
The Rockefeller University Press   $30.00
J. Cell Biol. Vol. 197 No. 5  605–611
www.jcb.org/cgi/doi/10.1083/jcb.201112141 JCB 605

JCB: Report

C. Kim and F. Ye contributed equally to this paper.
Correspondence to Mark H. Ginsberg: mhginsberg@ucsd.edu
Abbreviations used in this paper: KSI, ketosteroid isomerase; THD, talin head 
domain; TMD, transmembrane domain.

Introduction
The separation of the intracellular and extracellular environ-
ments by plasma membranes is essential for most forms of life. 
At the same time, cells need to communicate information across 
membranes for functions such as migration, differentiation, 
multiplication, and survival (von Heijne and Rees, 2008). One  
form of transmembrane communication employs allosteric 
rearrangements in transmembrane proteins. Extracellular regions 
of such transmembrane proteins can sense signals from outside 
and transmit the signals to intracellular regions. Conversely, 
intracellular signaling events can influence behavior of the 
extracellular regions.

Integrins are composed of  and  subunits (Hynes, 2002; 
Shattil et al., 2010; Kim et al., 2011a) and mediate bidirectional 
transmembrane signaling. Intracellular signals lead to talin binding 
to cytoplasmic tails of integrin  subunits, thereby increasing the 
ligand binding affinity of the extracellular domain (operationally 
defined as activation), a process important in cell migration, ECM 
assembly, inflammation, and hemostasis (Tadokoro et al., 2003; 
Shattil et al., 2010). Binding of the talin head domain (THD) to 
the 3 cytoplasmic tail induces conformational changes in the 
extracellular domain of membrane-embedded IIb3 integrin 
(Ye et al., 2010). As the integrin transmembrane domains (TMDs) 

link the cytoplasmic and extracellular domains of integrin 3, 
a change in the topology of the  TMD was proposed to mediate 
this transmembrane allostery (Williams et al., 1994).

The role of the topology of the integrin TMD has been 
the subject of conjecture for years (Williams et al., 1994; Li 
et al., 2002; Ginsberg et al., 2005), with changes in membrane 
tilt angle or pistonlike motions of the TMD into or out of the 
membrane suggested. Recent structural studies using integrin 
 cytoplasmic tail and THD (Wegener et al., 2007; Anthis 
et al., 2009) and molecular dynamic simulation (Kalli et al., 
2010, 2011) added additional credence to the idea that talin 
binding may change tilt angle of integrin  TMD relative to 
the plane of the membrane. We recently showed that membrane 
embedding and therefore the tilt angle of the 3 TMD is required 
to maintain off-state  and  TMD interactions (Kim et al., 
2011b), as was suggested by the structure of the IIb3 TMD 
complex (Lau et al., 2009). The stability of the IIb3 TMD  
interaction is required to maintain the integrin’s low affinity state 
(Luo et al., 2004; Kim et al., 2009). Thus, the capacity of talin to 
change the membrane topology of the  TMD, thereby alter-
ing the  and  TMD interaction, may be crucial for integrin 
activation; however, to date, there has been no experimental 
assessment of the effect of talin on integrin TMD topology. 

Talin binding to integrin  tails increases ligand bind­
ing affinity (activation). Changes in  transmembrane 
domain (TMD) topology that disrupt – TMD inter­

actions are proposed to mediate integrin activation. In this 
paper, we used membrane-embedded integrin 3 TMDs 
bearing environmentally sensitive fluorophores at inner or 
outer membrane water interfaces to monitor talin-induced 
3 TMD motion in model membranes. Talin binding to the 
3 cytoplasmic domain increased amino acid side chain 
embedding at the inner and outer borders of the 3 TMD, 

