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ABSTRACT. The I/LWEQ module superfamily is a class of actin-binding proteins that contains a conserved
C-terminal actin-binding element known as the I/LWEQ module. I/LWEQ module proteins include the
metazoan talins, the cellular slime mold talin homologues TalA and TalB, fungal Sla2p, and the metazoan
Sla2 homologues Hipl and Hip12 (HiplR). These proteins possess a similar modular organization that
includes an I/LWEQ module at their C-termini and either a FERM domain or an ENTH domain at their
N-termini. As a result of this modular organization, I/LWEQ module proteins may serve as linkers between
cellular compartments, such as the plasma membrane and the endocytic machinery, and the actin
cytoskeleton. Previous studies have shown that I/LWEQ module proteins bind to F-actin. In this report,
we have determined the affinity of the I/LWEQ module proteins Talinl, Talin2, huntingtin interacting
protein-1 (Hipl), and the Hipl-related protein (HiplR/Hipl12) for F-actin and identified a conserved
structural element that interferes with the actin binding capacity of these proteins. Our data support the
hypothesis that the actin-binding determinants in native talin and other I/LWEQ module proteins are
cryptic and indicate that the actin binding capacities of Talin1, Talin2, Hipl, and Hip12 are regulated by
intrasteric occlusion of primary actin-binding determinants within the I/LWEQ module. We have also
found that the I/LWEQ module contains a dimerization motif and stabilizes actin filaments against
depolymerization. This activity may contribute to the function of talin in cell adhesion and the roles of
Hipl, Hip12 (HiplR), and Sla2p in endocytosis.

The I/LWEQ module was originally identified on the basis Sla2p is required for the nucleated assembly of actin in yeast
of sequence similarity between the C-termini of mouse Talinl (1) and binds to clathrin heavy and light chairis8). Hipl
and yeast Sla2plj and its conserved organizatio)( It was discovered as a binding partner of huntingtif) @nd
has since been shown to mediate cytoskeletal localization,functions in clathrin-mediated endocytosis through binding
F-actin binding, and F-actin bundling in a functionally to adaptor protein-2 and clathrid9). Hip12, which is the
distinct set of proteins2—5). The I/LWEQ module is an  human ortholog of mouse HiplR3) is 47% identical to
actin-binding consensus sequence of 186 residydéy énd Hipl (13). Hip12 is a component of clathrin-coated pi8 (
is found in the focal adhesion protein tali, (8), the 20, 21). Thus, Sla2p and its metazoan homologues Hipl and
Dictyostelium discoideurtalin homologues TalA and TalB  Hip12 may serve as adaptor proteins between the endocytic
(9, 10), fungal Sla2p 1), metazoan Hipl (huntingtin interact- apparatus and the actin cytoskeleton, just as talin serves as
ing protein-1) (1, 12), and its homologue, Hip12/Hip1R|( a link between integrins and actin.
13). Talinl serves as the direct connection between ECM- The modular structure of I/LWEQ module proteins is
bound integrin receptors and internal focal adhesion com- diagrammed in Figure 1A. I/LWEQ module proteins con-
ponents, including actin, vinculin, and focal adhesion kinase taining a FERM domain, which is a linker to the plasma
(14—16). Talin2 was identified as an ESTrom a heart membraneZ?), include Talinl and Talin2, and mycetozoan
cDNA library (17). However, its physiological functions have TalA/B. These proteins constitute one principal branch of
not been characterized. TalA and TalB are required for the I/LWEQ module superfamily2( 4). The other principal
chemotaxis and morphogenesisn discoideum(9, 10). branch of this superfamily consists of fungal Sla2p and
metazoan Hipl and Hip12. Sla2p, Hip1, and Hip12 contain
t This work was supported by grants from the American Heart an E/ANTH (epsin or AP180 N-terminal homology) domain,

Association (0365218B) and the American Cancer Society (85-001- which is required for normal endocytosis and cytoskeletal
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guence tag; Ptdins (4,5 Rhosphatidylinositol 4,5-bisphosphate; USH, ; ;
upstreama-helix; GST. glutathioneS-transferase; 3D-PSSM, three- Several recent studies have demonstrated the importance

dimensional position-specific scoring matrix; SBBAGE, sodium of /ILWEQ module proteins anq the VLWEQ module it??”
dodecyl! sulfate-polyacrylamide gel electrophoresis. (15, 27—-30). For example, Talinl-null fibroblasts exhibit
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Ficure 1: I/LWEQ module superfamily. (A) Representative
I/LWEQ module proteins and their similar modular organization.
The C-terminal I/LWEQ module, which contains the primary actin-
binding site of I/LWEQ module proteins, defines the I/LWEQ
module superfamily. The E/ANTH domain of Sla2p, Hipl, and
Hip12 (HiplR) is found in proteins that participate in clathrin-
mediated endocytosis. The FERM domain specifies plasma mem-
brane localization in a variety of proteins, including Talinl and
Talin2. (B) Conserved features of the I/LWEQ module. The
conserved organization of Blocks-# is shown (gray) along with
the putativea-helices (h+h5, black) that are substantially coex-
tensive with Blocks +4. Conserved residues near the beginning
of Blocks 1-4 are indicated (I/L, W, E, and Q). The N-terminal,
upstreano-helix (USH) is found in all I/LWEQ module proteins
(shadowed). The-helical nature of the I/LWEQ module has been
confirmed by circular dichroism spectroscopy. Recombinant I/LWEQ
module proteins£H) and the Talinl USH are described in the
table with reference to their amino acid sequences (GenBank
accession numbers 075146 for 075146 and 000291 for O00291;
human Talinl and Talin2 cDNA sequences have been submitted
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skeleton, and that the association of these proteins with actin,
specifically through the I/LWEQ module, is critical for
proper cytoskeletal organization and endocyto4j2().

