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Abstract

Integrins are vital transmembrane receptors that mediate cell-cell and cell extra-cellular matrix 

(ECM) interactions and signaling. Talin is a 270 kDa protein and is considered a key regulator of 

integrin activity. The interaction between talin and integrin is commonly regarded as the final step 

of inside-out activation. In the cytosol, talin adopts an auto-inhibited conformation, in which the 

C-terminal rod domain binds the N-terminal head domain, preventing the interactions of the head 

domain with the membrane surface and the integrin cytoplasmic domain. It has long been 

suggested that the presence of Phosphatidylinositol-4, 5-bisphosphate (PIP2) at focal adhesions 

plays a role in activating talin. However, a detailed picture and mechanism of PIP2 activation of 

auto-inhibited talin remains elusive. Here, we use a FRET based binding assay to measure affinity 

of talin and lipid bilayers harboring anionic lipids. Results show that the R9 and R12R13 segments 

of the talin rod domain inhibit the binding of the talin head domain (THD) to anionic lipid 

bilayers. In contrast, we show that the binding of THD to bilayers containing PIP2 is insensitive to 

the presence of the inhibitor domains thereby directly implicating PIP2 as an effective activator of 

talin. Furthermore, we have mapped the activation to the interaction of PIP2 with the F2F3 domain 

of the talin head, showing that PIP2 plays a critical role in the regulation of the auto-inhibited form 

of talin and stimulates recruitment of talin to the membrane, which is essential for integrin inside-

out signaling.
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INTRODUCTION

Talin plays a pivotal role in regulating the activities of integrins, which are a family of 

heterodimeric membrane receptors composed of one α and one β subunit. In the integrin 

resting state, the extracellular domains of the subunits exist in a closed and bent 

conformation giving rise to low affinity for extracellular ligands.1 Intracellular events 

stimulate large conformational changes (inside-out signaling) that allow integrin to connect 

the Extra Cellular Matrix (ECM) to the actin cytoskeleton. A critical step in the mechanism 

of inside-out signaling is the binding of talin to the cytoplasmic tail of integrin which 

promotes the destabilization of essential interactions required for maintaining the integrin in 

the inactive state.2,3 A recent study reports that talin also alters the tilt angle of the integrin 

transmembrane domain within the bilayer.4 The topology change of the transmembrane 

helix promotes the disruption of the interactions that stabilize the low affinity state of the 

integrin receptors and transduce the signal across membrane to extracellular domain.5 

Conversely, the extracellular regions can transduce signals to the intracellular space upon 

interaction with ECM ligands (outside-in signaling).6 Talin also plays an undisputed role as 

an adapter molecule through the interaction of the FERM (band 4.1/ezrin/radixin/moesin) 

domain with integrin tails and the membrane surface and the rod domain with the actin 

cytoskeleton.7

Talin is a large cytosolic adapter protein that consists of a 45-kDa N-terminal head domain 

and a large 200 kDa rod domain.8 Compared to canonical FERM domains, which consists of 

F1, F2, and F3, THD contains an additional 85 amino acid ubiquitin-like subunit, F0, 

preceding F1.9,10 The four subdomains are assembled into an extended linear conformation 

rather than the traditional trefoil arrangement seen in other FERM domains.11,12 Previous 

Studies show that the charge on the THD is asymmetrically distributed. Several positively 

charged amino acids, known as the membrane orientation patch (MOP), on the F2 domain 

are crucial for recruitment of talin to the membrane surface.13–15 Charge reversal mutations 

in the MOP strongly diminish talin binding to anionic lipid vesicles. The F3 domain is 

known to interact with the Phospho-Tyrosine Binding (PTB) NPxY motif on the β-integrin 
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cytoplasmic tail thereby disrupting a key salt bridge that stabilizes the integrin α/β 
heterodimer.16

The talin rod domain is composed of 13 helical bundles and an N-terminal dimerization 

sequence (figure 1).17 In the inactive state, the talin rod packs against the THD and inhibits 

interactions with the phospholipid bilayer.17–20 Previous structural and NMR studies suggest 

that segments R1R2, and R9 make contact with the PTB binding site within the F2F3 

subdomains.17,21 Goult et al. suggest that full length talin exists as a donut shaped dimer 

structure with the rod domains encircling the head domain in the auto-inhibited state.17 

Multiple pathways have been shown to disrupt the interactions between the head domain and 

the road domain; these include interactions with complexes of Ras-related protein 1 (Rap1) 

and Rap1-interacting adapter molecule (RIAM),22–24 talin linker specific digestion by 

calpain,25–27 and binding of phosphatidylinositol-4-phosphate 5-kinase-γ (PIP5KI-γ),28–30 

which subsequently generates Phosphatidylinositol 4,5-bisphosphate (PIP2) from 

phoshpaidylinositol-4-phosphate (PI4P).31,32 It is interesting to note that PIP2 has also been 

implicated in the activations of auto-inhibited talin.20,21

PIP2 only comprises a small fraction (1~2%) of the plasma membrane phospholipid and is 

relatively evenly distributed throughout the membrane.33 PIP2 has been recognized as an 

important messenger molecule and plays a significant role in focal adhesion assembly.34,35 

