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Abstract
Talin is a large adaptor protein that activates integrins and couples them to cytoskeletal actin.
Talin contains an N-terminal FERM (band 4.1, ezrin, radixin, moesin) domain (the head) linked to
a flexible rod comprised of 13 amphipathic helical bundles (R1–R13) that terminate in a C-
terminal helix (DD) that forms an anti-parallel dimer. We derived a three-dimensional structural
model of full-length talin at a resolution of approximately 2.5 nm using EM reconstruction of full-
length talin and the known shapes of the individual domains and inter-domain angles as derived
from small angle X-ray scattering. Talin adopts a compact conformation consistent with a dimer in
which the two talin rods form a donut-shaped structure, with the two talin heads packed side by
side occupying the hole at the center of this donut. In this configuration, the integrin binding site
in the head domain and the actin-binding site at the carboxy-terminus of the rod are masked,
implying that talin must unravel before it can support integrin activation and engage the actin
cytoskeleton.
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1. Introduction
The large adaptor protein talin (2 × 270 kDa) plays a key role in coupling the integrin family
of cell adhesion molecules to the actin cytoskeleton (Critchley, 2009; Critchley and Gingras,
2008), and acts synergistically with kindlins to induce a conformational switch in integrins
from a low to high affinity state (Moser et al., 2009; Shattil et al., 2010; Ye et al., 2011).
There are two major talin isoforms (talin1 and talin2; 74% sequence identity) (Debrand et
al., 2009) each made up of an N-terminal head (residues 1–400) linked to a large flexible rod
(residues 482 to the C-terminus) by an unstructured linker that contains a calpain-II cleavage
site (Fig. 1). The talin head comprises a FERM (band 4.1, ezrin, radixin, moesin) domain
with F1, F2 and F3 domains, but it is atypical in that the ubiquitin-like F1 domain has a

© 2013 Elsevier Inc. All rights reserved.
*Corresponding authors. Address: 10901 N. Torrey Pines Rd., Sanford-Burnham Medical Research Institute, La Jolla, CA 92037,
USA. Fax: +1 858 646 3195. drc@leicester.ac.uk (D.R. Critchley), niels@burnham.org (N. Volkmann).
1Current address: Department of Medicine, University of California San Diego, 9500 Gilman Drive, MC 0726, La Jolla, CA
92093-0726, USA.

NIH Public Access
Author Manuscript
J Struct Biol. Author manuscript; available in PMC 2014 October 01.

Published in final edited form as:
J Struct Biol. 2013 October ; 184(1): 21–32. doi:10.1016/j.jsb.2013.05.014.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



large unstructured insert (F1 loop), and is preceded by an additional domain F0 that also
contains an ubiquitin-like fold (Goult et al., 2010b). Moreover, the crystal structure of the
talin1 head shows that it adopts an extended structure (Elliott et al., 2010) rather than the
clover-leafed conformation found in the ERM family of proteins (Bretscher et al., 2000).
The talin head domain contains the primary integrin binding site, and details on how β-
integrin tails are engaged by talin 1 or talin 2 F3-PTB-like FERM domains have now
emerged (Anthis and Campbell, 2011; Anthis et al., 2009, 2010; Wegener et al., 2007). The
talin rod comprises 62 amphipathic helices that are organized into a series of thirteen (R1–
R13) 4- or 5-helix bundles as determined either by NMR or X-ray crystallography (Gingras
et al., 2005, 2006, 2008, 2009, 2010; Goult et al., 2010a, 2013; Papagrigoriou et al., 2004).
The talin rod is terminating at a C-terminal helix, referred to as the dimerization domain
(DD) (Gingras et al., 2008) (Fig. 1). The rod contains a second integrin binding site of as yet
uncertain function (Gingras et al., 2009; Moes et al., 2007), at least two actin binding sites
(Hemmings et al., 1996) the best characterized of which is located in R13 (Gingras et al.,
2008; Smith and McCann, 2007), and numerous binding sites for the cytoskeletal protein
vinculin (Gingras et al., 2005), which itself can bind F-actin and many other ligands
(Carisey and Ballestrem, 2010; Peng et al., 2011; Ziegler et al., 2006).

The modular organization of talin is broadly consistent with that from negatively stained
electron microscopy (EM) images of talin which showed about 12 globular regions (Winkler
et al., 1997). Interestingly, sedimentation velocity, gel filtration and EM studies indicate that
talin exists in both globular and extended conformations (Molony et al., 1987). However, the
isolated talin rod was only found in a more extended form suggesting that an intra-molecular
interaction between the head and rod is required for talin to adopt the globular conformation.
Indeed, recent studies have identified an interaction between the F3 FERM domain and a
region towards the C-terminus of the talin1 rod (Goksoy et al., 2008; Goult et al., 2009), and
the NMR (Goult et al., 2009) and crystal (Song et al., 2012) structures of F3 bound to the R9
rod domain shows that the integrin-binding site in F3 is largely occluded. Mutations that
compromise the F3/R9 interaction markedly accelerate the rate of focal adhesion assembly
(Kopp et al., 2010) indicating that it is a major determinant of talin auto-inhibition. Recent
three-dimensional super-resolution fluorescence microscopy studies on the orientation of
talin in cell-extracellular matrix junction (focal adhesions) indicates that the talin head is
located on the cytoplasmic face of the plasma membrane whereas the C-terminal region of
the rod is co-located with actin filaments about 40 nm from the membrane (Kanchanawong
et al., 2010). This suggests that engagement in focal adhesions renders full-length talin in an
extended conformation with the rod at an angle of about 130° to the head.

The three-dimensional (3D) structure of the full-length talin remains elusive, although we
have now determined the structures of all the domains in talin1 (Goult et al., 2013). Here,
we employed electron microscopy (EM) and 3D image reconstruction to determine the
overall conformation of full-length talin purified from turkey gizzard. We show that talin
adopts a compact conformation, the volume of which fits that of a dimer. By combining the
electron microscopy derived density map, shape information from the individual domains,
and SAXS data on combinations of overlapping helical bundles spanning the entire rod, we
provide a molecular model of full-length talin1. Independent NMR data on intra- and inter-
molecular interactions were used here to further validate the derived model. In our model,
the talin rod forms a donut-shaped structure that stacks against the rod of the adjacent
subunit, with the ‘hole’ in the donut occupied by the talin heads. Because the integrin-
binding site in the F3 FERM domain is masked by R9, we conclude that this represents an
inactive form of the molecule, implying that talin must unravel before it can support integrin
activation and engage the actin cytoskeleton.
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2. Materials and methods
2.1. Protein purification and electron microscopy

