin
(NIL 114) were western blotted and probed with an anti-HA monoclonal. A band that
migrates at the approximate position of endogenous layilin was detected (arrowhead) as
was a contaminant seen in both untransfected and transfected cell lines (arrow).
(B) NIL8 and NIL1 14 cell lines were surface biotinylated and labelled material
immunoprecipitated with peptide-depleted anti-layilin antiserum (LAYILIN
CONTROL), affinity-purified anti-layilin antiserum (LAYILIN IMMUNE), or the antiHA tag monoclonal 12CA5. Bands were detected with HRP-streptavidin. At 55 kD band
was precipitated by the anti-layilin antibody not seen with control depleted serum
(arrowhead). In addition, a prominent smear around 43 kD is present (bracket). This
material is not immunoprecipitated by affinity-purified serum from rabbit 618, nor is it
present in immunoprecipitates of HA-layilin from NILl 14. Moreover, overexpression of
HA-layilin does not lead to an increase in this material, suggesting it is not a meaningful
coprecipitating band but rather a contaminant. 12CA5 immunoprecipitates a 90 kD
contaminant from both untransfected NIL8 cells and from NIL 114 (arrow).
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Figure 2-13: Stably-transfected CHO cells expressing HA-layilin (CHO 114) were plated
on FN-coated coverslips and allowed to spread for 50 minutes. Cells were stained with
antibodies to (a) HA tag, (b) talin, (c) double exposure of a and b, (d) no primary
antibody, (e) anti-transferrin receptor. Note coincidence of talin and HA-layilin staining
in membrane ruffles around the edges of cells. Transferrin receptor staining is evident in
the perinuclear region and to a lesser extent on the cell surface, similar to HA-layilin
distribution; however, no transferrin receptor is found in membrane ruffles. Bar = 10
microns.

114

Figure 2-14: HA-layilin is found in ruffles of paraformaldehyde-fixed CHO1 14 cells
immunostained after permeabilization with NP-40 (a,d), Brij 99 (b,e) or acetone (c,f).
Signal for anti-HA (a-c) and anti-talin (d-f) antibodies is shown. Bar = 10 microns.
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Figure 2-15: Co-localization of HA-tagged layilin with F-actin and talin in spreading
NILl 14 hamster cells. Cells spreading on a fibronectin matrix contain peripheral ruffles
which stain for HA-layilin (a,b), phalloidin (e), and talin (f). Yellow ruffles in double
exposures (c,d) show the extent of overlap of staining. Bar = 10 microns.
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Figure 2-16: HA-layilin is present in leading edge ruffles of migrating NIL1 14 cells. A
monolayer was wounded and cells migrating into the gap are shown stained with
affinity-purified anti-layilin antiserum (a,d,g) and 12CA5 (c,fi). Panels b, e, and h are
double-exposures of 12CA5 and anti-layilin. Antibodies were incubated in the absence
(a-c) or presence of competing peptides. The layilin-derived peptide LC20 competes antilayilin staining (g) but not anti-HA tag staining (i). Conversely, an HA peptide blocks
12CA5 staining (f) but has no effect on the signal from anti-layilin antibodies (d). Bar =
10 microns.
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Figure 2-17: Endogenous layilin is in ruffles. Ruffling NIL8 cells are shown stained
with (a-c) peptide-depleted anti-layilin antiserum and (d,gj) affinity-purified anti-layilin
antiserum. Cells were double-labelled with (c,f) phalloidin and (il) anti-talin.
Arrowheads highlight peripheral and leading edge ruffles. Arrows (g-1) indicate focal
contacts, which stain with anti-talin but not anti-layilin antibodies. Layilin signals in the
nucleus and midbody are probably artifacts. Bar = 10 microns.
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Figure 2-18: Layilin is not concentrated in the uropod of polarized mouse T-cells.
Primary mouse T-cells stimulated with recombinant RANTES develop a flat leading edge
and a rounded dorsal projection called the uropod. CD43 (c) and members of the ERM
family (e) are concentrated in the uropod. ERM proteins can also be seen in the leading
edge of this cell. Layilin does not preferentially localize in the uropod (d, f). Secondary
FITC-anti-mouse (a) and peptide-depleted anti-layilin antiserum (b) are included as
negative controls. Bar = 5 microns.
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Figure 2-19: GST-layilin binds talin in cell extracts. (A) GST fusion proteins
containing portions of the layilin cytoplasmic domain were immobilized on agarose and
mixed with a CHO cell detergent lysate. Each fusion protein contains the layilin amino
acids indicated, except (LH23)x3 which has 3 copies of the amino acid motif spanning
layilin amino acids 343 to 352. Samples in which binding took place in the presence of a
layilin-derived peptide (+LC20) or a control HA-epitope peptide (+HA) are indicated.
An arrowhead indicates the position of talin and an arrow indicates a prominent
proteolytic fragment. After washing, the agarose beads were boiled in gel loading buffer
and the released material analysed by western blotting for talin. The lanes containing
proteins bound by GST fusions of fibronectin EIIIB (FN EIIIB) or layilin are overloaded
approximately 13-fold relative to the total lysate lane.
(B) Talin-layilin binding was assayed in the presence of 50 pM acidic phospholipids as
shown. The GST-(LH23)x3 fusion protein bound talin equally well in the absence or
presence of these phospholipids. The GST-FN control did not bind talin, nor did either
GST fusion bind to vinculin under the conditions tested. PS, phosphatidyl-serine.
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Figure 2-20: GST-talin binds layilin in cell extracts. (A) Glutathione agarose preloaded
with GST fusions containing either FN EIIIB or the indicated amino acids of chicken
talin was incubated with a CHO cell detergent lysate, washed, and boiled in gel loading
buffer. Proteins released from the beads were detected by western blotting for FAK (top
panel) and layilin (bottom panel). The lanes containing proteins bound by GST fusions
to chicken talin and fibronectin EIIIB are overloaded approximately 25-fold relative to
the total lysate lane.
(B) Glutathione agarose preloaded with GST fusions containing various fragments of
chicken talin was incubated with detergent lysates of NIL8 cells expressing HA-tagged
layilin or HA-tagged layilin lacking a cytoplasmic domain, washed, and boiled in gel
loading buffer. Proteins released from the beads were detected by western blotting for
the HA-epitope tag. GST-talin fusion proteins containing amino acids 280-435 bind HAtagged layilin in extracts of NIL1 14 cells (solid arrowhead, top panel). The GST-talin 1435 fusion was overloaded, resulting in the increased signal shown. In contrast, HAlayilin Acyto does not bind GST-talin fusions above background (open arrowhead,
bottom panel). Asterisks indicate background signal from the GST-fusion proteins which
migrate near the HA-layilin Acyto band. Lanes containing material bound to GST fusions
are overloaded approximately 20-fold relative to the total lysate lane.
(C) Negative controls indicate that FAK binding is specific for GST-talin and that tensin,
alpha-actinin, and beta-tubulin do not bind GST-talin. Glutathione agarose preloaded
with GST-talin or GST-FN fusions were incubated with NIH3T3 cell lysates, washed and
bound material eluted with binding buffer containing steps of increasing NaCl
concentration. Eluted protein was analysed by western blotting with antibodies to the
indicated proteins. Bound material was overloaded 20-fold relative to the lysates.
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Figure 2-21: Interaction between layilin and radixin. (A) Nickel-Sepharose preloaded
with bacterially-expressed his-tagged radixin N-terminal domain was mixed with a CHO
cell detergent lysate, washed, and bound material eluted by boiling in gel loading buffer.
His-tagged radixin N-terminal domain bound layilin whereas radixin C-terminal fragment
and his-tagged full-length radixin do not bind layilin above the background levels seen
with unloaded nickel-Sepharose (beads alone lane). GST-CT 1-435 and 2 GST-FN
fusion were assayed in parallel as positive and negative controls, respectively.
(B) Purified GST-layilin(261-374) binds to purified his-tagged radixin N-terminal
domain. Soluble GST-layilin(261-374) or GST alone was incubated with the indicated
his-tagged radixin fragments, complexes were captured on nickel-Sepharose, washed,
bound material released by boiling in gel loading buffer and analysed by western blotting
with anti-GST antibodies. Arrow, GST-layilin.
(C) Layilin and radixin C-terminal fragment exhibit mutually exclusive binding to
radixin N-terminal fragment. GST-layilin(261-374) was incubated with his-tagged
radixin N-terminal fragment in the presence of increasing amounts of his-tagged radixin
C-terminal fragment. An anti-GST western blot shows bound GST-layilin (top panel),
and an anti-radixin blot shows C-terminal fragment levels in the same samples (bottom
panel).
(D) His-tagged full length radixin was incubated with GST-layilin (261-374) in the
absence or presence of 15 or 50 micromolar PI-4-P. Bound GST-layilin was detected by
western blotting with anti-GST.
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Chapter 3

Strategies to identify layilin function

"Arrogance - the besetting sin of some young academicians - almost always inhibits the
discovery process and personal advancement. They have 'an answer to everything and are
astonished at nothing."'
T.B. Lawrence

Introduction
In the previous chapter, the discovery and basic cell-biological characterization of
layilin, a new talin-binding protein, was described. Here I relate efforts to uncover the function
of this protein. My efforts were guided by models laid out in the discussion of the previous
chapter, and I decided to focus on layilin's potential role in cell motility because the role of
talin in cell migration has been well documented. In contrast, talin's role in phagocytosis,
although suggested by talin's presence in phagocytic cups, still awaits demonstration. In
addition, the identification of an integral membrane protein specific and necessary for
migration in a variety of cell types would be a significant advance. Such a molecule would be
an obvious target for new drugs to treat metastatic cancer. This would also be of great interest
because cell motility is necessary for wound healing, inflammation and immunity. Similarly,
cell migrations constitute fundamental steps in development, ranging from gastrulation and
neural crest deployment to axonal guidance.
Despite the broad significance of cell motility, no surface proteins have been shown to
be dedicated specifically to this process. The role of some surface proteins in motility is
complex. Integrins are required for fibroblast movement, presumably by providing traction,
and hence a counterforce for movement (Palecek et al., 1997). However, integrin-mediated
adhesion can be sufficiently strong to reduce motility, presumably by simply anchoring cells
tightly to the extracellular matrix. Hence, motility peaks when cell-matrix interactions are of
moderate strength and is reduced if adhesion is either too strong or too weak. Some
experiments suggest that the hyaluronic acid receptor, CD44, mediates migration but the
precise role of CD44 in this process has not been elucidated (Sherman et al., 1994). One
ruffle-specific membrane protein is detected by the monoclonal antibody YF-169, although the
antigen has not been cloned (Hasegawa, 1993). I have been unable to obtain the antibody in
order to ascertain whether or not this 55 kD cell-surface protein is layilin.
To address the role of layilin in cell motility I adopted two general strategies. I tested
the effect of a candidate dominant negative form of layilin on migration, and I generated cell
lines expressing antisense layilin transcripts. My choice of dominant negative protein was
influenced by the observation that membrane-anchored

P1

-integrin cytoplasmic domain

inhibited spreading and cell adhesion (LaFlamme et al., 1994; Lukashev et al., 1994; Smilenov
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et al., 1994). Cells stably transfected with chimeras consisting of the extracellular and
transmembrane domains of heterologous receptors fused to the cytoplasmic domain of P1 integrin adhere more poorly than do cells expressing truncated IL2R lacking most of its
cytoplasmic domain. However, this effect was quite subtle and was not appreciated until the
cell lines had been studied extensively (LaFlamme et al., 1992; LaFlamme et al., 1994) In one
case, the inhibitory effect was revealed only when cytoskeletal reorganization was stimulated
by LPA (Smilenov et al., 1994). It is possible that these chimeric receptors exerted a subtle
inhibitory effect on cell adhesion because the membrane anchored cytoplasmic domain, which
was shown to be concentrated in focal adhesions, retained some function by serving as a
membrane-binding site for cytoskeletal proteins. To avoid this potential difficulty in a layilin
dominant negative, a cytosolic rather than membrane-bound version of the layilin cytoplasmic
domain was tested.
One alternative dominant negative (which was not tested) would consist of the layilin
extracellular and transmembrane domains fused to an irrelevant cytoplasmic domain or a stoptransfer sequence only. This form of layilin might be expected to compete with the full-length
polypeptide for binding to hypothetical extracellular ligands. However, absent any data
pertaining to the biochemical function of the extracellular domain, I felt it wisest to pursue first
the cytoplasmic domain. Data presented in the previous chapter show that this region of layilin
binds to talin and hence has at least one specific potential mechanism for interfering with cell
motility. Moreover, if such a dominant negative were effective, ablation of the talin-binding
sites in the dominant negative could be used to test the mechanism and to show specificity.
Expression of antisense layilin transcripts is also described. This method has been used
with mixed results to deplete cells of specific polypeptides. Talin and ERM proteins offer two
successful applications of this technology (Takeuchi et al., 1994b; Albiges-Rizo et al., 1995).
A cell line with inducible antisense talin expression, AT22, has 20% of normal talin protein
levels as assessed by metabolic labeling and immunoprecipitation. These cells have slowed
initial rates of adhesion and spreading, but at late timepoints they resemble wild-type cells
(Albiges-Rizo et al., 1995). The use of an inducible system lessens the likelihood that the
phenotype of these cells is a clone-specific artifact, although the report would be greatly
strengthened by the study of several independent clones. In another study, antisense
oligonucleotides were used to reduce the amounts of ezrin, radixin, and moesin in two cell
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types tested (Takeuchi et al., 1994b). Each oligonucleotide was shown to be specific for the
appropriate member of this protein family, and treatment with the mixture of oligonucleotides
resulted in significant reduction in all three polypeptides (discussed in chapter 1).
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Materials and Methods
Microinjection experiments
Preparationof GST-fusion proteins: Bacterial fusion proteins for microinjection were
prepared as described in Chapter 2. After proteins were bound to GSH-agarose and washed as
described, fusion proteins were washed once with elution buffer (50 mM Tris pH 7.5, 1 mM
PMSF, 9 TIU/ml aprotinin, 5 micrograms/ml leupeptin) and then eluted three times for 30
minutes each at room temperature with one bed volume of elution buffer containing 10 mM
reduced glutathione. The first eluted fraction was dialyzed overnight at 4*C against three
changes of microinjection buffer (75 mM KCl, 10 mM KPO4 , 0.1% P-ME) and stored at 4*C
until use. Immediately before loading microinjection needles, fusion proteins were adjusted to
1 mg/ml and spun for 30 minutes at room temperature in an airfuge at 100,000 x g to remove
particulate debris.
Microinjectionandprocessingof cells: FN-coated coverslips containing confluent monolayers
of NIL8 cells were prepared as described in chapter 2. On the day of injection, coverslips were
transferred to 10 cm dishes containing 20 mls of warm PBS+Ca/Mg and half the cells removed
with a rubber cell scraper. The margin of the wound was found using an inverted microscope
and, as the coverslip was held in place with forceps, 1 or 2 short scratches were made in the
coverslip approximately on the edge of the wound. Typically these marks were 10-20 cell
diameters in length and paralleled the long axis of the wound. Due to the difficulty in placing
the pen point precisely at the edge of the wound, markings were frequently offset by up to 10
cell diameters from the actual edge of the wound. For this reason, the marks indicated the
approximate edge of the wound. Cells were returned to individual wells in a fresh 24-well dish
loaded with 1 ml of media containing 5% serum. Cells were used after 2-3 hours of incubation
at 37*C/5% CO 2 . At this timepoint most of the cells at the wound edge appear healthy, and
between 10-30% of cells have become polarized with a single lamellipodium extending into
the denuded area. Eppendorf femtotips were loaded with about 1 microliter of bacteriallyexpressed GST fusion protein prepared as described above. The needle concentration of fusion
protein was 1 mg/ml. Coverslips were transferred to an open-topped stage chamber containing
warm medium, and the chamber was placed on the stage of a Nikon Diaphot 300. A loaded
needle was attached to a stage-mounted Eppendorf micromanipulator (model number 5171),
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and cells were microinjected by positioning the needle above the perinuclear region and then
lowering the needle into the cell. As soon as the cell membrane underwent noticeable
deformation, or a crescent-shaped clear zone began to form around the nucleus, the needle was
raised out of the cell. On average about 30 cells were injected per coverslip. After
microinjection, coverslips were returned to a 37*C/5% CO 2 incubator for 20-24 hours. Cells
were fixed and processed for immunofluorescence as described in chapter 2. Anti-GST
antibodies were used to detect injected cells.