Many allosteric regulatory mechanisms rely on the presence of PIP2. For example, vinculin 

is expressed in an inactive, closed conformation in the cytosol. PIP2 binding to the 

regulatory site of the vinculin tail-domain opens up the closed form.36 Also PIP2 is critical 

for Focal Adhesion Kinase (FAK) function through interactions with the basic patch on the 

FERM domain resulting in activation of the auto-inhibited conformation.37 Although it has 

been known that the affinity of THD for lipid bilayers is mainly controlled by overall 

membrane charge,38 the presence of PIP2 facilitates talin membrane localization.39 Early 

studies have shown that talin binds to various phosphatidylinositides resulting in the 

inhibition of the head to rod domain interactions that are important in maintaining talin in 

the auto-inhibited form.39 In addition, the presence of PIP2 has been implicated in the talin 

mediated integrin activation and clustering.40 The local concentration of PIP2 is enriched at 

focal adhesion due the recruitment of PIP5KI-γ which is responsible for converting PI4P 

into PIP2.31 Specific deletion of PIP5KI-γ in focal adhesions results in remarkably reduced 

talin recruitment to the membrane and adhesion sites.41 Surface Plasmon Resonance (SPR) 

and NMR studies using soluble C4- or C8-PIP2 demonstrate that talin binds to PIP2 through 

several residues in F2F3 domain, and disrupts the THD/talin R9 interaction. A “push-pull” 

mechanism of talin activation has recently been proposed where PIP2 establishes a charge 

mismatch to simultaneously attract THD and release the inhibitory effects by talin R9.21

Here, we examine the affinities of the talin head domain toward various phospholipid 

bilayers by utilizing Nanodisc technology to provide a native membrane environment. 

Nanodiscs are phospholipid bilayers stabilized by membrane scaffold proteins (MSP) 

derived from apolipoprotein A1.42,43 Nanodiscs allow the study of protein-membrane 

interactions in an aqueous environment with controlled lipid composition. To investigate the 

role of PIP2 in the activation of auto-inhibited talin, we developed a Fluorescence 

Resonance Energy Transfer (FRET) based assay to measure the interaction of THD-
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membrane association in the presence of purified rod domain segments and β3 integrin 

transmembrane and cytoplasmic domains. We report that talin rod subdomains R9 and 

R12R13 strongly inhibited THD binding to negatively charged lipid bilayers with the 

exception of PIP2. PIP2 “activates” the auto-inhibited THD and can support tight binding of 

THD in the presence of talin rod inhibitory subdomains. We also show that PIP2 specifically 

targets the talin F2F3 domain to activate auto-inhibited THD.

EXPERIMENTAL PROCEEDURES

Materials

Phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-

glycero-3-phospho-L-serine (DMPS), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol 

(DMPG), 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA), brain PIP2 and brain PI4P were 

purchased from Avanti Polar Lipids. Membrane scaffold proteins were expressed in E. coli 
BL21 DE3 and purified as previously described.42 Tetra-methyl rhodamine (5 and 6) 

maleimide (TAMRA) was purchased from Anaspec Inc. Uniblue A (UA) was obtained from 

Sigma-Aldrich. iProof polymerase was obtained from BioRad Inc. A DNA G-block 

sequence encoding the integrin β3 transmembrane-cytoplasmic domain was purchased from 

Integrated DNA Technologies Inc. pET30a-THD for expression of talin-1 head domain was 

a kind gift from Dr. Mark Ginsberg.

Cloning, expression and purification of talin-1 Head domains, talin R9, talin R12R13, talin 
R1R2, and integrin β3 transmembrane-cytoplasmic domain

Cysteine mutations were engineered at position F123 or I398 of talin-1 to provide an 

accessible thiol-reactive labeling sites using pET30a-THD as template for PCR mutagenesis. 

iProof polymerase was used for all PCR reactions. Primers were purchased from Integrated 

DNA Technologies. All DNA constructs were inserted between the Xho1 and Nde1 

restriction sites of the vector pET30a with a C-terminal 6×His tag for purification. The talin 

head domain contains the entire talin FERM domain (F0–F3) from the N terminus to residue 

433. F0F1 subdomains extend from residues 1–195, and F2F3 subdomains extend from 

residues 196 to 433. Talin R9 was cloned between talin-1 residues 1654 to 1848, talin 

R12R13 extends from 2225 through 2344, and talin R1R2 spans from residues 482 to 786. 

Sequencing was performed by ACGT Inc.

Cloned DNA constructs in the vector pET30A were transformed into E. coli BL21 (DE3) 

gold (Novagen Inc.) Cell cultures were incubated on a platform shaker at 37 °C and 250 

RPM until optical density at 600 nm reached 0.8. Protein expression was induced by adding 