Full-length talin1 was purified from turkey gizzard as described elsewhere (Schmidt et al.,
1999). The isolated talin1 rod was prepared by cleaving talin1 with recombinant rat calpain
2 (Calbiochem) at a molar ratio of 1:300 (25 °C for 1 h) in 20 mM Tris buffer pH 7.0
containing 100 mM NaCl, 1 mM DTT and 2.5 mM CaCl2. Cleavage was terminated by
adding a 10× molar excess of calpeptin (Calbiochem), and the talin1 rod purified from the
talin1 head by gel filtration. Three independent talin1 preparations were used for EM
studies. The talin concentrations were between 0.2 and 0.5 mg/ml. Fresh samples were
diluted in 2 mM imidazole, pH 7.0, 50 mM KCl, 2 mM MgCl2, 1 mM EGTA, 0.2 mM DTT,
0.1 mM ATP, 0.02% azide, and applied to glow discharged, plasma cleaned (Solaris, Gatan)
Quantifoil 1.2/1.3 holey carbon coated 400 mesh electron microscopy grids (Quantifoill,
Micro Tools GmbH). Following 30 s incubation in a humidified chamber, a fresh drop of 4
μl protein was added, incubated for another minute, excess of liquid blotted and either
stained with 2% aqueous uranyl acetate and air dried (negatively stained) or plunge frozen in
liquid N2-cooled ethane (cryo data). Kodak Electron Image Film SO-163 was used to
capture images of all samples suspended over holes. Images were acquired under low-dose
conditions (~50 electrons/Angst2) using a Tecnai 12 G2 microscope (FEI company,
Hillsboro, OR) equipped with a Denka Lab6 filament at 120 kV and a nominal
magnification of 67,000×. The defocus was between 1 and 2 μm. The micrographs were
digitized using a Photoscan Mark 2, Zeiss Intergraph Aerial Film Scanner (ZI Intergraph) at
7 μm raster and binned to a final pixel size of 0.55 nm.

Actin-talin-Rod arrays were grown for 24 h at 4 °C on positively charged lipid layers
consisting of a 3:7 w/w solution of di-laurylphosphatidylinositol and
didodecyldimethylammonium bromide dissolved in chloroform (Janssen et al., 2006; Taylor
and Taylor, 1992; Ward et al., 1990). The lipid and surfactant mixture was layered over the
polymerization buffer prior to the injection of G-actin (~0.35 μg/μl) for producing the
arrays. The polymerization buffer contains 20 mM Na2PO4, 50 mM KCl, 1 mM ATP, 2 mM
MgCl2, 1 mM EGTA, 1 mM DTT (pH 7.0) and ~0.06 μg/μl of talin rod. The monolayers
were transferred to 200-mesh copper grids coated with lacey carbon films (EMS).
Specimens were stained with 2% uranyl acetate and air-dried. Low-dose images were
recorded with a Tecnai T12 G2 electron microscope (FEI Company, Hillsboro, OR)
equipped with a Denka Lab6 filament at 120 kV at a nominal magnification of 52,000 and
1.5 μm defocus (electron dose 20 e−/Å2). Micrographs (Kodak Electron Image Film
SO-163) were digitized with a Photoscan Mark 2, Zeiss Intergraph Aerial Film Scanner (ZI
Intergraph) with a pixel size of 0.55 nm on the sample.

2.2. Image processing and model building
For the negatively stained data, in total 11800 images of individual particles, suspended over
holes, were selected from 113 micrographs and used for the analysis. The particles were
processed and analyzed using the EMAN (Ludtke et al., 1999), SPARX (Hohn et al., 2007)
and CoAn (Volkmann and Hanein, 1999) software packages. During the processing, 4700 of
the original particles were screened out and 7100 contributed to the final model. For the cryo
conditions 9800 particles were selected for processing. All docking and modeling operations
were performed using the CoAn suite (Volkmann and Hanein, 1999, 2003) and Chimera
(Pettersen et al., 2004). The densities are deposited in the EMDB database. Docking of the
atomic models of talin domains into the corresponding SAXS envelopes results in fits with a
correlation of 0.93 or better for all domains (Fig. 1). Thus, “domain shape” can be regarded
to refer interchangeably to low-resolution representations of the X-ray structures as well as
to the SAXS data. To facilitate more accurate comparison of V angles between the SAXS
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models and the derived fits into the EM density, we used the SAXS representation for the
modeling. Given the resolution of the EM data and the absence of high-resolution
constraints, using atomic models for the fitting directly is highly underdetermined, and is
prone to produce overfitting effects and spurious interpretations. The modeling was
performed in an iterative manner starting with the DD dimer. The explicit constraints for
placing the next domain into the EM density were (1) connectivity of the chain; (2) the low-
resolution shape of the domains (SAXS and/or atomic models); (3) the approximate V-
angles between domain pairs (SAXS); (4) absence of violations of the 2-fold symmetry; (5)
absence of significant overlap with already placed domains or their symmetry mates, and (6)
the quality of fit into the EM density of the complete assembly. This process was iterated
until all domains were placed in the density. We only found a single configuration that
fulfilled all these constraints simultaneously for all domains. All attempts to divert the
placement of any of the domains significantly from this configuration had to be aborted after
a few steps because one of the constraints became violated.

2.3. Expression of recombinant talin1 polypeptides and cell-based assays
Talin polypeptides were expressed in E. coli BL21 STAR (DE3) cultured in either LB for
unlabelled protein, or in M9 minimal media for preparation of isotopically labeled samples
for NMR. Recombinant His-tagged talin polypeptides were purified by nickel- affinity
chromatography following standard procedures. The His-tag was removed by cleavage with
AcTEV protease (Invitrogen), and the proteins were further purified by anion-exchange or
cation-exchange depending on the construct. Protein concentrations were determined using
the respective extinction coefficients at 280 nm based on absorption coefficients calculated
from the aromatic content according to ProtParam (www.expasy.org). For the cell-based
assays, human endothelial cells (HUVECs) were transfected with either scrambled
(scrRNA) or talin1 siRNA pools and co-transfected with constructs encoding either GFP or
mouse GFP-talin1 (WT) or mouse GFP-talinR2526G. After 72 h, cells were plated onto
uncoated glass coverslips and analyzed 24 h later as described by Kopp et al., 2010.