Generation of inducible GFP-fusion protein cell lines
Constructs: A subclone of the layilin cDNA encoding the cytoplasmic domain from amino
acid 261-374 was made by PCR with primers LECTF2 and LECTR3. The PCR product was
digested with BstYI, rendered blunt with Klenow fragment, digested with Aval and then
ligated into EcoRV/XhoI-digested pBluescript SK- to produce the plasmid MB145. An
EcoRI/KpnI fragment from MB145 was ligated into EcoRI/KpnI-digested pEGFP-C2
(Clontech) which generated a construct which encodes an in-frame fusion between GFP and
layilin cytoplasmic domain with layilin C-terminal to GFP. This construct was digested with
NheI and blunted with Klenow, digested with BamlI and ligated into pTRE (Clontech) which
had been partially digested with XmnI and completely digested with BamHI. The resulting
construct places the GFP-layilin chimera under the control of a tet/VP 16 hybrid transcriptional
activator. The same strategy was used to make plasmid MB 168, a construct placing GFP under
the transcriptional control of tet/VP16. To make GFP-FRNK (MB 170), a pBluescript subclone
of chicken FAK was digested with NdeI, blunted with Klenow, digested with SalI, and ligated
into MB 168 which had been partially digested with EcoRI and completely digested with Sall.

Electroporation: CHO AA8 cells were purchased from Clontech. These cells are stable
transfectants which produce the chimeric transcriptional regulator tet/VP 16. This fusion
protein binds to tet-repressor binding sites and activates transcription only in the absence of
tetracycline and related antibiotics (such as doxycycline). CHO AA8 cells were electroporated
according to manufacturer's instructions using a Biorad Gene Pulser. Briefly, DNA was
prepared by ethanol precipitating 10 micrograms of the tet-regulated plasmid with 1 microgram
of pTK-Hyg (containing a constitutively-expressed selectable marker) and resuspending in 20
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microliters of sterile PBS. Sub-confluent CHO AA8 cells were suspended by treatment with
trypsin/EDTA, washed, and adjusted to 107 cells/ml. Cells and DNA were mixed,
electroporated, and allowed to recover for 10 minutes at room temperature. Aliquots
containing 2.5% and 12.5% of the total cells were plated on 15 cm dishes in medium
containing doxycycline and G418. Forty-eight hours later hygromycin B was added to final
concentration of 400 micrograms/ml. Eighteen days later clones were recovered using cloning
rings and trypsin.
FACS analysis and sorting: Cells were released with trypsin/EDTA or EDTA alone (as CHO
AA8 cells were found to be easily released from tissue culture plastic by pipetting), washed
once in PBS, and resuspended in PBS containing 0.5 mg/ml propidium iodide (PI) to a final
concentration of between 1 and 5x10 6 cells/ml. For expression analysis, a region containing
PI-negative cells was defined and 10,000 events were collected on a Becton-Dickinson
FACScan using standard settings. To clone by FACS, mixed clones known to contain a
population of GFP-positive cells were induced to express the GFP-fusion protein by growth in
the absence of antibiotic for four days. Cells were released as described above and sorted on a
FACStar plus. Sorted clones were reanalyzed at a later date to verify that the desired
population of cells had been purified.
Western analysis ofprotein expression in GFP-expressingcells: For timecourse experiments,
5x1 04 cells were distributed to each well of a 6-well plate in medium containing antibiotic
(uninduced conditions). At the appropriate time, the media was replaced with media lacking
antibiotics to induce expression of the fusion proteins. At the endpoint, cells were rinsed in
PBS and lysed in RIPA buffer. Protein concentrations were determined using the Micro-BCA
kit, and an equal mass of each lysate was assayed by western blotting with antibodies against
layilin or GFP (Clontech).
Generation of tetracycline-regulated antisense-expressing cell lines
Constructs: Inserts for antisense-expressing constructs were derived from the plasmids
MB1 12 and MB93. MB93 consists of the layilin cDNA cloned into pBluescript. The vectorderived EcoRI site in MB93 was ablated by digestion with EcoRI, Klenow blunting, and self-
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ligation. The resulting plasmid, MB 108, was digested with HincII and a synthetic
oligonucleotide containing an EcoRI site was inserted. The result is plasmid MB 112, and the
linker adds 4 in-frame amino acids to the layilin lectin homology domain. To make the 350 bp
antisense insert, MB 112 was digested with EcoRI and BamHI, and the insert was ligated into
EcoRI/BamHI-cut pTRE. The 600 bp antisense insert was made by digesting MB93 with
XmnI and BamHI, and ligating the insert into EcoRI-cut, blunted, BamHI-cut pTRE.
Analysis of cell lines: Cell lines were electroporated and cloned as described above except that
limiting dilution was used instead of FACS cloning to subclone positive cell lines. Timecourse
analysis was performed as described for GFP-expressing cell lines. Total RNA was harvested
from 6-well dishes essentially as described in chapter 2 except volumes were scaled to
accommodate fewer cells. Northern blots were performed as described in chapter 2.

Transwell migration assay
GFP-fusion protein expression was induced by plating 7.5x10 4 cells on 10cm tissue culture
dishes plus or minus doxycycline. After three days of induction, phase photomicrographs were
recorded on Kodak T160 film using a Nikon Diaphot microscope. The next day, cells were
released with warm versene, pelleted, and resuspended in medium containing 0.5 % BSA, 1%
serum, and doxycycline for uninduced samples. Falcon transwell migration chambers were
used as inserts in 24-well plates. Migration chambers were prepared by coating the underside
with 10 micrograms/ml human plasma fibronectin in PBS+Ca/Mg for at least an hour at
37 0 C/5% CO 2 and then washing with PBS+Ca/Mg. Media containing 0.5 % BSA, 1% serum,
and doxycycline (for uninduced samples) was added to the bottom of each well. Cells were
adjusted to 106 cells/ml and 100 microliters gently pipetted into the top of a Falcon transwell
migration chamber. Cells were returned to a 37*C/5% CO 2 incubator for 6 hours. During this
time, the remaining cells from each sample were analyzed by FACS as described above.
Transwell chambers were then quickly rinsed three times in PBS+Ca/Mg and cells remaining
on the upper surface of the chamber were wiped off with a cotton-tipped swab. Cells were
simultaneously fixed and stained for two minutes in 2% ethanol/1% crystal violet/100 mM
borate pH 9.0 and then rinsed three times with distilled water. Stained cells were air-dried
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overnight and then bound dye was released with 10% acetic acid. Absorbance at 600 nm was
determined for each sample. Four to six chambers were assayed per cell line and condition.
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Results
Effect of GST-layilin cytoplasmic domainfusion protein on cell migration
Microinjection of fusion proteins has been used to demonstrate function for various
cytoskeleton associated proteins found in focal contacts (Hemmings et al., 1996; Gilmore and
Romer, 1996; Nix and Beckerle, 1997). I microinjected NIL8 cells with bacterially-expressed
GST-fusion proteins in an effort to disrupt layilin activity and reveal a role for layilin in cell
motility. Cells were plated on FN-coated coverslips at high density in 0.5% serum overnight to
generate confluent monolayers of extremely flat, well spread NIL8 cells. Half of each
coverslip was denuded by scraping with a rubber scraper, and the position of the wound edge
was marked by gently scoring the coverslip with a diamond-tipped pen. Two hours later the
majority of cells on the edge of the wound were observed migrating into the cleared region of
the coverslip. The cells on each coverslip were microinjected with one of three proteins: GST
alone, GST fused to the layilin cytoplasmic domain (amino acids 261-374), and GST fused to a
C-terminal fragment of focal adhesion kinase (FRNK). After microinjection, cells were
incubated overnight, fixed and stained with anti-GST antibodies to detect injected cells. Cells
were counted as being at the base if they were still approximately equal to the position of the
wound edge after overnight incubation. Cells scored as leading edge cells were those which
remained ahead of all other cells such that no cell could be seen between them and the denuded
region. Cells between the base and leading edge cells were scored as being in the pack.
Examination of approximately 300 cells each microinjected with either GST or GSTlayilin(261-374) revealed no difference in the distribution of cells between the leading edge,
the pack, and the baseline (figure 3-A). In contrast, microinjection of GST-FRNK displaced
cells from the leading edge to the migrating pack, suggesting that this fusion protein inhibited
motility (figure 3-B). In this experiment, although 150 cells were initially microinjected, only
50 were detected when cells were counted the next day. It is possible that the GST-FRNK
fusion protein disrupts adhesion in some cells sufficiently that they do not remain attached
when coverslips were processed for immunofluorescence. The cells which remained may have
been injected with slightly less fusion protein, or may have been larger cells to begin with and
hence experienced a lower final intracellular concentration of fusion protein. Alternatively, the
fusion protein may only prevent re-adhesion of cells, perhaps after they round during cell
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division, in which case the remaining cells might have been lost once they underwent mitosis.
It is also possible that this fusion protein is toxic to NIL8 cells.

Effect of GFP-layilincytoplasmic domainfusion protein on cell migration
The microinjection experiments described above allowed examination of a relatively
small number of cells. To assess migration in large populations of cells, CHO cells expressing
a candidate dominant-negative form of layilin, a green-fluorescent-protein layilin cytoplasmic
domain (amino acids 261-374) fusion protein, were generated. Fusion protein production is
under the control of a tetracycline-regulated promoter such that it is expressed in the absence of
antibiotics and repressed in the presence of tetracycline or doxycycline. This strategy was
chosen to prevent loss of cell lines due to potential physiological effects or toxicity of the
fusion protein. Several positive cell lines were recovered and found to express a fusion protein
of appropriate molecular weight which reacts with anti-layilin antibodies. Timecourse analysis
of fusion protein expression indicated that fusion protein levels increased with time and that
endogenous layilin levels were unaffected by GFP-layilin expression (figure 3-2). FACS
analysis of these cell lines confirmed time-dependent increase in GFP signal at least up to 45
hours (figure 3-3). This analysis also revealed that the cloned cell lines consisted of two
population of cells, those that expressed the GFP-fusion and those that did not. Cells were
sorted by FACS and positive and negative cell populations examined for GFP by FACS (figure
3-4). Figure 3-4 shows that after FACS sorting, a population of positive cells was obtained;
these cells have remained positive thereafter, suggesting that differences in GFP expression
observed in the original clones were due to multiple clonal origins. The sorted cell lines were
returned to culture in the presence of doxycycline to repress expression of the GFP-fusion
proteins. These FACS-sorted cell lines were used for subsequent experiments.
Expression of GFP-layilin cytoplasmic domain had no effect on CHO cell morphology
as assessed by phase microscopy. Induced transfected cell lines resembled both uninduced
transfectants and uninduced and induced vector-only transfectants (figure 3-5, panels a-d).
Cells are spindle shaped and appear adherent but somewhat refractile, indicating that cells are
not well spread. As a positive control, CHO cells with tetracycline-regulated GFP-FRNK were
created in parallel with GFP-layilin (261-374) cells. Induction of the GFP-FRNK protein
correlated with the appearance of significant numbers of round, weakly adherent cells (figure
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3-5, panels e-f). This is consistent with the presumed adhesion-disrupting effect of the GSTFRNK fusion discussed above and with published effects of GST-FRNK (Gilmore and Romer,
1996). Again the persistence of some adherent cells in these cultures may result from
variability in fusion protein levels or could reflect the requirement that cells detach, for
instance during mitosis, to allow for the dominant-negative effect.
Subcellular localization of the fusion proteins was followed with the GFP tag and
compared to actin cytoskeleton. GFP alone exhibits diffuse cytoplasmic localization in
addition to some nuclear localization (figure 3-6a). GFP-layilin cytoplasmic domain fusions
appear similar to GFP alone except that small actin-rich ruffles also contain GFP-layilin (figure
3-6, panel c-d). In some cases, similar signal was seen in GFP-only cells, making
interpretation of the ruffle signal difficult. It is probable that sufficient levels of any GFP
fusion protein in the cytoplasm can result in some ruffle signal; however, ruffle signal was seen
in cells which did not exhibit high all-over GFP signal (e.g. figure 3-6c). GFP-FRNK localized
to the cytoplasm and nucleus, and also became concentrated in focal contacts which align with
the ends of actin stress fibers (arrows, figure 3-6 panel e-f). Most GFP-FRNK expressing cells
were rounded, and in these cells bright green fluorescence was evident throughout the cell
body.
The GFP-layilin cytoplasmic domain fusion protein appears to have the same talinbinding ability as does endogenous layilin. GFP-layilin cytoplasmic domain was able to bind
to bacterially-expressed GST-CT 1-435 fusion protein immobilized on agarose beads (figure 37). The fusion protein which bound to GST-CT 1-435 was recognized by antibodies directed
against both GFP and layilin, indicating that the fusion protein is generally intact (figure 3-7).
Moreover, the anti-layilin antibody recognizes an epitope at the C-terminus of the cytoplasmic
domain adjacent to the talin-binding site.
The effect of GFP-layilin cytoplasmic domain expression on cell motility was assessed
in a transwell migration assay. In this assay, cells are placed on one side of a semi-porous
membrane and allowed to cross the membrane. Two clones of GFP-layilin-expressing cell
lines were assayed and found to exhibit no net effect on cell motility in this assay (figure 3-8).
In different experiments, induction of GFP-layilin expression was found either to increase or
decrease migration by up to 30% in these cell lines. Similar results were found with cells
containing the expression vector alone. Varying the length of the incubation did not reveal an
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effect of GFP-layilin expression although net migration increased with time, as expected. In
contrast to the results with GFP-layilin cytoplasmic domain, GFP-FRNK expression
consistently caused a 60% decrease in migration in three cell lines examined (two are shown in
figure 3-8). This result indicates that differences in migration can be detected in this assay.
Attempts to reduce layilin protein levels by expression of layilin antisense transcripts
Two layilin antisense expression vectors were constructed which drive the expression
of transcripts of 600 and 350 nucleotides, respectively. Two were made to increase the
likelihood of success, and both were designed to overlap the proposed start of translation.
Stably-transfected cell lines were assayed by Northern blotting for inducible antisense
expression, and 32 of 52 clones were judged to be positive. The three most stronglyexpressing clones of each type were followed-up by timecourse analysis of antisense
expression (figure 3-9). Antisense expression increased with time over the 62 hours assayed.
Clone 123-23 also produced an aberrantly large transcript of unknown origin. In a parallel
timecourse, protein from the same six clones was prepared and western blotted with anti-layilin
antibodies. Layilin levels appeared unaffected (figure 3-10, bottom panel). The same lanes
were blotted with antibodies against the focal contact protein vinculin as a loading control
(figure 3-10, top panel). The slight variations in layilin levels parallel changes in vinculin
levels, indicating that they result from minor differences in gel loading.
As previously discussed, FACS analysis indicated that primary clones of GFP-layilin
expressing cells were a mix of positive and negative cells. Similar presence of negative cells in
the antisense clones could mask down-regulation of layilin protein by antisense expression. To
reduce the likelihood of this, the six antisense clones described above were subcloned by
limiting dilution. Eighty-one clones were recovered and layilin protein levels assayed by
western blotting at a single time point under induced and uninduced conditions. Thirty of the
eighty-one subclones were judged to exhibit at least a two-fold decrease in layilin protein; four
examples are shown in figure 3-1 IA. These clones were expanded and assayed for layilin
protein levels in a timecourse study. None of 10 clones retested showed any changes in layilin
protein levels upon induction of the antisense transcript (four examples are shown in figure 311B).
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Discussion
Dominant negative approaches
This chapter describes efforts to test the hypothesis presented in the previous chapter
that layilin plays a role in cell migration. Two implementations of a dominant-negative
strategy (injection of GST-fusion proteins and expression of GFP-fusion proteins) and attempts
to make layilin-deficient cells by antisense expression did not generate data to support this
theory. It is impossible to interpret these negative results as evidence against this model
because other plausible explanations for the data exist. This and previous dominant-negative
experiments are motivated by the belief that expression of an appropriate fragment of a protein
which exhibits some but not all biochemical activities of the intact molecule may perturb the
function of endogenous protein. In this case, I hypothesized that the cytoplasmic domain of
layilin serves as a membrane docking site for talin. I reasoned that the presence of excess
layilin cytoplasmic domain which was not anchored to the membrane could bind talin and
prevent its interaction with endogenous membrane-associated layilin cytoplasmic domain.
This dominant-negative also could sequester unknown layilin cytoplasmic domain-binding
partners or prevent their association with the plasma membrane.
Microinjection of GST-layilin cytoplasmic domain and expression of GFP-layilin
cytoplasmic domain were used to test this idea. In in vitro wounding experiments, cells
microinjected with GST-layilin cytoplasmic domain migrated equally well into the wound as
did cells injected with control GST protein. In contrast, cells injected with GST-FRNK were
somewhat inhibited in their migration relative to control GST-injected cells, consistent with
previous studies (Gilmore and Romer, 1996). I detected reduced numbers of GST-FRNK
injected NIL8 cells after 22 hours of incubation (66% of injected cells were lost), suggesting
that this fusion protein also disrupts adhesion, possibly as cells re-attach to the substrate after
dividing. This observation is supported strongly by the disruptive effect on cell adhesion of
expression of GFP-FRNK fusion protein in CHO cells. In contrast, Gilmore and Romer (1996)
reported that BALB/c 3T3 and HUVEC cells microinjected or bead-loaded with GST-FRNK
respread normally. It is possible that chicken FAK has a stronger effect on cell adhesion in the
hamster cells lines analyzed here than in the human and mouse cells reported previously.
However, Gilmore and Romer (1996) found a slightly greater effect on cell motility than did I,
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suggesting that species differences do not account for the observed differences, unless the
effects of FRNK on cell adhesion and motility are mediated by distinct mechanisms.
There are several explanations for the failure of the GST-layilin fusion protein to
produce an effect on cell migration. First, my hypothesis that layilin functions in cell
migration may be incorrect. Alternative models for layilin function were discussed in the
previous chapter. There is a large soluble pool of talin in the cytoplasm, and only a small
fraction of talin is incorporated into cytoskeleton. Hence, a large amount of layilin fusion
protein might be required in order to effectively titrate out talin, and I may not have achieved
these levels in my microinjection experiments. A typical microinjection introduces an
estimated 10-13 liters per cell; using a 1 mg/ml solution this corresponds to about 10-13 grams of
injected protein (Graessmann et al., 1980). Assuming there are 10--10-9 grams of total protein
per cell, the injected protein constitutes between 0.01-0.1% of the total cellular protein, or
about 1 to 10 times the abundance of a protein of average abundance. At the low end of this
range, only a potent dominant negative is likely to be successful. Moreover, microinjected
fusion protein may be subject to proteolysis. Antibodies directed against both the layilin
cytoplasmic domain and GST stain microinjected cells at the endpoint of the assay, revealing
diffusely localized protein and indicating that at least enough fusion protein remains sufficient
to be detected by immunofluorescence. This could be substantially less than was
microinjected.
The layilin-talin interaction might be disrupted in cells by microinjecting layilinderived peptides, such as LC20, which compete binding of talin to GST-layilin in vitro (figure
2-19A). Peptides could be microinjected to higher molar concentrations than were achieved
for GST fusions because of the peptides' relatively small size. Performance of injected cells in
the wound migration model should be compared to that of cells microinjected with a scrambled
peptide. However, even the higher concentration of peptides achievable, probably on the order
of 10-25 fold greater than that of the GST-fusions used, may be insufficient to titrate talin. An
alternative would be to microinject peptides derived from the membrane-proximal half of the
layilin cytoplasmic domain. While no biochemical activity has been associated with this
segment of layilin, it does contain three copies of one of the internal repeated motifs (LH1), the
presence of which may be indicative of function. This hypothesis is consistent with the
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observation that this region of the layilin cytoplasmic domain is conserved in the putative
human homolog (discussed in chapter 2, figure 2-4D).
Inducible expression of GFP-layilin cytoplasmic domain offered some advantages over
microinjection. Larger numbers of cells were tested in migration assays, producing more
representative data. FACS analysis allowed an estimation of the heterogeneity of expression
levels, which were considerable, varying over two logs within the positive population of cells.
Western blotting revealed that the GFP-layilin fusion protein was present in significant excess
over endogenous layilin, however, making the possibility that there was insufficient dominantnegative to compete with endogenous layilin an unlikely interpretation. This observation does
not rule out the possibility that there were inadequate amounts of fusion protein to titrate all
potential layilin-binding sites on talin or other binding partners. Moreover, GFP-layilin fusions
may also substitute for endogenous layilin as an adaptor between talin and unknown proteins.
If we learn that layilin is involved in cellular processes other than migration, it will be of great
interest to see whether these reagents and methods effectively inhibit layilin function in other
assays.
Attempts to generate layilin-negative cells via antisense expression