indicating altered topology of the 3 TMD. Talin’s capac­
ity to effect this change depended on its ability to bind to 
both the integrin  tail and the membrane. Introduction of 
a flexible hinge at the midpoint of the 3 TMD decoupled 
the talin-induced change in intracellular TMD topology 
from the extracellular side and blocked talin-induced 
activation of integrin IIb3. Thus, we show that talin 
binding to the integrin  TMD alters the topology of the 
TMD, resulting in integrin activation.
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we reasoned that movements of the 3 TMD upon talin binding 
would lead to changes in the lipid embedding of the termini of 
the TMD (Fig. 1 B). We used bimane, an environment-sensitive 
fluorophore, to assess the hydrophobicity of the environment 
of the TMD termini (Fig. 1 B). Hydrophobicity gradually 
increases from the aqueous phase to the center of lipid bilayer  
(Subczynski et al., 1998); therefore, reduced tilting, as shown 
in Fig. 1 B, places both ends into a more hydrophilic environ
ment, whereas increased tilting places them into a more hydro
phobic environment. Similarly, an upward piston movement 
would place the N-terminal end into a more hydrophilic environ
ment and the C-terminal end to a more hydrophobic environ-
ment, and downward pistoning would have the opposite effect. 
Bimane fluorescence emission increases with the increased 
hydrophobicity of the environment (Yao et al., 2006), as con-
firmed in solvents of progressively lower polarity (Fig. S1).

To monitor the relative embedding of the 3 TMD ends 
in the lipid bilayer, we purified 3 TMD cytoplasmic tail (TMD 
tail) peptides (Fig. 1 A) with Cys mutations either at Leu694 or 
Ile721 (Fig. 1 C) and labeled the Cys with bimane (Kosower  
et al., 1979). The peptide was then inserted into a nanodisc, a 
disc-shaped lipid bilayer encircled by membrane scaffold pro-
teins derived from apolipoprotein A1 (Denisov et al., 2004). The 
nanodiscs were separated from free peptide by gel filtration, and 

Here, we used membrane-embedded integrin 3 TMDs bearing 
environmentally sensitive fluorophores at the inner or outer 
membrane water interfaces to monitor talin-induced 3 TMD 
movement in lipid bilayer. We report that THD binding to the 
3 cytoplasmic domain increases the embedding of amino 
acid side chains at the inner and outer borders of the 3 TMD. 
Talin’s capacity to effect this change depends on its capacity to 
bind to both the integrin  tail and the membrane. Introduction 
of a flexible hinge at the midpoint of the 3 TMD decouples 
the THD-induced change in intracellular TMD topology from  
the extracellular side and blocks THD-induced activation of 
integrin IIb3. Thus, we show that talin binding to the integrin 
 TMD alters the topology of the TMD, resulting in destabili-
zation of the – TMD complex and integrin activation.

Results and discussion
Talin increases the membrane embedding  
of the 3 TMD by binding to the 3 
cytoplasmic tail
In principle, signals can be transmitted through movements of 
the TMD that include tilting or pistoning of the TMD (Fig. 1 B; 
Williams et al., 1994). As the 3 TMD is tilted by 25° relative  
to the normal axis of the membrane (Fig. 1 A; Lau et al., 2008),  

Figure 1.  Fluorescence-based assay for measuring 
TMD embedding. (A) The amino acid sequence of 3 
TMD tail peptide. The red arrow indicates the site of 
acid cleavage, and black arrows indicate bimane  
labeling sites. (B) Embedding changes of TMD. Yellow  
pentagons represent bimanes, and the structure of 
monobromobimane and TMD tilt angle are also shown.  
(C) Structure of 3 TMD, with side chains of Leu694 
and Ile721 indicated. (D) Negative-stain electron micro
scopic image of nanodiscs containing 3 TMD tail 
peptide. Arrows indicate nanodiscs. Bar, 50 nm.  
(E) Emission spectra of nanodiscs containing 3 TMD 
tail bimane labeled at L694C (L694C-bimane nano-
disc) in the presence or absence of K716E mutation 
(left). The same peptides in the presence of 2% SDS 
are shown on the right. Data are representative of 
three independent experiments.
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changes of those two residues are not directly comparable from 
the change in fluorescence. Thus, THD can induce changes in 
the topology of the 3 TMD compatible with increased tilt angle. 
That said, rotation and/or pistoning could also contribute to the 
changes we observed; however, pistoning would cause opposing 
effects on the two TMD termini (Fig. 1 B) and can therefore be 
excluded as the major effect of talin on the topology of the 3 
TMD (Fig. 2 D).

