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Abstract

Integrin adhesion receptors are essential for development and functioning of multi-cellular 

animals. Integrins mediate cell adhesion to the extracellular matrix and to counter-receptors on 

adjacent cells and the ability of integrins to bind extracellular ligands is regulated in response to 

intracellular signals that act on the short cytoplasmic tails of integrin subunits. Integrin activation, 

the rapid conversion of integrin receptors from low to high affinity, requires binding of talin to 

integrin β tails and, once bound, talin provides a connection from activated integrins to the actin 

cytoskeleton. A wide range of experimental approaches have contributed to the current 

understanding of the importance of talin in integrin signaling. Here we describe two methods that 

have been central to our investigations of talin; a biochemical assay that has allowed 

characterization of interactions between integrin cytoplasmic tails and talin and a fluorescent 

activated cell sorting procedure to assess integrin activation in cultured cells expressing talin 

domains, mutants, dominant negative constructs, or shRNA.
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1. Introduction

Integrin adhesion receptors are type I transmembrane heterodimeric glycoproteins capable of 

bi-directionally transmitting signals between the intracellular and extracellular 

environments. The extracellular domains of the integrins specifically bind in a cation-

dependent manner to extracellular matrix (ECM) proteins or to counter-receptors on 

adjacent cells, and the short cytoplasmic tails link to cytoskeletal elements, adaptors and 

signaling proteins inside the cell (1–7). These adhesive interactions permit transmission of 

mechanical and chemical signals into and out of the cell and are crucial for a great many 

processes including embryonic development, tissue maintenance and repair, host defense, 

and hemostasis (8–16). A notable feature of integrins, central to these activities, is their 

ability to undergo extensive conformational changes that regulate their affinity for 

extracellular ligands (17). Conformational rearrangement of the extracellular domains occurs 

in response to signals that impinge on the integrin cytoplasmic tails, a process referred to as 

“inside-out” signaling or integrin activation (3, 5). It is now appreciated that the large 

cytoskeletal adaptor protein, talin, plays a central role in integrin function, both as a 

HHS Public Access
Author manuscript
Methods Mol Biol. Author manuscript; available in PMC 2017 October 16.

Published in final edited form as:
Methods Mol Biol. 2012 ; 757: 325–347. doi:10.1007/978-1-61779-166-6_20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mechanical link between integrins and the actin cytoskeleton and as an essential regulator of 

integrin activation (7, 18–22).

Talin is a cytoskeletal actin-binding protein composed of an amino terminal globular, 50 

kDa, head followed by a 220-kDa rod domain (18, 19). The talin head (amino acids 1-433) 

contains a three-lobed FERM (4.1, ezrin, radixin, moesin) domain preceded by an F0 

domain and followed by a 33-amino acid stretch (23–25). The third lobe of the talin FERM 

(F3) is structurally related to a phosphotyrosine-binding (PTB) domain and mediates direct 

binding to an NP(I/L)Y motif in integrin β tails (23, 25). The talin rod is composed of a 

series of helical bundles (26, 27) and contains the major binding sites for actin and vinculin, 

as well as a dimerization site and a second integrin-binding site (28–30). The potential that 

talin provides a step in an integrin-mediated transmembrane linkage from the ECM to actin 

was first appreciated more than 20 years ago (31) and more recently, advanced biophysical 

analysis has demonstrate a role for talin as a molecular mechanosensor and confirmed the 

importance of talin in providing an initial linkage from integrins to actin that is important for 

stabilizing cell spreading (21, 22, 32).

In addition to its mechanical role, approximately 10 years ago talin was first implicated in 

regulation of integrin activation (33). Using recombinant mimics of integrin β subunit 

cytoplasmic tails we showed that talin bound directly to integrin β tails, and localized the 

talin-binding site within the β tail to the first NP(I/L)Y motif and the integrin binding site to 

the F3 sub-domain of the talin head (23, 33). We further showed that over-expression of 

integrin-binding F3-containing fragments of talin triggered activation of αIIbβ3 integrins, 

but that talin or integrin mutants defective in binding were impaired in activation (33, 34). 

Based on these data and the finding that knockdown of talin impaired integrin activation we 

proposed that talin binding, via its PTB domain-like F3 sub-domain, to the integrin β tail 

was a final common step in integrin activation (34). This conclusion has extensive in vitro 

and in vivo support from additional structural and mutational analyses, and from the 

phenotypes of knockout and knock-in model organisms (35–41).