2.4. NMR spectroscopy
Proteins were prepared in 20 mM sodium phosphate pH 6.5, 50 mM NaCl, 2 mM DTT, 10%
(v/v) 2H2O. NMR spectra of all the proteins were obtained at 298 K using Bruker AVANCE
DRX 600 or AVANCE AVII 800 spectrometers both equipped with CryoProbes. Proton
chemical shifts were referenced to external DSS, and 15N and 13C chemical shifts were
referenced indirectly using recommended gyromagnetic ratios (Wishart et al., 1995). Spectra
were processed with TopSpin (Bruker) and analyzed using Analysis (Vranken et al., 2005).
All NMR interaction studies were carried out in 20 mM phosphate pH 6.5, 50 mM NaCl, 2
mM DTT. A series of HSQC spectra were measured for the 15N-labeled protein alone (150
μM) and then in the presence of increasing amounts of talin polypeptide (0 μM, 150 μM or
450 μM) and the HSQC spectra analyzed for chemical shift and line-width changes (Table
2). The talin polypeptides indicated in Table 1, were grown in minimal media for
preparation of 15N-labeled protein, purified as described above and characterized by 2D-
HSQC NMR experiments.

2.5. Solution X-ray scattering data collection and analysis
Small angle X-ray scattering (SAXS) experiments were carried out at three different
stations; (i) the Synchrotron Radiation Source at Daresbury, UK, (ii) SOLEIL synchrotron,
France, and (iii) the EMBL synchrotron in Hamburg, Germany. Measurements were
performed at protein concentrations of 2 and 10 mg/ml in 20 mM sodium phosphate, 50 mM
NaCl, 2 mM DTT, pH 6.5. Data were accumulated following the beamline
recommendations, and before averaging, frames were inspected for X-ray induced damage
or aggregation. No protein aggregation was detected and the linearity of the Guinier plots
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indicates 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 the beamlines. Particle shapes were reconstructed ab initio with the
bead modeling program GASBOR (Svergun et al., 2001) which represents the protein as a
chain of dummy residues centered at the Cα positions. In addition the program BUNCH
(Petoukhov and Svergun, 2005) was applied using the atomic coordinates of the individual
domains reported here.

3. Results
3.1. Domain structure of talin1

Talin1 is comprised of an atypical FERM domain which has an elongated structure (Elliott
et al., 2010) joined to a long flexible rod by an ~80-residue unstructured linker (Fig. 1). We
have recently mapped the boundaries of all the domains that make up the talin1 rod (Goult et
al., 2013) and determined the structures of each domain or in some cases double domains
either by NMR or X-ray crystallography (Gingras et al., 2005, 2006, 2008, 2009, 2010;
Goult et al., 2010a, 2013; Papagrigoriou et al., 2004). The 62 amphipathic α-helices are
organized into a modular assembly of 13 individual domains (R1–R13) comprised of either
4- or 5-helix bundles (Fig. 1). The rod terminates with a single helix that forms an anti-
parallel coiled-coil dimer with the equivalent helix in another talin1 molecule (Gingras et al.,
2008). Since all other rod domains are monomeric, we conclude that the last helix is
responsible for assembly of the talin dimer. Importantly, mutation of a conserved residue
(R2526G) at the interface between the anti-parallel helices abolishes dimerization (Gingras
et al., 2008), and markedly reduces the ability of full-length talin1 to rescue cell spreading
and focal adhesion assembly in talin1 knockdown endothelial cells (Fig. 2). These results
indicate that talin functions as a dimer within the cell.

3.2. Analysis of talin1 rod domain polypeptides in solution by SAXS
We have previously used a combination of SAXS and NMR data to characterize relative
orientation of domains in multi-domain fragments from the talin head and rod region (Elliott
et al., 2010; Gingras et al., 2008, 2010). The two methods provide complementary
information, with SAXS ab initio reconstruction generating an averaged overall shape of the
fragments and NMR demonstrating the relative dynamics of the domains that is related to
the degree of motion and flexibility of the linker region.

SAXS shapes for 10 double and 2 triple overlapping talin1 rod fragments that cover the
whole rod region are presented in Fig. 1. Each SAXS envelope has clearly identifiable
globular elongated regions that fit well with the constituting domains. The correlation
between density maps calculated from the beads defining the SAXS envelopes and density
maps calculated from atomic structures of the docked domains at 2.5 nm resolution is larger
than 0.93 in all cases, indicating that the SAXS shapes and the shapes calculated from the
atomic models are interchangeable at this resolution. In all fragments, apart from R1–R2, the
domains are connected in an end-to-end extended arrangement that shows a lack of inter-
domain contacts apart from the regions adjacent to the linker between the domains. In the
triple R7–R9 fragment the domains are well separated in a clover-leaf structure. This agrees
with the unusual topology of the region, where R7 and R9 are directly connected by a linker,
and R8 is inserted into the loop between the helices of R7 that is located close to the linker
region (Gingras et al., 2010). The R1–R2 fragment has a more compact shape that fits well
with the X-ray structure of the double R1–R2 frament that shows that the domains are
stacked side-by-side via a hydrophobic interface (Papagrigoriou et al., 2004).
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3.3. The talin rod domains are separated by short hinges
The SAXS envelopes reflect the average shapes of the molecule but provide no information
on the variation of the relative domain orientation. Qualitatively, this information can be
deduced from the comparison of the 1H,15N-HSQC spectra of the isolated domains and
multi-domain fragments. Rigid structures corresponding to the SAXS profiles are expected
to have highly anisotropic rotational diffusion and severely broadened NMR resonances.
Relative motion of the domains would reduce this broadening. To have a significant effect,
the amplitude of the motion has to be sufficiently large for a significant change in the
orientation of the individual N–H vectors and fast on the relaxation timescale. In the extreme
case where domains are separated by a long flexible linker, the resonances of the double-
domain fragment will have similar linewidths to those of the isolated domains.

Despite the similarity in the SAXS shapes for the double-domain fragments we detected
significant variation in the broadening of the resonances of the double domains compared to
the resonances of the corresponding single domains (Supplementary Fig. 1 and Fig. 3). The
largest broadening has been observed for the R11-R12 fragment (Fig. 3A, B). The spectrum
of the double domain shows a large variation in the signal intensities with high-amplitude
sharp signals observed for the unstructured N- and C-termini, while many signals from the
folded regions are close to the noise level. In contrast, the signals of the isolated domains are
uniform in intensities and have much smaller line-widths. The broadening and large
variation in the intensity of the signals in double R11–R12 domain suggests anisotropy of
the rotational diffusion and limited relative motion of the domains. This indicates a
restricted relative motion of the domains. Correspondingly, the X-ray structure of the R11–
R12 fragment has an open V-shape configuration with a well-defined short linker region that
forms a helical turn that connects the helices from R11 and R12 into a continuous kinked
helix (Fig. 3C). A very similar shape is observed in solution by SAXS, although with a
sharper angle between the domains. This suggests that hinge-like motions of the individual
domains around the linker region are limited.