Secondary structure prediction algorithms predict that the
I/LWEQ module consists of fiven-helices that are co-
extensive with Blocks 44 (4). I/LWEQ module proteins
also contain an additional upstreamhelix (USH) that is
N-terminal to the I/LWEQ module (Figure 1A,B). Although
the USH is not as conserved at the sequence level as the
I/LWEQ module, with only one invariant residue compared
to 16, it is found in all I/ILWEQ module proteins (Figure
1C). Initial experiments aimed at determining whether this
structural element affects the actin binding capacity of the
I/LWEQ module revealed that inclusion of the USH [Talinl
(+H)] decreased the apparent affinity of I/LWEQ module
Talinl for F-actinin vitro. In yeast two-hybrid assays, Sla2p
(—H) was shown to interact with actin, while inclusion of
the USH region abolished actin bindirgflj. Additional two-
hybrid screening revealed a specific interaction between the
C-terminus of Sla2p (I/LWEQ module) and a short region
N-terminal to the I/LWEQ module (USH)3Q). Taken
together, these findings imply that the C-terminal actin-
binding sites of talin, Sla2p, and potentially the entire
I/LWEQ module superfamily are cryptic in the native state,
and possibly regulated by an intrasteric interaction between
the I/LWEQ module and the USH.

Such conformational regulation, in which intramolecular
interactions alter the accessibility of functional domains, is
widespread among cytoskeletal proteins. Actin-binding de-
terminants and proteinprotein interaction domains of vin-
culin (32, 33), the 34 kDa actin bundling protein froiD.
discoideun{34), ezrin 35), moesin 86), and N-WASP 87)
are masked in the inactive molecule by an intramolecular
association. Upon activation, which is regulated by Ptdins
(4,5)R in the case of ezrin38, 39), Ptdins (4,5)P and
protein—protein interactions in the case of N-WASF7(40),
or protein—protein interactions for vinculind@), intrasteric

to GenBank). (C) USH sequence alignment. Amino acid sequencesinhibition is relieved and functional domains are exposed.

N-terminal to the I/LWEQ module of Talin1/2, TalA, Hip1/12, and
Sla2p were aligned using CLUSTAL W69). The structurally
conserved USH (shadowed) and the beginning of Block 1 of the
I/LWEQ module are shown. The first amino acid of theH)

For example, vinculin contains an actin-binding site in its
C-terminus 82, 33). However, native vinculin does not
display a strong affinity for F-actim vitro, because its actin-

recombinant proteins is noted with an arrowhead. Conserved aminoPinding site is masked by an intrasteric interaction with the

acids are highlighted in gray. The filled circle and black shading
indicate the only invariant amino acid in the USH.

compromised cytoskeletal linkage30j. This phenotype can

be rescued by expression of full-length Talinl, but expression
of a Talinl mutant lacking the I/LWEQ module results in a
phenotype similar to that of the Talinl-null cell80]. A
temperature-sensitive mutation in yesalst2 that essentially
eliminated the I/LWEQ module caused defects in endocytosis
and cytoskeletal organization similar to those seesla?2-

null cells @1, 27, 29, 31). RNAi-mediated downregulation
of HiplR (Hip12) revealed that Hip1R is required for the
formation of a productive association between the actin
cytoskeleton and the endocytic machine2g)( Overexpres-
sion of a Hip1R truncation mutant that lacked the C-terminal

N-terminus 83). This head-tail interaction is specific irtis
and intrans and has been shown to interfere with actin
binding (33). The binding of talin to vinculin disrupts this
interaction and activates vinculin so that it can then interact
with F-actin in focal adhesiongt().

To further understand I/LWEQ module protein function,
we have examined the interactions of I/LWEQ proteins with
F-actin. We have determined the relative affinity of the
I/LWEQ modules of Talinl, Talin2, Hipl, and Hip12 for
muscle ¢) and non-musclef+y) F-actin. In addition, we
have shown that the USH, which is common to all I/LWEQ
module proteins, interferes with the actin binding capacity
of these proteins irtis and intrans Our data suggest an
intrasteric mechanism for the regulation of actin binding in
I/LWEQ module proteingn vivo, in which the actin binding

I/LWEQ module caused a phenotype similar to that seen in capacity of Talinl, Talin2, Hip1, and Hip12 is regulated by
Hip1R-silenced cells, where cargo-containing clathrin-coated steric occlusion of primary actin-binding determinants within
vesicles accumulated at the cell cortex due to delayed orthe I/LWEQ module. Our results also demonstrate that
blocked internalization28). These data suggest that /LWEQ I/LWEQ module proteins are dimers and not only bind to
module proteins mediate connections with the actin cyto- but also stabilize F-actin filaments. This activity may
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contribute to the function of I/LWEQ module proteins in concentration from 0 to 2GM in a total volume of 5QuL.
multicomponent assemblies such as focal adhesions and théctin polymerization was induced by addition of 2 mM
endocytic apparatus. MgCl, and 50 mM KCI and allowed to proceed for 60 min
at 22°C. The critical concentration for actin polymerization

EXPERIMENTAL PROCEDURES is 0.71uM under these conditions. Following centrifugation

Protein PreparationRecombinant hexahistidine and GST at 16000Q and 22°C for 20 min, the supernatant and pellet
fusion proteins were prepared by PCR amplification of the fractions were separated for subsequent analysis with-SDS
particular coding sequence, recovery of the amplified coding PAGE using 12% gels. Proteins were visualized by staining
sequence in either pCR2.1 or pCR2.1-TOPO (Invitrogen), with Coomassie Blue G250 or a modified silver stadi®,(
and subcloning of the coding sequence into either pET-28¢ 46). The stoichiometry of the interaction between I/LWEQ
or pET-41c (Novagen)Escherichia coliBL21(DE3) cells module Talinl and F-actin was determined in F-actin
were used for IPTG-induced protein expression, except for cosedimentation assays as described previoGd)y €xcept
Hip12.816-1068, Hip12.773-1068, Hip1.809-1030, and that the actin concentration was kept constant aB1Qvhile
Hip1.766-1030, which were produced in BL21-CodonPlus the I/LWEQ module Talinl concentration was increased from
(DE3)-RIL cells (Stratagene). Recombinant proteins were 0 to 15 uM. The results were analyzed as previously
purified using standard protocolg4d). Hexahistidine and  described §4).