1mM IPTG followed by a 4-hour incubation at 37°C. Cell pellets were collected by 

centrifugation and resuspended in 20mM Tris-HCL buffer pH 7.4, 500mM NaCl, 20mM 

imidazole. After sonication on ice, cell lysates were cleared by centrifugation. Supernatants 

were loaded on to a Ni+ Nitrilotriacetic affinity column. The column was washed with 20 

mM imidazole followed by elution with buffer containing 500mM imidazole. Elution 

products were dialyzed into 50 mM Tris, 150 mM KCl, and pH 7.0.
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To generate the MBP-β3 TM/tail expression vector, the DNA sequence of integrin β3 TM/

tail (residues 685–762) was engineered to have an AvrII site on 5’-terminus and an XbaI site 

on 3’-terminus for subsequent digestion and ligation. In addition, a poly-histidine sequence 

and a TEV digestion site was inserted upstream to integrin coding sequence to facilitate 

subsequent purification and Nanodisc assembly. Blunt-ended DNA fragments were 

synthesized by Integrated DNA Technologies Inc. and cut with XbaI and AvrII to create 

sticky ends. The linearized pMAL-c2e vector which possesses marching restricted digestion 

sites was used for expression vector. The reconstructed plasmid was enriched by 

transforming into competent NEB turbo E. Coli cell follow by plasmid extraction using 

Miniprep spin column kit. DNA sequence confirmation was performed by ACGT using M13 

promoter primers.

The expression vector pMal c2e harboring the integrin β3 TM/tail construct was transformed 

into E. coli BL21 (DE3) gold (Novagen Inc.). Cell cultures were grown at 37°C in rich broth 

containing glucose and ampicillin (per liter broth: 10 g tryptone, 5 g yeast extract, 5 g NaCl, 

2 g glucose, 100 mg ampicillin). Cells were allowed to grow to an OD of 0.5. Protein 

expression was induced by the addition of IPTG to a final concentration of 0.3 mM. Cell 

pellets were harvested by centrifugation 2 hours after induction. Cell pellets were 

resuspended in 5 volumes of column buffer (20 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM 

EDTA, 0.5% Triton X-100, 1 mM DTT). Protease inhibitor cocktail tablets (1 tablet per 10 g 

of cell pellet) and DNase (1 mg per 5 g of cell pellet) were used to prevent target degradation 

and facilitate lysis. The completed suspension was placed on ice and incubated with 0.25 

mg/mL lysozyme over night with gentle stirring. The cell lysate was centrifuged at 30,000 

RPM for 30 minutes to remove cell debris. The supernatant was passed over an amylose 

affinity column equilibrated with column buffer. The column was then washed with 10 

column volumes of column buffer. The fusion protein was eluted with column buffer 

containing 10 mM maltose. The final product was dialyzed into 50 mM Tris, 150 mM KCl, 

pH 7.0.

Protein labeling

Purified talin head domains (THD) I398C, THD F0F1 F123C, THD F2F3 I398C were 

incubated with 4-fold molar excess tris(2-carboxyethyl)phosphine (TCEP) in 50 mM Tris, 

150 mM KCl, pH 7.0 at room temperature for 10 min. A 2-fold molar excess of Uniblue A 

dissolved in dry DMSO was added to the reduced THD. The mixture was incubated at room 

temperature for 1 hour. Labeled protein was then purified by Sephadex G-25 size exclusion 

column. MSP1D1 D73C was diluted to 100 µM in 20 mM Tris HCL pH 7.4, 100 mM NaCl, 

0.1 mM NaN3. A 4-fold molar excess of TCEP was added to the reaction and incubated at 

room temperature for 10min under an argon atmosphere. A 10-fold molar excess of TAMRA 

was mixed with the reduced THD and incubated at room temperature for 4 hours then placed 

at 4°C overnight. The labeling mixture was incubated with an equal volume of Amberlite 

XAD-2 to remove excess TAMRA. Labeled MSP was then purified by Sephadex G-25 size 

exclusion column.
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Preparation of Nanodiscs

The protocol for Nanodisc preparation is adapted from a previous publication.43 In short, 

phospholipids, solubilized in chloroform, were dried under steady stream of nitrogen gas 

and further dried under vacuum for 4 hours. The dried lipid powder was then re-suspended 

and solubilized in 200 mM sodium cholate by shaking vigorously and sonication. TAMRA 

labeled MSP was added to the solubilized lipid to reach final ratio of 125:1 lipid/MSP. 

Detergents were removed by incubating with equal volume of Amberlite XAD-2 beads for 4 

hours at room temperature. Nanodiscs were then purified by Superdex 200 Increase size 

exclusion column (GE Healthcare) equilibrated in 10 mM HEPES, 125 mM KCl, 4 mM 

KH2PO4, 14 mM NaCl, 1 mM MgCl2, 0.02 mM EGTA, 0.01% NaN3, PH 7.2 (binding 

buffer) at flow rate 0.75 mL/min.

Integrin TM/tail Nanodisc assembly

To favor the insertion of a single integrin TM/tail domain into the Nanodisc bilayer a large 

excess Nanodiscs were used for assembly. The typical stoichiometry of lipid:TAMRA MSP: 

integrin TM/tail is 1050:10:1. The purified MBP-integrin β3 TM/tail protein was 

concentrated in 10,000 Da cutoff centrifugal filters to 50 µM. The protein stock was 

incubated with 6 M urea for 1 hour at room temperature. The lipid stocks were dried as 

described above and then resuspended in 100 mM sodium cholate to a final concentration of 

50 µ. Lipids, TAMRA labeled MSP, and denatured integrin β3 TM/tail were mixed 

incubated at room temperature for 45 minutes. The self-assembly process was initiated 

through dialysis into detergent and urea free buffer (20 mM Tris-HCl pH 7.4, 150 mM 