While a key role for the PTB-like domain-integrin β tail interaction in integrin activation is 

now well established, additional complexities have recently become apparent. Integrin 

activation by the F3 sub-domain also requires additional interactions with membrane-

proximal integrin residues (36) and in intact talin this interaction is impaired due to a 

previously predicted (42), auto-inhibitory talin head-rod interaction (43, 44). Talin binding 

to integrin β tails is regulated by phospholipid binding and intracellular signaling pathways 

through control of talin localization and release of the auto-inhibitory activation (43, 45–47). 

Competition between talin and other integrin β tail-binding proteins provides an additional 

layer of regulation (36, 48, 49). Surprisingly, while talin can bind most short integrin β tail 

and talin-binding seems to be a general requirement, at least for β1, β2 and β3 integrin 

activation, differences in the ability of minimal integrin-binding talin domains to activate β1 

and β3 integrins have highlighted differences between integrins and shown the importance 

of domains outside of the PTB-like F3 domain for cellular activation of integrins (50). More 

strikingly, evidence suggests that additional factors that cooperate with talin during integrin 

activation are important in vivo. The first such factors to be identified are the members of the 

kindlin family of proteins (20, 51). These proteins are structurally related to talin but bind to 
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a distinct site on integrins and are required for normal integrin activation in vivo. A detailed 

understanding of how kindlins exert their effects is lacking and whether other proteins play 

similar roles by cooperating with talin during integrin activation remains to be determined. 

Thus, in spite of the extensive studies already performed on talin, many questions 

concerning its role in integrin signaling remain. A wide range of experimental approaches 

spanning structural biology, biochemistry, biophysics, cell biology and genetics have shaped 

our understanding of talin. Amongst them, two general methods have been central to our 

investigations of talin in integrin signaling; a biochemical assay that allowed 

characterization of integrin cytoplasmic tail interactions and a robust method to assess 

integrin activation in cultured cells expressing talin domains, mutants, dominant negative 

constructs, or shRNA. Here we will describe the assays we have used to investigate the roles 

of talin in integrin signaling, techniques that will continue to be useful in the examination of 

the role of proteins that modulate talin function.

2. Materials

2.1 Generation of recombinant talin head fragments and endogenous talin from 
mammalian cell lysates

Complete DMEM: Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco/BRL) 

supplemented with 10% fetal bovine serum (Atlanta Biologicals), 1% of 100× 

penicillin (10000 units/ml)/streptomycin (10000 μg/ml) (Gibco/BRL), 1% of 100× 

sodium pyruvate (100 mM) (Gibco/BRL), and 1% of 100× MEM non-essential 

amino acids solution (10 mM) (Gibco/BRL).

Dulbecco’s Phosphate Buffed Saline (DPBS) (Gibro/BRL).

Lipofectamine Reagent (Invitrogen)

Cell lysis buffer: 50 mM NaCl, 10 mM Pipes, 150 mM sucrose, 50 mM NaF, 40 mM 

Na4P2O7, pH 6.8, 0.5% Triton X-100, 0.1% sodium deoxycholate and EDTA-free 

protease inhibitor tablet (Roche).

BCA Protein assay (Pierce).

2.2 Purification of recombinant talin head fragments from bacterial cell lysates

Luria Broth Base (LB) (Invitrogen).

Isopropyl-beta-D-thiogalactopyranoside (IPTG), dioxane free (American 

Bioanalytical).

GST lysis buffer: phosphate buffered saline (PBS) pH 7.4, 1% Triton X-100, 1 mM 

dithiothreitol (DTT) and protease inhibitor tablet (Roche).

Glutathione-sepharose beads (GE Healthcare).

PBS wash buffer: PBS, 1% Triton X-100, and 1 mM DTT.

GST wash buffer: 0.1 M Tris-HCL pH 7.5, 0.1 M NaCl, 1% Triton X-100, 1 mM 

DTT, and protease inhibitor tablet.
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GST elution buffer: add GST wash buffer with 20 mM glutathione (MP 

Biomedicals).

2.3 Integrin β Tails Binding Assay

Ni2+-NTA resin (Novagen).

Buffer XT: 50 mM NaCl, 10mM Pipes, 150 mM sucrose, 50 mM NaF, 40 mM 

Na4P2O7, 1 mM Na3VO4, 0.05% Triton X-100, pH 6.8.

2.4 Generation GST fused Fibronectin (9–11) from Bacteria

GST-Fibronectin(9–11) cDNA was engineered as previously described (52).