GST tags were cleaved with biotinylated thrombin (Novagen)  pata Analysis|/LWEQ module protein bands from digital
and removed by a combination of affinity and anion- jmages of stained gels were quantified densitometrically
exchange chromatography. Purified proteins were stored alysing NIH Image version 1.62 (available at http:/
4 °C in phosphate-buffered saline or buffer A [2 mM Tris  sh.info.nih.gov/nih-image/). These data were plotted versus
(pH 8.0), 0.2 mM CaCl 0.2 mM ATP, and 0.5 mM  F_actin concentration to represent the actin binding profile
dl’[hlo’[hreltol] Full-length human Talinl and Talin2 cDNA of each protein_ The percent of recombinant |/LWEQ module
sequences prepared by RT-PCR from first-strand cDNA protein bound to F-actin was converted to specific binding
(Ol’igene) were used as PCR templates. A partial human H|p1(SB) as a function of input protein, where SB(ZO//LM)'
cDNA was obtained as an IMAGE clone from Research (o4 hound). These data were transformed using GraphPad
Genetics. The full-length human Hipl2 sequence (KI- prism version 4 (www.graphpad.com) and used to calculate
AA0655) was the generous gift of the Kazusa DNA Re- apparent dissociation constants for binding of each protein
search Institute (Chiba, Japan). The production of mousetg F-actin 47). Each data point in these analyses was the

Ta||n12345_2541, which is identical to the human sequence, average of at least two, but not more than four, independent
has been describe@,(4). GenBank accession numbers for - experiments for each protein.

the cDNAs that were used are 075146 for Hipl2 and I .
. . . Gel Filtration. I/LWEQ module proteins £H) were
000291 for Hip1. The fpllowmg PCR primers were used chromatographed on a Sephacryl S-100-HR column (0.7 cm
for other constructs: Talin1.236@541, 3GACCCTACT- - . .
) x 48 cm) equilibrated with 10 mM Tris (pH 8.0), 1 mM
GTCATT-3 and 3-TTAGTGCTCGTCTCG-3 Talin1.2306- : :
EDTA, 25 mM KCI, and 0.02% sodium azide. Blue dextran
2349, 3-GACCCTACTGTCATTG-3and 3-TCAGGCAG- . : ;

) . (2000 kDa), bovine serum albumin (67 kDa), ovalbumin (45
CTTCTAGGATTTTGTTCC-3; Talin2.2346-2542, 5- K boni hvd K q h
ATCTTGGAAGCTGCTAAA-3 and B-TTAGCCCTCAT- Da), carbonic anhydrase (31 kDa), and cytochran(@3
CTTCCCT-3 Talin? 23012542 5 GACCCAACTGT- kDa) were used to calibrate the column. The apparent
CATTGCA-S’ and 'S-TTAGC(’:CTCATCTTCCCT-S molecular mass of each I/LWEQ module protein was

X A A calculated by plotting the elution volume versus the log of
Hip12.816-1068, 3-AAGCTGGAGGTGAACGAG-3 and the molecular mass of each calibration protein
5-CTAGTAGTTCACGAGTTG-3; Hipl2.773-1068, 5- '

GATGTGCGGCAGGAGGAG-3and 5-CTAGTAGTTCAC- Dynamic Light ScatteringThe molecular mass of each
GAGTTG-3; Hipl.766-1030, 5GACATCAAGCAGCAG- I/LWEQ module protein was also determined by dynamic
GAGC-3 and B3-CACCATTGGCTTTTTCTTATC-3; light scattering using a DynaPro99 (ProteinSolutions, Char-

Hip1.809-1030, 3-GTCAAATTGGAGGTGAATG-3 and lottesville, VA). Proteins were dialyzed against phosphate-
5-CACCATTGGCTTTTTCTTATC-3 Oligonucleotides were ~ Puffered saline (pH 7.0), filtered twice using a 00 filter,
obtained from Integrated DNA Technologies. All DNA ~and analyzed by dynamic light scattering. The instrument
sequences were confirmed independently by DNA sequence?Vas calibrated with bovine serum albumin according to the
determination prior to protein preparation. manufacturer’s instructions.

F-Actin Binding Muscle actin was purified from rabbit F-Actin Stabilization F-Actin depolymerization in the
skeletal muscle43, 44) or obtained from Cytoskeleton, Inc.  presence of I/LWEQ module proteins was assessed using
Non-muscle actin, which consisted of a mixture of 80% pyrene-labeled rabbit skeletal muscle actin in a fluorescence-
pB-actin and 20%y-actin, was obtained from Cytoskeleton, based assaylB). Rabbit skeletal muscle G-actin (23,

Inc. Prior to use in cosedimentation experiments, recombinant61% pyrene-labeled) was polymerized as in the F-actin
I/LWEQ module protein samples were precleared by cen- cosedimentation assays. Actin depolymerization was moni-
trifugation for 20 min at 16000Pusing an S100AT3 rotor  tored fluorometrically with a Perkin-Elmer model LS55

in a Sorvall Discovery M120 ultracentrifuge. Protein con- luminescence spectrometer (excitation at 365 nm and emis-
centrations were determined following clearance. F-Actin sion at 407 nm). Depolymerization of F-actin was initiated
cosedimentation assays were performed in buffer A [2 mM by diluting pyrene-labeled F-actin to 0.2(M in a total