NaCl) at room temperature. The dialyzed Nanodisc sample was further purified using an 

amylose affinity resin in batch mode. The integrin containing Nanodiscs were eluted with 10 

mM maltose. The Nanodisc fractions were pooled and digested with TEV protease (100:1 

protein to protease molar ratio) overnight at 4 degrees to remove the maltose binding 

protein. The sample was passed over a second amylose affinity column to remove cleaved 

MBP. The column flow through and wash fractions were combined and further purified 

using a Superdex 200 increase size exclusion column equilibrated in 10 mM HEPES, 125 

mM KCl, 4 mM KH2PO4, 14 mM NaCl, 1 mM MgCl2, 0.02 mM EGTA, 0.01% NaN3, PH 

7.2 (binding buffer) at flow rate 0.75 mL/min. The fraction containing Nanodiscs were 

pooled and stored at 4°C until use.

Fluorescence Resonance Energy Transfer (FRET) THD-Nanodisc binding assay

The FRET based THD-Nanodisc was performed by titrating THD stepwise into 100 nM 

Nanodisc solutions in the presence of talin rod subdomains. Fluorescence was monitored 

using a Hitachi 3010 fluorometer equipped with a circulating water bath for temperature 

control. The samples were excited at 557 nm and the emission was monitored at 578 nm. 

Experiments were done in binding buffer to mimic cytosolic conditions. The FRET 

efficiencies were calculated as (F0-F)/F0 after correction for dilution. Typical binding 

isotherms are shown in figure 2. Fitting was performed by using the Matlab software suite 

(MathWorks) to obtain the dissociation constants and maximum FRET efficiencies using the 

equation below:
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(1)

in which, F is the measured FRET efficiency, Fmax is the FRET efficiency of the bound 

complex,×is the total THD concentration, ND is twice the Nanodisc concentration (two 

leaflets per Nanodisc). Fitting the data to equation 1 gives rise to Fmax and the dissociation 

constant.

RESULTS

Segments of talin Rod domain inhibit THD binding to the membrane

Previous studies showed that talin R9 (1655–1822) binds to F3 of the talin head domain and 

competes with the interaction of THD with the β3-integrin cytoplasmic tail. Talin R12R13 

(1984–2344) is also known to interact with talin F3 domain albeit with a weaker affinity 

compared to R9.17,20 To understand the interplay of protein-protein and protein-membrane 

interactions, we used Nanodiscs of a defined lipid composition. We first tested the R9 and 

R12R13 regions of the talin rod. Using our FRET based assay, we directly assessed the 

ability of the talin rod domains to inhibit the interaction of THD with phospholipid bilayers. 

Uniblue A labeled THD was titrated into TAMRA labeled Nanodiscs containing 50% DMPS 

and the results are summarized in Table 1. THD binds to 50% DMPS Nanodiscs with a 

dissociation constant of 0.58 µM, which agrees with values previously reported.38 In the 

presence of 0.5 µM talin R9 the dissociation constant increases 3-fold and increases further 

with increasing R9 concentrations. On the other hand, the maximum FRET efficiency 

obtained from isotherm fitting is not affected by the presence of R9. In our experiments 

since there is no catalytic activity for the THD Nanodisc complex (kcat = 0, therefore Kd = 

Km) we can make use of a modified Michaelis-Menton equiation to analyze our data and 

provide insight into the mechanism of inhibition. Figure 3 shows Lineweaver-Burk plots of 

the titrations at increasing concentrations of R9 (panel left) and R12R13 (panel right). The 

shared Y intercept in the titrations indicate that both talin R9 and R12R13 are classic 

competitive inhibitors of the interaction between talin FERM domains and DMPS 

membranes. In addition since our assay is sensitive the dye separation distances, an identical 

FRETmax suggests that the bound complex is in a similar conformation in the presence of 

inhibitor, which is also consistent with a competitive mechanism. Previous NMR studies 

have shown that R1R2 interacts with the FERM domain suggesting that R1R2 may also be 

involved in the regulation of talin.17 We see that R1R2 only has modest effect on talin 

FERM membrane binding displaying only a 4-fold increase in dissociation constant (Table 

1).

PIP2 activates inhibited THD

At sites of focal adhesion, recruitment of PIP5KI-γ greatly elevates the local concentration 

of PIP2.31 In order to quantify the effects of PIP2 on auto-inhibited talin, binding of THD to 

10% PIP2 Nanodiscs was measured in the presence of talin rod subdomains. Since the 

charge on PIP2 at pH 7.2 is between -4 and -5, depending on the counter ions and the local 
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environment,33 we use 50% DMPS Nanodiscs as a convenient comparison to 10% PIP2 

owing to a similar overall Nanodisc charge. Figure 4 compares the affinity of PIP2 and 

DMPS Nanodiscs in the presence of the rod subdomains R9 and R12R13. Both R9 and 

R12R13 have very little effect on THD-PIP2 interactions, with only a 4-fold increase in the 

dissociation constants, which is in stark contrast to the inhibition seen on DMPS Nanodiscs 

(Figure 4).

To further inspect the activation effects of the lipid headgroup charge, we prepared 

Nanodiscs with 50% DMPG, 50% DMPA, and 10% phosphatidylinositol-4-phosphate 

(PI4P). Here again we use Nanodiscs with similar overall charge for direct comparison. 