The ineffectiveness of the initial antisense-expressing clones is most likely the result of
impure cell clones. These cell lines were cloned in parallel with the GFP-expressing cells, and
the latter were proven by FACS analysis to be mixed clones. Upon subcloning it became
evident that 31/81 subclones or an average of ~38% of cells in the initial clones expressed the
antisense transcript. Hence the primary clones consisted of ~62% non-expressing cells.
Assuming the antisense had the effect of reducing protein levels by -80%, then the band on a
western blot would appear (62%xlOO%+38%x20%=) ~70% as intense as a control band. This
may be within the variability observed in the assay or too small a difference to reliably detect
by chemiluminescence.
Immediately after subcloning, numerous individual subclones exhibited downregulation of layilin protein levels when cultured under conditions that induce antisense
expression. This effect was lost after two additional passages in culture, and might result from
antisense-negative cells taking over the cultures. Non-expressing cells which arise
spontaneously may have a growth advantage over layilin-deficient cells, or perhaps cells which
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down-regulate layilin die due to an absolute requirement for layilin. Transcription of
endogenous layilin may also increase to offset the effects of antisense expression. However,
Northern analysis showed that antisense transcripts are produced in vast excess over
endogenous transcripts, making the latter hypothesis unlikely.
The finding that antisense suppression of layilin protein appears to be unsustainable in
CHO cells is promising. It is unclear why this effect was observed only immediately after
subcloning, but it is possible that expression of the antisense transcript under non-induced
conditions was deleterious. Although an inducible expression system was chosen to avoid loss
of the desired cell population, FACS and western analysis of GFP-expressing cell lines
revealed that the system does give rise to some background expression even under uninduced
conditions. Antisense transcripts were not detected in uninduced cells, but this observation
was made in clones which appear to have been mixed (that is, prior to limiting dilution),
thereby leading to an underestimate of the background expression levels in those cells that
were positive. The best solution to this potential pitfall is transient expression of antisense
transcripts, which could be achieved by high efficiency infection with retroviral vectors or by
treatment of cells with antisense oligonucleotides (Marcus-Sekura et al., 1987). If effective,
either method would result in populations of cells which have significantly reduced layilin
protein levels. In addition to their utility in the transwell migration assay, these cells could be
compared with cells treated with control retrovirus or sense oligonucleotides in a range of
assays for potential layilin functions.
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Figure 3-1: Microinjected GST-FRNK fusion protein inhibits cell migration while
microinjected GST-layilin (261-374) does not.
(A) Percent of cells scored as stationary (base), as migrated a maximal amount (front), or
as migrated an intermediate amount (pack) are shown with open bars for cells injected
with GST and filled bars for cells injected with GST-layilin (261-374). Chi-squared
analysis indicates that samples are not significantly different (p=0.91).
(B) As in A, above, except filled bars represent cells injected with GST-FRNK. Chisquared analysis indicates that samples are significantly different (p=0.046). As an
internal control, GST samples from the experiments shown in A were compared with
those from panel B by chi-squared analysis and found not to be significantly different
(p=O. 6 1 ).
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Figure 3-2: Western analysis of GFP-layilin expression in stably-transfected CHO AA8
cells (clone 162-18). Endogenous layilin (arrowhead) and GFP-layilin (261-374) fusion
protein (arrow) are shown for cells induced for the lengths of time indicated. Short and
long exposures of the same gel are shown. Note a small amount of fusion protein is
evident in the uninduced cells that is not seen in the vector-only transfectants (compare
time=O hours for both sets of lanes). The lanes for the vector-only sample are overloaded
relative to the lanes from the GFP-layilin cell line (compare the background band
migrating at the bottom of the gel in the long exposure). The same cells were analysed
by FACS (figure 3-3).
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Figure 3-3: Timecourse FACS analysis of GFP-layilin expression in live cells. Green
fluorescence was measured from samples induced for the number of hours shown. The
traces in the left hand column are from cells tranfected with the vector alone, and the
right hand data are from a stable transfectant expressing GFP-layilin (261-374), clone
162-18. The mean fluorescence intensity (MFI) for each sample is shown in each
histogram. Note that uninduced clone 162-18 has a four-fold greater MFI than does the
vector only clone at any timepoint. Two fluorescence peaks are evident in the 45 hour
timepoint; the left peak corresponds to the position of the uninduced cells. Cells from the
first three timepoints were subsequently lysed and analysed by western (figure 3-2).
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Figure 3-5: Expression of GFP-layilin (261-374) has no effect on cell morphology;
expression of GFP-FRNK causes cell rounding. Phase micrographs of live cells stably
transfected with (a,b) vector, (c,d) GFP-layilin (261-374), (e,f) GFP-FRNK. Cells are
shown uninduced (a,c,e) and after 3 days of induction (b,d,f). Bar = 10 microns.
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Figure 3-6: Subcellular localization of GFP fusion proteins. Although CHO cells rarely
produce prominent ruffles akin to those made by NIL8 cells, GFP-layilin (261-374) is
seen in modest, actin-containing ruffles which are sometimes found at a cell's leading
edge (arrows, c and d). GFP alone is also detectable in some small ruffles as well
(arrows, a and b). Cells expressing high amounts of GFP-FRNK are rounded up
(arrowheads, e and f). FRNK localizes to focal contacts (arrows) in moderate and low
expressing cells such as the one spread cell in e. Bar = 10 microns.
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Figure 3-7: GFP-layilin (261-374) binds to GST-CT (1-435) in vitro. Lanes + lysate:
detergent lysates from induced CHO AA8 cells expressing GFP-layilin were incubated
with glutathione agarose preloaded with either GST-CT (1-435) or a control GST fusion
(LH3), washed, and the bound material released by boiling in sample buffer. Lanes lysate were processed in parallel except cells were omitted. Immunoblotting the same
filter sequentially with antibodies to GFP (left panel) and layilin (right panel) indicates
that the GFP-layilin fusion binds to GST-CT(l-435). The five bands marked in the
layilin western blot are as follows: 1, endogenous layilin; 2 and 5, cross-reacting
contaminants in the GST CT (1-435) fusion prep, 3, GFP-layilin; 4, breakdown product
of GFP-layilin. Note that the lysate itself contains only bands 1, 3 and 4. The GSTfusion protein alone (- lysate) has only bands 2 and 5. The sample in which lysate was
mixed with GST-CT (1-435) has all five bands, indicating that GST-CT (1-435) binds
both endogenous and GFP-layilin. Moreover, the GFP-layilin breakdown product (band
4) also binds talin head, suggesting it consists of the C-terminal portion of the fusion
protein. Evidently the portion of GFP which has been cleaved contains the epitope for
the anti-GFP antibody used in this experiment as this band is not seen in the GFP
immunoblot.
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Figure 3-8: Effects of GFP-layilin (261-374) and GFP-FRNK expression on CHO
migration in a transwell assay. The samples shown in figure 3-4 were used in this assay.
Migrating cells were quantitated after a 6 hour incubation. GFP-layilin (261-374) has no
consistent effect on motility whereas GFP-FRNK inhibits migration by 60-70%. One
standard deviation is shown. p values were determined using a two-tailed student's t-test
with equal variance.
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Figure 3-9: Northern analysis of total RNA from stably-transfected CHO AA8 cells
expressing layilin antisense transcripts. Cell lines were cultured in uninducing conditions
or were induced by withdrawal of doxycycline for the number of hours indicated.
Antisense transcripts are undetectable in uninduced samples, while correctly sized
transcripts (arrowheads) show time-dependent increase in expression. Clones 123-15,
123-23, and 123-26 express antisense transcripts with 600 nt of overlap with layilin, and
clones 124-1, 124-5, and 124-29 make antisense transcripts with 350 nt of overlap with
layilin. Clone 123-23 also produces an abberantly large transcript (arrow). The
endogenous layilin transcript is not detectable in this exposure.
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Figure 3-10: Layilin antisense expression has no effect on layilin protein levels. No
change in layilin protein levels are evident in western analysis of protein made from
stably-transfected CHO AA8 cells expressing layilin antisense transcript (bottom panel).
Cell lines were cultured in uninducing conditions or were induced by withdrawal of
doxycycline for the number of hours indicated. These samples were prepared in parallel
with the samples shown in figure 3-9. An equal mass of protein was loaded in each lane;
even loading is confirmed by western blotting with anti-vinculin antibodies (top panel).
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Figure 3-11: Subcloned layilin antisense cell lines lose the ability to suppress layilin
protein production. (A) Immediately after cloning, several subclones appear to suppress
layilin levels. Layilin protein levels from four subclones grown under inducing (+) or
non-inducing (-) culture conditions for 3 days were assayed by western blotting (bottom
panel). The top panel is a loading control indicating that vinculin levels in the same lanes
are unaffected by antisense expression. Each of these four clones appears to have at least
a two-fold reduction in layilin protein levels after induction of the antisense transcipt.
(B) Timecourse analysis of layilin protein levels in the same clones as in (A) after two
additional passages in culture. Western blotting reveals that layilin levels are now
insensitive to antisense expression even after 87 hours of induction (bottom panel). The
top panel is a loading control.
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Chapter 4

Future directions

Identifying function
The discovery of layilin, like that of any new protein, raises a host of questions such as
the function of layilin, its potential carbohydrate or glycoprotein ligands, its integration into rac
signaling pathways, and other biochemical characteristics of the cytoplasmic domain.
Answering these questions will not be a trivial task; while biochemical interactions of focal
contact proteins are readily observed, the biological functions of several (such as zyxin,
MENA, syndecan-4 and tensin) remain elusive. Because of their ability to bind to one or more
other cytoskeletal proteins, these molecules generally have been thought to be structural
proteins. Although such conclusions are reasonable, they merit experimental demonstration.
Likewise the sensible proposal that layilin is a membrane-binding site for talin must be
confirmed by demonstrating that disrupting this interaction or depriving cells of layilin has
consequences for cell physiology or morphology. In the discussion of chapter 3, I have
proposed ways to extend dominant-negative and antisense approaches. Additional routes to
layilin function are mapped below.
An alternative but related dominant-negative strategy to that discussed in chapter 3 is
expression of partial layilin cytoplasmic domains. Such proteins in theory would function by
binding to a subset of layilin ligands and frustrating their interaction, normally mediated by
layilin, with other proteins. It is possible that the dominant negative GFP fusion containing the
intact layilin cytoplasmic domain, described in chapter 3, simply substitutes for endogenous
layilin, serving as an adaptor linking talin to one or more other cytoskeletal proteins. If this
were the case, then a fusion protein containing a partial layilin cytoplasmic domain, for
example, only a talin-binding site, might be effective in disrupting a complex between talin and
an unknown partner because it could bind to one but not both proteins. Partial cytoplasmic
domain dominant negatives may be most effective if concentrated at the membrane either in
the context of truncated layilin or as a fusion with heterologous extracellular and
transmembrane domains. If such an inhibitor proved potent, inducible or transient expression
may be preferable to stable expression. This would minimize loss of cell lines due to potential
deleterious effects of the dominant negative and would reduce selection of cells with
compensatory changes in expression of endogenous layilin or its binding partners.
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Microinjection of peptides containing only part of the layilin cytoplasmic domain may also
achieve the desired effect.
Assuming the layilin CRD-homologous sequence is a functional carbohydrate-binding
domain, layilin's biological role could be uncovered by reagents which disrupt ligand binding.
I believe this general approach is likely to be fruitful. Identification of a specific glycoprotein
ligand, if one exists, would facilitate creation of reagents which disrupt its binding to layilin.
Even without this knowledge, generation of monoclonal antibodies directed against the lectin
domain might result in function-blocking antibodies independent of the nature of a putative
ligand. Hence this would be a more general approach than an alternative, which is to identify
carbohydrate ligands (discussed below) that would compete with endogenous ligands for
layilin binding. Both types of reagents would be useful in a relatively broad spectrum of
assays, including spreading and migration, which might be used to probe layilin function. If
the 55 kD YF-169 antigen described by Hasegawa (1993) is layilin, the monoclonal antibody
directed against it may prove helpful.
Layilin function might be addressed by inactivating the gene by homologous
recombination. Although this time-consuming and expensive approach would undoubtedly
yield valuable insights into the role of layilin during development, it is not clear that this is the
best strategy to find the cell biological function of a protein. Heterozygous ES cell clones
should be used both to create heterozygous mice, which can be bred to determine the
phenotype, if any, of layilin-deficient mice, and as the basis for double-null ES cell lines.
Depending on the phenotype of layilin-null mice, null ES cells may be a more useful reagent
with which to investigate the cell biological function of layilin. The membrane dynamics (or
other properties) of homozygous null ES cell clones can be studied, and these cells also can be
used to make both embryoid bodies and chimeric animals in order to generate other null cell
types. If transfection of wild-type layilin rescues the phenotype (whatever it may be) of
layilin-null cells, the significance of talin binding may be addressed by transfecting mutant
layilins lacking or mutated in one or more LH2/LH3 repeats, those used to bind talin in vitro.

