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Talin is a 270-kDa protein that activates integrins and
couples them to cytoskeletal actin. Talin contains an
N-terminal FERM domain comprised of F1, F2 and F3
domains, but it is atypical in that F1 contains a large
insert and is preceded by an extra domain F0. Although
F3 contains the binding site for p-integrin tails, FO and F1
are also required for activation of pl-integrins. Here, we
report the solution structures of FO, F1 and of the FOF1
double domain. Both FO and F1 have ubiquitin-like folds
joined in a novel fixed orientation by an extensive charged
interface. The F1 insert forms a loop with helical propen-
sity, and basic residues predicted to reside on one surface
of the helix are required for binding to acidic phospholi-
pids and for talin-mediated activation of f1-integrins. This
and the fact that basic residues on F2 and F3 are also
essential for integrin activation suggest that extensive
interactions between the talin FERM domain and acidic
membrane phospholipids are required to orientate the
FERM domain such that it can activate integrins.
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Introduction

Cell adhesion to the extracellular matrix is of fundamental
importance to the development of multicellular organisms
(Aszodi et al, 2006) and requires the coordinated assembly of
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the integrin family of adhesion receptors into complexes
containing cytoplasmic proteins with scaffolding, adaptor,
regulatory and mechanotransduction functions (Hynes,
2002; Legate et al, 2006). Complex formation can be initiated
either by ligand binding to the extracellular domain of
integrins or by activation of intracellular signalling pathways
that regulate the affinity and avidity of integrins for ligands
(Luo et al, 2007). The cytoskeletal protein talin has both a
regulatory and scaffolding function in these events by switch-
ing integrins from a low to high-affinity state (Calderwood,
2004b), by promoting integrin clustering (Saltel et al, 2009)
and by coupling integrins directly to the actin cytoskeleton
(Critchley and Gingras, 2008).

Talin is a 270-kDa protein (Figure 1A) consisting of a
47-kDa N-terminal head and an elongated 220 kDa C-terminal
rod composed of amphipathic a-helical bundles (Critchley,
2009; Roberts and Critchley, 2009), the most C-terminal of
which contains a conserved actin-binding site (Gingras et al,
2008). The talin head incorporates a FERM (Band 4.1, ezrin,
radixin, moesin) domain made up of F1, F2 and F3 domains,
and a binding site for the cytoplasmic tails of B-integrin
subunits has been localized to F3 (Calderwood et al, 2002;
Garcia-Alvarez et al, 2003), although a second integrin-bind-
ing site (IBS2) has been identified in the talin rod (Xing et al,
2001; Moes et al, 2007; Gingras et al, 2009). However, only F3
(Calderwood et al, 2002) and not IBS2 (Tremuth et al, 2004)
was able to activate allbB3-integrin expressed in CHO cells.
Both crystallographic and NMR studies reveal an
extensive-binding interface between F3 and (3-integrin tails
that includes both the membrane-proximal NPxY motif and
the membrane-proximal helical region (Garcia-Alvarez et al,
2003; Wegener et al, 2007; Anthis et al, 2009). The results
indicate that F3 activates B3-integrins by disrupting the salt
bridge between the o and B tails that normally keeps the
integrin locked in a low-affinity state. Moreover, the associa-
tion of basic patches on both F2 and F3 that bind acidic
phospholipids are also required for B3-integrin activation
(Anthis et al, 2009) and clustering (Saltel et al, 2009).

Interestingly, cell biological studies suggest that other
regions of the talin head are also required for efficient integrin
activation. Thus, talin F2F3 is not sufficient to activate
B1A-integrins, although it binds to B1A and B3 tails with
similar affinity (Bouaouina et al, 2008). However, expression
of the whole talin head (residues 1-405) was able to support
B1A-integrin activation, and this required residues 1-85,
which precede the FERM domain (referred to as the FO
domain), plus the F1 FERM domain and the integrin-binding
F3 domain (Bouaouina et al, 2008). Moreover, the talin head
was found to activate B3-integrins more efficiently than F2F3
alone. These results implicate FO and F1 in B1- and
3-integrin activation, although FO or FOF1 alone are unable
to support integrin activation (Bouaouina et al, 2008).
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Figure 1 Solution structure of the N-terminal FO domain of
talinl. (A) Domain structure of the talinl head; residue numbers
indicate domain boundaries. (B) Amino-acid sequence alignment
and secondary structure of the FO and F1 domains. Invariant
residues are in magenta and conserved residues in yellow.
Buried residues are marked ‘-’ (<80% exposed) and ‘*’ (<20%
exposed). Phosphorylation sites are indicated by red boxes. Loop
deletion regions are shown by coloured lines under the sequence;
A30 (blue), A31 (red) and A34 (green). (C, D) Solution structure
of the FO domain; (C) superposition of the 20 lowest energy
structures. (D) Ribbon diagram of the FO structure. (E, F) Surface
representations of the talinl FO domain. (E) Surface representation
showing the position of residues conserved among talins.
The sequences used in the conservation analysis are shown in
Supplementary Figure 2A, colour scheme as in (B). A conserved
surface comprising helix 1 and the loop between helix 1 and strand
3 (shown in the right panel) is present in all talin isoforms.
(F) Electrostatic surface of talinl FO. Residues discussed in the
text are marked.

Here, we report the solution structure of the talin FO, F1
and FOF1 domains. Both FO and F1 have similar ubiquitin-like
folds, and the two domains have a fixed orientation stabilized
by a well-defined set of hydrophobic and charge-charge
interactions. We identify a large loop within the F1 domain
and show (i) that it has a propensity to adopt a helical
structure in which basic residues are clustered on one surface
and (ii) that it interacts with vesicles containing acidic
phospholipids. Furthermore, the loop and basic residues
within the loop are required for talin-mediated B1-integrin
activation.
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Results

Talin FERM domain is atypical

The N-terminal talin head contains a FERM domain (residues
86-400), but it is atypical in that the F1 domain includes a
large ~30-residue insert and is preceded by an earlier
uncharacterized region referred here as FO (Figure 1A).
Sequence alignments show that FO is homologous (22%
identity, 40% similarity) to the talin FERM F1 domain
(Figure 1B) that is predicted to have a ubiquitin-like fold,
although the structure of the F1 domain has not earlier been
determined. Interestingly, the FO domain is not identified by
database servers such as SMART (Schultz et al, 1998), which
may explain the lack of attention to this region. The FO
domain is highly conserved in all talin isoforms including
talin-1 and 2 and the two Dictyostelium discoideum talins,
indicating that it has an important function. Indeed, we have
recently shown that FO is essential for the activation of
Bl-integrins and enhances the activation of P3-integrin
(Bouaouina et al, 2008).