A flexible kink blocks the transmission of 
talin-induced topological change to the 
extracellular side of the 3 TMD
We reasoned that transmission of a change induced by THD 
at the cytoplasmic (C terminal) end of the TMD would depend 
on a rigid helix connecting it to the extracellular (N terminal) 
end of the TMD. Pro in the middle of  helix is known to intro-
duce a flexible kink as a result of its cyclic side chain that pro-
hibits the helix-stabilizing hydrogen bond formation with the 
backbone of the preceding turn (Sansom and Weinstein, 2000; 
Cordes et al., 2002; Senes et al., 2004). Introduction of a Pro 
in the middle of the 3 transmembrane helix causes such a 
flexible kink (Kim et al., 2011b) that breaks the continuity of 
the TMD helix, partitioning it into N- and C-terminal helices. 
This kink would decouple the movement of the two ends of the  
TMD, resulting in blockade of transmission of altered topology 
across the membrane. We substituted Pro for Ala711 in 3 TMD  
tail peptides. In the absence of THD, we observed similar emission 
spectra between wild-type and A711P mutant peptides labeled 
with bimane in the L694C position (Fig. 3 A, purple lines). How-
ever, the A711P substitution relocated I721C-labeled bimane 
to a more hydrophilic environment (Fig. 3 B, purple lines), con-
sistent with alteration of the topology of the C-terminal helix 
by introduction of a kink in the middle of the helix (Fig. 3 C, 
middle). More importantly, the A711P mutation markedly atten-
uated the capacity of THD to increase in fluorescence intensity 

successful assembly was confirmed by negatively stained electron 
micrographs (Fig. 1 D). To test whether we could detect changes 
in tilt angle, we compared the emission spectrum from the nano-
disc containing wild-type 3 and 3(K716E) TMD tail peptide 
labeled with bimane at the L694C position. The 3(K716E) 
mutation decreases the 3 TMD tilt angle by removing a snor-
keling Lys residue (Kim et al., 2011b); consequently, 3(K716E) 
would place the bimane conjugated to the side chain of Cys694 
into a more hydrophilic environment (Fig. 1 C). As expected, the 
fluorescence of 3(L694C-bimane) was reduced by the K716E 
mutation (Fig. 1 E, left). This change depended on lipid embed-
ding of the TMD because solubilizing the nanodiscs in 2% SDS  
(Fig. 1 E, right) resulted in similar emission spectra of 3(L694C) 
and 3(K716E,L694C) constructs.

Having established the validity of this approach, we exam-
ined the effect of the integrin-activating THD on the embedding  
of the 3 TMD by monitoring the changes in the emission spec
trum of fluorophores placed at the N-terminal side of the TMD 
(Leu694) or C-terminal side (Ile721; Fig. 1 A). Addition of puri
fied THD to L694C-bimane nanodisc increased the fluorescence 
intensity in a concentration-dependent manner; thus, talin bind-
ing caused a repositioning of an amino acid side chain at the  
3 TMD N-terminal end to a more hydrophobic environment 
(Fig. 2 A). THD also increased the fluorescence intensity of 
I721C-bimane nanodisc (Fig. 2 B). This increase in fluorescence 
is a specific result of THD–3 cytoplasmic tail interaction, as 
THD had no effect on the emission spectrum of a nanodisc con-
taining 3(728/I721C-bimane) peptide, which lacks the pri-
mary talin binding site (Tadokoro et al., 2003), as a result of 
the truncation of the 3 cytoplasmic tail (Fig. 2 C). Thus, THD 
binding to the 3 cytoplasmic tail causes side chains at both 
the N- and C-terminal end of 3 TMD to reside in more hydro-
phobic environments. The change of hydrophobicity from water 
to hydrophobic core of the membrane is not linear, and initial 
embedding of Ile721 and Leu694 differ; the relative embedding 

