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Abstract: The cytoskeletal protein talin activates integrin receptors by binding of its FERM domain
to the cytoplasmic tail of p-integrin. Talin also couples integrins to the actin cytoskeleton, largely
by binding to and activating the cytoskeletal protein vinculin, which binds to F-actin through the
agency of its five-helix bundle tail (Vt) domain. Talin activates vinculin by means of buried
amphipathic a-helices coined vinculin binding sites (VBSs) that reside within numerous four- and
five-helix bundle domains that comprise the central talin rod, which are released from their buried
locales by means of mechanical tension on the integrin:talin complex. In turn, these VBSs bind to
the N-terminal seven-helix bundle (Vh1) domain of vinculin, creating an entirely new helix bundle
that severs its head-tail interactions. Interestingly, talin harbors a second integrin binding site
coined IBS2 that consists of two five-helix bundle domains that also contain a VBS (VBS50). Here
we report the crystal structure of VBS50 in complex with vinculin at 2.3 A resolution and show that
intramolecular interactions of VBS50 within IBS2 are much more extensive versus its interactions
with vinculin. Indeed, the IBS2-vinculin interaction only occurs at physiological temperature and
the affinity of VBS50 for vinculin is about 30 times less than other VBSs. The data support a model
where integrin binding destabilizes IBS2 to allow it to bind to vinculin.
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Introduction

Talin is a large cytoskeletal protein that couples
integrin receptors to the actin cytoskeleton and
directs the necessary final step for inside-out integrin
activation. Talin harbors a FERM domain within its
N-terminus and has a large rod domain comprised of
over sixty o-helices organized into four- or five-helix
bundle domains. The talin-integrin interaction
occurs by binding of the talin F3 FERM subdomain
with the cytoplasmic tail of the B-subunit of the
integrin. This triggers the separation of the a- and
B-integrin tails and conformational changes in the ecto-
domains that promote high affinity binding to ligands
of the extracellular matrix.?3 The talin rod domain con-
tains at least 11 vinculin binding site (VBSs), two actin
binding sites, a dimerization domain, and a second
integrin binding site (IBS2),* although the affinity for
the IBS2-integrin interaction is much weaker.”

Structure-function analyses have suggested that
the talin FERM domain converts integrins into a
high affinity state whereas the talin IBS2 domain
directs the clustering of integrin receptors.® The
crystal structure of the IBS2 domain has shown that
it is comprised of two five-helix bundles coined
IBS2-A and IBS2-B, and both bundles directly con-
tribute to integrin binding and are required for
localization of talin to focal adhesions and for bind-
ing to acidic phospholipids.® Finally, differential
scanning calorimetry experiments have suggested
that the binding of integrin to IBS2 destabilizes both
five-helix bundle domains.

Vinculin is a key regulator of cell-cell (adherens
junctions) and cell-matrix (focal adhesions) contacts,
and also controls integrin clustering, force genera-
tion, and the strength of adhesion. The structure of
this 1066 residue polypeptide chain from homo sapi-
ens at 2.85 A resolution showed that this cytos-
keletal protein harbors three seven-helix bundle sub-
domains, Vh1, Vh2, and Vh3, which together with
one four-helix bundle, Vt2, comprise the vinculin
head domain, VH, that is linked to the five-helix
bundle tail domain, Vt, by means of a proline-rich
region.” The muscle specific metavinculin isoform is
very similar, where the first Vt a-helix is replaced
by another from the 68 residue metavinculin specific
insert.® Vinculin is held in its closed inactive confor-
mation by extensive hydrophobic VH-Vt interactions,
which can be disrupted by the vinculin binding sites
(VBSs) of talin®'* and o-actinin,'®® and by the
VBSs of the Shigella invasin IpaA'™® and the Rick-
ettsial scad antigen.?° These VBSs activate vinculin
by burying within and inducing helix bundle conver-
sion of the N-terminal four-helix subdomain of Vhl,
which displace Vt from a distance and expose its
cryptic F-actin binding sites.

The talin rod domain harbors eleven VBSs'*
and ao-helix 04 of the first IBS2 five-helix bundle do-
main contains such a vinculin binding site, VBS50.*
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Here we report the 2.3 A crystal structure of the
vinculin head domain Vhl in complex with talin-
VBS50. While VBS50 is part of a five-helix bundle
when either in IBS2 or when bound to vinculin, it
engages in fewer interactions when bound to vincu-
lin and, accordingly, it has a reduced affinity for vin-
culin versus other VBSs of talin. Collectively, these
data support a model where integrin binding to
IBS2 unfurls this five-helix bundle to allow talin-
VBS50 to interact with vinculin.