Previously, we have shown that THD binds to DMPG, DMPA, and PI4P with sub-

micromolar dissociation constants similar to that of DMPS and PIP244. However, neither 

DMPA nor DMPG can support high affinity binding of THD in the presence of talin rod 

subdomains R9 and R12R13 (Figure 5). Interestingly, PI4P also did not support THD 

binding in the presence of rod subdomains despite the fact that the molecular structure of 

PI4P differ only by a single phosphate group.

PIP2 targets F2F3 but not F0F1

In order to further understand the role of the THD subdomains in the interaction with the 

phospholipid bilayer, we measured the affinity of isolated F0F1 and F2F3 to DMPS and 

PIP2 Nanodiscs (Table 2). We found that F2F3 bound to 10% PIP2 with a dissociation 

constant of 0.18 µM, whereas the dissociation constant for 50% DMPS was 1.2 µM, an 

increase of 6-fold. F0F1 bound to 10% PIP2 and 50% DMPS with a dissociation constant of 

0.86 µM and 0.45 µM respectively. These results suggest that F0F1 does not discriminate 

between anionic lipids, while F2F3 has a strong preference for PIP2 over DMPS. When 

binding experiments of the isolated subdomains are performed in the presence of the 

inhibitor domains, both talin R9 and R12R13 domains impede the binding F0F1 to 10% 

PIP2 by a factor of 10 and completely inhibits binding to 50% DMPS. In marked contrast, 

adding rod subdomains led to 10-fold higher dissociation constant on F2F3 binding to 50% 

DMPS but fail to impede F2F3 binding to 10% PIP2 with a tight dissociation constant of 

~0.35 µM.

Binding of talin to membrane embedded integrin β3 tail

To investigate the mechanism of talin membrane recruitment in the presence of integrin β3 

TM/tail, FRET based binding assay was performed with TAMRA labeled Nanodiscs with an 

embedded integrin tail. Figure 6A summaries the fitting results of Uniblue A labeled THD to 

Nanodiscs containing integrin β3 TM/tail. THD binds to β3 tail DMPC Nanodisc with a 

dissociation constant of 0.74 µM. Compared to the plain DMPC membrane surface, the mere 

presence of integrin tail promotes the affinity of THD by a factor of 5. On 50% DMPS 

membranes there is a two-fold increase in affinity in the presence of integrin tails. 

Intriguingly, on a 5% PIP2 membrane surface, adding integrin β3 tail only results in a 

slightly tighter binding, from 0.72 µM to 0.58 µM with integrin tail.

To further understand the function of lipid composition in the talin mediated integrin 

activation, the dye separation distances were calculated and summarized in Figure 6B. The 
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maximum FRET efficiencies on DMPC and DMPS surface were significantly altered by the 

presence of integrin β3 tail indicating an increase of 0.6 nm between the donor and acceptor 

dyes. Yet on PIP2 membrane, the dye separation distances are modestly affected with only 

0.2 nm increase in the presence of integrin β3 tail (Figure 6B).

Talin auto-inhibition and activation in the presence of integrin β tail

To further investigate the talin auto inhibition, binding assays were performed with integrin 

tail inserted Nanodiscs in the presence of talin rod inhibitory domains. We chose 50% 

DMPS and 5% PIP2 Nanodiscs for comparison since they have similar affinities toward 

THD and since PIP2 is insensitive to R9 or R12R13 inhibition of THD membrane 

interactions.

Figure 7A shows the binding isotherms of THD binding to integrin inserted Nanodiscs. 32 

µM talin R9 subdomain completely abrogates the interactions of THD with 50% DMPS 

membrane and integrin tail. The dissociation constant is not noticeably affected by adding 

same concentration of the talin R12R13 segments and the maximum FRET efficiency is 

reduced to 5% from 13%. On 5% PIP2 Nanodisc (Figure 7B), the presence of both talin 

inhibitory subdomains leads to comparable dissociation affinities and 10% decrease in 

maximum FRET efficiencies. Figure 7C summarizes distance calculations from the 

measured maximum FRET efficiencies. 5% PIP2 Nanodiscs promote a closer binding 

geometry than found on 50% DMPS. Particularly in the presence of talin R9 inhibitory 

subdomains, adding THD yields undetectable change on 50% DMPS membrane while 5% 

PIP2 Nanodiscs still give rise to a dye separation distance of 6 nm. The inhibitory effect of 

R12R13 on THD binding topology is weaker on both PS and PIP2 membranes inserted with 

integrin tail with 0.5~0.9 nm increased FRET pair distance.

DISCUSSION

Integrin activation and its downstream events, such as actin coupling or cell matrix 

recognition, are pivotal for cell-ECM dependent functions.1 Significant efforts have been 

spent investigating the protein-protein interactions involved in many of these processes, yet 

the role of the membrane in mediating these interactions at the cytoplasmic face of the cell 

has not been extensively studied. In this investigation we seek to understand the molecular 

basis of talin auto-inhibition and how the membrane environment modulates talin activation. 

We combined Nanodisc technology, which provides a precisely controlled lipid bilayer 

environment, with a FRET based binding assay, to yield information on protein-membrane 

affinity and protein-protein interactions.