Tris (pH 8.0), 0.2 mM CaGl| 0.2 mM ATP, and 0.5 mM  volume of 250uL of buffer A. The course of depolymeri-
dithiothreitol], keeping the concentration of the I/LWEQ zation was followed for 10 min at 2ZC. The dilution buffer
module protein constant at 2.0/ while increasing the actin ~ contained either 1.@M GST as a negative control or the
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FiIGURE 2: Talinl F-actin binding. (A) F-Actin cosedimentation assays. Musg)eo¢ non-muscle £) actin (0-25 M) was mixed with
I/LWEQ module Talinl H), I/LWEQ module Talinl with the USH+H), GST, or the Talinl USH (2.2M each) in buffer A [2 mM
Tris (pH 8), 0.2 mM CaCl 0.2 mM ATP, and 0.5 mM dithiothreitol] in a total volume of Bl. Actin polymerization was induced by
addition of 2 MM MgC} and 50 mM KCI and allowed to proceed for 60 min at°22 Following centrifugation at 16009&nd 22°C for
20 min, the supernatant and pellet fractions were separated and F-actin cosedimentation was analyzedP®GEDFhe USH actin
binding panels were silver-stained; the others were stained with Coomassie Blue. (B) Quantitative analysis of actin binding. The percent
bound, as a measure of cosedimentation of TalitH) with GST as a negative control, was determined densitometrically using the
polyacrylamide gels shown in panel A. The binding data were fit using KaleidagRaghlues for the curve fits ranged from 0.999 to
0.943. (C) Data analysis. Binding curves were transformed and analyzed by linear regression (GraphPad Prism, version 4) to calculate the
dissociation constant of Talintt{) for filamentousa- and -actin. Dissociation constants are listed in Table 1. Each data point is the
average of at least two but not more than four independent experiments. (D) F-Actin:I/LWEQ module stoichiometry. The stoichiometry for
the interaction of the Talin-1 I/LWEQ module and F-actin was determined as described prev8i)stydosedimentation assays in which
the -actin concentration was kept constant at @\ while increasing amounts of I/LWEQ module Talin1<@5 M) were added after
actin polymerization. The molar ratio of Talinl to actin was 4.0, indicating that the ratio of Tatift) imers to actin was 2:1.
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I/LWEQ modules of Talinl, Talin2, Hip1, or Hip12 (atH) (+H) cosedimented with F-actin (Figure 2A). Neither GST

at 1.0uM. nor the Talinl USH bound to either actin isoform, and the
recombinant Talin1 proteins did not sediment in the absence
RESULTS of F-actin (Figure 2A,B, “OuM” actin concentration; this

was also true for Talin2, Hip1, and Hip12). Cosedimentation

module proteinsg, 4), I/LWEQ-only fusion proteins{H) of Ta!inl &H) was 'assessed'directly by densitometry as
were designed to include the initial residue of Block 1 and described. Quantitative analysis of the gels shown in Figure

extend to the C-terminus of Talin1, Talin2, Hipl, and Hip12. 24 IS shownin Figure 2B. F-Actin bands serving as internal
I/ILWEQ module proteins with the USHHH) were designed contrpls displayed accurate linearity of response fpr all
to encode an additional 45 residues N-terminal to Block ~ densitometry measurements (not shown). Calculation of
1 of the I/LWEQ module and extend to the C-terminus of aPparent dissociation constants) for the interaction of
each protein. Thus, all fusion proteins that were used included T&lin1 (EH) with muscle and non-muscle actin by data
each of the four conserved Blocks of the I/ILWEQ module transformation is shown in Figure 2C, with th& values
and differ only in the inclusion or exclusion of the USH for Talinl and the other ILWEQ module proteins listed in
(Figure 1). Table 1. In addition to measuring the actin binding affinity
The cosedimentation of Talin=) with non-muscle actin ~ ©f Talin1 (=H), we also used Talin1«H) to determine the
is shown in Figure 2A. With an increasing actin concentra- stoichiometry of the interaction between the I/LWEQ module

tion, Talinl (—H) was depleted from the residual supernatant @nd F-actin (Figure 2D). Talin1 bound to F-actin at a molar
following ultracentrifugation, and this depletion was ac- ratio of 4:1.

companied by enrichment in the corresponding F-actin pellet A number of actin-binding proteins, including utrophin
fractions. In contrast to Talin2+(H), only a portion of Talinl and ezrin, display isoform-specific actin binding capacities

On the basis of the sequence conservation of I/LWEQ
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Table 1: Dissociation Constants for I/LWEQ ModulE-Actin
Interactiond

IILWEQ p-actin o-actin

module —H +H AKqg —H +H AKg
Talinl 0.31 4.4 14 2.6 7.5 2.9
Talin2 0.88 1.5 1.7 21 3.7 1.8
Hip1l 25 3.4 1.4 3.0 [14] ric
Hip12 34 [39] né 3.3 [29] ne

aDissociation constant() were calculated by transforming the
binding curves shown in Figures 2 and 3 (transformation illustrated in
Figure 2C). The fold change K4 upon inclusion of the USH is shown
asAKgq. The decreases in binding affinity range from 1.4-fold for Hipl
with S-actin to 14-fold for Talinl with3-actin. Values in brackets have
been calculated but do not vary significantly from values obtained with
GST controls and are therefore not significant. They do, however,
illustrate the capacity of the Hipl and Hip12 USH to essentially abolish
the actin binding capacity of their respective I/LWEQ modules in these
assays. Values are reported in micromobakKy not calculated.

(49-51). In addition to this variability associated with actin
isoforms, proteins that exist as a set of several actin-binding
isoforms, such as tropomyosin, bind differentially to F-actin
(52). Given that our experiments were designed to examine
the actin binding capacities of both mammalian isoforms of
talin, as well as those of Hipl and Hipl2, we determined
the actin binding profiles of these proteins for both muscle
(o) and non-muscle (predominant) actin isoforms. The
data in Figure 2 (A, cosedimentation; B, binding curves; C,
Kq calculation) and Table 1 show that TalintK) bound

to g-actin with an 8.4-fold higher affinity than te-actin (a
Kqof 0.31uM vs aKq of 2.6 uM). Inclusion of the USH of
Talinl markedly reduced the apparent affinity of I/LWEQ
module Talinl for botha- and g-F-actin [Figure 2A-C,
Talinl (+H)]. The affinity of Talinl (—H) for S-actin
decreased 14-fold upon inclusion of the USH (Tabl&Ky
going from 4.4 to 0.31uM), while the interaction with
o-actin showed a 2.9-fold decrease in affinity upon inclusion
of the USH (Table 1AKq4 going from 7.5 to 2.6«M).