Structure of the talin FO domain

The NMR spectra (Supplementary Figure 1A) of the recom-
binant FO domain (residues 1-86) show that it forms a stable
globular structure, as the resonances are highly dispersed and
have uniform line width. We have determined the solution
structure of the FO domain from 2349 distance and 108
dihedral angle restraints identified using [**C,'°N]-labelled
protein. The statistics of the structure determination are
presented in Supplementary Table 1, and the structures are
shown in Figure 1C and D. As predicted, FO has a ubiquitin-
like B-grasp fold (topology B1, B2, a1, B3, B4, a2, B5). The
secondary structure consists of a five-stranded twisted
B-sheet: B1 8-10, B2 13-19, B3 47-52, B4 60-63 and B5 78-
83, an a-helix ol 24-35 and a short 3, helical turn 68-71
(Figure 1B and D). The loop between the helix a1 and strand
B3, as well as the N-terminal part of the loop between strands
B3 and P4 are unstructured, whereas the rest of the p3-p4
loop and all other loops are well ordered. There is an extra
helical turn present in the o1-B3 loop, designated o; in
Figure 1B. This turn is not a common feature of ubiquitin-
like folds, but the sequence is conserved in all talins.

The FO domain of talin is required for maximal integrin
activation (Bouaouina et al, 2008), suggesting that it must
interact with other FA components, although no binding
partner for FO has yet been identified. Sequence alignment
across species (Supplementary Figure 2A) shows that a large
proportion of the conserved residues are buried and stabilize
the protein fold. The conserved surface exposed residues
from two distinct clusters on opposite faces of FO
(Figure 1E). One of these coincides with the area of contact
between FO and F1 and is discussed later. The second
conserved cluster involves strand B2, the B1-B2 loop and
the N-terminal part of the «1-3 loop in the region of the o;
helix. Intriguingly, this area is similar to the Ras-binding site
in RalGDS (Huang et al, 1998), a structural homologue of FO.
Similar to the Ras-binding surface of RalGDS and other Ras/
Rapl-binding domains, the conserved surface of FO has a
high concentration of positive charges (Figure 1F). The
charged residues K15, R30 and R35 of FO are located in
similar positions to the important positively charged residues
of Ras/Rap1-binding domains that form salt bridges with the
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Figure 2 Solution structure of the talin F1 domain and the FOF1
double domain. (A) Superposition of the 20 lowest energy struc-
tures of F1. (B) Ribbon diagram of the F1 structure. (C, D) Solution
structure of FOF1(A30) minus the F1 loop. (C) Superposition of the
20 lowest energy structures. (D) Ribbon diagram of the FOF1(A30)
structure. (E) The interface between FO (left) and F1 (right). (F)
Small angle X-ray scattering envelope reconstruction with GASBOR,
showing the best fit with the FOF1(A30) solution structure.

negatively charged groups on Ras/Rapl. In F0O, K7 and R33
introduce additional positive charges that are also observed
in some Ras/Rapl-binding domains (Kiel et al, 2005)
(Supplementary Figure 2). Ha-Ras has been shown to bind
to the talin head (Goldfinger et al, 2007) and Rapl is
implicated in talin activation (Han et al, 2006; Lee et al,
2009). However, Ha-Ras does not bind to FO and GMP.PNP-
Rapl binds only weakly (Kq= 140 uM), although the interac-
tion is GTP dependent (Supplementary Figure 2E and F).

Talin FO and F1 structures are similar

The solution structure of F1 was calculated from 2306
distance and 56 dihedral angle restraints measured using
['3C,'°N]-labelled protein. The statistics of the structure
determination are presented in Supplementary Table 2 and
the structures are shown in Figure 2A and B. Similar to FO,
the F1 domain adopts a ubiquitin-like B-grasp fold composed
of a twisted five-stranded B-sheet with boundaries p1 86-92,
2 95-102, B3 128-132, PB4 171-174 and B5 190-194, an
a-helix] 109-119 and a short helical turn 180-185. One
interesting feature of F1 was the presence of four well-defined
signals at 15N chemical shifts of ~84 p.p.m. in the ['H,'*N]-
HSQC spectrum assigned to the NeH signals of Arg86, Argdl,
Argl131 and Argl78 (Supplementary Figure 3A). Each of these
resonances gave extensive NOEs in the '°N-edited NOESY-
HSQC indicating that the side chains of these residues were in
well-defined positions, forming electrostatic contacts with
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other residues. The insert in F1 is located between strands
B3 and P4 as part of a large 35-residue loop (residues 133-
170) that is unstructured and highly dynamic, as shown by
intense sharp signals in the ['H,'°N]-HSQC spectra, and the
presence of only weak intra-residue and sequential NOE
interactions within the loop. Using the assignments of F1, it
was possible to identify the resonances of the F1 loop in the
['H,'°N]-HSQC spectrum of the whole talin head (FOF1F2F3,
residues 1-400) (Supplementary Figure 4). The sharp signals
of the loop region in the isolated F1 domain remain sharp and
intense in the spectrum of the whole head, confirming our
earlier conclusion that the loop remains unstructured even in
the full-talin head and does not interact with any of the other
domains (Barsukov et al, 2003).

The structures of the FO and F1 domains are remarkably
similar, as can be seen from comparison of Figures 1D and 2B
(tm.s.d.=1.7A for the secondary structure regions). The
loop inserted in the F1 domain forms a natural extension of
the smaller partially disordered 3-p4 loop in FO. The helical
turn o; of FO is absent in F1 because of the three-residue
deletion in the sequence (Figure 1B). The majority of residues
conserved between FO and F1 (22 out of 34) (Figure 1B) are
buried as determined by NACCESS (Hubbard and Thornton,
1993) and are involved in stabilization of the ubiquitin fold.
To identify members of the ubiquitin family with the closest
structural similarity to FO and F1, we used the FO structure, as
it lacks the large insertion that could potentially distort the
comparison. The closest structural homologues of FO based
on a DALI database search (Holm and Sander, 1995) are
interferon-induced ubiquitin cross-reactive protein ISG15
(1z2m; Z-score=9.5; rm.s.d. =5.9A) (Narasimhan et al,
2005), ubiquitin (lubi; Z-score=8.5; r.m.s.d.=2.8A)
(Ramage et al, 1994) and the Ras-binding domain of
RalGDS (11fd; Z-score=8.1; r.m.s.d.=2.6A) (Huang et al,
1998) (Supplementary Figure 5).