Figure 2.  Talin induces increased embed-
ding of both ends of the 3 TMD. (A) Emis-
sion spectra of L694C-bimane nanodisc in 
the presence of increasing concentrations of 
THD. Fluorescence intensities were normal-
ized to the maximum fluorescence intensity 
when no THD was present. (B) The emission 
spectra of I721C-bimane nanodiscs were 
analyzed as in A. (C) Nanodiscs contain-
ing truncated 3 TMD tail peptide were  
bimane labeled at I721C (I721C-bimane), 
and response to THD was analyzed as in A.  
(A–C) All data are representative of at least 
three independent experiments. (D) Talin-induced 
topographic change of 3 TMD that can  
account for altered embedding. Orange cyl-
inders indicate a 3 cytoplasmic tail, which 
forms a stable helix upon talin binding.
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transfected with THD cDNA, and their binding to activation-
specific PAC1 (Shattil et al., 1985) was assayed as described 
previously (Han et al., 2006). Expression of THD activated the 
wild-type integrin but failed to activate IIb3(A711P) (Fig. 3 D). 
These results are consistent with the hypothesis that THDs 
induce 3 TMD topology changes at the inner membrane region, 
which is transmitted through a rigid 3 TMD to the outer mem-
brane region. Thus, the capacity of talin to activate integrins  
depends on its ability to alter the topology of the entire 3 TMD.

Mechanism of talin-induced change in  
3 membrane topology
To activate integrins, THD must interact with a membrane-
proximal binding site on 3, which stabilizes the helical confor-
mation of the 3 cytoplasmic tail (Fig. 4 A; Wegener et al., 
2007; Anthis et al., 2009), thereby forming a rigid helix contig-
uous with the helical TMD. As structural rigidity is required to 
transmit talin-induced movement of the 3 cytoplasmic tail to 
the TMD, we reasoned that the talin-mediated TMD tilting might 
be dependent on this membrane-proximal 3–talin interaction.  

of L694C-bimane–labeled 3 (Fig. 3 A, middle). In sharp con-
trast, THD had similar effects on the fluorescence of 3 I721C-
bimane in both the wild-type and A711P TMD tail constructs 
(Fig. 3 B, middle). Therefore, the Pro-mediated kink decoupled  
the N-terminal TMD helix from the THD-induced increased 
C-terminal helix embedding (Fig. 3 C, right). In consequence, 
the structural rigidity conferred by an unbroken helix is required 
to transmit the 3 TMD motion at the cytoplasmic face of the 
membrane to the extracellular face.

The integrin  and  TMD interact with each other to 
maintain integrins in an inactive state (Luo et al., 2004, 2005; 
Li et al., 2005; Partridge et al., 2005; Yin et al., 2007; Kim 
et al., 2009). Recent studies (Kim et al., 2011b) have confirmed 
the predicted importance of the TMD tilt angle in stabilizing 
this complex (Partridge et al., 2005). To test the hypothesis that 
talin might activate integrins by changing 3 TMD topology 
(Partridge et al., 2005; Wegener et al., 2007; Anthis et al., 2009; 
Kalli et al., 2010), we created an IIb3(A711P) mutant and 
assessed its capacity to be activated by talin in cells. CHO cells 
stably expressing wild-type IIb3 or IIb3(A711P) were 

Figure 3.  A flexible kink in 3 TMD reduces 
transmission of talin-induced TMD topology 
change and integrin activation. (A) Emission 
spectra of 3(L694C)-bimane nanodisc (left) 
in the presence of increasing concentrations of 
THD compared with those of 3(A711P,L694C)-
bimane nanodisc (middle). Similar fluorescence 
intensities the in presence of 2% SDS are shown  
on the right. Fluorescence normalized to the 
maximum fluorescence intensity of L694C-bimane 
in the absence of talin is shown. (B) Emission 
spectra of 3(I721C) and 3(A711P,I721C)- 
bimane nanodiscs were analyzed as in A. 
(A and B) Data are representative of at least 
three independent experiments. (C) Effects 
of 3(A711P) mutation in response to THD. 
3(A711P) breaks the TMD helix into two he-
lices connected by a flexible kink; the flexible  
kink inhibits the transmission of THD-induced  
increased embedding across the membrane. 
(D) CHO cells stably expressing IIb3 or IIb3 
(A711P) were transfected with THD or vector 
(vec), and IIb3 activation was measured 
after 24 h. The arrowhead indicates the band 
corresponding to THD (50 kD). Error bars are 
SEM of three independent experiments.
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A talin(L325R) mutation that disrupts this membrane-proximal 
interaction and inhibits integrin activation (Wegener et al., 2007) 
markedly attenuated the capacity of THD to alter the embedding  
of the 3 TMD (Fig. 4 B). Thus, the membrane-proximal 3–
talin interaction is required for changing the embedding of the 
3 TMD.