Previous studies have focused on dissecting the mechanism of talin auto-inhibition and inter-

domain interactions. A middle segment of the talin rod, residues 1654–2344, covers the 

integrin tail binding site in the talin FERM domain.20 A more specific region, residues 

1655–1822, strongly interacts with the F3 domain and it was shown that vesicles consisting 

of a mixture of PC and PIP2 disruopt this interaction.19 Figure 2 shows representative 

binding isotherms of THD binding to 50% DMPS Nanodisc membranes in the presence of 

the R9 sub-domain. Table 1 shows that the dissociation constant for the interaction increases 

dramatically as the R9 and R12R13 concentration rises. The local concentration of the rod 
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domains is expected to be much higher than what we tested here. The volume of the full-

length talin dimer calculated from a previously reported structure is approximately 1300 

nm3, which represents a ~2 mM inter-domain concentration considering the dimer contains 

two rod domains.17 Thus, both R9 and R12R13 segments of the talin rod domain are strong 

inhibitors that modulate the membrane recruitment of the THD under physiological 

conditions. The shared Y-axis intercept in the Lineweaver-Burk plots (Figure 3) indicates 

that the talin rod subdomains are competitive inhibitors of THD binding to DMPS 

Nanodiscs. The maximum FRET efficiency between the donor and acceptor is unchanged 

and suggests that the structure of the complex that is formed is similar in the presence and 

absence of the inhibitor domains. These results suggest that the rod subdomains are directly 

interacting with the membrane orientation patch (MOP), consistent with previous NMR 

studies, yet does not perturb the overall topology of THD/membrane complex.19–21 Thus, 

the association of THD and membrane is tightly regulated through competitive inhibition by 

R9 and R12R13 via masking the membrane and/or integrin binding sites on THD. This is in 

close agreement with previous structural studies that suggest the talin F2F3/R9 interface 

sterically blocks the portion of membrane proximal region in integrin β1 cytoplasmic tail.
21,45 Another important function of the talin rod domain is the ability to bind the actin 

cytoskeleton and its role in mechanical force transduction and signaling. One of two 

recognized actin binding sites within the talin rod is located in the R13 subdomain.46 Several 

vinculin binding sites have also been identified in talin R1-R3, R6-R8, R10-R11 

subdomains.47 Thus, the interaction of R9 and R12R13 with the THD may play a dual role 

regulating integrin activation and talin functions, such as integrin clustering, actin binding, 

and vinculin engagement.

A more recent structural study proposed a novel compact auto-inhibited dimer conformation, 

suggesting an additional inhibitory region at R1R2 rod domain.17 However, we did not 

detect a significant change in talin FERM binding to Nanodiscs in the presence of R1R2, 

which is consistent with other NMR studies that report talin R1 does not promote strong 

chemical shifts. 18,20 Thus, binding of talin R1 to F2F3 is weak and non-specific.18 Talin 

R1R2 has a closely packed arrangement with R3R4 and does not play a role in talin 

inhibition but may be implicated in occluding vinculin binding sites of the rod domain in the 

compact form of talin in the absence of force.48

A key unknown in talin mediated integrin signaling is the mechanism of activating the auto-

inhibited form of full-length talin, in particular the role of the membrane surface. Several 

previous studies indicate that membranes containing PIP2 are potential activators of talin. At 

sites of focal adhesions, synthesis of PIP2 from PI4P is promoted by the recruitment of 

PIP5KI-γ and in turn the presence of PIP2 enhances the membrane localization of talin.39 

NMR and SPR studies demonstrated a unique bivalent mode of PIP2 binding with THD, 

revealing that the binding interfaces are located in F2 membrane orientation patch and at 

residues K322-K324 of the F3 domain.21 Our results here show that 10% PIP2 supports tight 

binding of the THD in the presence of the inhibitor subdomains R9 and R12R13, while other 

anionic phospholipids are significantly inhibited (figure 4). The affinity of THD for PIP2 

membranes remains at or below 1 µM regardless of the concentration of rod subdomains 

present. This shows that the mere presence of PIP2 at the membrane surface is sufficient to 

relieve the auto inhibitory interactions and activate talin.
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An atypical feature of talin FERM domains is the large unstructured insert (~30 amino 

acids) within F1 domain. A “Flying cast” model has been proposed where the F1 loop has a 

propensity to form a α-helix when in contact with anionic lipids and is thought to be 

involved in talin-membrane interactions and talin activation. Deletion of this F1 loop has 

been shown to substantially impede talin mediated integrin activation, but not alter the 

affinity of the talin FERM domain for integrin tail.9 In this work, both talin F0F1 and F2F3 

subdomains readily bound to anionic membranes at sub-micromolar dissociation constants 

(Table 2). F2F3 has a strong binding preference of PIP2 over PS, with the dissociation 

constant increasing by a factor of six. F0F1, on the other hand, shows no preference for PIP2 

over PS. The similar affinities of talin FERM subdomains and the intact THD with PS 

membrane surface suggest that there is little cooperativity between F0F1 and F2F3. In 

comparison, the clear preferential binding of PIP2 to talin F2F3 over F0F1 is consistent with 

the previous NMR study that the binding interface between PIP2 and talin resides in the 

F2F3 subdomain.19,38 Both talin R9 and R12R13 are able to inhibit both F0F1 and F2F3 

domain interactions with PS membranes and it is not clear how F0F1 interacts with talin rod 

subdomains. One likely explanation could be the electrostatic interaction between the F0F1 

positively charged loop and the extensively negatively charged surface on talin R9.21 

Surprisingly, the presence of R9 or R12R13 has little effect on F2F3 binding to PIP2 

membranes yet significantly inhibits F0F1 interaction. Our results are not consistent with the 

previously suggested “Fly casting” model.10,49 We propose that the rod domains inhibit 

F2F3 by a tight specific interaction that is efficiently disrupted by the presence of PIP2, 

while the talin rod segments may mask membrane-binding sites of F0F1 through general 

electrostatic interaction by competing with negatively charged bilayers.