Identifying ligands
The search for ligands of the putative lectin domain should include both carbohydrate
ligands and potential glycoprotein ligands. The former will reveal at least one aspect of the
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protein's biochemical function and will serve as the basis for development of useful inhibitors,
whereas the latter could provide considerable insight into the biological roles of layilin.
Soluble chimeric CRD domains fused to the constant region (Fe) of immunoglobulin heavy
chains have been produced for E-, P-, and L-selectin as well as for the link module of CD44
(Aruffo et al., 1990; Watson et al., 1990; Aruffo et al., 1991; Moore et al., 1992; Levinovitz et
al., 1993). Each has been used to identify candidate ligands, and some have been used as if
they were antibodies in immunohistochemistry to detect ligand-enriched cell types in tissue
sections (Imai et al., 1991; Lasky et al., 1992; Spertini et al., 1996). Two criteria can be
applied to sort candidate ligands for a C-type lectin, Ca 2+-dependence and carbohydratedependence of binding. These Ig chimeras can be used to affinity-purify candidate ligands
from surface- or metabolically-labeled cell extracts and binding can be assessed for calciumdependence and sensitivity to glycosidases. Control chimeras should include the Fc fusion
partner alone as well as a layilin CRD with one or a few mutations in amino acids known to be
required for ligand binding by other CRDs (discussed in chapter 2). These controls should
allow identification of good candidate ligands. Co-localization of layilin with a potential
ligand in cells and tissues will enhance confidence that a genuine ligand has been identified.
Ultimately, a demonstration that interference with each molecule or specific disruption of their
binding gives rise to identical or overlapping effects will be the best evidence of their
functional interaction in vivo.
I also have proposed that layilin may mediate uptake of glycoprotein ligands during
phagocytosis. In this case it may recognize a broad array of glycosylated species rather than a
discrete few. This would be revealed during efforts to affinity isolate ligands by recovery of a
ladder of bands or even a smear of specifically bound material. Under these circumstances it
would be most appropriate to identify the carbohydrate ligand rather than individual
glycoprotein ligands.
Soluble bacterially-expressed CRDs have been used to characterize the interaction of
lectins with their carbohydrate ligands (Ghrayeb et al., 1984; Weis et al., 1991a; Kohda et al.,
1996). In these cases purification of the CRD from bacteria has exploited a sugar-affinity step
which requires foreknowledge of at least one carbohydrate ligand. Layilin's carbohydrate
preferences might be discovered by passing cell lysates over various immobilized sugars, such
as a column matrix, washing, eluting with EDTA or soluble sugars and assaying for layilin by
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western blotting. Absent that knowledge, these bacterially-expressed CRDs could be purified
by conventional biochemical methods. Since they offer no particular advantage over CRD-Ig
fusions, this approach should be considered a second choice in case expression or protein-A
affinity purification of layilin-Ig chimeras proves impossible.
In addition to their utility as an affinity reagent to isolate candidate glycoprotein
ligands, recombinant CRDs can be used to screen combinatorial carbohydrate libraries to
directly select sugar ligands. Solid phase synthesis of such libraries greatly facilitates recovery
and identification of ligands (Liang et al., 1996). Although these binding partners will likely
not represent physiological sugar ligands, they may be effective antagonists. Further screening
of carbohydrate libraries built by varying one or more initial positive sugar structures could be
used to optimize a candidate ligand, hence enhancing its potential as an inhibitor.
Cytoplasmic domain functions
The roles of layilin and talin in membrane ruffles and during cell motility might be
clarified by further characterization of interactions between them and other molecules known
to regulate ruffling and/or motility. The recent report of association between vav and talin
stimulates the speculation that in other cell types talin may bind to other guanine nucleotide
exchange factors (Fischer et al., 1998). Similar observations have been reported for ERM
proteins (Takahashi et al., 1998). Tiam-1, which stimulates ruffling in fibroblasts, contains rac
exchange factor activity and has two PDZ domains, either of which could bind the layilin
cytoplasmic domain. A complex consisting of talin, Tiam- 1 and layilin would be analogous to
that composed of band 4.1, p55, and glycophorin (Marfatia et al., 1994).
The search for other layilin cytoplasmic domain-binding partners may further inform
our understanding of layilin function. In particular, it will be of interest to learn what, if any,
proteins associate with the long LH1 repeats. Since a LexA/layilin cytoplasmic domain fusion
gives rise to constitutive activation of reporters, baits made from subfragments of the
cytoplasmic domain will have to be used if this approach is taken. In addition, further study of
the spectrum of band 4.1 superfamily members which can bind layilin may indicate the breadth
of layilin's role in anchoring actin cytoskeleton at the cell membrane. Finally, several serine,
threonine and tyrosine residues in the cytoplasmic domain could be subject to phosphorylation,
and analysis of this possible modification and its correlation with spreading or migration may
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lead to the discovery of regulatory mechanisms for layilin function. Interestingly, the minimal
talin-binding site (ESGFVXNDIY) contains two potential phosphorylation sites.
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Appendix A

Integrin two-hybrid studies

"No one yet has been able to produce wheat without chaff. Not even.. .such transcendent spirits
as Abraham Lincoln can produce a history which does not in large part rest on a foundation of
tedium and detail - and even sheer drudgery.
P. Graham

Introduction
Given the varied physiological changes induced in cells by adhesion to ECM, the P11
integrin chain common to major matrix receptors is a likely candidate for transducing signals
which lead to these effects (Hynes, 1992). Chimeras containing only the

P1I integrin

cytoplasmic domain fused to heterologous transmembrane and extracellular domains are
sufficient, when clustered, to mimic adhesion-induced phosphorylation of FAK (Akiyama et
al., 1994). Various approaches to identifying integrin-associated signaling molecules have
yielded few clues, however, as no consistent results have been obtained in coimmunoprecipitation or affinity purification studies. I applied a novel method for finding
protein-protein interactions, the yeast two-hybrid screen, in the hope of advancing our
understanding of this interesting question. Since these experiments were done some data has
emerged suggesting that adhesion signaling is not exclusively mediated by integrin
cytoplasmic domains (Berditchevski et al., 1997a; Wary et al., 1998).
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Materials and Methods
Yeast two-hybrid assay
Constructionofplasmids: Integrin cytoplasmic domain fragments were generated by PCR
using the chicken P1 integrin cDNA pECE/1DT as a template and CBR1 as a reverse primer.
CBR1 is situated downstream of the stop codon. Forward primers CBF 1, CBF2, and CBF3
were used to amplify sequences starting at amino acids 758, 756, and 729 respectively. To
make 757/804 A4K, two overlapping oligonucleotides, A5KF and A5KR, were annealed,
filled-in with Klenow fragment, and denatured. This denatured mixture was used as a primer
as described above. These fragments were digested with EcoRI and NcoI and ligated into
EcoRI/NcoI-digested, phosphatase-treated pEG202. In addition a fusion containing amino
acids 763/804 was made by digesting pECE/lDT with BspHI and EcoRI, blunting with
Klenow fragment and ligating the product into pEG202 which had been digested with EcoRI,
treated with calf intestinal acid phosphatase and rendered blunt with Klenow fragment.
Primer sequences:
CBRl

GGCACCATGGGACCTC

CBF1

TCGCGAATTCCTACTGATGATCATTCAT

CBF2

TAGTGGCGCCGAATTCTGGAAACTACTGATGATC

CBF3

GATCGAATTCCCTAGTGGCCCTGAC

A5KF

GATCGAATTCGGCGCCGCGGCCGCAAAAGCCGCAGCAGCCAAGGCAGCGGC

A5KR

CCTGTCATGAATGATCATTAATAATTTGGCGGCCGCTGCCTTGGCTGCTGC

Yeast manipulations: See chapter 2 for yeast culture techniques. Immunostaining of yeast was
performed essentially as described (Solomon et al., 1992).
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Results
Several chicken Pl integrin cytoplasmic domain segments were fused to either LexA or
B42, transformed into yeast and assayed for expression by western, nuclear entry by
immunostaining and transcriptional repression, and for interaction with FAK and talin
fragments. As shown in figure A-lA, three LexA integrin fusions are expressed in yeast and
the same bands react with both anti-LexA and anti- l integrin antibodies, suggesting the
fusion proteins are intact. In figure A-lB expression of two LexA/talin fusions spanning the
carboxy-terminal domain of talin and a LexA/FAK fusion encoding all of FAK is shown. In a
transcriptional repression assay designed to assess nuclear entry and DNA binding by LexA
fusions, the LexA/Pl fusion suppresses transcription by about 50% compared to essentially
100% repression achieved by either LexA alone or the LexA/max fusion protein. These data
suggest that the LexA/p 1 fusion either does not efficiently translocate into the yeast nucleus or
cannot bind DNA once it enters. Yeast were immunostained with either anti-LexA to detect a
LexA/max fusion or anti- P integrin to detect a LexA/integrin fusion and counter stained with
DAPI to highlight the nucleus (figure A-3). The LexA/max is present in tight spots which
colocalize with the brightest DAPI signal , whereas the LexA/P 1 fusion is diffuse throughout
the cytoplasm (compare panels b and d in figure A-3). This indicates that the fusion does not
become efficiently concentrated in the nucleus. These observations may explain the negative
results obtained when these LexA/p 1 integrin fusions were assayed for interaction with several
talin and FAK "fish". Both proteins have been reported to bind the cytoplasmic domain of P1
integrin. Several variations of the integrin cytoplasmic domain were assayed, including several
varied N-terminal endpoints (amino acids 756, 758, and 763), the transmembrane and
cytoplasmic domain together (starting at a.a. 729), and one construct in which three copies of a
repeat (AAAK) predicted to form an a-helix was inserted between LexA and the integrin
cytoplasmic domain. The last construct was intended to mimic the presentation of the
cytoplasmic domain in the context of an intact integrin. The integrin binding site within FAK
is reported to reside between amino acids 1-127, so this fragment was tested alone and in the
context of full-length FAK (1/1052) (Schaller et al., 1995). In addition, I found that a
LexA/FAK (1/1052) fusion protein gave rise to constitutive leucine prototrophy and blue color
on X-gal such that this is not a suitable bait. In addition, several B42/p 1 fusions were
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constructed consisting of the P integrin cytoplasmic domain fused to a different fusion
partner. Among the 69 pairs of bait and fish shown in figure A-4 tested, only the positive
control pair LexA/max and B42/MXI1 gave a positive result.
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Discussion
Although these data suggest that the

PI integrin cytoplasmic

domain is a poor two-

hybrid bait due to inefficient nuclear localization, several groups subsequently have recovered
integrin-binding partners using this approach (Shattil et al., 1995; Hannigan et al., 1996;
Kolanus et al., 1996; Chang et al., 1997; Liliental and Chang, 1998). In fact, Hannigan et al.
(1996), using the same two-hybrid system and a similar segment of P11 integrin to that I used,
reported identical transcriptional repression data (50% suppression) as I obtained (figure A-2).
Hence, either my interpretation of these controls was overly pessimistic, or the kinase cloned
by Hannigan et al. (1996) is an intriguing artifact (or both). In addition, Chang et al. (1997)
detected an interaction using a

P1

integrin bait similar to those I tested, although these authors

did not specify results of their transcriptional repression assay. Hence, small differences in
their bait may account for differing results. It is also possible that my LexA fusions would
have been adequate for a library screen had I attempted one. However, the best data available
at that time suggested that the LexA/P 1 integrin fusions were not functional baits and as such
no screen was performed. It will be interesting to see which of the several integrin-associated
proteins identified in two-hybrid screens prove to be relevant to cell adhesion.
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Figure A-1: (A) Western blots of yeast lysates showing expression of LexA/P 1 integrin
baits. Left panel: anti-LexA blot; right panel, same blot reprobed with anti-PI integrin
antiserum 363. A LexA/Max fusion and untransformed yeast are included as controls.
(B) Western blot showing expression of two LexA/talin fusions and the
LexA/FAK(1/1052) fusion.
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Figure A-2: Quantitation of P-galactosidase activity in yeast strain EGY40 in the
absence or presence of the LexA-PI integrin bait. Each bar represents the average of two
samples. Comparison of LexA-PI and control strains under induced conditions shows a
2-fold repression of P-galactosidase activity in the presence of the LexA-p1 integrin
fusion. LexA alone and LexA/Max are shown as positive controls.
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Figure A-3: Immunolocalization of LexA/Max (a and b) and LexA/p 1 integrin (c and d)
in yeast. Cells were double stained with DAPI (a and c) and anti-LexA (b) or anti-pl
integrin (d). Note the LexA/Max colocalizes with the DAPI nuclear signal while the
integrin signal is seen throughout the cell.
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Figure A-4: Interactions among integrin bait and fish fusions with putative positive
controls. Growth on leucine-deficient plates and/or blue color when grown on X-gal is
indicated with a plus (+) whereas no growth or blue color is indicated with a minus (-).
Note that LexA/FAKl/1052 activates reporters even when cotransformed in yeast with
the vector alone.
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Layilin, a novel talin-binding transmembrane protein homologous with C-type lectins, is
localized in membrane ruffles

Layilin, A Novel Talin-binding Transmembrane
Protein Homologous with C-type Lectins,
is Localized in Membrane Ruffles
Mark L. Borowsky and Richard 0. Hynes
Howard Hughes Medical Institute, Center for Cancer Research and Department of Biology, Massachusetts Institute of
Technology, Cambridge, Massachusetts 02139

Abstract. Changes in cell morphology and motility are
mediated by the actin cytoskeleton. Recent advances in
our understanding of the regulators of microfilament
structure and dynamics have shed light on how these
changes are controlled, and efforts continue to define
all the structural and signaling components involved in
these processes. The actin cytoskeleton-associated protein talin binds to integrins, vinculin, and actin. We report a new binding partner for talin that we have
named layilin, which contains homology with C-type
lectins, is present in numerous cell lines and tissue extracts, and is expressed on the cell surface. Layilin colo-
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mental developmental events such as gastrulation,
form the basis for
actin
Thefundaand morphogenesis.
formation,
and movement
tubule
shape
cytoskeleton plays a significant role in these processes because it is a major determinant of cell shape, and is essential for cell motility. Furthermore, interactions of actin filaments with the cell membrane are necessary both for
changes in and maintenance of cell morphology. Our understanding of membrane-cytoskeleton linkages has been
advanced significantly with the recognition of various proteins as adaptors between integral membrane proteins and
the actin cytoskeleton. Proteins of the band 4.1 superfam1
ily, band 4.1, talin, ezrin/radixin/moesin (ERM) , and merlin, the product of the neurofibromatosis type 2 tumor suppressor gene, perform this function in many cell types
(Tsukita et al., 1997). Band 4.1 confers mechanical stability to red blood cells by attaching the spectrin and actin cytoskeletons to glycophorin or the erythrocyte anion ex-
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calizes with talin in membrane ruffles, and is recruited
to membrane ruffles in cells induced to migrate in in
vitro wounding experiments and in peripheral ruffles in
spreading cells. A ten-amino acid motif in the layilin
cytoplasmic domain is sufficient for talin binding. We
have identified a short region within talin's amino-terminal 435 amino acids capable of binding to layilin in
vitro. This region overlaps a binding site for focal adhesion kinase.
Key words: layilin * talin * ruffles
cal adhesion kinase (FAK)