Talin-induced integrin activation requires that the integrin 
is membrane embedded (Ye et al., 2010) and the presence of 
lipid-binding basic residues in talin F3 (Wegener et al., 2007) 
and F2 (Anthis et al., 2009). Therefore, we asked whether the 
change in topology depends on the interaction between nega-
tively charged phospholipids and basic residues on talin surface 
(Fig. 4 A). The increase in fluorescence intensity was reduced 
when THD proteins with acidic substitutions in lipid-binding 
basic residues in F3 (Fig. 4 C) or F2 (Fig. 4 D) domain were 
used. To examine the role of negatively charged phospho
lipids, we prepared neutral nanodiscs composed of zwitterionic 
lipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). 
In contrast to the nanodiscs containing negatively charged 1,2-
dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DMPG), 
THD failed to induce tilting in nanodiscs containing DMPC 
exclusively (Fig. 4 E). To ascertain that the topology change 
induced by THD is not a phenomenon limited to the particu-
lar model lipid, we created nanodiscs with negatively charged 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/1-palmitoyl- 
2-oleoyl-sn-glycero-3-phospho-l-serine (POPC/POPS), in which 
the fatty acid chain length resembles that in platelet lipids 
(García-Guerra et al., 1996). THD induced an increase in fluor
escence intensity of the bimane probe (Fig. S2 A), indicating 
a change of 3 TMD topology similar to that seen in DMPC/
DMPG nanodiscs. Furthermore, this increase in fluorescence was 
abolished when we used THD(K322D-4E), in which lipid-binding  
basic residues in both F3 and F2 were mutated (Fig. S2 B). Thus, 
the interaction of THD with negatively charged membrane lipids  
is required for THD to alter the topology of the 3 TMD.

Kindlin-3 does not alter 3 TMD topology
As kindlins have been recently implicated in integrin activation 
(Kim et al., 2011a), we asked whether a kindlin has a similar 
effect on 3 TMD topology. Purified recombinant kindlin-3, the 
isoform involved in platelet IIb3 activation, had no effect on 
fluorescence of bimane-labeled 3 TMD nanodiscs (Fig. S3). 
Furthermore, kindlin-3 did not augment the capacity of THD to 
induce the changes in bimane fluorescence (Fig. S3). Therefore, 
kindlin-3 did not induce changes in 3 TMD topology in this 
purified system.

Integrin  and  TMD interaction is required to maintain 
the low affinity state; these interactions are stabilized by inner 
and outer membrane clasps (Lau et al., 2009). The outer clasp 

Figure 4.  Mechanism of talin-induced topology change. (A) Crystal 
structure of talin2 F2-F3 (yellow) bound to integrin 1D tail (red; Protein 
Data Bank accession no. 3G9W). The amino acids in talin2 that bind to 
the membrane-proximal 1 tail (L328) and to lipid (K325, K258, K274, 
R276, and K280) are indicated with corresponding talin1 residues in 
parentheses. 1D(I757) (corresponds to 3(I721)), the position of bimane  
labeling, is indicated. (B) The emission spectra of L694C-bimane nanodiscs 
in the presence of increasing concentrations of THD (left) or THD(L325R) 
(right). wt, wild type. (C) Effect of THD(K322D), which blocks lipid binding, 

on the emission spectra was analyzed as in B. (D) Effect of mutations in 
lipid-binding residues of the THD F2 domain (K256E, K272E, K274E, and 
R277E) on the emission spectra was analyzed in as in B. (E) I721C-bimane 
nanodiscs were assembled with a 1:1 mixture of DMPC and DMPG (left)  
or with DMPC only (right), and their responses to the addition of THD were  
analyzed as in B. (B–E) Data are representative of at least three inde-
pendent experiments.
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thioglucose was added, and then cells were grown for 5 h at 37°C. Cells  
were harvested and lysed by sonication in lysis buffer (50 mM Tris-HCl,  
pH 7.4, 500 mM NaCl, 8 M urea, 20 mM imidazole, and 15 mM 
-mercaptoethanol). The lysates were clarified by centrifugation. The clari-
fied lysates were applied on a HiTrap Chelating HP column charged with 
Ni2+. The column was washed twice with washing buffer I (lysis buffer with-
out -mercaptoethanol), resuspended with washing buffer I containing 1 mM 
monobromobimane, and incubated on a rocking plate under dark condi-
tions at room temperature overnight. The column was washed twice with 
washing buffer II (50 mM Tris-HCl, pH 7.4, 500 mM NaCl, 6 M guanidine 
HCl, and 20 mM imidazole), and the labeled peptides were eluted with 
elution buffer (washing buffer II with 1 M imidazole). The Asp-Pro bond 
between KSI and 3 TMD tail peptide was cleaved in 10% formic acid for 
120 min at 80°C (Lau et al., 2008), and 0.1% Triton X-100 was added 
to the eluate that was then dialyzed against 0.1% Triton X-100 in TBS  
(20 mM Tris-HCl, pH 7.4, and 150 mM NaCl). Precipitates consisting  
of KSI were removed by centrifugation at 14,000 rpm for 15 min, and 
solubilized 3 TMD tail peptides were concentrated to 10–20 µM 
(0.1–0.2 mg/ml) using Ultracel-10k (Millipore).