Results

The crystal structure of vinculin in complex with
talin-VBS50
The fact that IBS2 of talin can bind to both integrin
and to vinculin suggested that this domain might
coordinate the interactions of integrin receptors with
vinculin. To gain insights into the role of the IBS2
domain of talin in the interplay of integrins and vin-
culin, we solved the structure of vinculin binding
site 50 (VBS50) that is present within the IBS2 do-
main in complex with the Vh1l domain of vinculin at
2.3 A resolution. This structure revealed that VBS50
binds to vinculin in a mode very similar to other
Vh1:talin-VBS crystal structures [Fig. 1(A)]. All
Vh1:VBS crystal structures'®'?!* have the VBS
inserted into the N-terminal four-helix Vh1 subdo-
main by helix bundle conversion.® Further, in all
Vh1:talin-VBS crystal structures, the VBS o-helix is
parallel to Vh1 o-helix a1 and antiparallel to o-helix
02. The 21 core residues of VBS1, VBS2, VBS11,
VBS33, VBS36, VBS50, and VBS58 align with those
of VBS3 with r.m.s.d. ranging from 0.5 Ato1.1A
The final refined model has good stereochemis-
try as evidenced by the MolProbity>! score of 1.3 cor-
responding to 100th percentile in comparison to sim-
ilar resolution structures and an all atom clash
score of 5.59 (equivalent to 99th percentile in com-
parison to similar resolution structures). Structural
analysis by MolProbity®! revealed no outlier residues
with 99.6% falling in favored regions of the Rama-
chandran plot.

Comparison of intra- versus intermolecular
VBS50 interactions

The crystal structure of the talin IBS2 domain con-
taining the VBS50 has been determined for both
mouse® and Drosophila®? talin. The VBS50 a-helix is
the fourth o-helix of a five-helix bundle of the IBS2
domain [Fig. 1(B-D)], and the VBS50 residues
involved in vinculin binding are buried in the talin
IBS2 structure; thus, talin needs to be activated to
expose this cryptic VBS50 binding site to allow bind-
ing to vinculin. Nevertheless, binding to vinculin
does not alter the conformation of VBS50, as this o-
helix in complex with vinculin can be superimposed
with rm.s.d. of 0.3-0.4 A in its unbound state.

Vinculin: Talin-VBSB0 Crystal Structure
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Figure 1. Talin-IBS2 unfurls upon binding to vinculin. A: Superposition of the crystal structures of all talin-VBSs (shown as Ca
traces) in their Vh1-bound states (shown as a cartoon) onto our Vh1:VBS50 (Vh1, cyan; VBS50, yellow). Vh1 a-helices a1
through o4 are labeled. VBS1 (residues 608-627), VBS11 (residues 822-841), VBS2 (residues 855-874), VBS33 (residues
1525-1544), VBS36 (residues 1633-1652), VBS3 (residues 1949-1968), and VBS58 (residues 2345-2364) are shown in black
bound to Vh1, which is shown in white, and they were aligned to VBS50 (residues 2080-2099). The N-terminal Vh1-bound
subdomain structures are almost identical while the C-terminal four-helix Vh1 subdomain that does not bind to these VBSs is
found in several relative orientations relative to the N-terminal four-helix bundle subdomain. B: Cartoon drawing of human
vinculin Vh1 domain (cyan) in complex with VBS50 of the talin IBS2 (shown in yellow) ball-and-stick representation. Human
VBS50 (residues 2079-2097) in their Vh1-bound state are superimposed onto VBS50 as seen in the IBS2 crystal structures
from mouse (magenta, PDB entry 3dyj; only one subunit of the asymmetric unit is shown) and Drosophila melanogaster
(magenta, PDB entry 3fyq) with rm.s.d. of 0.4 A and 0.28 A for 133 or 90 atoms, respectively. This superposition places a1
(labeled, residues 7-26) of Vh1 in a similar position as a1 of IBS2 (residues 1976-2001; bracketed a1) but with opposite
directionality; a2 of Vh1 (residues 40-62) similarly to o5 of IBS2 (residues 2108-2138); a3 (Vh1 residues 68-95) similarly to o2
of IBS2 (residues 2011-2037); and a4 of Vh1 (residues 102-129) similarly to a3 of IBS2 (residues 2040-2068) with a relative tilt
of about 45°. The termini of VBS50 are labeled (N and C, respectively). C: Perpendicular view, along the horizontal axis of
panel B. a-Helices a1-04 of Vh1 are labeled, which are structurally similar to a-helices [bracketed] a1 (residues 1975-2001),
a5 (residues 2108-2139), o2 (residues 2011-2037), and o3 (residues 2040-2069) of IBS2, respectively, while VBS50 (residues
2078-2099) is a-helix a4 in the mouse and Drosophila IBS2 crystal structures (residues 2073-2102). D: Topologies of Vh1 in
complex with VBS50 (left) and VBS50 within the IBS2 domain (right) in the same orientation and color coding as in panel C.
Dotted lines indicate connectivity of the respective a-helices, which are on the bottom of the a-helices in this view. E: ITC
titration of VBS50 to vinculin. The total heat exchanged during each injection of VBS50 to Vh1 is fit to a single-site binding
model with stoichiometry, Kp and AH° as independent parameters, where N = 1.3, Kp = 99 nM, AH° = —5544 * 24 cal
mol ™", and TAS = 3.98 kcal mol™ " or N = 1.3, Kp = 97 nM, AH° = —5673 =+ 23 cal mol~', and TAS = 3.71 kcal mol~" for a
second independent experiment (not shown). No significant heat exchange was observed for VBS50 titration into the reaction
buffer alone.