* C-type

lectin - fo-

changer (band 3) in the erythrocyte membrane (Bennett
and Gilligan, 1993). Talin plays an essential role in integrin-mediated cell matrix adhesion by binding to integrin
cytoplasmic domains, focal adhesion kinase (FAK), actin, and the actin-binding protein vinculin (Burridge and
Mangeat, 1984; Horwitz et al., 1986; Chen et al., 1995;
Hemmings et al., 1996; Knezevic et al., 1996). ERM proteins contribute to microvillar structure, function in cell
adhesion, and bind to actin and sites on the plasma membrane; ERMs have been reported to bind to the cytoplasmic domains of several transmembrane proteins, including
CD44, CD43, ICAM-2, and ICAM-3 (Algrain et al., 1993;
Takeuchi et al., 1994; Tsukita et al., 1994; Turunen et al.,
1994; Helander et al., 1996; Serrador et al., 1997; Yonemura et al., 1998).
Talin, ERMs, merlin, and band 4.1 have a similar overall
domain structure, and are proposed to function by the
same mechanism. They are related by sequence homology
in the amino-terminal domain, which is proposed to contain their membrane-binding sites (Rees et al., 1990).
ERMs can bind CD44, CD43, and ICAM-2 via their NH 2 terminal domains, and band 4.1 interacts with both glycophorin C and band 3 through its NH 2-terminal domain
(J6ns and Drenckhahn, 1992; Yonemura et al., 1998). The
NH 2-terminal domains of merlin and ERMs also associate
with NHE-RF, which may link them indirectly to the
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membrane by binding to one or more Na+-H+ exchanger
isoforms (Reczek et al., 1997; Murthy et al., 1998). In addition to the sequence homology in their NH 2-terminal domains, talin and ERMs have a central domain predicted to
be mostly a-helical and demonstrating actin-binding activity, while this region of band 4.1 binds spectrin (Ungewickell et al., 1979; Rees et al., 1990; McLachlan et al., 1994).
With these biochemical activities, band 4.1 family members could link membrane and cytoskeleton by binding to
each simultaneously.
Talin, which is expressed in essentially all adherent cell
types, is found at sites of cell-matrix adhesion (such as focal contacts), leading edge ruffles of migratory cells, at
sites of phagocytosis in macrophages, and at cell-cell contacts of T cells (Burridge and Connell, 1983; Burn et al.,
1988; Greenberg et al., 1990; DePasquale and Izzard, 1991;
Kreitmeier et al., 1995). These are also sites where integrin
cell adhesion receptors are found. While integrins are
clearly associated with the leading edge of some types of
motile cells, it is unclear whether they are located in dorsal
ruffling membrane sheets, in the ventral-most base of the
leading edge, or both (Schmidt et al., 1993; Lawson and
Maxfield, 1995; Lee and Jacobson, 1997). Talin's importance in adhesion and migration has been demonstrated in
experiments that interfere with talin function or expression. Injection of anti-talin antibodies disrupts cell adhesion and migration, and downregulation of talin protein
levels by expression of anti-sense talin RNA reduces the
rate of cell spreading (Nuckolls et al., 1992; Albiges-Rizo
et al., 1995). Talin's role as a membrane-cytoskeleton
linker in focal contacts has been characterized in detail; a
short peptide derived from the pi-integrin cytoplasmic domain can block the association of talin with integrins, and
three actin-binding domains and three vinculin-binding
sites have been mapped in talin (Tapley et al., 1989; Hemmings et al., 1996). Interestingly, the integrin-, three vinculin-, and two of the three actin-binding sites in talin are all
found within the carboxy-terminal 190-kD calpain tail
fragment of talin (Horwitz et al., 1986; Gilmore et al.,
1993; Hemmings et al., 1996). Microinjected talin tail fragment localizes to focal contacts, suggesting that the known
integrin-, vinculin-, and actin-binding sites account for
talin's membrane-cytoskeleton linking role in focal contacts (Nuckolls et al., 1990). In contrast, talin's role in
membrane ruffles has not been elucidated, although it
seems reasonable to project that, as in focal contacts, it
connects F-actin to an unknown site on the plasma membrane.
While the tail fragment can account for talin's role in focal adhesions, the role of talin's 47-kD amino-terminal
calpain cleavage product (talin head, amino acids 1-435) is
not known. An examination of talin protein sequence
from highly divergent organisms reveals that talin's NH 2terminal domain is the most well-conserved region within
the sequence. For instance, Caenorhabditiselegans and
Dictyostelium discoideum talins are 78 and 66% similar to
mouse talin within the head domain, but only 59 and 46%
similar to mouse talin overall (Kreitmeier et al., 1995; Moulder et al., 1996). This highly conserved segment also contains talin's homology to band 4.1. While this sequence conservation suggests that some conserved function exists for
the talin head domain, experimental analyses have given
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varied results. Nuckolls et al. found that a small fraction of
microinjected talin 47-kD domain fragment incorporated
into focal contacts, while most was diffusely localized in
cells. The injected protein had no effect on cytoskeletal
morphology, cell spreading, or adhesion. However, injected talin tail protein was targeted to focal contacts, and
also exhibited ectopic localization at cell-cell junctions
where full-length talin is not normally found, suggesting
that talin head may enhance targeting to focal contacts or
mask other binding sites within talin's tail domain (Nuckolls et al., 1990). In contrast, microinjected glutathioneS-transferase (GST)-talin 47-kD fragment colocalized with
actin filaments and disrupted stress fibers in a majority of
cells (Hemmings et al., 1996). Similarly, we found that
cells transiently overexpressing talin head were not spread
and appeared poorly adherent (M.L. Borowsky and R.O.
Hynes, unpublished results). Bolton and colleagues generated two anti-talin monoclonal antibodies that, when microinjected into human foreskin fibroblasts, disrupt actin
stress fibers, and when injected into chick embryo fibroblasts, significantly inhibit cell migration (Bolton et al.,
1997). One of these monoclonal antibodies recognizes an
epitope in the talin 47-kD fragment, and the other binds a
site at the extreme COOH terminus of talin.
While the talin head domain appears to play an important role in cell motility and morphology, no specific
mechanism has been proposed to explain these observations. Based on the sequence similarity between talin's
NH 2-terminal domain and band 4.1, we hypothesized that
the conserved talin head domain contained an additional
membrane-binding site for talin. In a two-hybrid screen we
have identified a previously unknown type I integral membrane protein that interacts with talin head, is expressed in
all adherent cell lines analyzed, and colocalizes with talin
in membrane ruffles. A short motif present in the cytoplasmic domain of this protein is sufficient for talin head binding. We believe this protein represents a membrane-binding site for talin in ruffles, while integrins anchor talin in
focal contacts.

Materialsand Methods
Yeast Two-hybrid Screen
Plasmidconstruction. Manipulation of DNA was performed according to
standard molecular biological protocols (Sambrook et al., 1989). Unless
otherwise stated, restriction enzymes and DNA-modifying enzymes were
purchased from New England Biolabs Inc. (Beverly, MA). A pBluescript
subclone of a talin cDNA encoding amino acids 1-435 (clone A14) was

made by partially digesting a chicken talin cDNA with NcoI, digesting
with PstIl, and cloning the product into pBluescript SK- that had been di-

gested with NcoI and PstI. To make the LexA fusion bait, clone A14 was
digested with Sac and EcoRV, the ends were polished with T4 DNA
polymerase, and the appropriate fragment was ligated into pEG202 that
had been digested with EcoRI and rendered blunt (Gyuris et al., 1993 ). A
pJG4-5 subclone of layilin lacking a cytoplasmic domain was made by inserting a synthetic oligonucleotide (2STOPS: CGGTTAATGATCATTAACCG) with two in-frame stop codons into the 3' PvuII site in the
longest partial layilin cDNA isolated in the two-hybrid screen (Gyuris et
al., 1993). A pJG4-5 subclone of layilin cytoplasmic domain was made by
ligating a PvuIl/Xhol layilin cDNA fragment into pJG4-5 that had been

digested with EcoRI, Klenow-blunted, and digested with XhoI. A plasmid
encoding LexA fused to the type-II TGFPR cytoplasmic domain was the
gift of Dr. R. Weinberg (Massachusetts Institute of Technology).
Libraryscreen. The two-hybrid library screen was performed as previ-

ously described using the CHO cDNA library pVPCHO (gift of Dr. V.
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Prasad, Albert Einstein Medical College; Gyuris et al., 1993). EGY48 containing the LexA-talin bait and the beta-galactosidase (P-gal) reporter
plasmid pSH18-34 was transformed with DNA prepared from two pools
of pVPCHO library that contained ~7.5 X 104 and 8.2 X 104 recombinants. Yeast transformants were pooled and frozen in aliquots, and their
plating efficiency was determined. About 106 yeast transformants were
plated on synthetic complete medium containing raffinose and galactose
as carbon sources, but lacking histidine, leucine, tryptophan, and uracil.
48-96 h later, 244 yeast colonies were picked and assayed for blue color on
medium containing X-gal (Boehringer Mannheim Corp., Indianapolis,
IN). Plasmid DNA was recovered from 40 double-positive (leu', lacZ+)
colonies, and candidate interactors were sorted into classes based on Alul
and HaeIII restriction digestion patterns of the library inserts (Hoffman
and Winston, 1987; Gyuris et al., 1993). After retesting representative interactors of each class with negative control baits, 30 of the original 40
clones were deemed worthy of further study. Based on partial sequence
data, these 30 candidates were determined to comprise three cDNAs (Epicentre PCR sequencing kit, Epicentre Technologies, Madison, WI).
Anchored PCR. Primers internal to the longest layilin cDNA recovered
from pVPCHO (LECTF1: TGGACAGATGGGAGCACAT; and LECTRi:
GGAATTCCCCACTTTCTGAAGGGTC) were used to screen pools
of a CHO cDNA library subcloned in pcDNA I (gift of Dr. M. Krieger,
Massachusetts Insititute of Technology) for the presence of our interactor
cDNA (Guo et al., 1994). A fragment of the layilin cDNA was amplified
from a positive pool using a 3' primer within the cDNA (LECTR1), and a
5' primer complementary to the T7 promoter present in the vector
(T7P: TAATACGACTCACTATAGG), subcloned into pBluescript, sequenced, and found to encode an open reading frame continuous with and
overlapping that in the cDNA cloned from pVPCHO. The open reading
frame encoded by the PCR product completed the C-type lectin homology present in the original pVPCHO isolate, contained a suitable start
codon, and so was deemed likely to be the genuine 5' end of the cDNA.
Northern analysis. CHO RNA was prepared by acid phenol extraction
as previously described (Chomczynski and Sacchi, 1987) Poly-A+ RNA
was isolated essentially as described (Bradley et al., 1988). In brief, 20 X
15-cm dishes of nearly confluent CHO cells were trypsinized, pooled, pelleted, and washed with PBS. The cells were resuspended in 20 ml of proteinase K solution (200 pLg/ml proteinase K, 0.5% SDS, 100 mM NaCl, 20
mM Tris, pH 7.5, 1 mM EDTA), lysed with 3X 25-s cycles in a Polytron
homogenizer (Brinkmann Instruments, Waterbury, NY), and incubated for
90 min at 37*C. The NaCl concentration was brought to 500 mM, and 200
mg of oligo dT cellulose (as a suspension in high salt buffer [0.1% SDS,
500 mM NaCl, 20 mM Tris, pH 7.5, 1 mM EDTA]; Pharmacia Biotech,
Inc., Piscataway, NJ) was added per 109 cells. After mixing for 2 h at room
temperature, the oligo dT cellulose was washed twice in batch with highsalt buffer, and was poured as a column in a 1-ml syringe plugged at the
bottom with sterile glass wool. The resulting column was washed with 10column volumes of high-salt buffer and then eluted with 4-column bed
volumes of low salt buffer (0.05% SDS, 20 mM Tris pH 7.5, 1 mM
EDTA). The four fractions were pooled, heated to 65'C for 5 min, cooled
on ice, brought to a final NaCl concentration of 0.5 M, and incubated with
a fresh aliquot of oligo dT cellulose for 30 min at RT. Washes, column
building, elutions, and rebinding were repeated as above twice for a total
of three rounds of selection on oligo dT cellulose. On the last cycle, four
300-pLI fractions of poly-Al RNA were eluted in low-salt buffer and ethanol-precipitated overnight at -20*C. RNA was pelleted, washed with 70%
1
ethanol, and resuspended in 50 p. of diethylpyrocarbonate-treated water.
Samples were electrophoresed on 1% agarose/formaldehyde gels, transferred to Hybond-N nitrocellulose (Amersham Life Science, Inc., Arlington Heights, IL), cross-linked in a Stratagene stratalinker (Stratagene, La
Jolla, CA), prehybridized for 2 h at 57.5*C in Church-Gilbert buffer (1 mM
EDTA, 500 mM Na 2HPO4 pH 7.2, 7% SDS, 1% BSA), hybridized overnight at 57.5'C in Church-Gilbert buffer containing 106 cpm of randomprimed layilin probe, washed twice at room temperature in 2X SSC/0.1%
SDS and twice at 55*C in 0.2X SSC/0.1% SDS, and then exposed on
X-OMAT AR film (Eastman Kodak Co., Rochester, NY) with an intensifying screen at -80"C (Alwine et al., 1977).

Preparationof PolyclonalAnti-layilin Antisera
A synthetic oligopeptide consisting of a cysteine followed by the carboxyterminal 20 amino acids of layilin (LC20: CSPDRMGRSKESGWVENEIYY) was purchased from the Massachusetts Institute of Technology
Biopolymer Facility, conjugated to keyhole limpet hemocyanin as previously described, and sent to Covance (Denver, PA) for production of rabbit antisera (Marcantonio and Hynes, 1988).
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Affinity purification.A thiopropyl-Sepharose 6B (Pharmacia Biotech,
Inc.) column with covalently-coupled LC20 was washed sequentially with
15 ml of 10 mM Tris, pH 7.5 under gravity flow, 100 mM glycine, pH 2.5 at
25 ml/h, 10 mM Tris, pH 7.5 at 25 ml/h. Ammonium sulphate-precipitated
antiserum was applied to the column at 20 ml/h. The flow rate was increased to 25 ml/h, and the eluate recirculated on the column for 30 min so
that the antiserum ran over the column a total of three times. On the last
cycle, the depleted serum was collected and saved for use as a control for
the affinity-purified antiserum. The column was washed at 25 ml/h with 30
ml of 10 mM Tris pH 7.5, and then at 30 ml of 500 mM NaCl in 10 mM Tris
pH 7.5. Antibody was eluted in 1.2-ml fractions with 100 mM glycine pH
2.5 into 1.5-ml microcentrifuge tubes preloaded with 1 M Tris, pH 8.0 sufficient to neutralise the glycine.