To facilitate further structural studies of the talin head, we
designed a construct in which the F1 loop was removed with
minimal disturbance to the F1 structure. The pattern of NOEs
across the f3-P4 hairpin clearly shows the absence of inter-
strand interactions in the region L133-E170. To define the
minimal link required between the B-strands, we tested three
different F1 deletion constructs: A30 (residues D139-D168
removed), A31 (residues K138-D168 removed) and A34
(residues K137-E170 removed) indicated in Figure 1B.
Comparison of the ['H,'®N]-HSQC spectra of the deletion
mutants (Supplementary Figure 6) shows large spectral
changes when the number of residues connecting the B3
and P4 strands is less than eight, but a construct (A30)
with eight connecting residues showed minimal spectral
differences from the wild-type F1, showing the absence of
structure distortion. Interestingly, the corresponding (3-p4
loop in the FO domain is also eight residues in length. The
A30 deletion was, therefore, introduced into other talin head
fragments.

FO0 and F1 form a pair of closely packed ubiquitin-like
domains

Comparison of the ['H,'®N]-HSQC spectra of the F0, F1 and
FOF1 constructs showed localized chemical shift differences
that map on continuous surface regions of the isolated
domains adjacent to the inter-domain connection
(Supplementary Figure S1A and B), suggesting close contact
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between the domains. Mixing the isolated FO and F1 domains
in solution led to similar changes in the individual spectra
showing a strong interaction between the two domains (data
not shown). Such a close interaction is unusual, as most of
the other known structures of tandem ubiquitin-like domains
show no contacts between the two domains (Narasimhan
et al, 2005). The solution structure of the double domain with
the F1 loop removed (FOF1(A30)) was determined from 6606
distance, 124 dihedral angle restraints and 66 backbone
'H,'°N-RDCs measured using ['*C,'’N]-labelled protein.
The statistics of the structure determination are presented
in Supplementary Table 3 and the structures are shown in
Figure 2C and D. The conformations of the individual do-
mains within the double domain are essentially the same as
those of the isolated domains (r.m.s.d.=1.05 and 1.86 A for
the FO and F1 domains, respectively). A short three-residue
linker joins the C-terminus of strand B5 in FO and the
N-terminus of strand B1 in F1. The relative orientation of
the domains is well defined, and is supported by the large
number of inter-domain NOEs and by RDC values that are
consistent with both domains fitting to a single alignment
tensor (Supplementary Figure 7A).

The interface between the domains shows a striking match
between positively charged side chains of arginines and
negatively charged side chains of aspartates and glutamates,
creating a network of salt bridges across and around the
interface (Figure 2E). All the interface arginine side chains
show intense cross-peaks in the ['H,'>N]-HSQC correspond-
ing to NeH-groups (see Supplementary Figure 3A), confirm-
ing the formation of the salt bridges. Large numbers of intra-
and inter-domain NOEs were detected from the NeH-groups
(Supplementary Figure 3B), determining the positions of the
charged groups. Notably, the NeH-group of R181 is not
observed in the spectrum of F1 alone. However, in the double
domain, this signal becomes clearly visible, and shows a
large number of NOEs (Supplementary Figure 3B) showing its
involvement in the interface. In addition, the interface in-
corporates the aromatic ring of W61, which is wedged flat
between the FO and F1 domains, providing a close fit
(Figure 2E). The involvement of W61 in the inter-domain
interaction is supported by a network of inter- and intra-
domain NOEs (Supplementary Figure 3B). The orientation of
the ring is maintained through a stacking interaction with F50
in FO (Figure 2E). The extensive hydrophobic surface of the
W6l ring, in combination with the electrostatic charge match,
provides an effective locking mechanism fixing the orienta-
tion of the FO and F1 domains. An additional inter-domain
contact is formed between K57 at the tip of the p3-p4 loop of
FO and E182 from the helical turn in the 3-p4 loop of F1. As
the B3-P4 loop is largely unstructured in the isolated FO
domain, this contact is likely to have only a minor effect on
the inter-domain orientation. Cross-species comparisons
(Supplementary Figure 2A) show that the area of contact
between FO and F1 is highly conserved including W61 and
F50. Interestingly, Y71, which is close to the interface, is
completely conserved in all talins and has been shown to be
phosphorylated in platelet talin (Ratnikov et al, 2005).

Independent evidence for a fixed mutual orientation of the
domains was derived from small angle X-ray scattering. The
experimental scattering profile (Supplementary Figure 7B)
corresponds to a maximum linear dimension (Dp,.x) of 62
(+3) A for the FOF1(A30) double domain with a radius of
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gyration, Rg of 20.1 (£0.1) A. Both values are consistent with
the conclusion that the FOF1 double domain has a compact
elongated structure. The ab initio shape reconstruction with
GASBOR (Svergun et al, 2001) agrees well with the NMR
structure (Figure 2F).