Preparation of nanodiscs
The preparation of nanodiscs was previously described (Ye et al., 2010). 
In brief, DMPC and DMPG lipids or POPC and POPS were dissolved in 
chloroform or chloroform/methanol mixture, mixed into a 1:1 ratio, and 
dried onto a glass tube with a steady flow of argon. The lipid mixture was 
dissolved in 100 mM cholate in TBS. To assemble nanodiscs, 360 µl of the 
1:1 lipid mixture (50 mM), 1 ml of 200 µM MSP1D1 (provided by S. Sligar;  
Denisov et al., 2004), and the purified 3 TMD tail peptide (10 µM) 
were mixed. The mixture was added with 2 vol of Bio-Beads SM-2 (Bio-
Rad Laboratories) to initiate nanodisc assembly and incubated overnight 
at room temperature in the dark. The assembled nanodiscs were further 
purified with a size-exclusion column (HiLoad 16/60 Superdex 200; GE 
Healthcare) with TBS as the column buffer. Fluorescence from each fraction 
was examined using a plate reader (Victor 2; PerkinElmer) and pooled 
according to the fluorescence profile and chromatogram. When necessary, 
the nanodiscs were further concentrated using Ultracel-30k (Millipore). 
Images of nanodiscs were taken on a microscope (Tecnai G2 Sphera; 
FEI) equipped with a 2k × 2k camera (Gatan, Inc.) at a magnification of 
65,000× in DigitalMicrograph software (Gatan, Inc.).

Fluorescence spectroscopy
200 µl of the purified nanodiscs was mixed with 50 µl of various con-
centrations of either wild-type or mutant recombinant THD. After 20 min 
of incubation at room temperature, the emission spectrum (from 435 to  
485 nm) at the excitation wavelength 370 nm was scanned with a 1-nm 
interval using a spectrofluorometer (FluoroMax-2; Instruments S.A., Inc.). 
The fluorescence from unlabeled 3 TMD tail peptide, talin, empty nano-
disc, or buffer was negligible (<0.1% of signal from nanodiscs containing 
bimane-labeled 3 TMD tail peptide).

Cell lines and flow cytometry
Using a lentiviral cloning vector, pRRLSIN.cPPT.PGK-IRES-GFP.WPRE (plasmid 
ID 12252; Addgene), viruses containing IIb or 3 gene were generated 
separately in 293T cells. CHO cells were infected with lentiviral particles 
containing human integrin IIb by overnight incubation (Ye et al., 2010). 
The infected cells were then infected again with lentiviral particles contain-
ing either integrin 3 wild type or 3(A711P) to establish CHO/IIb3 or 
CHO/IIb3(A711P) cells. To test activating effects of THD on those integ-
rins, 2 µg cDNA encoding THD and 0.1 µg cDNA encoding dTomato (as 
a transfection marker) were cotransfected. After 24 h, cells were detached, 
stained with PAC1 antibody followed by allophycocyanin-conjugated 
anti–mouse IgM antibody, and then analyzed by flow cytometry. Activation 
index was calculated as (MFI  MFI0)/(MFImax  MFI0), where MFI is the 
mean fluorescence intensity of PAC1 binding in transfected cells, MFI0 is 
MFI in the presence of 20 µM eptifibatide, and MFImax is MFI in the pres-
ence of anti-LIBS6 (Han et al., 2006).