GST Fusion Binding
Plasmidconstruction. The GST-chicken talin 1-435 fusion (GST-CT) was
made by ligating a BamHI/EcoRI fragment from chicken talin clone A14
into BamHI/EcoRI-digested pGEX-2T (Pharmacia Biotech Inc.). Deletions within this region of talin were made by either digesting this construct with appropriate enzymes, or by generating PCR products within it.
Specifically, to make GST-CT 280-435, GST-CT was cut with BglII and
BamHI, blunted with Klenow, and religated. To generate GST-CT 1-280,
GST-CT was cut with BglII and EcoRI, blunted with Klenow, and religated. To create GST-CT 186-435, GST-CT was cut with Clal and BamHI,
blunted with Klenow, and religated. The insert for GST-CT 186-357 was
derived from GST-CT 186-435 using PCR with a primer starting at the
codon for amino acid 357 (CTR1: CGAATTCGATGTTGGTCAGGCTCC) and a primer in the vector (pGEX1: TTGCAGGGCTGGCAAGC). The insert for GST-CT 225-435 was synthesized by PCR using a
primer starting at the codon for amino acid 225 (CTF1: CGGATCCGGCTCCCACCCCGTC) and a primer in the vector (pGEX2: GCTGCATGTGTCAGAGG). A PCR product encoding amino acids 225-357
was produced using the primers CTF1 and CTR1. Each PCR product was
digested with BamHI and EcoRI and ligated into BamHI/EcoRI-digested
pGEX-2T. To make the GST-layilin cytoplasmic domain fusion containing amino acids 261-374, a pBluescript subclone of layilin cDNA was
made that extends from the 3' XhoII site to the 3' end of the cDNA, with
the XhoII site blunted and ligated to the pBluescript EcoRV site, and the
3' end of the layilin cDNA cloned into the pBluescript XhoI site. The construct was digested with EcoRI and XhoI, and the appropriate fragment
was cloned into EcoRI/XhoI-cut pGEX-5X-1 (Pharmacia Biotech Inc.).
The GST-layilin 244-335 fusion was made by amplifying the cDNA encoding those amino acids with primers LECTF2 (GGAATTCTCAGCGCATGTTGGGTT) and LECTR1, digesting the PCR product with
EcoRI, and subcloning the fragment into EcoRI-digested, phosphatasetreated pGEX-5X-1. The GST-layilin 330-374 fusion was made by amplifying a pBluescript subclone of the layilin cDNA with a 5' primer starting
with the codon for amino acid 330 (LECTF3: GGAATfCAACCCTTCAGAAAGTGGGTT) and T7P. The PCR product was digested with
EcoRI and XhoI, and the resulting fragment was ligated into pGEX-5X-1
that had been digested with EcoRI and XhoI. The GST-(LH23)x3 fusion
was made by self-ligation of a double-stranded oligomer consisting of
top-strand LH23T (GATCCTTGAGAGTGGATTTGTGACCAATGACAThTATGA) and bottom-strand LH23B (GATCTCATAAATGTCATTGGTCACAAATCCACTCTCAAG), digestion with BamHI and BglII,
and ligation of the resulting multimerized oligomer into pGEX-5X-1 that
had been digested with BamHI and treated with shrimp alkaline phosphatase (Boehringer Mannheim Corp.). All GST-talin and GST-layilin
fusion protein constructs were confirmed by sequence analysis. The GSTfibronectin (FN) EIIIB construct has been previously described (Peters et
al., 1995).
Affinity isolation. Detergent lysates of CHO, NIL8, or their transfected
derivatives were made by scraping and pooling cells, washing with Tris
wash buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 1 mM
CaCl2 ), and then lysing on ice for 20 min with 1 ml of lysis buffer (0.1%
TX-100, 0.3 M sucrose, 50 mM Tris, pH 7.5, 100 mM KCl, 1 mM CaCl 2, 2.5
mM MgCl 2, 1 mM PMSF, 9 TIU/ml aprotinin, 5 pg/ml leupeptin) per 107
cells. The lysate was centrifuged at 13,000 g for 10 min at 4'C, and was
then precleared with 500 p.l of packed glutathione-agarose (preequilibrated in lysis buffer) per ml of lysate for 30 min at 4*C. For peptideblocking experiments, 5 mg/ml peptide in PBS was added to a final concentration of 1 mg/ml to the cleared lysate, and the mixture was incubated
1
of cleared lysate was added to 50 p of gluon ice for 20 min. 500 lp.
tathione-agarose preloaded with each GST-fusion protein, and was ro-
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tated end-over-end for 1 h at 4*C. The samples were centrifuged briefly,
the supernatants were removed, and the glutathione-agarose pellets were
washed four times with 500 R1 lysis buffer without detergent. The glutathione-agarose pellets were then boiled for 10 min in an equal volume of
1x gel loading buffer, and were analyzed by Western blotting (Towbin et
al., 1979).

Preparationof Tissue Lysates
Organs dissected from an adult female mouse were washed twice with
cold PBS, resuspended in an equal volume of homogenization buffer (100
mM NaCl, 10 mM Tris, pH 7.5, 1 mM EDTA, 1 mM PMSF, 9 TIU/ml
aprotinin, 5 Rg/ml leupeptin), and homogenized on ice with an electric
grinder (Kontes, Vineland, NJ) in 1.5-ml microcentrifuge tubes. An equal
volume of 2X RIPA buffer (1x RIPA: 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 158 mM NaCl, 10 mM Tris, pH 7.5, 1 mM
EGTA, 1 mM PMSF, 9 TIU/ml aprotinin, 5 Rg/ml leupeptin) was added,
and samples were vortexed, incubated on ice for 60 min, boiled for 10 min,
spun at 13,000 g at 4*C for 10 min, and assayed for total protein using a detergent-compatible protein assay (Bio-Rad Laboratories, Hercules, CA).
An equal mass of each sample was analyzed by Western blotting.

Avidin Depletion
Three 10-cm dishes of nearly confluent CHO cells (107 cells) were washed
with PBS, and cells were released with versene (0.02% EDTA, PBS, phenol red), pooled, washed twice with PBS, and diluted to a density of 5 X
10 6/ml with PBS. The sample was divided into two parts, and DMSO containing 10 mg/ml EZ-Link sulfo-NHS-LC-biotin (Pierce Chemical Co.,
Rockford, IL) was added to one half of the sample while DMSO alone
was added to the other half, and cells were rocked gently for 60 min at
room temperature (Isberg and Leong, 1990). Cells were washed three
times with 1 ml of Tris wash buffer, lysed in 1.5 ml RIPA buffer, sheared
through a 26-gauge needle to reduce viscosity, and spun for 10 min at 4 C
and 13,000 g to remove insoluble debris. Two 1-ml syringes plugged with
1
glass wool were packed with 200 p. of Immunopure Immobilized Monopoured as a 33% slurry, and preCo.),
Chemical
meric Avidin (Pierce
pared according to the manufacturer's instructions. The columns were
1
loaded with 200 p of biotin-labeled or mock-labeled lysate and capped
and incubated at room temperature for 76 min, and then PBS was applied
to each column as three 200-pil fractions were collected. Equal volumes of
each eluted fraction were analyzed by Western blotting.

Surface Labelingand Immunoprecipitation
RIPA lysates from surface-biotinylated CHO cells were prepared as described above. Lysate from 8 X 10 cells was mixed with 50 pl of protein A
Sepharose CL-4B (as a 1:1 slurry in RIPA buffer; Pharmacia Biotech
1
Inc.), 1 p. of anti-layilin antiserum or control serum, and 1 mg of heatinactivated BSA in RIPA buffer in a total volume of 450 p1. After incubating at 4'C overnight with end-over-end mixing, the Sepharose was
washed five times with 1 ml RIPA buffer. Each sample was divided into
two parts, and one part was treated with peptide N-glycosidase F (PNGase
F) according to the manufacturer's instructions (New England Biolabs
Inc.). Samples were boiled for 10 min in 1x gel loading buffer, spun for 10
min at 13,000 g at room temperature, electrophoresed on 7.5% acrylamide
gels, and transferred to nitrocellulose filters. Filters were blocked overnight at 4'C in blocking buffer (5% non-fat dry milk reconstituted in PBS/
0.1% Tween-20), rinsed twice, and then washed once for 5 min with PBS/
0.1% Tween-20, incubated for 45 min at room temperature with HRPstreptavidin (Amersham Life Science, Inc., Arlington Heights, IL) diluted
1:2,000 in PBS/0.1 % Tween-20, rinsed twice, and then washed once for 15
min in PBS/0.1% Tween-20, followed by 5 X 10-min washes in PBS/0.1 %
Tween-20. Bands were detected using chemiluminescence (NENTM Life
Science Products, Boston, MA).

Generationof Cell Lines Expressing
Epitope-taggedLayilin
A hemagglutinin (HA)-tagged version of layilin was made by inserting a
synthetic EcoRI linker (New England Biolabs Inc.) into the 5' PvulI site
in the layilin cDNA. An oligonucleotide encoding the sequence EFYPYDVPDYASPEF was ligated into the EcoRI linkered form of layilin, and
this construct was confirmed by DNA sequencing (Wilson et al., 1984).
The tagged layilin cDNA was transferred into the expression vector
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pLEN-neo, and the resulting construct transfected into cells using standard calcium-phosphate protocols.

Immunofluorescence
Adherent NIL8 cells were released with trypsin/EDTA, plated on glass
coverslips coated with 5 pig/ml human plasma fibronectin (Beckton Dickinson, Bedford, MA), and incubated for 15 min to detect ruffles in spreading cells, overnight to obtain well-spread cells, or several days to achieve
high cell density for in vitro wounding experiments. Spreading cells were
stained before fixation and permeabilization, although identical staining
patterns were observed when staining was performed on fixed and permeabilized cells. Otherwise, cells were stained after fixation and permeabilization as follows. Coverslips were washed three times in PBS, fixed for 10
min in 4% paraformaldehyde in PBS, washed as above, permeabilized for
10 min in 1% Brij 99 (Fluka, Ronkonkoma, NY) in PBS, washed as above,
blocked with 10% normal goat serum (NGS, Vector Labs, Inc., Burlingame, CA) in PBS for 30 min at 37*C, incubated with primary antibody diluted in 10% NGS/PBS for 30 min at 37'C, washed as above, incubated
with fluorescently labeled secondary antibodies (Biosource International,
Camarillo, CA), and fluorescently labeled phalloidin (Sigma Chemical
Co.) as appropriate for 30 min at 37*C, washed as above, rinsed once in
water, and mounted in gelvatol (Monsanto, St. Louis, MO) containing
DABCO (Sigma Chemical Co.) to prevent fading. For peptide-blocking
experiments, antibodies were preincubated on ice with an appropriate
peptide at 1 mg/ml for at least 30 min. Antibodies were used at the following
dilutions: anti-layilin, 1:200; TD77 (anti-talin), 1:100; 12CA5 (anti-HAtag), 1:2,000; secondary antibodies, 1:200; phalloidin, 1:5,000. Monoclonal
antibody TD77 was the gift of Dr. D.R. Critchley, University of Leicester
(Bolton et al., 1997). Stained cells were viewed on a Zeiss Axiophot, and
immunofluorescent images were recorded on film (Eastman Kodak Co.,
Rochester, NY) except for Fig. 7, g, h, and i, which were recorded digitally
on an Axioplan 2 (Carl Zeiss Inc., Thornwood, NY) equipped with a CCD
camera (Photometrics, Tucson, AZ) and IPLab Spectrum software (Signal Analytics, Vienna, VA). For wounding experiments, confluent monolayers grown on fibronectin-coated coverslips were scraped under warm
PBS with a rubber policeman to remove approximately half of the monolayer, and were then returned to a 37*C/5% CO 2 incubator for 45-90 min
until prominent phase-dark ruffles were observed (Nuckolls et al., 1992).

Results
Identification of a Talin-head-bindingPartnerby a
Yeast Two-hybrid Screen
Given talin's homology to other members of the band 4.1
superfamily, we hypothesized that talin's NH 2-terminal
domain, like those of band 4.1 and ERM proteins, would
bind to an integral membrane protein. Since previous biochemical efforts to find such a talin-head-binding protein
yielded no candidates, we used a LexA-based yeast twohybrid system to find talin-head-binding proteins (our unpublished results; Nuckolls et al., 1990; Gyuris et al., 1993).
We generated a LexA-talin fusion protein containing the
band 4.1-homologous region of chicken talin (amino acids
1-435). This fusion protein is expressed in yeast, and neither alone nor when coexpressed with the B42 acidic transcriptional activator, activated either the leu2 or P-gal reporter genes (data not shown). In a yeast transciptional
repression assay we found that the LexA-talin fusion protein downregulates reporter gene expression by fourfold,
indicating that our talin bait enters the nucleus and binds
to LexA binding sites (Gyuris et al., 1993; data not shown).
We screened approximately 106 yeast colonies representing about 105 cDNAs from a CHO cDNA library with this
LexA-talin head bait, and picked 40 colonies that displayed both leucine prototrophy and the ability to activate
a lacZ reporter. After grouping the 40 cDNAs into classes
based on Alu and HaeIII restriction patterns, we recov-
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ered representative cDNAs from each class and retested
them with the LexA-talin-head bait and a panel of four
negative control LexA-fusion protein baits (LexA-max,
LexA-bicoid, LexA-secl6p, LexA-TGFPR; Zervos et al.,
1993; Espenshade et al., 1995). We recovered 30 cDNAs
comprising a total of three genes that reproduced leucine
prototrophy and p-gal activation when cotransformed into
yeast with the talin bait, but not with the negative controls.
Of these 30 cDNAs, 25 were overlapping fragments of a
previously unidentified cDNA. We cloned the 5' end of
the cDNA encoding this candidate talin-interacting protein from a pcDNA-CHO library using anchored PCR
with a primer based on our novel cDNA (Guo et al.,
1994). Probes derived from the resulting 1,747-bp cDNA
detected a single 1,800 nucleotide (nt) band in CHO RNA
(Fig. 1).
The cDNA contains an open reading frame predicted to
encode a 374-amino acid protein of an estimated molecular mass of 43 kD (Fig. 2 a). The protein has an amino-terminal signal sequence and predicted cleavage site typical
of a secreted or transmembrane protein, a 130-amino acid
domain with significant homology to C-type lectin carbo-

hydrate-recognition domains (CRD), a 30-amino acid hydrophobic span suggestive of a transmembrane domain,
and a 120-amino acid COOH-terminal domain containing
three novel repeated motifs and two YXXFD motifs similar
to those known to-allow AP-2-mediated recycling of some
transmembrane proteins (von Heijne, 1986; Letourneur
and Klausner, 1992; Drickamer, 1993). We named this
protein layilin based on the sequence LAYILI found in its
putative transmembrane domain.
Since talin is a cytosolic protein, a physiologically relevant interaction between layilin and talin must be mediated by layilin's putative cytoplasmic domain. Each of
the seven independent layilin cDNAs recovered and sequenced contains the cytoplasmic domain of layilin, suggesting that the layilin cytoplasmic domain is sufficient for
talin binding. We confirmed this by testing the cytoplasmic
domain and the extracellular and transmembrane domains
separately in the two-hybrid assay. The layilin cytoplasmic
domain alone (amino acids 244-374) conferred leucine
prototrophy and activated the LacZ reporter whereas the
largest B42-fusion, which contains most of the rest of layilin (amino acids 92-244), did not (data not shown).
A comparison of layilin's C-type lectin homologous sequences with the CRDs of two known C-type lectins is
shown in Fig. 2 b. Layilin contains 14/14 residues found in
all carbohydrate-binding C-type lectins, and an additional
18/20 highly conserved residues (Drickamer, 1993). One of
the two nonconserved residues, V141, corresponds to an
oxygen-containing residue that coordinates one of two calcium ions bound by some C-type lectins (Weis et al., 1991).
However, not all lectins use this calcium-binding site, and
the absence of an oxygen-containing side chain at position
141 suggests that layilin lacks this second calcium-binding
site (Graves et al., 1994). Interestingly, layilin contains a
5-amino acid insertion relative to the mannose-binding
protein CRD (amino acids 148-152 of layilin; Fig. 2 b, underline), which is of the same size and at the identical position as an insertion found in the E-selectin CRD. The inserted sequences in the E-selectin CRD form a loop that
projects into the ligand-binding pocket, and mutation of
these sequences disrupts selectin-mediated adhesion (Graves
et al., 1994). Layilin contains an additional 7-amino acid
insertion adjacent to the 5-amino acid insertion that may
form part of the same loop (Fig. 2 b, double underline).
Layilin shares -40% amino acid similarity with all other
CRDs examined; the presence of a selectin-like insertion
raises the possibility that layilin may bind to ligand in a
manner similar to selectins. Layilin also differs from other
CRDs by inserting 7 amino acids relative to the mannosebinding protein CRD (amino acids 102-108 of layilin, Fig.
2 b, broken underline). This insertion falls in sequences
that form the first of four large calcium-binding loops in
other CRDs, and is distal to the proposed ligand-binding,
site. The 45 amino acids between the CRD and the putative transmembrane domain are rich in negatively charged
amino acids (11/45), prolines (7/45), and S/T residues that
may serve as O-linked carbohydrate attachment sites (10/
45). These characteristics are suggestive of an elongated
stalk that projects the CRD away from the plasma membrane.
Potential human and pig layilin homologues present in
the expressed sequence tag (EST) database indicate con-
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Figure1. Northern blot analysis
of CHO total and poly-A+
RNA. 5 pg of CHO total RNA
or 1 Rg of CHO poly-Al RNA
were analyzed for expression of
a gene encoding a candidate
talin-interacting protein. The
single detectable transcript is
highly enriched in the poly-A'