F1 loop is important for talin-mediated integrin
activation

An unusual feature of the talin FERM domain is the large
insert in F1, which has a high content of charged residues
(~60%) evenly distributed along the sequence. The majority
of these residues are conserved across the species
(Supplementary Figure 8A). It also contains two threonine
residues (T144 and T150) that have been shown to be highly
phosphorylated in platelet talin (Ratnikov et al, 2005). We
have earlier shown that the F1 domain of talin is required for
detectable talin-mediated activation of «5Bl1-integrins, and
that the F1 domain also contributes to ollbB3 activation
(Bouaouina et al, 2008). We, therefore, assessed the ability
of GFP-talin head and GFP-talin head minus the F1 loop
(residues 133-165; AF1 loop) to activate endogenous a5f1 in
CHO cells. Integrin activation in GFP-positive cells was
assessed in flow cytometric assays by measuring the binding
of a recombinant soluble integrin-binding fragment of fibro-
nectin, composed of fibronectin type III repeats 9 to 11 (FN9-
11), (Hughes et al, 2002; Tadokoro et al, 2003; Calderwood
et al, 2004). FN9-11 binding is specific as it can be inhibited
by function blocking anti-a5B1 antibodies, RGD peptides,
small molecule o5f1 inhibitors or EDTA and stimulated by
the Pl-activating antibody 9EG7, or Mn*" (Hughes et al,
2002; Tadokoro et al, 2003; Calderwood et al, 2004;
Bouaouina et al, 2008). Integrin expression in an equivalent
population of transfected cells was measured in parallel using
antibodies that bind in an activation-independent manner,
allowing correction for any changes in integrin expression
induced after transient expression of the talin head con-
structs. As shown in Figure 3A, and consistent with earlier
reports (Bouaouina et al, 2008), the talin head significantly
increased 51 activation, although talin head AF1 loop was
unable to do so. This was not due to differences in protein
expression levels as both populations were gated to have
equivalent GFP signals, and western blotting showed that
both talin head constructs were expressed at the expected
molecular weights (Figure 3B).

Our earlier data indicated that, unlike o581, alIbf3 can be
activated by the F3 or F2F3 region of talin, but that inclusion
of the F1 or FOF1 region enhances talin-mediated olIbf3
activation (Calderwood et al, 2002; Bouaouina et al, 2008).
We, therefore, assessed the ability of the talin head minus the
loop to activate allbP3-integrins stably expressed in CHO
cells (O’Toole et al, 1994). The activation state of allbp3-
integrins was assessed by measuring the binding of the
ligand-mimetic anti-oIIbf3 mAb PACI in three-colour flow
cytometric assays as described earlier (Calderwood et al,
1999, 2004; Tadokoro et al, 2003). As expected, expression
of GFP-talin head induced robust oIlbf3 activation, whereas
deletion of the F1 loop significantly reduced talin head-
mediated allbB3 activation (Figure 3C). Again the difference
between GFP-talin head and GFP-talin head AF1 loop could
not be explained by different expression levels, as gating
ensured that the mean GFP fluorescence was the same in
each measured population, and western blotting indicated

©2010 European Molecular Biology Organization
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Figure 3 The F1 loop is required for integrin activation by the talin head. (A) CHO cells were transfected with empty pEGFP vector or cDNAs
encoding GFP-tagged talinl head, and o5p1-integrin activation was assessed by FN9-11 binding. Activation indices of transfected cells were
calculated (see Supplementary data). The results represent meanz*s.e. (n>4). (B) Expression of recombinant GFP-tagged talinl head
constructs was checked by immunoblotting cell lysates. IB, immunoblot. (C) CHO cells stably expressing allbp3-integrin were transfected with
empty pEGFP vector or cDNAs encoding GFP-tagged talinl head. Cells were harvested and ollbp3-integrin activation in transfected cells
assessed using PACI1 antibody (see Supplementary data). The results represent mean * s.e. (n>>4). (D) Expression of recombinant GFP-tagged
talinl head constructs was checked by immunoblotting cell lysates. Statistical significance was defined as **P<0.01 and ***P<0.001. (E, F)
The F1 loop is not required for talin head binding to f1A-integrin tail. (E) Binding of increasing amounts of purified GST-talin head or GST-talin
head AF1lloop to B1A tail proteins was assessed in pull-down assays followed by protein staining. Binding was quantified by scanning
densitometry and the amount bound (expressed as per cent maximal binding for each protein) was plotted against the input concentration.
Non-linear curve fitting was performed with a one-site-binding model. The results represent mean * s.e. GST-talin head (n>3; R*=0.95),
GST-talin head AF1loop (n3>3; R*=0.91). (F) Representative experiment of GST-talin head and GST-talin head AF1loop binding to B1A tail. We
did not detect either GST-talin head or GST-talin head AF1loop binding to allb tails (data not shown).

expression of comparable levels of intact fusion proteins F1 loop has a propensity to form an o-helix
(Figure 3D). In the case of allbB3-integrins, GFP-talin AF1 The F1 loop has an important function in talin head-mediated
loop did induce some activation consistent with our earlier integrin activation, but it does not bind integrin directly. This
results showing that smaller fragments of the talin head suggests that the loop interacts with another component of
lacking the entire F1 domain are capable of activating the system, a conclusion supported by the conservation of the
allbB3, albeit to a lesser extent than the intact talin head loop size and composition across species, and between
(Bouaouina et al, 2008). mammalian talin 1 and 2 (Supplementary Figure 8A).
Direct talin head/B-integrin tail interactions are required Although the F1 loop is highly dynamic and unstructured
for talin-mediated integrin activation (Calderwood, 2004a). even in the full-talin head, the NOESY spectra of the corre-
To test whether the inability of GFP-talin head AF1 loop to sponding peptide exhibit a characteristic pattern of sequential
activate aSBl-integrins could be explained by a defect in HN-HN NOEs that suggests transient helix formation predo-
integrin binding, we compared the binding of purified re- minantly in the C-terminal part of the loop (residues 155-
combinant GST-talin head and GST-talin head AF1 loop to 161) (Supplementary Figure 8C and D). This is also supported
recombinant models of Bl1A-integrin cytoplasmic tails (Pfaff by CD measurements (see later).
et al, 1998; Calderwood et al, 1999; Lad et al, 2007, Although the loop region has a clear propensity to form a
Bouaouina et al, 2008). As shown in Figure 3E and F, both helix, the low abundance of the helical state in aqueous
GST-talin head and GST-talin head AF1 loop produced very buffer prevents structural characterization. To stabilize the
similar dose-dependent saturable-binding curves. Curve intrinsic structure of the loop peptide, we used trifluoroetha-
fitting using a one-site-binding model yielded apparent nol (TFE), a structure-stabilizing solvent widely used in
Kg-values of 124 (£19) nM for the 1 tail-talin head and peptide characterization. The addition of TFE stabilizes sec-
99 (+20) nM for the B1 tail-talin head AF1 loop interactions, ondary structure favoured by the primary sequence, and the
respectively. These data indicate that loss of the F1 loop formation of both a-helices and B-strands have been observed
does not significantly alter the affinity of the talin head for (Zhong and Johnson, 1992). The addition of 35% TFE led to
B1 tails. changes in the NMR spectra of the loop peptide characteristic
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of the formation of a stable helical structure. These include
increased resonance line width, chemical shift dispersion and
NOE cross-peak intensity accompanied by detection of med-
ium-ranged NOEs characteristic for an o-helix. Two contin-
uous stretches of medium-range NOE contacts between
residues separated by helical turns are identified in the loop
region (Supplementary Figure 8C and D). The C-terminal
region 154-167 exhibits a high density of NOE contacts,
and the H* proton chemical shifts have values characteristic
of a helical structure, whereas for the N-terminal region
(residues 144-152), the NOE density is lower and the H*
proton chemical shifts are closer to random-coil values.
These NMR data indicate formation of a stable a-helix in
the C-terminal part of the F1 loop and a more transient helical
structure in the N-terminal region, correlating well with the
higher helical propensity in the C-terminal region in the
absence of TFE. The middle region 152-154 has a smaller
number and lower intensity of NOE contacts, indicating lower
structure stability in that region.