To determine if the USH is involved in mediating the
interaction of other I/LWEQ module proteins and actin,
recombinant Talin2, Hipl, and Hipl2:H) were assayed
for interactions with F-actin as shown in Figure 2. The overall
behavior of Talin2 (Figure 3A) was similar to that of Talinl,
except that the dissociation constants for Talin2 were higher.
The apparenKy of Talin2 (—H) for -actin was 0.8&«M,
which is 2.8-fold higher than the value of 0.8M for Talin1
(—H), indicating that Talin2 interacts with actin with a
corresponding lower affinity (Table 1). As with the Talinl
I/LWEQ module, Talin2 also had a higher apparent affinity
for p-actin than fora-actin AKq = 2.1 and 0.88uM,
respectively), but the magnitude of the difference was less
for Talin2 than for Talinl (2.4- vs 8.4-fold). As with Talinl,
inclusion of the USH reduced the affinity of I/LWEQ module
Talin2 (+H) for both g-actin anda-actin (Figure 3A) by
1.7- and 1.8-fold, respectively (Table 1).

Hipl (—H) has previously been shown to interact with
F-actin @), although the actin binding capacity of this
I/LWEQ module has been questione2D). Our data show
that Hipl (H) interacts with F-actin (Figure 3B) with
comparable affinities fof-actin anda-actin (Kq = 2.5 and
3.0 uM, respectively; Table 1). However, Hipl did not
interact as strongly with F-actin as Talintd) or Talin2
(—H). The increase in the dissociation constant was 0.31,
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Ficure 3: Talin2, Hipl, and Hipl2 F-actin binding. I/LWEQ
module Talin2, Hipl, and Hipl2 were analyzed as described in
the legend of Figure 2. (A) Talin2 F-actin cosedimentation assays.
Talin2 has a lower affinity than Talinl for both actin isoforms.
Inclusion of the USH{H) decreased the binding affinity for both
o- andg-actin.R values for the Talin2 curve fits ranged from 0.999
to 0.934. (B) Hipl F-actin cosedimentation assays. Hip1 has similar
binding affinities for both actin isoforms. Inclusion of the USH
(+H) decreased the binding affinity fg#-actin and essentially
abolished the F-actin binding capacity of Hip1 toactin.R values

for the Hipl curve fits ranged from 0.993 to 0.863. (C) Hip12
F-actin cosedimentation assays. Like Hip1, HiptH] has similar
affinities for both actin isoforms. Inclusion of the USH-K)
abolished the F-actin binding capacity of Hip12 fbranda-actin.

R values for the Hip12 curve fits ranged from 0.992 to 0.738. All
binding data were transformed as described in the legend of Figure
2 and used to calculate apparent affinity constaligsvalues are
listed in Table 1 for comparison. Each data point is the average of
at least two but not more than four independent experiments.

0.88, and 2..M for Talinl, Talin2, and Hip1, respectively,
againsts-actin. Thus, Talinl and Talin2 had 8.1- and 2.8-
fold higher apparent affinities, respectively, fdsactin than
Hipl (—H). As with Talin1 and Talin2, inclusion of the USH
reduced the affinity of I/LWEQ module Hipl+HH) for
p-actin (Figure 3B) by 1.4-fold. However, the USH had a
much greater effect on the Hipl-filamentausctin interac-
tion, where F-actin binding was essentially abolished upon
inclusion of the USH (Figure 3B).

Hip12 has previously been shown to interact with F-actin
(20). Consistent with this observation, we found that Hip12
(—H), like Hip1, exhibited a similar affinity for botj- and
o-actin (Figure 3C and Table X4 = 3.4 and 3.3uM,
respectively). I/LWEQ module Talinl—(H), Talin2 (—H),
and Hipl (H) have 11-, 3.9-, and 1.4-fold higher apparent
affinities for s-actin, respectively, than Hip12-H) (Table
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1). As with the other three I/LWEQ module proteins,
inclusion of the USH reduced the affinity of I/LWEQ module
Hip12 (+H) for F-actin. However, in this case, inclusion of
the USH abolished the interaction of Hip1l2 with bath
and g-actin isoforms (Figure 3C).

The data in Figures 2 and 3 and Table 1 demonstrate that

the I/LWEQ modules of Talinl, Talin2, Hipl, and Hip12
interact with F-actin and that inclusion of the USH dis
interferes with the actin binding capacity of these four
I/LWEQ module proteins. Inclusion of the USH has also
been shown to interfere with the actin binding capacity of
yeast Sla2p in a similar manne8l). These observations
suggest that an intramolecular interaction between the USH
and the I/LWEQ module is responsible for masking the actin-
binding site of the I/LWEQ module in these proteins. Such
an interaction would be a relatively high-affinity interaction
given that (a) the USH caused a #54-fold reduction in

the apparent affinity of the Talin1 I/LWEQ module for both
o- andg-F-actin, (b) the USH abolished the interaction of
Hipl with a-F-actin, and (c) the USH abolished the interac-
tion of Hipl2 with o- and -F-actin (Figures 2 and 3 and
Table 1). This implies that the USH should be able to act in
transto inhibit actin binding as well. Specific competition
between functional domains itrans has been used to
demonstrate that an intramolecular interaction between
functional domains inhibits actin binding of both vinculin
(33 and the 34 kDa F-actin bundling protein frob.
discoideum(34). We used a similar strategy to determine
whether the interaction inis of the USH with the I/LWEQ
module can be recapitulatedtimns (Figure 4). F-Actin and
Talinl (—H) were incubated with an increasing concentration
of purified USH (Talin1 USH, Figure 1B) and subjected to
cosedimentation and densitometry analysis as in Figure 2.
With an increase in the concentration of the USH, the amount
of Talinl (—H) bound to F-actin decreased, which is reflected
by the decrease in the amount of TaliniH) in the pellet
fractions and its concomitant increase in the supernatant
(Figure 4A). Quantitative analysis of these data (Figure 4B)
showed that, at a-510-fold molar excess, the USH inhibited
F-actin binding of the Talinl I/LWEQ module at a level
similar to that found with Talin1+{H) (striped bar; value
taken from Figure 2B). Thus, a specific intrasteric interaction
between the I/LWEQ module and the USH interferes with
the interaction of I/LWEQ module Talinl with F-actin.