RNA. The lane showing total
RNA was exposed for 15 d and
that showing poly-A+ RNA for
2 d. The positions of the 18S
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size reference.
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Figure 2. (a) The deduced layilin amino acid sequence is shown. The predicted signal sequence
cleavage site is indicated with an arrow. A grey box highlights the C-type lectin homology. A single potential N-linked glycosylation site is marked with a diamond. The proposed transmembrane
domain is shown in boldface. Three copies of a 16-18 amino acid repeat (layilin homology 1, LH1)
are shown with a broken underline. Three copies of a penta-amino acid repeat (LH2) are doubleunderlined, and two copies of a tetra-amino acid repeat (LH3) are underlined. The cDNA encoding this polypeptide has been submitted to GenBank with accession number AF093673. (b) Alignment of the carbohydrate-recognition domains from rat mannose-binding protein A, dog E-selectin, and hamster layilin. Shown at the bottom is the CRD consensus sequence derived by
Drickamer (1993): single-letter amino acid code indicates absolutely conserved residues; other abbreviations: 0, any oxygen-containing amino acid; Z, either E or Q; 0, aliphatic; D, aromatic; f, aliphatic or aromatic residue (Drickamer, 1993). The alignment was performed using the GCG program PILEUP, and was then manually adjusted. The five amino acid insertions found in layilin
and E-selectin are underlined, a 7-amino acid insertion unique to layilin is double-underlined, a
second 7-amino acid insertion is shown with a broken underline.

servation among different species of some layilin sequence
features. First, the pig EST (accession no. AA063669) encodes a protein that includes most of the layilin CRD. This
potential homologue is 80% identical and 88% similar to
hamster layilin, and includes the insertions discussed
above. In addition, both hamster and pig layilin sequences
contain the sequence EPS in a motif that has some value in
predicting the carbohydrate specificity of CRDs; CRDs
containing the sequence EPN generally bind mannose or
glucose while those with the sequence QPD tend to bind
galactose sugars (Drickamer, 1992). We cannot make any
prediction based on the sequence EPS found in layilin.
The second candidate layilin homologue is encoded by two
human ESTs (accession nos. AA447940 and AA384314),
and overlaps the layilin cytoplasmic domain. The 92-amino
acid hypothetical human protein is 73% identical and 83%
similar to hamster layilin, and contains three copies of the
long repeat and a single copy of each of the short cytoplasmic domain motifs. Alignment of the human and hamster
cytoplasmic domains reveals that the human version lacks
the COOH-terminal 20 amino acids, precisely those used
in our peptide antigen. This may explain our inability to
detect layilin protein in human cell lines with our antibody
(see below).
Layilin Protein is Widely Expressed in Cells and Tissues
We raised a polyclonal antiserum directed against a keyhole limpet hemocyanin-conjugated peptide corresponding to the 20 carboxy-terminal amino acids of layilin, and
affinity-purified it against the immobilized peptide. Both
the serum and affinity-purified antibodies detect a cluster
of bands migrating at ~55 kD in detergent lysates of CHO
cells, while the serum depleted over the peptide column
did not detect any specific bands (Fig. 3 a, compare lanes 3
and 5 with lane 4). Fig. 3 a also shows that the bands detected by the anti-layilin antiserum are competed by the
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layilin-derived peptide (compare lane 1 with lane 2). In
cells transfected with an HA-tagged layilin cDNA, the
anti-HA monoclonal antibody 12CA5 detects a similar
cluster of bands that migrate slightly more slowly, presumably because of the presence of the HA tag; the anti-layilin
antiserum detects the same bands (data not shown).
To find out whether layilin, like talin, is expressed in a
variety of cell lines and cell types, we screened several cultured cell lines and mouse tissues for the presence of layilin protein. Our antiserum detected an immunoreactive
protein of approximately the same size as hamster layilin
in each cell line tested, except the human cell line K562
(Fig. 3 b). These bands were efficiently competed in the
presence of the layilin-derived peptide LC20 (data not
shown). The cross-reacting band in three rat cell lines
tested migrated slightly faster than the band in hamster
cell lysates, indicating a molecular weight difference of ~4
kD. This result could represent differential glycosylation
(see below) or a deletion or alteration in the polypeptide
itself. We observed a significantly weaker signal in COS
cells, indicating either that these cells express less layilin
protein or that the monkey antigen does not cross-react
with our antibody as well as rodent layilins. Our inability
to detect layilin-reactive protein in human cells might be
explained by the sequence of the candidate human layilin
homologue described above. We found detectable levels
of layilin in most of the 12 mouse tissues analyzed by
Western blotting (Fig. 3 c). Layilin was most abundant in
the ovary, and was readily detectable in most other solid
tissues assayed. These observations indicate that layilin,
like talin, is widely expressed in adherent cell types both in
vitro and in vivo.

GST-talin-headFusionsBind Layilin and FAK
To confirm and characterize further the interaction between talin and layilin, we tested the ability of GST fusion
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Figure 3. Expression of layilin protein in cells and tissues. (a) A
rabbit polyclonal antiserum was raised against a synthetic peptide
comprising the COOH-terminal 20 amino acids of layilin and
used to Western blot a lysate of CHO cells. Lane 1, immune serum; lane 2, immune serum preincubated with 1 mg/ml layilin
peptide; lane 3, immune serum; lane 4, immune serum after depletion over immobilized layilin peptide; lane 5, affinity-purified
antibody eluted from the immobilized layilin peptide. The position and size in kilodaltons of molecular weight standards are
shown. (b) Western blot with affinity-purified anti-layilin antiserum of mouse, rat, monkey, hamster, and human cell lines. Specifically reacting bands in rat cell lines migrate slightly faster than
do the prevalent immunoreactive species in monkey, mouse and
hamster. NRK, normal rat kidney; REF, rat embryo fibroblast.
The position and size in kD of molecular weight standards are
shown. 5 sg of lysate were loaded per lane. (c) Organs were dissected from a healthy adult female mouse, homogenized, and lysed
in gel-loading buffer. 10 sg of each lysate were loaded per lane,
and were blotted for layilin. Total CHO protein is included to indicate the position of layilin.

proteins containing either talin or layilin sequences to bind
layilin or talin, respectively, in detergent extracts from
CHO cells. In each experiment, samples were assayed by
Coomassie staining to ensure equal loading of GST fusion
proteins. GST-layilin fusions containing amino acids 261-

374 and 330-374 of the layilin cytoplasmic domain retained a fraction of intact talin in CHO detergent lysates,
whereas a GST-layilin fusion containing amino acids 244335 and a negative control GST-fusion containing a fi-
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bronectin type III repeat (GST-FN EIIIB) did not (Fig. 4
a). Moreover, the GST-layilin fusions distinguished between the full-length talin protein and a prominent proteolytic fragment present in the lysate by binding to only
the full-length talin polypeptide. These observations indicate that the minimal talin binding site is within amino acids 330-374. This region of layilin includes three copies of
the motif ESG(F/W)V (LH2) and two N(D/E)IY repeats
(LH3), with each LH3 repeat adjacent to an LH2 repeat
(Fig. 2 a). Talin binds to a GST fusion protein containing 1
or 3 copies of a tandem array of the LH2+LH3 repeats
found at amino acids 243-252 of layilin (Fig. 4 a and data
not shown). In addition, a synthetic peptide (LC20) derived from the COOH-terminal 20 amino acids of layilin
and containing one copy of the LH2+LH3 module, blocks
binding of talin to GST-layilin 330-374 (Fig. 4 a). In contrast to LC20, an unrelated peptide containing the HA
epitope does not block binding of talin to the GST-layilin
fusion protein (Fig. 4 a). These observations confirm that
talin binds layilin through one or more LH23 motifs.
Fig. 4 b (bottom) shows that glutathione-agarose preloaded with a GST fusion protein containing amino acids
1-435 of talin (GST-CT 1-435), the same talin fragment
used in our LexA-talin head bait, binds layilin in CHO
extracts, whereas glutathione-agarose loaded with equal
amounts of a control GST-fibronectin fusion protein does
not. The GST-CT fusion also binds HA-tagged layilin in
extracts prepared from NIL8 cells expressing epitopetagged layilin. Using the monoclonal 12CA5 to detect the
epitope tag, we found that GST-talin fusions that include
amino acids 280-435 can specifically retain HA-tagged
layilin from a cell lysate (Fig. 4 c).
We used our GST-talin fusion protein to determine if
other focal contact proteins bound to talin head. We
examined the material bound to the talin and control fibronectin GST-fusions for the presence of other focal contact proteins, and found that FAK bound to talin's NH2 terminal domain (Fig. 4 b, top). This confirms and extends
previous reports of an interaction between FAK and talin
(Chen et al., 1995; Zheng et al., 1998). We did not detect
any binding of c-actinin, vinculin, tensin, paxillin, tubulin,
or 1-integrin to GST-CT 1-435 or to GST-FN EIIIB
(data not shown). We used this assay to map the sequences
within talin head sufficient for layilin and FAK binding
(Fig. 4, b and c). Layilin bound to each GST-talin fusion
containing at least amino acids 280-435. FAK bound well
to GST-fusions that include amino acids 186-435. Shorter
fusions overlapping amino acids 225-357 and a fusion protein containing only amino acids 225-357 of talin bound
FAK weakly. Hence, amino acids 225-357 contain a minimal FAK-binding site, and amino acids 280-435 constitute
the smallest layilin-binding site tested. The FAK binding
site maps entirely within talin's band 4.1 homologous domain, and the layilin-binding site overlaps this region
while including more COOH-terminal talin sequences.
The fact that these binding sites are distinguishable confirms the specificity of each interaction.
Layilin is a GlycoproteinExpressed on the Cell Surface
The presence of a putative signal sequence and transmembrane domain suggested that layilin would be found on the
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cell surface. We tested this hypothesis by immunoprecipitation from surface-labeled CHO cell lysates. The anti-layilin antiserum immunoprecipitates from lysates of surfacebiotinylated CHO cells a 55-kD band whose size is in good
agreement with the band we detected by Western blotting
of whole cell lysates with the same antibody (Fig. 5 a, lane
3; Fig. 3 a, lanes 1, 3, and 5; similar results were obtained
with NIL8 hamster fibroblasts, data not shown). Peptidedepleted serum does not immunoprecipitate any surfacelabeled material from biotin-labeled CHO cells, and the
55-kD band precipitated by the antiserum can be competed by preincubating the affinity-purified antiserum
with a layilin-derived peptide (Fig. 5 a, lane 1, and data
not shown). We found that the surface-labeled band immunoprecipitated by anti-layilin antiserum is sensitive to
treatment with PNGase F, indicating the presence of
N-linked carbohydrates (Fig. 5 a, compare lanes 3 and 4;
Maley et al., 1989). The anti-HA epitope monoclonal 12CA5
immunoprecipitates a similarly sized, surface-labeled, PNGase F-sensitive band from both CHO and NIL8 cells expressing HA-tagged layilin (data not shown). Western
blotting of CHO cell lysates treated with PNGase F shows
a similar shift in the mobility of the band detected by antilayilin antiserum, confirming that we are observing the
same band by both surface label and Western blotting, and
indicating that most of the cellular pool of layilin is glycosylated (Fig. 5 b). PNGase F-treated layilin migrates
slightly slower than predicted based on its deduced amino
acid sequence (51 vs. 43 kD); this discrepancy may reflect
additional posttranslational modifications to layilin, such
as O-linked glycosylation, or may simply reflect aberrant
electrophoretic migration.
We used accessibility to a membrane nonpermeable biotinylation reagent to assess the proportion of total layilin
present on the cell surface. A population of CHO cells was
divided into two parts: one was surface-labeled with sulfoNHS-LC-biotin while the other was subjected to the same
surface-labeling protocol in parallel without adding biotin.
Lysates made from these two samples were applied to
identical columns of immobilized avidin to capture any
proteins that reacted with the surface-labeling reagent,

Figure4. (a) GST fusion proteins containing portions of the layilin cytoplasmic domain were immobilized on agarose and mixed
with a CHO cell detergent lysate. Each fusion protein contains
the layilin amino acids indicated, except (LH23)X3, which has
three copies of the amino acid motif spanning layilin amino acids
243-252. After washing, the agarose beads were boiled in gel-

loading buffer, and the released material was analyzed by Western blotting for talin. The lanes containing proteins bound by
GST fusions of fibronectin EIIIB (FN EIIIB) or layilin are overloaded approximately 13-fold relative to the total lysate lane. (b)
Glutathione agarose preloaded with GST fusions containing either FN EIIIB or the indicated amino acids of chicken talin was
incubated with a CHO cell detergent lysate, washed, and boiled
in gel-loading buffer. Proteins released from the beads were detected by Western blotting for focal adhesion kinase (FAK, top)
or layilin (bottom). The lanes containing proteins bound by GST
fusions to chicken talin and fibronectin EIIIB are overloaded approximately 25-fold relative to the total lysate lane. (c) Glutathione agarose preloaded with GST fusions containing various
fragments of chicken talin was incubated with a detergent lysate
of NIL8 cells expressing HA-tagged layilin, washed, and boiled in
gel-loading buffer. Proteins released from the beads were detected by Western blotting for the HA-epitope tag. Lanes containing material bound to GST fusions are overloaded approximately 20-fold relative to the total lysate lane.
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Figure 5. Layilin is a glycoprotein expressed on the cell surface. (a) CHO cells were surface-labeled with biotin, lysed in
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antiserum, and labeled bands
were detected with HRP-streptavidin. Samples in lanes 2 and 4
were treated with PNGase F to
remove N-linked carbohydrates.
The position of the layilin band
is marked with a solid arrowhead before PNGase F treatment, and with an open arrowhead after PNGase F treatment.
The position and size in kD of
molecular mass standards are
shown. (b) A detergent lysate of
CHO cells was treated with
(lane 2) or without (lane 1)

PNGase F to remove N-linked
sugars, Western-blotted, and probed with affinity-purified antilayilin antiserum. Note that essentially all the layilin present in
the lysate is PNGase F-sensitive. The position and size in kD of
molecular weight standards are shown. (c) Layilin is predominantly found on the cell surface. CHO cells were surface-labeled
with biotin (lanes 2-4) or mock surface-labeled without biotin
(lanes 5-7), lysed, and passed over an avidin column to remove
labeled material. The first three fractions eluted from each column (lanes 2-4 and 5-7) were analyzed by Western blotting for
P1-integrin and layilin. When assayed for P1-integrin (top), the
lysate (lane 1) contains two bands: the upper band (arrow) represents mature Pi-integrin; the lower band (asterisk) is an intracellular precursor. Biotin selectively labels the mature (top) band
without affecting the precursor form of P1 (compare lanes 2 and
5, top), indicating the reagent does not have access to the cells' interior. The same fractions (bottom) reveal that most layilin, like
mature P1-integrin, is biotin-labeled (compare lanes 2 and 5, bottom). All lanes were loaded with equivalent fractions of the cell
lysate.

thereby depleting surface proteins from the extracts. The
flow-throughs from these columns were then analyzed by
Western blotting for pi-integrin and layilin (Fig. 5 c). The
integrin control indicates that the avidin column efficiently
removed all of the mature surface-expressed P1-integrin
(Fig. 5 c, arrow) from the labeled lysates (lanes 2-4) without affecting the amount of precursor 01-integrin (which is
not expressed on the surface; Fig. 5 c, asterisk). In contrast,
the avidin column did not deplete either form of P1-integrin from mock-labeled lysates (Fig. 5 c, lanes 5-7). By assaying the same fractions for layilin, we found that the majority of layilin was depleted in the biotin-treated sample
when compared with the unbiotinylated control, indicating
that most layilin protein is on the cell surface (Fig. 5 c, bottom; compare lanes 2-4 with lanes 5-7).