The structure of the loop peptide (Figure 4A and B) has
been calculated from 266 NOE distance restraints identified in
2D NOESY spectra in the presence of TFE, and the super-
position of the structures is shown in Figure 4A. As expected
from the direct analysis of the NMR data above, two helical
regions are formed within the loop, separated by a partially
structured region. The C-terminal part of the helix (residues
154-167) is better defined and longer than the N-terminal one
(residues 144-152), and the preceding region 139-144 is
unstructured. The connecting region displays significant
structure variation, although it is predominantly helical,
resulting in a nearly linear arrangement of the two stable
helices. Thus, the Fl-loop region has a propensity to form
helical structures in the regions 144-152 and 154-167, sepa-
rated by a less stable region near the centre. The structure is
transient, but can be stabilized under appropriate solvent
conditions.

F1 loop interacts with negatively charged lipid bilayers
The talin F1 loop contains a high proportion of positively
charged residues, most of which are conserved (Supplemen-
tary Figure 8A). These residues are mainly localized in the
regions of high helical propensity, and their distribution in
the sequence makes one face of the helix highly positively
charged, whereas the opposite face contains only negative
charges (Figure 4C; Supplementary Figure 8B). This distribu-
tion is clearest when an uninterrupted helix is formed from
residues 144 to 167, as seen in some of the calculated lowest
energy structures (Figure 4A-C). As the high concentration of
positive charges suggests a possible interaction with a nega-

tively charged membrane surface, we tested binding of the
loop peptide to lipid bilayers. Addition of small unilamellar
vesicles (SUV) containing negatively charged 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylserine (POPS) or L-o-phos-
phatidylinositol-4,5-bisphosphate (PIP2) led to selective
broadening of NMR resonances in the region of residues
155-166, which has the highest helical propensity, as can
be clearly seen in 2D COSY spectra (Figure 4D). The broad-
ening is accompanied by small chemical shift changes,
suggesting that it is caused by an exchange between the
peptide in solution and a complex with the vesicles. The
residues affected by the lipids form a continuous stretch that
overlaps with the region of helical propensity (Figure 4B),
consistent with an interaction involving formation of an o-
helix on the membrane surface. No effect was observed with
neutral 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcho-
line (POPC) vesicles (Figure 4D), highlighting the critical
function of ion-pairs in the membrane interaction.

The stabilization of a helix by interaction with negatively
charged membranes was directly detected by CD spectro-
scopy. To reduce the contribution from the unstructured
N-terminal part of the loop, we used a peptide corresponding
to amino-acids 145-168 of talin that contains all the residues
affected by membrane association. The CD spectrum of the
free peptide is dominated by a strong negative band
near 200nm, characteristic of a disordered polypeptide
(Figure 4E). In addition, the spectrum has a small contribu-
tion from a negative band in the 205-230 nm region, char-
acteristic of helix formation, and consistent with the transient
helix identified by NMR. The helical contribution increases
significantly in the presence of the negatively charged SUVs,
showing that the interaction is mediated by formation of a
helical structure in the loop peptide.

In agreement with the experiments on the isolated F1-loop
peptide, we observed strong interaction between the F1
domain and negatively charged membranes. Incubation of
F1 with vesicles containing either POPS or PIP2 resulted in
co-sedimentation of the majority of the protein with SUVs,
whereas pure POPC vesicles had no effect (Figure 5A). In
addition, we observed severe broadening of all NMR signals
in ['H,'°N]-HSQC spectra of F1 in the presence of negatively
charged SUVs containing either POPS or PIP2, and no effect
from pure POPC vesicles (Figure 4F; Supplementary Figure
9). The residual signals in the spectra in the presence of POPS
or PIP2 correspond to the most intense resonances from a low
concentration of the unbound protein. The fraction of un-
bound protein depends on the incubation time as can be seen
from the comparison of the two co-sedimentation experi-
ments in Figure 5A, showing a relatively slow conversion of

Figure 4 Structure of the F1 loop and its function in membrane binding. (A) Superposition of the 20 lowest energy structures calculated for the
F1-loop peptide in 35% TFE. Superposition was performed separately on the C-terminal helix (residues 154-167, left) and the N-terminal helix
(residues 144-152, right). The middle part of the helix is not well defined in the ensemble of the calculated structure because of its lower
stability, introducing a variable kink in the peptide structure. (B) Ribbon diagram of a low energy structure of the F1-loop peptide in 35% TFE
corresponding to a continuous helix. Residues experiencing resonance broadening on the addition of 1:4 POPS:POPC SUVs are highlighted in
red. (C) Surface charge distribution for the structure in (B). The views differ by a 180° rotation and are optimized to show the positively charged
face. (D) HN/Hua region of the 2D DQF-COSY spectra of the loop peptide alone (Free) and in the presence of 2 mM SUVs composed of POPC
(PC), 1:4 POPS:POPC (PC:PS) and 1:19 PIP2:POPC (PIP2) SUVs illustrating resonance broadening on addition of negatively charged lipids.
(E) Secondary structure analysis of the F1-loop (145-168) peptide by circular dichroism (CD). Left—free peptide; right—superposition of the
CD spectra of the free peptide (red) and the peptide in the presence of 1:4 POPS:POPC SUVs (blue) in the 215-250 nm region. Strong
contribution from the SUVs to the spectrum below 215 nm prevents the detection of the peptide signal. (F) Superposition of 'H projections of F1
HSQC spectra illustrating the reduction in resonance intensities in the presence of POPS (red) and PIP2 (black), but not pure POPC (blue).
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To identify the residues critical for membrane binding, we
conducted co-sedimentation and NMR experiments on a
series of F1 mutants. Deletion of the F1 loop completely
abolished binding (Figure 5A), showing the dominant