Protein purification
C-terminal His6-tagged human THD and mutant were expressed in 
BL21-CodonPlus bacteria using pET30a vector and purified using Ni2+–
nitrilotriacetic acid beads, washed with 50 mM imidazole, and eluted 
with 500 mM imidazole (Ye et al., 2010). Kindlin-3 was expressed and 
purified from S2 insect cells. In brief, S2 insect cells stably expressing kind-
lin-3 with Flag and His6 purification tags were generated by selecting 
against blasticidin for 2 wk. Cells were cultured, harvested, and lysed 

depends on specific packing interactions between  and  TMD 
and could thereby be disrupted by altering either TMD rotation  
or by decreasing or increasing the tilt angle of the  TMD. In-
deed, 3(L716E) manifests a decreased tilt angle, destabilizes the 
– TMD interaction, and activates IIb3 (Kim et al., 2011b). 
The effects of this decreased tilt angle are prevented by the flex-
ible kink introduced by 3(A711P). Previous work suggested that 
talin could directly disrupt an – salt bridge that forms part of 
the inner clasp (Anthis et al., 2009); however, disrupting the salt 
bridge has a modest effect on the active–inactive conformational 
equilibrium because blocking talin binding reverses the activating 
effect of mutations that disrupt this salt bridge (Tadokoro et al., 
2003; Wegener et al., 2007). The latter observation led to the sug-
gestion that talin might also be able to disrupt the outer mem-
brane clasp by binding to membrane phospholipids (Wegener  
et al., 2007; Anthis et al., 2009; Elliott et al., 2010), thereby creat-
ing an anchor point. The membrane-anchored talin was proposed 
to alter the rotation and/or tilt angle of the  TMD to disfavor the 
stability of the outer clasp; the thermodynamic validity of such 
a mechanism was supported by computational modeling (Kalli 
et al., 2010, 2011). The studies described here provide direct 
experimental proof that talin alters the membrane topology of the 
3 TMD and that its capacity to do so requires that talin interacts 
with the  tail and negatively charged membrane lipids. We also 
show that the structural rigidity of the  TMD, which is broken 
by 3(A711P), is required to transmit talin-induced change in 
topology at the cytoplasmic face to the extracellular face and for 
talin to activate the integrin.

Integrin transmembrane signaling results from altered topo
logy of a single-pass TMD. The importance of such changes 
in TMD topology have previously been demonstrated in multi-
pass membrane proteins, such as G-protein–coupled receptors 
(Rosenbaum et al., 2009) and ion channels (Mayer, 2006). In 
these cases, multivalent ligand binding to multiple TMDs or 
sites physically connected to the TMDs displaces the TMDs 
relative to each other to change tilt angle. The talin-induced 
change in  TMD topology occurs with a single TMD; a lipid 
interaction provides a second anchor to enable talin to change 
the TMD topology in the absence of external force. Furthermore, 
negatively charged lipids were an important determinant in the 
THD-induced effect. Thus, talin-dependent integrin activation 
could be favored in membranes or in microdomains in which 
phosphatidyl serine or polyphosphatidyl inositol is abundant.

Materials and methods
Plasmids and reagents
A 3 TMD tail construct was prepared by ligation of the PCR-amplified 3 
cytoplasmic tail region into a 3 TMD construct (Lau et al., 2008) in the 
pET-31 expression vector (EMD) with 6xHis and ketosteroid isomerase 
(KSI) tags as N-terminal fusions. Mutations on the 3 TMD tail construct 
such as L694C, I721C, K716E, and/or A711P were introduced by the 
QuikChange site-directed mutagenesis kit (Agilent Technologies). Mono-
bromobimane was purchased from Sigma-Aldrich. Membrane scaffold 
protein MSP1D1 was provided by S. Sligar (University of Illinois, Chicago, IL). 
DMPC and DMPG were purchased from Avanti Polar Lipids, Inc. or Santa 
Cruz Biotechnology, Inc.

Expression and purification of integrin 3 TMD tail peptides
Escherichia coli BL21(DE3) transformed with 3 TMD tail constructs were 
grown at 37°C until they reached an OD600 of 1.0. 1 mM isopropyl  
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