Further, while the environment of VBS50 within
IBS2 is different compared to its vinculin bound
state, where VBS50 is parallel to Vhl o-helices ol
and o3 but is rather antiparallel to al, o3, and ob
within IBS2, these helices fulfill similar positions in
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binding to VBS50 that are not affected by the dis-
tinct topologies [Fig. 1(D)].

Interestingly, comparison of the structures
revealed that VBS50 (residues, 2078-2099) engages

in several additional intramolecular interactions
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versus those seen when bound to vinculin (Support-
ing Information Figs. S1-S3). Specifically, 29 talin
IBS2 residues are in contact with eighteen VBS50
residues, while only 21 vinculin Vh1 residues inter-
act with 15 VBS50 residues. Indeed, with the excep-
tion of talin residues Leu-2080, Asp-2086, Ala-2090,
and Gly-2092, all other VBS50 residues are in con-
tact with more talin residues in IBS2 than with vin-
culin residues in the Vh1:VBS50 structure. Further,
this feature is seen for both hydrophobic and polar
interactions, where there is only one polar interac-
tion in the Vh1:VBS50 structure versus two electro-
static interactions for VBS50 within the IBS2 five-
helix bundle structure. This is consistent with an
increase of about 20% in buried solvent accessible
surface area of VBS50 in the IBS2 structure com-
pared to its interaction with the Vh1l. The additional
buried surface area is accounted by VBS50 and
other IBS2 residues. However, the shape comple-
mentarity is similar in both cases (0.75 for VBS50
within IBS2 and 0.78 for the Vh1:VBS50 complex).

Talin-VBS50 binding to Vh1 in solution

The affinity for binding of VBS1, -2, and -3 to Vhl
was determined (binding constants of 15, 33, and 3
nM, respectively) and three residues were found to
be responsible for the weaker binding of VBS2.16 In
particular, the smaller side chain of residue Ala-868
(corresponding to VBS50 residue Gly-2092) was not
able to interact with Vh1 versus the corresponding
valine residue of VBS1 and VBS3. Furthermore,
inspection of our Vh1:VBS50 structure suggests that
Lys-2099 (which is also a lysine in VBS2) introduces
a positive charge near Vhl residues His-22 and Arg-
105 (Supporting Information Fig. S3), which seems
unfavorable compared to the GIn residue in this
position in VBS1 and VBS3 or to Asn, Asp, or Gly
residues in the three bacterial IpaA-VBSs, which
bind Vh1l with 110 pM, 6 nM, and 54 pM affinities,
respectively.!”*® To address the binding properties of
VBS50 we performed isothermal titration calorime-
try (ITC). As predicted, we observed weaker binding
(less than 100 nM) [Fig. 1(E)] compared with all
other VBSs.

Discussion

The talin VBSs are found buried within four- or five-
helix bundle domains within the large C-terminal
talin rod domain. The recent structures of
Vh1:VBS33!! and the four-helix VBS33 bundle do-
main?® showed that VBS33 engages in fewer intra-
molecular interactions than intermolecular interac-
tions with Vhl. In Vh1:VBS50
structure reported here together with the five-helix
IBS2 bundle harboring VBS50%22 shows that VBS50
engages in significantly more intramolecular interac-
tions within the IBS2 five-helix bundle, consistent
with the finding that the VBSs of talin need to be

contrast, the
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Table I. X-ray Data Reduction and Crystallographic
Refinement Statistics

(A) X-ray data reduction statistics

Space group P2,2,2,
Unit cell dimensions

ab,c 335A,682A, 1376 A
Resolution 68.8 A-2.25 A

(2.26 A-2.25 A)
109,559 (1,168)

(last shell)
Total measurements (last shell)
Number of unique reflections 15,637
(last shell) (163)
Wavelength 1A
R-merge? (last shell) 0.065 (0.592)