F1 into the fully lipid-associated state. Similarity in the
interaction with POPS or PIP2 shows that the membrane
association of F1 is controlled through a general interaction
with negatively charged lipid head groups.
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Figure 5 Function of the F1 loop. (A) Association of F1 and its mutants with SUVs as measured by a co-sedimentation assay. Top—effect of
negatively charged phospholipids on binding. Lanes 1, 2—no lipid; 3, 4—POPC; 5, 6—1:4 POPS:POPC; 7, 8—1:19 PIP2:POPC. Incubation time
was 1.5h. Supernatant (S) and (P) pellet. Bottom—effect of F1 mutations on association with 1:4 POPS:POPC SUVs. Lanes 1, 2—wild type; 3,
4—F1(A30); 5, 6—F1(R146E,R153E,K156E). Incubation time 1 h. (B) Charge substitution within the F1 loop impairs talin head-mediated B1A-
integrin activation. CHO cells were transfected with empty pEGFP vector or cDNAs encoding WT or mutant GFP-tagged talinl head domains,
and o5P1-integrin activation was assessed by assaying FN9-11 binding. The results represent mean +s.e. (n>4). The constructs used were
wild-type talinl head—TalinH 1-433; TalinH(RRK/EEE)—(R146E,R153E,K156E); TalinH(TRTK/EEEE)—(T144E,R146E,T150E,K156E);
TalinH(TT/EE)—(T144E,T150E) and TalinHAF1loop (residues 139-168 deleted). (inset) Expression of recombinant talinl head constructs
was checked by immunoblotting SDS-PAGE-fractionated cell lysates. Statistical significance was defined as *P<0.05 and **P<0.01.
(C) Suggested function of the F1 loop—the fly-casting model: (i) on its own, the F1 loop is predominantly unstructured with only a small
population in a helical state; (ii) on contact with negatively charged phospholipids, the helical state is favoured and the loop begins to fold into
a helix, resulting in cluster of positive charges on one side of the helix and (iii) shortening of the loop draws the talin FOF1 domain towards the
membrane. The conserved surface on FO (shown in yellow) is exposed and accessible for an interaction with a membrane-associated protein.

function of the loop in the interaction of F1 with SUVs. The
highest density of positive charges is located at the N-term-
inal, less stable, part of the helix, and involves the near
neighbours R146, K149, R153 and K156 (Figure 4C). A triple
mutant R146E/R153E/K156E effectively reverses the surface
charge of a large part of the helix, making it unfavourable for
interaction with negatively charged membranes. In agree-
ment with this, we did not detect any co-sedimentation of
the F1 mutant in the presence of POPS (Figure 5A), and saw
no effect of negatively charged SUVs on the ['H,'°N]-HSQC
spectra of the F1 mutant (data not shown). Similarly, an
F1(T144E/R146E/T150E/K156E) mutant in which we intro-
duced two additional negative charges to reflect phospho-
rylation of T144 and T150 also showed no interaction with
negatively charged SUVs.

The charge reversal mutations show the crucial function of
positive charges in the F1 loop for membrane binding. We
next tested the effects of mutations that disrupt helix forma-
tion. To minimize any direct effect on binding, we replaced
residues on the helix surface opposite that containing posi-
tively charged residues. Introduction of Gly or Ser residues
with low helical propensity had negligible effect on the co-
sedimentation behaviour F1(M158G/E159G and M158S/
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E159S/L161S) mutants (Supplementary Figure 10E). At the
same time, a significantly larger fraction of non-bound
F1(M158G/E159G/L161G) was detected by NMR compared
with wild type (Supplementary Figure 10A, C), showing a
reduction in affinity. Introduction of a destabilizing Pro
residue into the more stable C-terminal part of the helix
(M158P and L161P mutants) led to a significant reduction
of bound protein in the co-sedimentation assays
(Supplementary Figure 10E). Moreover, the NMR spectra of
the L161P mutant on addition of SUVs displayed large broad-
ening and chemical shift changes for only a small number
of signals, with the majority of the resonances remaining
unaffected (Supplementary Figure 10B, D and F). Such an
effect corresponds to an exchange of the protein between the
free and membrane bound state, with the residues associated
with the affected signals involved in a direct interaction with
the membrane. Among them are the positively charged
residues R146, K156, K157 and K164 identified by structural
analysis and mutagenesis as crucial for the interaction. The
helix destabilizing mutants show that helix stability is im-
portant for membrane binding, further supporting a model in
which F1 interacts with negatively charged membranes
through formation of a transient helix in the loop region.
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We also observed a major contribution from the loop in the
interaction of the full-talin head with different negatively
charged phospholipids spotted on nitrocellulose membranes
(Supplementary Figure 11). The intact talin head bound
strongly to a range of negatively charged phospholipids
including PIP2 and phosphatidic acid, whereas deletion of
the loop resulted in a substantial reduction in binding. The
residual interaction with the lipids correlates with the re-
ported binding of talin F2 and F3 to acidic phospholipids
(Anthis et al, 2009; Saltel et al, 2009).

To determine whether the basic residues in the F1 loop
and/or the two potential phosphorylation sites have a func-
tion in integrin activation, we assessed the effects of muta-
tions of these residues on the ability of GFP-talin head to
activate o5p1-integrins in CHO cells. As shown in Figure 5B,
charge reversal mutations at R146, R153 and K156 comple-
tely inhibited the ability of talin head to trigger a.5p1 activa-
tion. Substituting T144 and T150 by two glutamates also
partially impaired the ability of talin head to activate a5p1.
These data reveal that specific sites within the F1 loop are
important for integrin activation, and raise the possibility that
lipid binding through positively charged residues within the
F1 loop contributes to the ability of the talin head to activate
integrins. Moreover, phosphorylation of T144/T150 in the
talin F1 loop may modulate integrin activation.