Comparison of the chemical shifts for the R11–R12 and isolated domains support the
elongated structure with a small contact area between the ends of the domains. The majority
of the cross-peaks of the double domain are close or identical to the peaks detected in the
spectra of the single domains, signifying a lack of structural changes in the domains. At the
same time a distinct number of cross-peaks in the double domain spectrum are well
separated from the signals of the isolated domains. These signals are expected to correspond
to the linker region and the areas adjacent to it, with the chemical shift changes induced
either by the structural changes in the linker region or by direct contacts between the ends of
the domains.

Comparison of the NMR data for the R11–R12 and R1–R2 fragments provides an additional
reference for correlation of the spectral and structural changes. In R1–R2 the domains
associate in a stable side-on staggered arrangement with a relatively large interface, which
makes the overall structure more compact than the end-to-end structure of R11–R12. In
agreement with a more compact structure the signals of R1–R2 have smaller line-width and
more uniform intensity than for R11–R12, although they are noticeably broader than the
signals of isolated R1 and R2 (Supplementary Fig. 1). The more extensive interface leads to
larger number of chemical shift changes between the R1 and R2 double and single domains,
compared to the R11–R12 region. Thus, for the double domains where X-ray structures are
available we observe strong correlation between the NMR spectra, SAXS shapes and X-ray
structures. This supports the conclusions derived from the combination of SAXS and NMR
and provides the reference for the analysis of double domains where X-ray structures are not
available.
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The 1H,15N-HSQC spectrum of the R9–R10 fragment is distinctly different from the
spectrum of the R11–R12 fragment despite their similarity in SAXS shape (Figs. 1 and 3D,
E). Signals of R9–R10 have uniform intensities (Supplementary Fig. 2) and are broadened to
a smaller degree compared to the corresponding isolated domains than R11–R12. The
differences in the chemical shifts between R9–R10 and the isolated R9 and R10 domains are
also much smaller than for R11–R12, and are localized in the immediate vicinity of the
linker region (Supplementary Fig. 3). These results demonstrate that in the R9–R10
fragment, the domains have high relative mobility and small contact area. Notably, the
intensities of the peaks corresponding to the linker region are very similar to the intensities
of the signals of the domains, suggesting that the linker does not have increased dynamics
with respect to the rest of the protein. This fits with the SAXS shape of close end-to-end
contacts that would restrict the motion of the linker. We thus conclude that the linker region
acts as a flexible hinge that allows the domains to change orientation relative to each other
while at the same time preventing domain separation.

The differences in the inter-domain motions of the R9–R10 and R11–R12 fragments
correlate with the length and amino acid composition of the linker regions (Fig. 3F).
Strikingly, the linker length and composition is almost completely conserved between
mouse and chicken talin1 indicating the importance of these flexible hinges (Supplementary
Fig. 3). In R11–R12 the linker is composed of only three residues and does not include Gly
or Pro residues that destabilize helical structures. In contrast, the R9–R10 linker is six
residues long and contains three Gly residues, two of which are sequential. The linkers
between the other talin1 rod domains are similar to the R9–R10 linker and most of them
contain either Gly or Pro residues. As expected, the NMR spectra of the rest of the double
domains are close in characteristics to the R9–R10 spectra, with limited resonance
broadening and chemical shift changes (apart from the R2–R3 fragment) relative to the
spectra of the corresponding isolated domains (Supplementary Fig. 1).

Interestingly, the R2–R3 fragment shows relatively extensive chemical shift changes
compared to the isolated domains, despite the limited broadening and an elongated SAXS
shape. All of the large chemical shift changes are related to the R3 domain, while the spectra
of the R2 domain superimpose very well with the corresponding signals in the R2–R3
spectrum. Similarly, in the spectrum of the triple R2–R4 fragment both R2 and R4 signals
align well, while many of the R3 signals are shifted significantly (Supplementary Fig. 4).
This suggests that no structural changes occur within the R2 and R4 domains when they are
part of larger fragments. The lack of interaction observed for R2 and R4, the relatively high
mobility from limited broadening of the NMR signals, and the clear domain separation in
the SAXS shapes suggests that the differences in the chemical shifts for the R3 domain are
related to some conformational changes within the domain. These changes are expected to
be limited, as the differences between the chemical shifts of R3 in the free form and within a
larger fragment are significant, but relatively small (Supplementary Fig. 4D). The chemical
shift changes are uniformly distributed through R3 and indicate overall rearrangement, most
likely small changes in the relative positions of the helices due to the effect of end-to-end
contact with other domains or end linker extensions. Our structure of the domain reveals a
disruption in the internal hydrophobic core due to the presence of Thr residues (Goult et al.,
2013). This could facilitate small rearrangements of the helices in the bundle without a
change in the overall structure. Thus, despite the observed chemical shift differences, the R3
domain in the larger fragments behaves similarly to other domains.

Overall, the combination of the elongated SAXS shapes and the NMR spectra indicates that
all the domains in the talin1 rod are connected by hinge-like linkers that allow for a
restricted relative domain motion without breaking end-to-end contacts. These topological
features support an open chain-like structure for the talin1 rod that can adopt various
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extended configurations through segment- like motion of the individual domains. In electron
micrographs of the isolated talin1 rod (residues 434–2541) in the presence of actin filaments
(Fig. 4) the molecules form an intricate, flexible network connecting actin filaments at
irregular distances, in line with the interpretation of hinge-like linkers between the rigid
talin1 rod domains.