Talinl, Hipl, and Hip12 form dimeiig vitro andin vivo
(13, 53, 54). Using two different techniques, we have found
that the I/LWEQ module by itself exists as a dimer in
solution. On a gel filtration column, both Talin’H) and
Hipl (+H) eluted at apparent molecular masses consistent
with the formation of dimers (Figure 6A,B). Talin-),
which has a calculated molecular mass of 23 038 Da,
essentially coeluted with ovalbumin (45 000 Da), forMn
of 46 000 Da. Talinl{H; 26 367 Da) behaved similarly,
with an M, of 52 000 Da on the same column, as did Hipl
(+H; 30894 Da), which eluted at an elution volume
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Ficure 4: Intrasteric inhibition of F-actin binding. (A) SDBS
PAGE.a-Actin (20 uM) was mixed with I/LWEQ module Talinl
(—H) and an increasing concentration{00 M) of the Talinl

SH. F-Actin cosedimentation was then carried out as for Figures
2 and 3. F-Actin was visualized with Coomassie Blue staining; the
Talinl USH was visualized by silver staining, while TalintH)
was detected by immunoblotting. (B) Quantitative analysis. The
percent bound, as a measure of the extent of cosedimentation of
I/LWEQ module Talinl in the presence of increasing amounts of
Talinl USH intrans (—H, black bars), was determined densito-
metrically using the data shown in panel A. Increasing the amount
of the USH decreased the actin binding level of I/[LWEQ module
Talinl. The Talinl {H) value (striped bar) is taken from Figure
2B to show that thetrans I/LWEQ module-USH interaction
mimics thecis interaction. Values are averages of two separate
experiments.

DISCUSSION

We have examined the actin binding capacity of repre-
sentative I/[LWEQ module proteins using F-actin cosedi-
mentation assays with both muscle and non-muscle actin.
We have shown that I/LWEQ module proteins bind differ-
entially to these actin isoforms. We have also demonstrated
that a conserved structural element N-terminal to the I/LWEQ
module (USH) interferes with the intrinsic actin binding
capacity of these proteins. These results indicate that the
interactions between I/LWEQ module proteins and actin are
subject to intrasteric regulation in a manner similar to that
found with other actin-binding proteins. We have also found
that the I/LWEQ module contains a dimerization motif,
which may contribute to the function of these proteins
vivo.

Actin Binding and Isoform Specificitpnalysis of the actin
binding capacity of I/LWEQ module Talinl, Talin2, Hipl,
and Hip12 with non-muscle and muscle actin revealed that
I/LWEQ module Talinl ¢H) has the highest relative affinity
for g-actin, followed by Talin2, Hipl, and Hip12 (Table 1).

In our assays, I/LWEQ module Talin2-H) exhibits the

corresponding to 64 000 Da. These results are consistent withhighest relative affinity fora-actin, followed by Hipl2,

the values we have obtained independently for I/LWEQ
module proteins using dynamic light scattering (Figure 6C).
Using this technique, Talin1{H) had anM; of 45 900 Da,
while TalA (+H; 26 482 Da) had ai, of 51 200 Da. Thus,
all /LWEQ modules behave as dimers in solution.

Talinl, and Hipl (Table 1), although, in general, each of
these proteins interacts witlt-actin with a lower affinity
than with -actin. The isoform specificity of these interac-
tions may have functional significance. For example, the
interaction of Talinl ¢H) with S-actin is 8.4-fold stronger
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Ficure 5: Model of intrasteric inhibition for I/LWEQ module
proteins. I/LWEQ module Talinl4H) was used as a query
sequence against the 3D-PSSM web server, version B85).0The
I/LWEQ module Talinl sequence profile and secondary structure
prediction were then scanned against the 3D-PSSM fold library to
identify structural matches. The coordinates of the top 3D-PSSM
match, apolipophorin iiE = 0.523), served as a template for the
Talinl I/LWEQ module sequence to be aligned. Although Ehe
value for this prediction is high, our data support a model in which
the USH, by being in close apposition to Block 4 (red), may
interfere with the interaction of the I/LWEQ module with F-actin.
This model was analyzed using RasMac.

than the interaction withw-actin (Table 1). However, the
difference for Talin2 {H) is smaller, with an only 2.4-fold
difference. These differences may reflect that the physiologi-
cal roles of Talinl and Talin2 are coupled to the well-
characterized, distinct cellular roles of actin isoforms.

Senetar et al.

A.
>~ 1 234 5
<S03k Lo
~ *
c
L 3
®
= 0.2¢ ]
@ (1) 2,000,000
e L (2) 67,000
8 (3) 45,000
c01F (4) 31,000
2 (5) 12,500
e -
[
0
1 10 20 30 40 50 60 70 80 90100
Fraction
B.
————
Hip1 (+H) [64,000] 1
Talin1 (+H) [52,000]
50F Talin1 (-H) [46,000] -
2 -
= 3
45 [ -1
o
4
401 5 A
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
40 45 50 55
Fraction
C.
Calculated Dynamic
Monomer Dimer Light Scattering
Talin1 (-H) 23,028 46,056 45,900
TalA (+H) 26,482 52,964 51,200

Ficure 6: I/LWEQ module protein dimerization. (A) Gel filtration.
Talinl (—H) has a calculated molecular mass of 23 028 Da but
essentially coelutes with ovalbumirVi{f = 45000 Da) on a
Sephacryl-S100-HR column, indicating that the protein behaves as
a dimer in solution. The predicted elution volume of monomeric

Several other actin-binding proteins behave in a manner Talin1 (—H) is marked with an asterisk. The elution volumes and

similar to that of Talinl and Talin2 with respect to their actin

binding properties. For example, utrophin is a membrane-

associated linker protein required for the maturation of
vertebrate neuromuscular junctiof). In cosedimentation

molecular mass of the calibration standards are indicated. Talinl
(—H) was detectedAss,) using the BCA protein assay (Pierce).
(B) Calculation of the apparent molecular mass. TalintH(

26 367 Da) and Hip1+H, 30 894 Da) were also chromataographed
on the Sephacryl-S100-HR column. These results are shown here

assays similar to those used here, the utrophin actin-bindingon a plot of logM; vs elution volume. As with Talin1H), both

domain bound more tightly t8-actin than toa-actin @9).