I/o(I) (last shell) 16.4 (3.3)
Completeness (last shell) 0.997 (1)
Redundancy (last shell) 7(7.2)

(B) Crystallographic refinement statistics

Resolution 48.8 A 2.25 A
(last shell) (2.4 A-2.25 A)
No. of reflections (working set) 14,799

No. of reflections (test set) 787
R-factor® (last shell) 0.208 (0.235)
R-free (last shell) 0.243 (0.320)

No. of amino acid residues 263
No. of atoms 2,117
No. of solvent molecules 69
Average B-factor
Protein 70.7 A2
Solvent 64.3 A2

R.m.s.d. from ideal geometry

Bond lengths 0.01 A
Bond angles 1.1°
# R-merge = ZZ |Ii(hkl) — (hkl)|/ZZI (hEl)

" R-factor = ZHFobs(hkl)\*IFcalc(hkl)H/Z [Fops (hkl)| where

<|Feqel> denotes the expectation of IFcalc(hkl)I used in
defining the likelihood refinement target.

¢ The free R-factor is a cross-validation residual calculated
by using about 5% reflections, which were randomly chosen
and excluded from the refinement.

activated by force to unfurl the rod and expose these
VBSs.24?% Indeed, the binding of VBS50 with vincu-
lin is 3- to 33-fold weaker than that of other deter-
mined talin-VBSs and 16- to 540-fold weaker than
that of the VBSs of the Shigella invasin IpaA. In
accord with these findings, IBS2 binding to Vh1l was
temperature dependent (more was bound at 37 °C
versus ambient temperature) and the 58 °C melting
temperature of IBS2 suggests that the physiological
temperature might destabilize the IBS2 bundle to
allowing it to bind to vinculin.® Collectively, the data
support a model whereby local force transmitted by
binding of integrin receptors unfurls the IBS2 do-
main to allow VBS50 to bind and activate vinculin.

Materials and Methods
Vh1:VBS50 crystallization

The human vinculin Vh1l domain (residues 1-258)
was generated as described.® Crystallization screens
of Vh1 protein and VBS50 mixed in 1:5 molar ratio

Vinculin: Talin-VBSB0 Crystal Structure



were performed at two temperatures. Cocrystals
were obtained from Hampton crystal screen I with a
reservoir of 0.1M Hepes pH 7.5, 10% w/v polyethyl-
ene glycol 6000, and 5% 2-Methyl-2,4-pentanediol.
Crystals were transferred directly from the initial
96-well screening plate into Paratone-N oil and
flash-frozen in liquid nitrogen.

X-ray diffraction data collection, reduction,
structure determination, and crystallographic
refinement
X-ray diffraction data of Vh1:VBS50 crystals were
obtained to 2.3 A Bragg spacings at the Advanced
Photon Source (APS), Argonne National Laboratory
(ANL), SER-CAT ID-22 beam line and integrated
and scaled using autoPROC2® which uses XDS?” and
SCALAZ?® as the data reduction engine. The crystals
belong to space group P2,2:2; (a = 34 A, b =68 A, c
= 138 A) with one Vh1:VBS50 heterodimer in the
asymmetric unit resulting in a solvent content of
0.49 and a crystal volume per unit of protein molec-
ular weight, Vy,2° of 2.4 A®/Da. The data collection
statistics are summarized in Table I.
Phases for the Vh1:VBS50
obtained by molecular replacement using the Vh1 do-
main of the Vh1l:IpaA-VBS structure (PDB entry
2ibf)!® as the search model and the CCP4 program
MOLREP.2° Crystallographic refinement of
Vh1:VBS50 was performed with BUSTER?! together
with extensive manual model building using COOT.32

structure were

Isothermal titration calorimetry

ITC experiments were carried out at 22 °C using a
VP-ITC calorimeter (Microcal). Both human Vhl
and VBS50 were kept in same buffer (20 mM Tris-
HCIl, 150 mM NaCl, pH 8) and were filtered and
degassed along with the buffer for each experiment.
The sample cell was filled with 30 M Vh1 protein
solution and the syringe was filled with a 300 uM
VBS50 solution while the reference cell contained
just the buffer. Each titration consisted of 28 injec-
tions, each of 10 ul volumes except the first injection
(2 ), and 20 s duration with a 5 min interval
between additions. The binding isotherms were fit-
ted using a single-site model as implemented in the
Microcal Origin software, utilizing the nonlinear
least-squares minimization routine to derive the
binding stoichiometry (n), the equilibrium binding
constant (Kp), and changes in entropy (AS) and en-
thalpy (AH) occurring due to the binding reaction.

PDB Coordinates
The coordinates have been deposited with the Pro-
tein Data Bank (PDB entry 4dj9).
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