3.4. Full-length talin1 forms a dimer, which adopts a compact conformation
To obtain three-dimensional (3D) information on full-length talin1, we generated 3D
reconstructions of talin1 purified from turkey gizzard using electron microscopy (EM) and
single particle reconstruction approaches (Fig. 5). Processing of data collected under cryo
conditions resulted in a 3D reconstruction at 3.5 nm resolution. The inherent conformational
variability within the sample appears to be a barrier in improving the resolution under cryo
conditions, most likely owing to the low contrast. Indeed, the more efficient sorting and
alignment protocols under the higher contrasted conditions in negative stain allowed us to
generate higher resolution reconstructions at 2.5 nm. The high similarity of the
reconstructions at the achievable cryo resolution of 3.5 nm under both conditions
(correlation of 0.97 ± 0.02, Supplementary Fig. 5) assured us that the negatively stained data
gives a valid, artifact-free representation of the talin1 structure. No preferred orientation of
the particles with respect to the sample support was observed in negative stain or cryo and
the distribution of orientations was even and complete (Fig. 5B–D). Prior to processing, a
phase correction for the contrast transfer function was applied to all images. To generate an
initial model, we first employed a two-dimensional, reference-free alignment procedure.
Particles were sorted into 89 classes according to their mutual similarity without the use of
an external reference. The averages of the respective classes represent unbiased
characteristic views of the particles within the sample. The analysis revealed a number of
compact, globular views and a smaller set of more extended-looking views, indicating a
certain mix of conformations. Three different subsets where selected from the globular
views and were used to generate initial references using a Fourier-based common-line
approach. These three initial models were independently refined against the entire data set
using an iterative refinement procedure. Convergence was achieved after 7–10 iterations.
Both direct visualization and correlation-based symmetry determination indicated two-fold
symmetry for all three initial reconstructions. Thus, refinement and reconstruction were
repeated independently for all three starting models while imposing a two-fold symmetry
constraint. Cross validation between the three resulting reconstructions verified model
independence of the procedure, i.e. there was no significant difference between the three
independent negatively stained reconstructions at the target resolution (3 nm) for this
analysis according to the 0.5 Fourier shell correlation criterion (FSC0.5). We then proceeded
to re-sort the data using the refined model and the initial models to increase homogeneity
within the data set. This procedure is very effective in sorting out inhomogeneities in
particle sets (Ludtke et al., 1999) and screened out approximately 40% of the initial data.
We used the re-sorted data with the refined model from the previous step as a starting model
to increase the resolution of the reconstruction. The final map is composed of a compact
anti-parallel dimer of 12.5 nm × 11 nm × 9.5 nm dimension at a resolution of ~2.5 nm
according to FSC0.5. The volume of this density is consistent with that estimated for a full-
length talin dimer when calculated from its molecular weight (Fig. 5A) but is inconsistent
with monomeric talin.

3.5. The talin1 rod wraps around both talin heads in the dimer
We then proceeded to generate a 3D model of the talin1-dimer domain organization by
modeling the individual domain shapes using the V-angles as constraint by SAXS and NMR
into the EM reconstruction (Fig. 6A–F). With the given constraints, this modeling task is
akin to rolling a garden hose composed of segments that are connected with linkers of
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limited flexibility into a distinct, compact shape while also obeying a two-fold symmetry
constraint. Thus, despite the relatively low resolution of the component models and the
entire assembly, the configuration space for the modeling is extremely restricted. In order to
obey the two-fold symmetry constraint of an anti-parallel dimer, the dimerization domain
must be localized on the symmetry diad. In combination with the rather extended shape of
the R13-DD dimer (Gingras et al., 2008) this constraint allowed us to unequivocally place
this element into the reconstruction where the DD is located on the diad and the R13
domains follow a ridge in the density at the bottom of the reconstruction (Fig. 6F). With this
configuration as a starting point, the shape of the helical bundle combined with the SAXS-
determined V-angle between R12 and R13 were employed to place the next structural
element, R12 into the density. A small adjustment of the V-angle (14°, see also Table 1)
between R13 and R12 needed to be introduced to avoid major mismatches. This adjustment
is justified by the hinge-like flexibility of the linker region. Larger angle variation, however,
would be inconsistent with the limited linker flexibility observed by NMR. The same
strategy was systematically applied to all of the helical bundles of the talin1 rod in
descending order (down to R4). Because these bundles – with the exception of R8, which
was handled as a unit with R7 (Gingras et al., 2010) – have their N- and C-termini on
opposite ends, the placement could be achieved by using the location of the previous
element and the inter-bundle V-angle as constraint. The N-terminal part of the rod required a
modified approach. This region contains three sequential 4-helix domains R2–R3–R4 that
have spatially close N- and C-termini. In addition, domains R1 and R2 make a side-to-side
contact, resulting in a staggered domain arrangement. These constraints, in conjunction with
those from their shapes and inter-domain angles lead to a reversal in direction for the inter-
domain connections at R4 to match the remaining part of the outer layer of the EM shape
(Supplementary Fig. 6).

Overall, the inter-domain angles observed by SAXS fit well to the curvature of the EM
shape and the whole chain of the domains corresponding to the talin1 rod can be fitted with
only small adjustments of the inter-domain angles (<15° for all pairs, see Table 1). The
restrictions imposed by the symmetry and the nature of the sequential connections between
the domains leads to a unique fold of the talin1 rod into a compact arrangement
corresponding to the EM shape (Fig. 6). In the resulting arrangement the two talin1 rods
resemble a donut (Fig. 6D) with a ‘donut hole’ in the center that matches the shape and size
of the SAXS envelopes of the two talin1 heads perfectly (Fig. 6B, C). In this model, the
heads interact side by side and all helical bundles except for R6, which accommodates a
groove in the head domain and is buried, contain some regions of accessible surface area. To
test for distance constraints and accessibility, we modeled the unstructured F1 loop, which
contains two major phosphorylation sites in platelet talin (Ratnikov et al., 2005), onto the
EM structure as well (Supplementary Fig. 7).

3.6. Domain interactions mapped independently by NMR confirm the topology of the model
When generating the model of full-length talin1 we used only the knowledge of the inter-
molecular interaction between the dimerization domains of two talin subunits (Gingras et al.,
2008). The resulting arrangement has a large number of close contacts between domains that
can be checked against the interactions between the domains reported in the literature and
can be used to predict new interactions. The inactive state of talin is associated with the
auto-inhibitory interaction of F3 with R9 (Goult et al., 2009) and F2F3 with R1–R2 (Banno
et al., 2012). In the model, domains R1, R2 and R9 are next to each other (Fig. 6B) and are
in direct contact with the F2F3 region of the talin head. The symmetry of the structure
ensures that these contacts are fulfilled for both subunits. The proximity of the domains
engaged in the auto-inhibitory interactions supports the model and suggests that the compact
structure is stabilized by the interactions across the dimer.
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To further test the model, we applied NMR-based approaches for detecting new interaction
between talin1 domains. To reduce the number of combinations in the binding experiments
we used nine 15N-labeled double domains – F0F1, F2F3, F3–R1, R1–R2, R3–R4, R5–R6,
R7–R8, R9–R10, R11–R12 – and titrated these against 5 large unlabeled talin1 polypeptides
– 1–482 i.e. F0–F1– F2–F3–linker), 482–911 (R1–R2–R3), 913–1653 (R4–R5–R6–R7–R8),
1659–2294 (R9–R10–R11–R12), 2300–2541 (R13-DD) – to yield a total of 45 titrations.
For each experiment, the 15N-labeled sample (150 μM) was mixed with 0 μM, 150 μM or
450 μM unlabeled polypeptide, and the HSQC spectra analyzed for chemical shift and line-
width changes (Table 2). For most of these experiments no significant spectral changes were
observed following addition of the unlabeled fragment indicating no interaction. However,
several combinations resulted in large spectral perturbations with chemical shift changes and
increases in line-width (Supplementary Fig. 8). No precipitation was observed for any of the
titrations and the intensity of the sharp peaks (from the C-terminal residues) remained
constant throughout the experiments (corrected for the small dilution during the titrations)
showing that the changes were not due to aggregation or precipitation. No changes in the
spectra apart from small intensity reduction from the dilution were observed when
equivalent amount of buffer was added to the 15N-labeled proteins in the control experiment.
We therefore concluded that the changes are caused by the direct interactions between the
domains. For most of the fragments large molecular weight of the resulting complexes
prevented the detection of the signals in the bound state, apart from those corresponding to
the unstructured N- and C-termini.