Talinl (+H) and Hipl ¢-H) eluted as dimers: Talinl+H) at

The FERM domain protein ezrin has also been shown to 52000 Da_and Hipl «H) at 64 000 Da. (C) Dynamic light

bind preferentially tg3-actin 60, 51).

Although actin is a highly conserved protefy, the actin
isoforms are generally accepted to have different cellular
functions £67). Several studies have shown that actin isoforms
are sorted independently into distinct subcellular regions
(57—59). The colocalization of actin-binding proteins with
specific actin isoforms may reflect the physiological functions
of both the actin-binding protein and actin. For example,
Talinl, which has the highest relative affinity for non-muscle
actin, may be the primary talin isoform found in focal
adhesions wherg-actin is also enriched{, 60—63).

USH and Steric Inhibition of Actin Bindin Inclusion of
the USH yielded a pronounced reduction in the affinity of
Talinl, Talin2, Hip1, and Hip12 for both non-muscle and

scattering. The molecular masses of TalinrH) and TalA (¢+H)

were determined using dynamic light scattering. Both proteins had
molecular masses corresponding to dimers. As with the gel filtration
data, dimerization was independent of the presence of the USH.

with F-actin @1). These data for Sla2p agree with our results
for Talinl, Talin2, Hipl, and Hipl2. Similar results have
been obtained for Sla2p and TalA (not shown) in F-actin
cosedimentation assays. Our data are also in agreement with
previous results obtained for Hip12Q). However, previous
studies have suggested that Hipl does not interactowkih

actin 20). The Hipl construct (Hip1.7311030) used in that
study corresponds to the Hip#H) construct (Hipl.766
1030) we have used here (Figures 1 and 3). This apparent
conflict with our results can be easily reconciled given that

muscle actin (Figures 2 and 3 and Table 1). The importanceinclusion of the USH abolishes the interaction of Hipl with

of the protein sequence upstream of the I/[LWEQ module

filamentousa-actin (Figure 3 and Table 1).

has also been observed for yeast Sla2p. Recombinant The inhibition of actin binding implies that the USH

Sla2.768-968, which corresponds to Sla2pH), interacts
with actin in a yeast two-hybrid assay. However, Sla2:503
968, which includes the inhibitory USH, does not interact

interacts with, and subsequently masks, the actin-binding
determinants of the I/LWEQ module in an intramolecular
interaction between the USH and the I/LWEQ module. The
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likely importance of this interactiom vivo is illustrated by secondary structure of I/LWEQ module proteind @)
the phenotype of Chinese hamster ovary cells expressing high(Figure 1B). Most interestingly, the USH can be modeled
levels of a GFP-Talinl (—H) construct 4). These cells in close apposition to Block 4. Thus, this model structure is
exhibit grossly dysregulated actin filaments, probably due consistent with our biochemical data showing that the USH
to the capacity of the exposed I/LWEQ module to cross- blocks the actin-binding site of the I/LWEQ module. The
link actin filaments ). This indicates that the USH/ mechanism of this intrasteric regulation remains to be
LWEQ module interaction must be relievad vivo before determined. The conformational activation of ERM proteins
a strong interaction between actin and the I/LWEQ module is a sequential process triggered through interactions with
can be established. Ptdins (4,5)Pand subsequent phosphorylation of a conserved
Our data show that the regulation of I/LWEQ module residue at the interface of the domains involved in intrasteric
proteins may be similar to that of other cytoskeleton- inhibition (36, 39, 66). Relief of the USH-I/LWEQ module
associated proteins whose interactions with the actin cyto-interaction may be regulated in a similar fashion. For
skeleton are regulated by intrasteric mechanisms. Theseexample, the conformation of Talinl is dependent on PtdIns

include the 34 kDa actin bundling protein frobh discoi- (4,5)R binding 67). Phosphoinositides are also involved in
deum(34), vinculin (32, 33), moesin 86), ezrin @5), and clathrin-coated vesicle formatior26). Therefore, the con-
N-WASP ©4). In the case of vinculin, the headail formation of Hipl and Hipl2 may also be dependent on

intrasteric interaction that interferes with actin bindimg Ptdins (4,5)R. Alternatively, post-translational modifications
vitro was confirmed by showing that the vinculin head and or specific proteir-protein interactions found in the multi-
tail domains interact icis as well as irtrans (33). We used protein assemblies (e.g., focal adhesions and clathrin-coated
a similar approach to show that the USH of Talinl also pits) in which I/LWEQ module proteins are found may be
interferes with the interaction of the Talin1 I/LWEQ module involved in exposing the actin-binding site of the I/LWEQ
with F-actin in trans (Figure 4). Incubation of I/LWEQ  module, perhaps by interacting directly with the USH or by
module Talinl ¢H) with an increasing concentration of the the altering the interface between the USH and the I/LWEQ
Talinl USH inhibited the I/LWEQ moduteactin interaction module.