Discussion

The structure of the F2F3 region of the talin FERM domain
has been determined and the mechanism by which the F3
domain binds B-integrin tails is well understood (Garcia-
Alvarez et al, 2003; Wegener et al, 2007; Anthis et al,
2009). However, it has become increasingly apparent that
the ability of the talin head to activate integrins requires
additional interactions mediated by the talin FO and F1
domains (Bouaouina et al, 2008), although the molecular
basis for this effect was unknown. The structural, biochem-
ical and cell biological studies reported here provide new
insights into the mechanisms involved. The FO and F1
domains both have ubiquitin-like folds that stack against
each other in a fixed orientation through an extensive
charged interface. We show that the large loop in the F1
domain is essential for B1-integrin activation and for maximal
activation of B3-integrins. The loop has a tendency to form a
helical structure that positions basic residues on one side of
the helix, and we show that these basic residues are essential
both to the ability of the F1 domain to bind acidic phospho-
lipids and to Bl-integrin activation by the talin head.

A function for the talin F3 domain in integrin activation is
well established and structural, biochemical and genetic
analyses show that a direct integrin B tail-talin F3 domain
interaction is central to this function (Calderwood et al, 2002;
Garcia-Alvarez et al, 2003; Tadokoro et al, 2003; Petrich et al,
2007; Wegener et al, 2007). However, it is now clear that
additional talin domains have important functions, and re-
cent structural studies of a talin2 F2F3 domain-B1D-integrin
tail complex show that F2F3 contributes to integrin activation
in at least two ways (Anthis et al, 2009). First, an ionic
interaction between K327 in the F3 domain of talin2 and
D759 in the B1D-integrin tail has the potential to disrupt the
salt bridge between the o- and B-integrin tails that normally
maintains the integrin in an inactive state. Second, clusters of
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basic residues on the membrane-facing surface of both F2
and F3 are also essential to integrin activation. The authors
present a model in which binding of these basic residues to
acidic membrane phospholipids re-orientates the talin head
and, therefore, the integrin B-subunit, leading to separation of
the transmembrane helices of the two integrin (Lau et al,
2009) and subsequent integrin activation.

We suggest that the charged F1 loop, which is also
essential to integrin activation, is similarly orientated towards
the membrane and that its large size and dynamic properties
allow it to sample the environment by a so-called ‘fly-casting
mechanism’ (Shoemaker et al, 2000). An encounter between
the loop and a cluster of negatively charged phospholipids on
the cytoplasmic face of the membrane would induce the loop
to adopt a folded helical structure in which basic residues on
one side of the helix are bound to the membrane. This folding
would decrease the length of the loop and draw the F1
domain closer to the membrane, as illustrated schematically
in Figure 5C. The analysis of mutants that destabilize the
transient helix in the F1 loop support the two-step-binding
model presented. The L161P mutation prevents helix forma-
tion and blocks the transition to the fully membrane-asso-
ciated state. In the absence of helix assembly, F1 is connected
to the membrane through a small subset of positively charged
residues at the end of the highly dynamic F1 loop, corre-
sponding to the intermediate-binding stage of the model. In
agreement with this, there was no effect on the NMR reso-
nances of the folded region in the L161P mutant, whereas the
resonances of the positively charged residues associated with
the membrane experienced dramatic broadening. The
F1(M158G/E159G/L161G) mutant has a reduced helical pro-
pensity, although there are no steric restrictions on helix
formation. The lower affinity of this mutant for membranes
is likely associated with the reduced efficiency of the
transition to the fully bound state (Figure 5C).

The F1 association would bring the whole talin head closer
to the membrane, facilitating interactions between the basic
patch on F2 and F3 and acidic membrane phospholipids.
Phosphorylation at T144/T150 in the F1 loop could disrupt
membrane association either by reducing the overall positive
charge in the loop, or by decreasing the propensity of the loop
to form a helix. It is notable that these phosphorylation sites
are located in the region of lower helix stability. The interac-
tion of the F1 loop with the membrane is compatible with the
conserved surface on FO remaining exposed. The fact that this
surface overlaps the site in FO that interacts with GTP-bound
Rapl, albeit with low affinity, raises the possibility that FO
binds to another small GTP-binding protein, providing an
additional membrane anchor, although no candidates have
yet been identified.

All earlier characterized FERM domains contain three
lobes (Hamada et al, 2000; Bretscher et al, 2002; Ceccarelli
et al, 2006), and initially, the presence of an additional FO
domain, along with the insertion of a relatively large F1 loop,
seemed unique to the talin FERM domain. However, we have
recently found that the kindlin family of FERM domain
proteins, which synergize with talin to activate integrins
(Larjava et al, 2008; Moser et al, 2009; Plow et al, 2009),
also contains an FO domain and a large loop (86-120 resi-
dues) in the F1 domain (Goult et al, 2009). Moreover, the
kindlinl F1 loop also contains two phosphorylation sites
(http://www.cellmigration.org). It will be important to
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establish whether FERM domains in other proteins contain
similar features or whether this architecture is restricted to
talin and kindlins, proteins important for regulating integrin
activation.

In summary, we have described the structure of the earlier
uncharacterized N-terminal portion of the talin head, reveal-
ing the domain boundaries and their architecture, as well as
identifying a large loop in F1 that binds acidic phospholipids
and is essential for integrin activation. Overall, the results
suggest that integrin activation by the talin head involves a
combination of relatively weak protein-protein and protein—
lipid interactions, each of which alone is insufficient to trigger
the full response. Although the talin F3 domain is solely
responsible for binding to B-integrin tails, optimum activation
of integrins by the talin head requires additional interactions
between basic residues spread along the whole of the talin
head and acidic phospholipids on the cytoplasmic face of the
plasma membrane. The PIP-kinase typely isoform has been
implicated in the translocation of talin to the plasma mem-
brane and in the assembly of focal adhesions (Di Paolo et al,
2002; Ling et al, 2002), and may generate PIP2-rich micro-
domains that contribute to the talin-mediated activation of
integrins.

Materials and methods

Expression of recombinant talin polypeptides

Proteins corresponding to murine talin residues 1-85 (F0), 86-202
(F1) and 1-202 (FOF1) were expressed in Escherichia coli and
purified using standard affinity chromatography. Details are
presented in Supplementary data.

Peptide synthesis and preparation

A peptide corresponding to residues 139-168 and 145-168 were
synthesized and purified by high performance liquid chromato-
graphy by GL Biochem (Shanghai) Ltd. A 10-mg/ml stock solution
was made by dissolving the peptide in H,O.