Interestingly, THD binds to PI4P with high affinity yet the absence of the phosphate group 

on the five position renders this interaction sensitive to the inhibition by the rod subdomains 

(figure 5). Furthermore, both subdomains of talin rod also strongly inhibit talin head binding 

to PG and PA Nanodiscs. This finding demonstrates that the presence of PIP2 at the protein 

membrane interface is a key player in dislodging talin rod inhibitory domains and activating 

talin. At focal adhesion sites, the presence of PIP5K-γ, which is responsible for 

transforming PI4P into PIP2, may be essential for talin activation.

Early studies of talin interactions with integrin often incorporate integrin tails into lipid 

vessiles39 or tether integrin peptides on lipid coated surfaces38. However, it is difficult to 

resolve the insertion orientation and the oligomeric state while providing a native like 

membrane environment. Here, Nanodisc technology was employed to assemble Nanodiscs 

with a controlled lipid composition and an unclustered integrin β3 TM/tail. The results of 

FRET binding assays reveal that THD readily binds to integrin tails with high affinity. The 

presence of anionic lipids does not significantly increase the affinities of the THD – 

Nanodcisc interaction, suggesting that the integrin cytoplasmic tail provides most of the 

binding free energy..

It has been shown that the binding geometry of talin F3 subdomain is sensitive to the lipid 

headgroup identity. Higher charge density of the lipid headgroup, like phosphatidylinositols, 

gives rise to a conformation in which F3 is closely associated with the bilayer 44. Here, we 

analyzed the maximum FRET efficiencies of titration to further understand the effects of the 
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lipid and integrin on talin binding geometry. Surprisingly, the presence of integrin tail results 

in an ~0.6 nm increased FRET pair distances on DMPC and DMPS surface. This 

observation may be explained by looking at the known talin – integrin interactions. Integrin 

tails contain two NPxY motifs targeted by the PTB domain of talin in addition to the inner 

membrane clasp. Although talin preferably binds to the membrane proximal NPxY motifs, it 

is possible that talin also interacts with the distal NPxY motif and results in a longer FRET 

pair distance. Similarly to Nanodiscs without embedded integrin tails, PIP2 Nanodiscs 

promotes the closest binding topology at 5 nm dye-dye separation, which is only 0.2 nm 

longer than that on plain PIP2 surface. This close approach of the F3 domain may be 

responsible for efficient disruption of the outer membrane clasp between the α and β 
integrin subunits.

The presence of integrin β3 tail provides insight into the inhibitory effects of talin R9 and 

R12R13 subdomains. On 50% DMPS membrane (Figure 7A), talin R9 completely inhibited 

the binding of THD while talin R12R13 strongly alters the conformation of THD – nanodisc 

complex yet does not alter the affinity. On 10% PIP2 membranes (Figure 7B), both 

inhibitory rod subdomains exhibit similar effects resulting larger FRET pair distance with 

unchanged affinities. The results indicate that the interfaces of THD, integrin tail and PS 

membrane, namely the F3 domain, may be sterically blocked by talin R9 but not R12R13. 

This is distinctive from what was previously observed where both talin inhibitory 

subdomains are classic competitive inhibitors on DMPS Nanodiscs to THD. The R12R13 

might inhibit the talin membrane recruitment by covering the F2 MOP region to impede 

THD membrane binding, yet the NPxY motif on integrin tail is still accessible for THD. 

Thus integrin tail could still interact with THD but in an altered biding topology due to the 

lack of MOP interactions. The result also confirm the role of PIP2 as an activator during 

talin membrane engagement due to the fact that the presence of 5% PIP2 on lipid bilayer 

partially promotes high affinities and closer binding geometry in the presence of the rod 

subdomains compared to PS membrane. It should be noted that the formal charge of 5% 

PIP2 roughly equals to only 20–30% DMPS, thus the high charge density on the PIP2 lipid 

headgroup may be key player in the disruptions of THD - talin rod domain interactions. 

However, the PIP2 alone does not fully rescue talin activation, other protein partners, such as 

RIAM-RAP1, PIPKα, and calpain, need to work in concert with PIP2 for complete talin 

activation and optimal integrin activation.

Figure 8 shows a schematic description of the lipid dependent mechanism of talin activation 

through a complex interplay of protein-protein and protein-membrane interactions.

CONCLUSION

In summary, we have described a unique role of the membrane in talin activation and 

recruitment. Our studies show that PIP2 can promote the disruption of the head to rod 

domain interactions through a process that is extremely sensitive to the headgroup identity. 