All fragments containing the F3-FERM domain and the R9 rod domain showed large
changes in the HSQC spectra upon mixing, in agreement with the previously characterized
interaction between these two domains (Supplementary Fig. 8A, B) (Goult et al., 2009) and
validating our procedure. Other combinations where spectral changes were observed include
significant broadening of the talin1 F2F3 spectra when titrated with the talin1 head,
suggesting that the two heads in the dimer interact (Supplementary Fig. 8C). The interaction
between F2F3 and the R1–R2–R3 region of the talin1 rod (Supplementary Fig. 8D), agrees
with the previously reported interaction between F2F3 and the R1–R2 double domain
(Banno et al., 2012). In addition, we detected interaction between R3–R4 and R9–R10–
R11–R12. Larger broadening has been observed for R4 resonances, suggesting that this
interaction is primarily mediated by this domain (Supplementary Fig. 8E). Finally, the F3–
R1 construct interacts with the central portion (R4–R5–R6–R7–R8) of the talin1 rod
(Supplementary Fig. 8F). The complex formation leads to the specific broadening of the F3
signals, with the linker region and the R1 domain having similar linewidths to that seen in
the free form. Thus the interaction is limited to the F3 domain. Compared with the relatively
tight binding of F3–R9 (Goult et al., 2009), disruption of which renders talin constitutively
active (Kopp et al., 2010), the newly identified interactions are all relatively weak. However,
it is clear from the chemical shift changes and strong line broadening that these interactions
are specific and minimal or no changes were observed when the other fragments were used
in the titrations.

All of the newly determined interactions are consistent with our EM model of full-length
talin (Fig. 7), and provide further support for the arrangement of the talin domains. The
head-head interaction is made possible through the close packing of the head region inside
the compact structure, while the R3–R4 contacts R9–R10–R11–R12 in the outer layer.
Significantly, all of the observed contacts can only be fulfilled in a compact, globular
domain arrangement. Thus the interactions distributed along the whole talin molecule in
combination with dimerization enable the folding of the free cytosolic talin into a globular
inactive structure.
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4. Discussion
Based on EM and 3D image reconstruction of turkey gizzard talin1, a detailed knowledge of
the structures of all the domains in talin1, and inter-bundle V-angle constraints derived from
SAXS and NMR analyses of overlapping talin1 polypeptides, we have developed a model
for the structure of full-length talin. The model shows that talin adopts a predominantly
compact structure (12.5 nm × 11 nm × 9.5 nm), the volume of which fits that of a talin
dimer. The major determinant of talin dimerization is the C-terminal helix, and its crystal
structure shows that it forms an antiparallel coiled-coil (Gingras et al., 2008). Based on the
two-fold symmetry constraints of an anti-parallel dimer, and the SAXS envelope of a talin1
polypeptide containing both R13 and the DD, we were able to unequivocally position these
domains in the reconstruction. Importantly, the model reproduces the high affinity
interaction between the F3-FERM domain and the R9 rod domain (Goult et al., 2009),
without the latter being imposed as a restraint. The model is also consistent with the
existence of several weaker intra-molecular interactions that we have detected by NMR, and
which appear to make a significant contribution to the overall binding affinity of F3 to the
rod. Thus, a Kd of 0.6 μM has been reported for binding of F3 to a talin rod polypeptide
spanning R9–R12, while the Kd for binding to R9 alone was 3.6 μM, with weaker binding to
R11–R12 (78 μM) (Goksoy et al., 2008). Overall, the data support a model in which the
talin rod forms a donut-shaped structure that stacks against the rod of the other subunit, with
the ‘hole’ in the donut occupied by both talin heads (Fig. 6). Given that the integrin-binding
site in the F3-FERM domain is masked by the R9 rod domain (Goult et al., 2009), and the
C-terminal actin-binding site in the R13-DD dimer faces towards the interior, it would seem
likely that this represents an inactive form of talin.

Previous studies suggest that talin co-exists in several different conformations.
Sedimentation equilibrium studies on gizzard talin point to a monomer–dimer equilibrium,
though talin was found to be largely monomeric in physiological salt at concentrations
below 0.7 mg of talin per ml (Molony et al., 1987). In contrast, equivalent studies on human
platelet talin suggest that it is dimeric even at a concentration of 0.28 mg of talin per ml, and
this was confirmed by cross-linking experiments (Goldmann et al., 1994). Whether these
differences are due to the source of talin is unclear. Our own gel filtration studies on a
recombinant mouse talin1 polypeptide containing R13 and the DD domain clearly establish
that it forms a constitutive dimer, and that this is important for talin function (Gingras et al.,
2008). Thus, introduction of a R2526G point mutation in the last helix (DD) inhibited
dimerization and drastically reduced the activity of the C-terminal actin-binding site in vitro
(Gingras et al., 2008). Moreover, we show here that introduction of this same mutation into
full-length talin markedly reduced its ability to rescue the talin knockdown phenotype in
cells, demonstrating that talin dimerization is also important in vivo.