Lipid vesicle preparation

SUVs for the NMR titrations were prepared by sonication as detailed
in Supplementary data. POPC, POPS and PIP2 used in the titrations
were obtained from Avanti Polar Lipids (Alabaster, AL). Pure POPC,
1:4 POPS:POPC and 1:19 PIP2:POPC (molar ratio) vesicles were
used for binding studies.

NMR spectroscopy

Protein structures were determined using 1 mM protein solution in
phosphate buffer comprising 20mM sodium phosphate pH 6.5,
50mM NaCl, 2mM DTT with 10% (v/v) of *H,O were used for
structure determination. Peptide structures were determined using
1 mM samples in 20mM MES buffer, pH 6.1 containing either 5%
(v/v) of *H,0 or 35% (v/v) TFE-d; (Sigma-Aldrich). Peptide
interactions with lipids were analysed using 0.1 mM solutions in
10mM MES buffer, pH 6.1 containing 5% (v/v) of ?H,O in the
presence of 2mM lipid added as SUVs. The F1 interactions with
lipids were analysed using a 0.01 mM solution of uniformly '°N-
labelled F1 fragment or mutants thereof in 20mM MES buffer, pH
6.1 containing 20mM NaCl and 5% (v/v) of *H,0. 2D ['H,'*N]-
HSQC spectra were recorded at 298K for the free protein and the
protein in the presence of 6mM lipid added as SUVs. All
experiments were conducted as 298K. Additional details are
presented in Supplementary data.

CD spectroscopy
CD spectroscopy is described in Supplementary data.

NMR structure calculations
Protein structures were calculated using a combination of CYANA
(Herrmann et al, 2002) and Aria (Linge et al, 2001) software on the
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basis of NOE distance restraints, dihedral restraints (®/¥) were
obtained with TALOS software (Cornilescu et al, 1999), hydrogen-
bond restraints were incorporated based on the temperature
dependence of NMR chemical shifts (Baxter et al, 1998) and
residual 'H,'°N dipolar couplings measured in the presence of
8 mg/ml Pfl phage (Asla Ltd., Latvia). The structural statistics for
each domain are presented in Supplementary Tables 1-3. Peptide
structure was calculated using Aria software. Additional details are
presented in Supplementary data.

Small angle X-ray scattering

All scattering data was collected at the Daresbury Synchrotron
Radiation Source (Station 2.1) using a multiwire gas detector
covering a momentum transfer range of 0.02 A~' <q<0.70 A~! with
q=4nsin0/\ (where 20 is the scattering angle and A, the X-ray
wavelength at 1.54 A). Data collection was performed at 4°C, at
protein concentrations of 2 and 10 mg/ml in the NMR buffer. Data
were accumulated in 60-s frames. Before averaging, frames were
inspected for X-ray-induced damage or aggregation. No protein
aggregation was detected and the linearity of the Guinier plot
indicated that the protein solutions were homogeneous. The
background was subtracted using the scattering from the buffer
solution alone. Data reduction was carried out with software
provided at SRS Daresbury and subsequent analysis was carried out
with programs from the ATSAS package (Konarev et al, 2006).
Particle shapes at low resolution were reconstructed ab initio with
the bead modelling program, GASBOR (Svergun et al, 2001), which
represents the protein as a chain of dummy residues centred at the
Ca positions.

Phospholipid binding

For co-sedimentation assays, 20 tM protein solution was incubated
in the presence of SUVs at the total lipid concentration of 6 mM for
1-1.5h at 30°C. The solution was centrifuged at 13 000r.p.m. for
Smin, the pellet separated from the supernatant and re-suspended
in the equal volume of the buffer. The protein distribution was
analysed on a 10-20% gradient gel (Expedeon). Standard condi-
tions were used for the PIP strip assay as detailed in Supplementary
data.

Antibodies and DNAs

Ligand-mimetic anti-aIlbf3 PAC1 (BD Biosciences), anti-hamster
a5pB1 PB1 (Developmental Studies Hybridoma Bank), Goat anti-GFP
(Rockland) and anti-aIlbB3 monoclonal antibody D57 (Diaz-
Gonzalez et al, 1996) were used. GST-fibronectin type III repeats
9-11 (FN9-11) (Hughes et al, 2002) and GFP-mouse talin-1 (1-433)
(Bouaouina et al, 2008) have been described earlier. Constructs
encoding GFP- and GST-tagged mouse talin-1 (1-433)AF1 loop
(lacking residues 133-165) were generated by PCR from a talin-1
c¢DNA and confirmed by DNA sequencing.

Pull-down assays with recombinant integrin tails

Pull-down assays with GST-talin fragments were performed using
recombinant integrin tails bound to His-bind resin (Novagen) as
described earlier (Calderwood et al, 2002; Lad et al, 2007). To
estimate the apparent affinity constants, the binding of increasing
amounts of purified GST-talin proteins to B1A tails was quantified
by densitometry. Data were plotted as per cent maximal binding
versus input concentration and fitted to a one-site-binding model
(Y =BpnaxX/(Kq+ X)) using GraphPad Prism version 4 for Win-
dows (GraphPad Software).

Analysis of integrin activation

The activation state of endogenous CHO cell a5p1 was assessed by
measuring the binding of a recombinant soluble integrin-binding
fragment of fibronectin (FN9-11) in three-colour flow cytometric
assays as described earlier (Tadokoro et al, 2003; Calderwood et al,
2004). a5B1-integrin expression was assessed in parallel by staining
with PB1 (Brown and Juliano, 1985) and activation was normalized
to a5P1 expression levels as described earlier—see Supplementary
data for details. The activation state of allbB3-integrins, stably
expressed in CHO cells (O’Toole et al, 1994; Hughes et al, 1997),
was assessed by measuring the binding of the ligand-mimetic anti-
alIbB3 monoclonal antibody PAC1 in three-colour flow cytometric
assays as described earlier (O’Toole et al, 1995; Calderwood et al,
1999, 2004; Tadokoro et al, 2003). For additional details see
Supplementary data.
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Accession numbers

Resonance assignments have been submitted to the BioMagRes-
Bank (http://www.bmrb.wisc.edu/), accession numbers 15458
(F0), 15616 (F1) and 15615 (FOF1(A30)). Twenty lowest energy
structures have been deposited in the Protein Data Bank (http://
www.rcsb.org) with the accession numbers 2kcl (F0), 2kc2 (F1)
and 2k34 (FOF1(A30)).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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