(Figure 4). In this experiment, the tight association between I/LWEQ Module DimerizationThe close correspondence
Talinl (—H) and F-actin illustrated in Figure 2 was weakened of the elution volume with calculated molecular mass as
by the USH. These data parallel the actin binding profile of dimers indicates that the I/LWEQ modules of Talinl and
Talinl (+H) (compare Figures 2B and 4B). Recapitulation Hipl form homodimers that are globular in conformation.
of the USH-I/LWEQ module interaction irtransindicates Using Talinl H) as an exemplar of the superfamily, we
that the USH-I/LWEQ module interaction is specific.  found that the I/LWEQ module binds to F-actin at a molar
Interestingly, the diminished actin binding capacity of Talin1 ratio of 4:1 (Figure 2D). Since the I/LWEQ module
(+H) mimics that of native talinin witro. Retrospective  constructs used in this study dimerizevitro (Figure 6A—
calculation of theKq of native chicken gizzard talin (isoform  C), the molar ratio of the functional, dimeric I/LWEQ module
composition unknown) yields a value of 7u® for a-actin protein to actin is 2:1. This dimerization may account for
(2). This agrees well with thKq of 7.5—-3.7uM for I/LWEQ the ability of the I/LWEQ module to cross-link actin
module Talinl and Talin2 versus-actin (Table 1). Thus, filamentsin vitro (2). Interestingly, dimerization is indepen-
our results show that the specific intrasteric interaction dent of the presence of the USH, as both TalifrHf and
between the USH and the I/LWEQ module may be respon- Talinl (—H) exist as dimers in solution (Figure 6). Therefore,
sible for the comparatively weak actin binding capacity of dimerization and actin binding are separable elements within
native talinin »itro. Our data also agree with previous studies the I/LWEQ module, because actin binding, but not dimer-
on yeast Sla2p, which demonstrated a specific interactionization, is affected by the USH. Talin1, Hip1, and Sla2 form
between the C-terminus of Sla2p (I/LWEQ module) and a homodimersn vivo. As Hipl (+H) and Talin1 ¢H) form
short region N-terminal to the I/LWEQ module (USH). As dimers, the I/LWEQ module may be the primary actin-
with Talinl, this intrasteric interaction is directly responsible binding site and the dimerization motif for these proteins.
for the inhibition of actin binding of Sla2p3(). Hipl and Hipl2 also form a heterodimeric complexd)(

We have observed this intrasteric inhibition in representa- This implies that the USH of one protein may interact with
tives of both branches of the I/LWEQ module superfamily the I/LWEQ module of the other in the regulation of actin
(Figure 1) @, 4), which suggests that the USH/ILWEQ binding. Studies aimed at determining the relationship
module interaction has been conserved. Block 4 of the between I/LWEQ module dimerization and the regulation
I/LWEQ module contains two highly conserved arginine of actin binding are currently underway.
residues, R2519 and R2526 for Talif).(R2526 is required Actin Filament Stabilization andUWEQ Module Proteins
for actin binding 2, 4), but the function of R2519 is in EndocytosisThe involvement of the actin cytoskeleton
unknown. Each USH of Talinl, Talin2, Hipl, Hipl2, and in endocytosis is widely accepted but still not completely
Sla2p contains an invariant glutamate residue near the centeunderstood §8). Downregulation of HiplR (Hipl12) in
of the USH, represented by E2317 in Talinl (Figure 1C). mammalian cells or deletion of Sla2p in yeast cells causes
We hypothesize that the USH may interact directly with an arrest of endocytosis at the internalization step, concomi-
Block 4 of the I/LWEQ module through an electrostatic tant with the formation of actin comet tails at the unproduc-
interaction between these conserved, oppositely chargedive endocytic site at the plasma membrahe2g, 31). These
residues. To further understand this intramolecular interac- results confirm that I/LWEQ module proteins are involved
tion, we have modeled the structure of I/LWEQ module in endocytosis in both yeast and animal cells, where these
Talinl (—H) using 3D-PSSM&5). The predicted five-helix ~ actin-binding proteins may mediate the association of the
bundle tertiary structure (Figure 5) corresponds with the actin cytoskeleton and the endocytic apparatus and be
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FIGURE 7: Stabilization of F-actin by the I/LWEQ module. F-Actin
(23.5uM, 61% pyrene-labeled) was depolymerized in the presence
of GST or a 5-fold molar excess of each I/LWEQ module:{1
each). F-Actin depolymerization was initiated by dilution to 0.20
uM F-actin in buffer A and monitored by the decrease in pyrene
fluorescence. All I/LWEQ module proteins that were tested
stabilized F-actin against depolymerization relative to the GST
negative control.

600

responsible for a functional association between the two.
Abnormal actin comet tails containing short, misshapen actin
filaments and unproductive, arrested endocytic complexes

are observed in the presence of both yeast Sla2p and

mammalian HiplR (Hip12) mutants lacking the I/LWEQ
module @7, 28). These data suggest that Sla2p and Hipl12
mediate endocytosis through the I/LWEQ module and that

the association between actin and the endocytic machinery

is crucial for internalization and productive endocytosis.
Stable actin filaments are required for the completion of

the early, plasma membrane-proximal steps of endocytosis

(29). We have found that the I/LWEQ modules of the four
proteins used in this study stabilize F-actin polymers against
depolymerizationn vitro (Figure 7). Because these proteins
function as dimer# vivo, F-actin stability may be induced
by cross-linking of actin filaments. The ability of the
I/LWEQ module to stabilize actin filaments may account
for the requirement of a functional Sla2p or HiplR in
endocytosis and could explain why actin filaments are so
short and tightly wound in the HiplR knockdowns in
mammalian cells and in the yeada2 mutants lacking the
I/LWEQ module @7—29). That both Sla2p and Hipl2
(Hip1R) stabilize actin filaments, while linking the endocytic
apparatus to the actin cytoskeleton, implies that these two
physiological functions of I/LWEQ module proteins are
essential for endocytosis.

The data presented here provide direct evidence that
I/LWEQ module proteins not only bind to but also stabilize
F-actin filaments. We have shown that a specific, intramo-
lecular interaction between the USH and I/LWEQ module
is conserved across the I/LWEQ module superfamily, and
our findings suggest that I/LWEQ modutactin interactions
are regulatedn »ivo by modulation of the USHI/LWEQ
module interaction. This masking and unmasking of the actin-
binding sites of the I/LWEQ module may contribute to the
recruitment of I/[LWEQ module proteins in the assembly and
functionality of focal adhesions and the endocytic machinery.
Further molecular and structural characterization of the
I/LWEQ module-USH interaction will improve our under-
standing of the regulation and function of these ancient,

Senetar et al.

conserved proteins as components of complex multiprotein
assemblies involved in cell motility and adhesion and in
vesicle trafficking during endocytosis.
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