Sedimentation velocity and gel filtration experiments indicate that gizzard talin is also more
compact in low salt compared to 100 mM salt (Stokes radii of 6.5 nm and 7.3 nm
respectively) (Molony et al., 1987). This was confirmed by EM of rotary shadowed gizzard
talin which was globular in low salt, but appeared as a flexible elongated molecule ~60 nm
in length in high salt. In contrast, the purified talin rod fragment was elongated under both
conditions, suggesting that the talin head is required for talin to adopt a more compact
structure (Molony et al., 1987). Similarly, 2D EM images of negatively stained gizzard talin
confirmed that talin is more compact in low salt, whereas in 0.15 M KCl, the authors
describe a U-shaped molecule 56 nm in length, although they also observed a small number
of Y-shaped molecules (Winkler et al., 1997). In contrast, platelet talin has been described
as a dumbbell- shaped molecule ~51 nm long with a globular region at both ends (Goldmann
et al., 1994). Images of the more extended form of gizzard talin showed 10–12 globular
“beads” ~3.8 nm in diameter, with variable center-to-center spacing (Winkler et al., 1997).
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Each “bead” had a calculated molecular mass of 24 kDa, which is broadly consistent with
the mass of the structural domains found in talin. The isolated talin head contained two such
“beads”, again consistent with the structure of the head in which the F0F1 and the F2F3
domains each pack together with a flexible interface between the two (Elliott et al., 2010).
Interestingly, the “beads” in the isolated rod were less well defined than in full-length talin
(Winkler et al., 1997) suggesting that the rod on its own is highly flexible, and that extended
forms of talin are likely to exist in which the head still interacts with the rod restricting its
mobility. The EM data and analysis presented here reveals that the predominant
conformation of turkey gizzard talin in low salt is indeed a compact dimer. Interestingly, we
observe that the isolated talin rod forms a network of extended ‘strings’ cross-linking
adjacent actin filaments at low-salt concentrations, consistent with previous data showing
that in the absence of the talin head, the rod adopts an extended conformation (Molony et al.,
1987). The interaction surface between the talin F3-FERM domain and R9 is large, and is
mediated by both hydrophobic and electrostatic interactions, although mutagenesis suggests
that the latter provides most of the binding energy (Goult et al., 2009). This may explain
why talin adopts an extended conformation at higher salt concentrations.

4.1. Mechanisms of talin regulation
Direct evidence that a compact inactive form of talin exists within the cell is currently
lacking. However, much of the talin in cells is diffusely distributed in the cytoplasm,
implying that the integrin and actin binding sites in talin are not exposed. This conclusion is
supported by recent subcellular fractionation studies which show that the bulk of talin is in
the cytosolic fraction, and that disruption of the intramolecular F3/R9 interaction enhances
the amount of talin associated with the actin cytoskeleton (Banno et al., 2012). However,
this was not sufficient to promote association of talin with the plasma membrane, which
required disruption of the interaction between the F2F3 FERM and R1/R2 rod domains. The
mechanisms that regulate the activity of talin are therefore the subject of much current
interest (Fig. 8). Reconstitution of αIIbβ3 integrin activation in CHO cells has defined a
pathway in which the small GTPase Rap1 and its effector RIAM lead to talin-dependent
integrin activation, and recruitment of talin to the plasma membrane (Han et al., 2006; Lee
et al., 2009; Watanabe et al., 2008). While talin binds directly to RIAM (Goult et al., 2013;
Lee et al., 2009), whether the RIAM binding site(s) are exposed in the compact form of full-
length talin has yet to be determined. It remains possible that other pathways synergize with
RIAM to activate talin. For example, PIP2 has been reported to increase talin binding to
integrins (Martel et al., 2001), and the talin head has been shown to bind acidic membrane
phospholipids (Elliott et al., 2010; Goult et al., 2010b; Niggli et al., 1994). PIP2 levels
increase in response to integrin-mediated adhesion (McNamee et al., 1993), and intriguingly,
the type 1γ isoform of PIP kinase localizes to focal adhesions via high affinity binding to the
talin F3 domain (Barsukov et al., 2003; de Pereda et al., 2005; Di Paolo et al., 2002; Ling et
al., 2002). Moreover, deletion of the short talin binding sequence in PIP kinase type 1γ
results in transient defects in β1-integrin-mediated adhesion to fibronectin, a reduction in the
ability of integrins to exert force on the matrix, and markedly reduced rates of talin and
vinculin recruitment to new adhesions (Legate et al., 2011). We have identified a series of
basic residues in F1, F2 and F3 aligned on one surface of the talin1 FERM domain that bind
PIP2 and are required for integrin activation (Elliott et al., 2010), including a cluster in the
large unstructured F1 loop (Goult et al., 2010b). Modeling the ~35 amino acid long F1 loop
suggests that it is large enough to protrude from the interior of the molecule (Supplementary
Fig. 7). PIP2 induces the loop to form a helical structure in which basic residues are
distributed along one surface of the helix. Perhaps helix formation and the consequent
shortening of the loop brings talin closer to the membrane and facilitates PIP2 binding to F2
and F3. Moreover, the interaction between F3 and R9 is inhibited by PIP2 (Goksoy et al.,
2008). Thus, PIP2 has the potential to play a key role in talin activation.
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Vinculin has also been implicated in talin activation since expression of the vinculin Vd1
domain that binds talin has been shown to promote a focal adhesion enlargement via a
mechanism that relies on talin binding, and is independent of actomyosin contraction
(Humphries et al., 2007). The puzzle is that the vinculin- binding sites in the talin rod appear
to be buried within the hydrophobic core of the amphipathic helical bundles that make up
the rod (Gingras et al., 2005, 2006; Papagrigoriou et al., 2004; Patel et al., 2006), and force
exerted on an integrin/talin/actin complex is thought to be required for exposure of the these
sites (del Rio et al., 2009). However, if as seems likely, talin exists in a number of different
conformations, it is possible that vinculin might shift the equilibrium towards a more
extended form. An interaction between F2F3-FERM and the R1/R2 rod domains inhibits
membrane localization of talin, and it is possible that vinculin binding to R2 relieves this
constraint (Banno et al., 2012). Finally, the possibility that phosphorylation plays a role in
talin activation is raised by the observation that in platelets, the thrombin-induced
redistribution of talin from the cytosol to the membrane is associated with a 4-fold increase
in talin phosphorylation (Bertagnolli et al., 1993). Interestingly, the two major
phosphorylation sites (T144/T150) in platelet talin are in the large unstructured F1 loop
(Ratnikov et al., 2005).