Simply converting PI4P to PIP2 at the membrane promotes the unraveling of the auto-

inhibited form of talin. This results in the unmasking talin N-terminal FERM domain from 

C-terminal Rod subdomains, allowing effective communication with integrin cytoplasmic 

tails. Our results point to the importance of the interplay between talin, the membrane 
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surface, and PIP5KI-γ during the talin mediated integrin activation. Our proposed 

mechanism suggests that the presence of PIP5KI-γ at the site of focal adhesion results in the 

amplification of talin activation through the production of PIP2 from PI4P. Clearly, among 

common phospholipid head groups, PIP2 seems to be a key player in an orchestra involving 

many other adaptor protein partners, such as Rap1-RIAM, calpain, and the aforementioned 

PIP5KI-γ, that promotes efficient talin mediated integrin activation.
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ABBREVIATIONS

ECM extracellular matrix

THD talin head domain

FERM band 4.1/ezrin/radixin/moesin

MOP membrane orientation patch

PTB phospho-tyrosine binding

Rap1 Ras-related protein 1

RIAM Rap1-interacting adapter protein

PIP5K- γ phosphatidylinositol-4-phosphate 5-kinase-γ

PIP2 phoshpaidylinositol-4, 5-bisphosphate

PI4P phoshpaidylinositol-4-phosphate

SPR surface Plasmon resonance

MSP Membrane Scaffold Protein

FRET fluorescence resonance energy transfer

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine

DMPS 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine

DMPG 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol

DMPA 1,2-dimyristoyl-sn-glycero-3-phosphate

TAMRA Tetramethylrhodamine-5-(and -6) C2 maleimide

UA Uniblue A
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Figure 1. 
Schematic representation of full-length talin. The previous identified inhibitory rod 

subdomain R9 is labeled in green. Two suggested inhibitory rod segments are R1R2 and 

R12R13 labeled in purple. The dimerization domain is presented in cyan.
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Figure 2. 
Binding isotherms of THD on DMPS with talin R9. Data for 32 (µM), 2 (µM), 0.5 (µM), and 

0 (µM) of isolated talin R9 domains, are shown in blue, green, red, and blue, respectively. 

Higher anionic lipid ratios promote tighter binding and increased maximum FRET 

efficiency.

Ye et al. Page 18

Biochemistry. Author manuscript; available in PMC 2018 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Linweaver-Burk Plot of fluorescence titrations in the presence of talin rod subdomains. 

Subdomain concentrations 32 (µM), 2 (µM), 0.5 (µM), and 0 (µM). Panel left – R9 

subdomain, Panel right - R1213 subdomain. The shared Y intercepts suggest that both talin 

rod inhibitory subdomains are competitive inhibitor for talin membrane interactions.

Ye et al. Page 19

Biochemistry. Author manuscript; available in PMC 2018 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Affinities of THD on DMPS and PIP2 in the presence of talin rod inhibitory subdomains R9 

(left), R12R13 (right). THD interaction with a PIP2 membrane surface is insensitive to the 

inhibitory effect by talin rod subdomains.
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Figure 5. 
Binding isotherms of THD on DMPA, DMPG, and PI4P in the presence of talin rod 

domains. PI4P, DMPA, and DMPG cannot support tight binding of THD in the presence of 

talin R9 or R12R13.
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Figure 6. 
Results of FRET based binding assay with Nanodiscs containing integrin β3 tails. (A) THD 

binding to Nanodiscs with or without integrin β3 tail. (B) Comparison of the fluorophore 

separation distances calculated from maximum FRET efficiencies.
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Figure 7. 
Interaction of THD Nanodiscs containing integrin β3 tails in the presence of talin rod 

inhibitory subdomains. (A and B) The binding isotherms of THD / 50% DMPS and 5% PIP2 

Nanodiscs. (C) Fluorophore distance of THD bound to integrin inserted Nanodiscs.
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Figure 8. 
Regulation of talin activation by PIP2. The presence of PIP2 in the bilayer promotes the 

dissociation of talin R9 and R12R13.
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Table 1

THD binding to 50% DMPS Nanodiscs in the presence of talin rod subdomains

Rod Domain Kd (µM) Fold Increase

None 0.58 ± 0.04 NA

0.5 µM R9 1.6 ± 0.1 2.8

2 µM R9 2.6 ± 0.5 4.6

32 µM R9 18 ± 10 30

0.5 µM R12-13 2.2 ± 0.2 3.8

2 µM R12-13 4.4 ± 0.5 7.5

32 µM R12-13 180 ± 40 300

0.5 µM R1R2 0.43 ± 0.01 0.7

2 µM R1R2 0.65 ± 0.06 1.1

32 µM R1R2 2.4 ± 0.2 4.2
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Table 2

THD F0F1 and F2F3 binding to Nanodiscs in the presence of talin rod subdomains

F0F1
Kd (µM)

F2F3
Kd (µM)

Rod Domain 50% DMPS 10% PIP2 50%DMPS 10% PIP2

None 0.45 ± 0.09 0.86 ± 0.25 1.2 ± 0.3 0.18 ± 0.01

32 µM R9 No Binding 14 ± 1 11 ± 2 0.36 ± 0.03

32 µM R12R13 No Binding 9 ± 4 10 ± 3 0.36 ± 0.03
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