Layilin Localization

Figure 6. Localization of HA-tagged layilin in spreading (a, c,
and e) or migrating (b, d, andf) NIL8 hamster cells. Cells spreading on a fibronectin matrix (a, c, and e) contain peripheral ruffles
that stain for both HA-layilin (a) and phalloidin (e). Yellow ruffles in the double exposure (c) show the extent of overlap of
staining. Migrating NIL8 cells also contain layilin-rich ruffles at
their leading edges (b, d, and J). Cells shown are stained with
12CA5 in the presence of 1 mg/ml LC20 (b), 12CA5 in the
presence of 1 mg/ml HA peptide (d), and the same cell as in d
double-stained with affinity-purified anti-layilin antiserum (f).
Bar, 10 Rm.

terized (Mautner and Hynes, 1977; Hynes and Destree,
1978). To confirm the specificity of our observations, we
examined the distribution of both HA-tagged and endogenous layilin. In NIL8 cells stably transfected with an HA
epitope-tagged version of layilin, 12CA5, the monoclonal
antibody directed against the HA epitope tag, stains ruffling membranes in both spreading and migrating cells
(Fig. 6, a-f). 15 min after plating on fibronectin-coated
coverslips, NIL8 cells have a rim of F-actin filaments
around the cell edge (Fig. 6 e). Spreading cells expressing
HA-tagged layilin exhibit strong staining that colocalizes

with phalloidin signal at the cell periphery (Fig. 6, a, c, and
e). As an internal control, we examined nonexpressing
cells in the same field; these cells have ruffles as assessed

by phalloidin staining, but show no 12CA5 signal in the

We chose to analyze layilin subcellular distribution in
NIL8 hamster fibroblasts because they have a well-articulated actin cytoskeleton that has been extensively charac-

ruffles, indicating that 12CA5 staining produces little or no
background in NIL8 cells (Fig. 6, a, c, and e, arrows).
The leading edges of migrating cells also contain actinand talin-rich ruffles. To assess layilin localization in these
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analysis, which suggests that layilin is predominantly on
the cell surface, is inconsistent with the presence of significant levels of layilin in the nucleus (Fig. 5 c).
We compared the distribution of endogenous layilin
with that of F-actin in NIL8 cells that were grown overnight on fibronectin-coated coverslips. The cell shown in
Fig. 7, d-f is extending two lamellipodia at right angles to
one another, each showing strong layilin staining at its
leading edge. Phalloidin staining confirms that F-actin is
also concentrated in these structures (Fig. 7 f). The cell
shown in Fig. 7, d-f) has recently divided, and has not yet
formed actin stress fibers characteristic of a well-spread
cell. However, we did not observe specific stress-fiber
staining with the anti-layilin antiserum in well-spread cells
exhibiting prominent stress fibers (data not shown). Control anti-layilin antiserum was depleted of layilin immunoreactivity by preincubation of immune serum on a column containing immobilized layilin peptide (Fig. 3 a). In
contrast to the affinity-purified anti-layilin antiserum, the
depleted serum does not stain peripheral actin-rich ruffles
(Fig. 7, a-c).
Colocalizationof Layilin with Talin in Ruffles

Figure 7. Endogenous layilin is in membrane ruffles. Cells are
shown stained with peptide-depleted anti-layilin antiserum (a),
affinity-purified anti-layilin antiserum (d and g), phalloidin (c and
f), and anti-talin (i). b, e, and h are double exposures of a and c, d
and f, and g and i. Layilin antibodies stain membrane ruffles (arrowheads) which also contain talin (i) and actin (f). The talin
monoclonal stains both ruffles (h and i, arrowheads) and focal
contacts (h and i, arrows), while the layilin antiserum stains ruffles but not focal contacts (g and h). Bar, 10 sm.

ruffles, we stimulated cells to migrate by wounding confluent monolayers with a rubber cell scraper, and examined
the distribution of epitope-tagged layilin in cells migrating
into the wound. 45-90 min after wounding, we observed
lamellipodia with phase-dark ruffles on 10-30% of cells
adjacent to the region cleared of cells. We detected HAtagged layilin in these leading edge ruffles formed by mi-

grating cells (Fig. 6, b, d, and f). This HA signal is com-

We used double-label immunofluorescence to see whether
layilin colocalizes with talin in focal contacts or membrane
ruffles. We induced leading edges in NIL8 cells by scraping monolayer cultures. The resulting ruffles show strong
staining with the anti-talin monoclonal TD77, confirming
earlier reports of talin in ruffling membranes (Fig. 7 i;
Burridge and Connell, 1983; DePasquale and Izzard, 1991;
Bolton et al., 1997). In the same cells, talin is also readily
seen in focal contacts arrayed behind the leading edge
(Fig. 7, h and i, arrows). Layilin staining is clearly visible in
the same ruffles that contain talin, but is not evident in focal contacts (Fig. 7 g, arrows). The coincidence of talin and
layilin staining in these cells is indicated by yellow staining
in the merged image of layilin and talin immunofluorescence, while the green focal contacts confirm that talin,
but not layilin, is found in focal contacts (Fig. 7 h). Overall,
we found essentially identical subcellular distribution in
ruffles of both endogenous and HA-tagged layilin. The
layilin signal colocalizes with both talin and phalloidin
staining found in peripheral ruffles, but not with stress fibers or focal contacts (Fig. 7 and data not shown).

Discussion

d is double-stained with the polyclonal anti-layilin antiserum in Fig. 6 f to show that the cell has a layilin-positive
ruffle at its leading edge.
We next examined the distribution of endogenous layilin in untransfected NIL8 cells. Our affinity-purified polyclonal anti-layilin antiserum stains the leading edge of migrating cells and peripheral ruffles of spreading cells (Fig.
7). Signals in the nucleus and the midbody are probably artifacts of the antiserum as we saw no nuclear or midbody
staining with 12CA5 in cells expressing HA-tagged layilin
(Fig. 6 and data not shown). Furthermore, our biochemical

Talin was discovered as a component of focal contacts and
the leading edge of migrating cells, but the molecular basis
of its role in ruffles is unknown (Burridge and Connell,
1983). Similarly, the significance of talin's band 4.1 homology, initially observed when the talin cDNA was reported
(Rees et al., 1990), has not been revealed. The discovery of
layilin, an integral membrane protein found in ruffles that
binds to talin's band 4.1 homologous domain, confirms the
hypothesis of Rees et al. that this domain of talin contains
a membrane-binding site, and suggests a specific function
for talin in the leading edge of migrating cells as an adaptor between the membrane and F-actin. A role for talin in
migration was initially suggested by its subcellular localization in ruffles, and was demonstrated by the inhibitory
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peted by a peptide containing the HA epitope, but not by
an unrelated peptide (LC20), demonstrating the specificity

of the observed staining (Fig. 6, b and d). The cell in Fig. 6

effect of microinjecting anti-talin antibodies into cells
along the edge of a wound (Nuckolls et al., 1992; Bolton et
al., 1997). Microinjecting a monoclonal antibody (TA205)
that recognizes a fusion protein containing amino acids 139433 within talin head domain also inhibits cell motility, further implicating this talin fragment in cell motility (Bolton
et al., 1997). The monoclonal antibody TA205 recognizes a
GST-talin fusion containing amino acids 1-186, placing the
epitope between amino acids 139 and 186 (our unpublished observations); we have identified binding sites for
both FAK and layilin adjacent to this antibody binding
site, which may account for its inhibitory activity (Fig. 4).
Talin's role in the dynamic aspects of membrane-cytoskeletal junctions in vertebrate cells is underscored by the observation that localized disruption of talin in neuronal
growth cones prevents formation of new membrane extensions (Sydor et al., 1996). By binding to integrins and layilin, two types of transmembrane proteins with distinct subcellular distributions, talin may be able to distinguish
between the relatively static membrane-cytoskeletal connections in focal contacts and the highly dynamic membrane-actin linkages in ruffles. How the talin-layilin interaction is regulated by or contributes to the control of
membrane-cytoskeleton associations is the subject of ongoing investigations.
Models for Layilin Function
Given the colocalization of layilin with talin and the observed binding between them, layilin is a good candidate
for a membrane-binding site for talin in ruffles. We observe colocalization of both epitope-tagged and endogenous layilin with talin in actin-rich membrane ruffles (Figs.
6 and 7). Bacterially expressed GST-talin fusion proteins
bound layilin in cell lysates, and, in parallel experiments,
GST-layilin cytoplasmic domain fusions bound talin in cell
lysates (Fig. 4). These results, in addition to our initial
finding that talin and layilin interact in a yeast two-hybrid
assay, are consistent with a direct interaction between the
two proteins. Layilin contains significant homology to proteins with C-type lectin activity. Carbohydrate recognition
domains have been found in both type I (NH 2 terminus extracellular) and type II (NH 2 terminus cytoplasmic) singlepass transmembrane proteins (Drickamer and Taylor,
1993). Known type I C-type lectins fall into two functional
groups: cell-cell adhesion molecules of the selectin family,
and endocytic receptors such as the macrophage mannose
receptor. This observation, combined with our initial characterization of the layilin protein, leads us to suggest two
general models for layilin function.
In the first model, layilin acts in cell migration by anchoring to the membrane talin, which in turn binds F-actin.
This chain of interactions may transmit force from actin to
the membrane, resulting in its characteristic deformation
into ruffles. In this scenario, layilin may serve simply as a
talin docking site, or it could be an early-acting adhesion
molecule that binds extracellular matrix, nucleating the
formation of focal contact precursors at the cell periphery.
In this case, layilin would be functioning analogously to selectins, which mediate transient adhesion between rolling
leukocytes and the endothelium followed by tight integrinmediated adhesion. However, whereas selectins mediate
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cell adhesion in specialized cells of the immune system, we
hypothesize that layilin performs fundamental cell adhesion tasks common to most cells because layilin and talin
are present in many different tissues (Fig. 3). Layilin
would thus form transient adhesion sites between ruffles
and extracellular matrix that are refined into focal contacts after integrin recruitment. This could occur in both
spreading and migrating cells. Talin, which can bind both
layilin and integrins, may provide continuity between the
two types of cell-matrix linkages as transient layilin-containing structures mature into integrin-containing focal adhesions. Integrin extracellular matrix receptors are known
to be signaling as well as adhesion receptors, and if layilin
encounters matrix early in the process of cell adhesion it
may also signal. The three internally repeated motifs in the
layilin cytoplasmic domain are potential binding sites for
cytoskeletal or signaling molecules in addition to talin.
Conservation of these motifs in hamster and human layilins suggests that they are of importance, and we have
shown that two of these repeats form a binding-site for
talin (Fig. 4).
It is interesting to note that the C-type lectin CRD is
structurally homologous to another carbohydrate-binding
domain, the link module (Kohda et al., 1996). Link modules are found in a variety of carbohydrate-binding proteins, including CD44, one of the proteins reported to bind
to the NH 2-terminal domain of ERMs (Tsukita et al.,
1994). CD44 has also been proposed to function in cell migration and tumor metastasis (Sherman et al., 1994). It is
notable that several members of the band 4.1 superfamily
interact with the cytoplasmic domain of carbohydratebinding molecules with roles in migration and adhesion.
In a second model, layilin may function as an endo- or
phagocytic receptor, similar to some other C-type lectins
such as the macrophage mannose receptor (Drickamer
and Taylor, 1993). This model is suggested by the observation that talin is present in phagocytic cups in macrophages and at sites of uptake of some bacterial pathogens
(Greenberg et al., 1990; Finlay et al., 1991; Finlay et al.,
1992; Young et al., 1992; Love et al., 1998). In addition, the
layilin cytoplasmic domain contains two YXXFD motifs
(YNVI, YDNM; Fig. 2 a). These motifs are similar to sequences that mediate clathrin-dependent endocytosis of
2
other membrane proteins by binding to the [ chain of the
AP-2 adaptor complex (Ohno et al., 1995; Marks et al.,
1997). Layilin may act simply by binding to and internalizing ligands bearing an appropriate carbohydrate moiety,
or it may have additional functions in recruitment or stabilization of cytoskeleton in phagocytic ruffles. Alternatively, talin might stabilize a complex consisting of layilin
and its bound ligand during uptake. Again, we would postulate that, given its widespread expression pattern in tissues, layilin participates in some general mode of uptake
not limited to macrophages or other professional phagocytes. These two models, adhesion and uptake, are not
mutually exclusive, however, and we are currently engaged in experiments to confirm or rule out either possibility.
Implicationsfor the Band 4.1 Superfamily
The band 4.1 superfamily members merlin and ezrin/radixin/
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moesin are present in membrane ruffles, and downregulation of ERM proteins by treating cells with antisense oligonucleotides results in reduced cell adhesion (Takeuchi
et al., 1994; Henry et al., 1995). This defect may be causal
or may be a secondary consequence of reduced cell
spreading. We are investigating the possible interaction of
layilin with ERM proteins and other members of the band
4.1 superfamily found in ruffles. Previous reports of binding between band 4.1 family members and membrane proteins implicate clustered basic residues as binding sites for
band 4.1 and ERMs. J6ns and Drenckhahn (1992) found
that band 4.1 binds to the basic sequence LRRRY in the
cytoplasmic domain of the erythrocyte anion exchanger,
one band 4.1 membrane docking site in red blood cells.
Marfatia and colleagues showed that mutation of three
membrane-proximal basic residues in the glycophorin C
cytoplasmic domain abrogates binding in vitro between
protein 4.1 and peptides derived from glycophorin C
(Hemming et al., 1995; Marfatia et al., 1995). Recently,
Yonemura et al. (1998) identified short basic sequences in
CD44, CD43, and ICAM-2 that appear to mediate binding
to ERM proteins (Legg and Isacke, 1998; Yonemura et al.,
1998). Interestingly, as shown in Fig. 4, talin binds to ten
amino acids derived from two repeated motifs within the
layilin cytoplasmic domain. This binding site does not contain the membrane proximal or any other stretch of basic
residues in layilin, demonstrating another mode of binding
between band 4.1 family members and integral membrane
proteins.
The interaction of band 4.1 with glycophorin C is enhanced in the presence of polyphosphoinositides (Anderson and Marchesi, 1985). A mechanism for this regulation
is suggested by studies on ERM proteins demonstrating
binding between ERM head and tail domains that is reversed in the presence of acidic phospholipids (Gary and
Bretscher, 1995; Magendantz et al., 1995; Hirao et al.,
1996). Although no such regulated head-tail interaction
has been described for talin, talin's NH 2-terminal domain
has been reported to bind some phospholipids under conditions of low ionic strength (Niggli et al., 1994). In addition, talin undergoes a conformational change from a globular structure to an elongated rod in response to changes
in salt concentration, which may represent a transition
from a closed to an open form of the protein with different
abilities to bind talin-binding partners (Molony et al.,
1987; Winkler et al., 1997). We would have circumvented
this mode of regulation with our recombinant LexA- and
GST-fusion proteins that contain only talin head. Recent
reports that ERM localization and head-tail association
can be influenced by phosphorylation of ERMs suggest a
potential mode of talin regulation that is consistent with
observed talin phosphorylation (Pasquale et al., 1986;
Turner et al., 1989; Beckerle, 1990; Bertagnolli et al., 1993;
Tidball and Spencer, 1993; Matsui et al., 1998; Shaw et al.,
1998). It will be of interest to determine whether talin
binding to layilin or FAK is regulated by either phospholipid binding or talin phosphorylation.
In conclusion, we have uncovered novel functions for
the talin head domain analogous with those of the homologous NH 2-terminal domains of other band 4.1 family
members: interaction with layilin in ruffles, and FAK
binding. This talin domain therefore acts both as a mem-
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brane linker and in signal transduction, while the tail of
talin binds a different membrane anchor (integrins) and
forms links to the cytoskeleton.
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