In summary, we derived a structural model of the auto-inhibited form of talin. The model
consists of two interacting talin monomers in which each talin rod forms half of a “double
donut”, with the talin heads side by side occupying the hole at the center of the donut. The
model indicates that the structural basis for auto-inhibition is rooted in the fact that the
integrin binding site in the head and the actin-binding site at the C-terminus of the rod are
masked. As a consequence, talin must unravel before it can support integrin activation and
engage the actin cytoskeleton. While many of the details of activation remain to be
determined, the model reported here lays the foundation for a better understanding of the
mechanisms involved in talin activation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Domain structure of talin1 and SAXS analysis of talin1 polypeptides. The N-terminal FERM
domain (residues 1–400), which is atypical in that it comprises 4 domains F0–F3 and a long
unstructured loop in F1, is coupled to a flexible rod (residues 482–2541) by an unstructured
linker. The 62 α-helices of the talin1 rod are organized into 13 amphipathic helical bundles
(R1–R13) terminating with the C-terminal dimerization helix (DD). The rod comprises nine
5-helix bundles, and three of the four 4-helix bundles are arranged in tandem close to the N-
terminus of the rod. Helices that support vinculin binding are in dark grey. The residue
numbers of each polypeptide used in the study are shown (number of helices in brackets).
The Small Angle X-ray Scattering (SAXS) envelope reconstruction of overlapping double
and triple talin rod domain polypeptides is shown below the schematic diagram of talin1.
The atomic resolution structures of the individual talin domains are fitted into the SAXS
envelopes. The SAXS envelope of the talin FERM domain is also shown. Bar represents 5
nm.
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Fig. 2.
The ability of talin1 to support cell spreading and focal adhesion assembly is compromised
by a R2526G mutation in the dimerization domain (DD). (A) The C-terminal actin-binding
site of talin1 is comprised of rod domain R13 (a 5-helix bundle) and a C-terminal helix, the
dimerization domain (DD). Mutation of R2526G abolishes dimerization of a R13-DD
polypeptide and markedly reduces its affinity for filamentous actin (Gingras et al., 2008).
(B) GFP-talin1 (left panel; WT) supported extensive cell spreading and was localized in
abundant focal adhesions (FAs). In contrast, cells expressing the GFP-talin1 R2526G mutant
were much less well spread and had far fewer FAs. (C) Cell morphology – cells were
classified into four groups; not spread, elongated (cells 5× longer than wide), arborised (cells
with >5 protrusions) or spread. (D) Cell area (E) FA size and (F) number per cell were
quantified using ImageJ (NIH). Compared to cells expressing GFP-talin1, those expressing
the GFP-talin1 R2526G mutant were more elongated or arborised, had a much reduced cell
area, and FAs were reduced in number and size. (G, H) Time-course of cell spreading. Cells
expressing GFP-talin1 R2526G managed to spread during the first 1 h after plating, but
thereafter, the cells could not maintain a spread phenotype, and the spread cell area
remained low.
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Fig. 3.
The talin rod domains are separated by short hinges. NMR spectra (100 μM) of (A) R11–
R12 (1974–2294), (B) overlaid with spectra of the R11 and R12 domains (red and green),
(C) The structure of R11–R12 (PDB ID: 3DYJ) with R11 (magenta) and R12 (sky blue)
attached via a continuous helix through the linker (red). (D) R9–R10 (1655–1973), (E)
overlaid with the R9 and R10 domains (red and green) (F) The 11 rod domain linkers, the
length of the linkers is shown in brackets. With the exceptions of R1–R2, R2–R3 and R11–
R12 and R12–R13 the domains are connected via short 4–7aa linkers comprised of a high
ratio of helix disrupting prolines and glycines.
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Fig. 4.
Representative electron micrograph of negatively stained talin rod in the presence of actin
filaments. The talin1 rods (tinted yellow) are extended, and form a network connecting the
actin filaments (tinted red). Bars represent 100 nm (left) and 50 nm (right).
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Fig. 5.
EM reconstruction of full-length talin. (A) Full-length talin1 adopts a compact shape with
two-fold symmetry and volume consistent with two talin monomers. (B) Projections of the
final, symmetrized reconstruction (M) correspond well to the corresponding non-
symmetrized class average (C). (C) Representative raw particles, several of which show
indications for 2-fold symmetry. (D) The distribution of particles in Euler angle space shows
no preferred orientation. The bar in A represent 2.5 nm, the width of the boxes in B and C is
25 nm.
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Fig. 6.
Model Building. (A) Domain organization of talin1. (B) Front view of a single modeled
talin1 monomer inside the EM density. The view is identical to that shown in Fig. 5a. The
individually colored domain envelopes of the rod domains and the head domain are shown
as solid surfaces. The EM reconstruction is shown as a black wire mesh. A thin black line
marks the symmetry axis. (C) Front view of the entire talin1 dimer. The two monomers are
colored white (rod)/blue (head) and pink (rod)/red (head) respectively. (D) Front view of
talin1 dimer model with heads omitted. (E) Side view of talin1 monomer model. Color
scheme follows (A). (F) View turned 180° around the symmetry axis from (E) for monomer
model. Color scheme as in (A). (G) Side view of dimer model in the same orientation as (F).
Color scheme follows (C). (H). Bottom view of dimer model along the symmetry axis
showing the dimerization helices DD and DD* symmetric around the axis. Color scheme
follows (C). (I) Top view of dimer model 180° from (H) along the symmetry axis. Color
scheme follows (C). Bar represents 5 nm.
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Fig. 7.
Intra- and inter-molecular interactions detected by NMR are consistent with the EM model
for the compact form of talin1. 15N-labeled talin1 double domains; F0F1, F2F3, R1–R2,
R3–R4, R5–R6, R7–R8, R9–R10, R11–R12 and R13–DD were screened against 5 large
unlabeled talin1 polypeptides F0–F3, R1–R3, R4–R8, R9–R12 and R13–DD. The proximity
of the interacting fragments is illustrated by highlighting the fragments on the model. Bar
represents 5 nm.
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Fig. 8.
Schematic diagram of inactive and activated talin. (A) Compact inactive form of the talin
dimer. The talin rod forms a donut-shaped structure with the talin heads occupying the hole
in the center. The talin subunits are colored pink and grey and the dimerization helix is in
blue. (B) When activated, the talin dimer adopts an extended structure in which the F3
FERM domains bind to the cytoplasmic domains of β-integrin subunits (purple), while basic
residues on the F1, F2 and F3 FERM domains engage acidic membrane phospholipids
(inset). Both interactions are required for integrin activation and binding to the extracellular
matrix (ECM) (Anthis et al., 2009). The C-terminal actin-binding site (as a dimer) binds to a
single actin filament (Gingras et al., 2008). Possible pathways to talin activation are
indicated. Force exerted on talin is thought to facilitate vinculin binding to the talin rod,
stabilizing integrin/talin/actin complexes, but this is not shown in the diagram.
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