BL21 E. coli bacterial culture.

Luria Broth Base (LB) (Invitrogen).

Ampicillin Sodium Salt (American Bioanalytical).

IPTG

GST lysis buffer: phosphate buffered saline (PBS) pH 7.4, 1% Triton X-100, 1 mM 

DTT and protease inhibitor tablet (Roche).

Glutathione-sepharose beads (GE Healthcare).

PBS wash buffer: PBS, 1% Triton X-100, and 1 mM DTT.

GST wash buffer: 0.1 M Tris-HCL pH 7.5, 0.1 M NaCl, 1% Triton X-100, 1 mM 

DTT, and protease inhibitor tablet.

GST elution buffer: GST wash buffer with 20 mM glutathione (MP Biomedicals).

5× SDS Sample Buffer (100ml): 15.625 ml 1M Tris Base pH 6.8, 10 gm SDS, 20 ml 

glycerol, 0.1% Bromo phenol blue-100 mg. Add 1 ml β-mercapto ethanol to 3 ml of 

buffer to make 5× working solution.

Float-A-Lyser® (Spectrum Laboratories), 10 mm diameter, 3ml volume and 3,500 Da 

molecular weight cut-off.

2.5 Biotinylation of GST-Fibronectin (9–11)

Biotinyl-N-hydroxy-succininide (EZ-Link™ NHS-Biotin, spacer arm 13.5Å; Pierce).

Dimethyl sulfoxide (DMSO) (J.T. baker).

Fresh NaHCO3 1M solution.

PD10 desalting columns (Sephadex™ G-25 M; Amersham Bioscience).

Bovine Serum Albumin (BSA).

2.6 Fluorescence Activated Cell Sorting Activation Assay

5ml FACS polystyrene round-bottom tubes (BD Falcon).

Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco/BRL).
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Ethylenediaminetetraacetic acid (EDTA) (American Bioanlaytical).

Nylon screening mesh (80μm) (Sefar NITEX®).

Tyrode’s Buffer pH 7.3: 136.9mM NaCl, 10mM Hepes, 5,5mM Glucose, 11.9nM 

NaHCO3, 2.7mM KCl, 0,5mM CaCl, 1,5mM MgCl, 0,4mM NaH2PO4.

EDTA-0.05% Trypsin (Gibco/BRL).

Rat Anti-mouse integrin β1 chain antibody (clone 9EG7) (BD Pharmingen).

Purified mouse IgM anti-human αIIbβ3 integrin PAC-1 antibody (BD Bioscience).

Streptavidin-AlloPhycocyanin (Thermo Scientific).

Alexa647-conjugated Donkey Anti-mouse IgG (H+L) antibody and Alexa647-

conjugated goat anti-mouse IgM antibody (Molecular probes™ − Invitrogen).

MnCl2 (J.T. baker).

Mouse anti-human αIIbβ3 integrin D57 antibody. D57 is a function-independent 

antibody used for the detection of β3 integrins and αIIbβ3 on the surface of cells(53).

3. Methods

3.1 Biochemical analysis of integrin-talin interactions

Integrins are large heterodimeric proteins composed of bulky extra extracellular domains, a 

transmembrane region and generally short cytoplasmic tails and as a consequence raise 

challenges for biochemical analysis. In an effort to examine intracellular biochemical 

interactions with the integrin tail, we utilize a system of bacterial, recombinantly expressed 

proteins containing the integrin cytoplasmic tails. This system has provided a framework for 

reliably identifying the molecular requirements for integrin binding proteins, correlates with 

findings from genetic and structural experiments, and has been useful for providing 

extensive information on talin-integrin tail interactions (23, 33, 34, 48, 50, 54). The integrin 

tail pull-down assay has been described in detail in a previous review with a focus on the 

role of the integrin tail (55). The assay relies on expression and purification of recombinant 

integrin cytoplasmic tails consisting of an N-terminal His-tag followed by a thrombin 

cleavage site, a cysteine-residue linker, a coiled-coil sequence, a glycine spacer, and the 

integrin cytoplasmic domain (55). The cysteine linker and coiled-coil regions allow parallel 

dimerization of integrin tails in aqueous solution, act as a spacer between the integrin tail 

and affinity matrix and mimic the helical structure of integrin transmembrane domains. The 

His-tag allows purification of the recombinant proteins by metal ion-affinity 

chromatography and immobilization of the purified integrin tail on His-bind resin for use in 

binding assays. In the following sections we briefly discuss preparation of cell lysates for 

talin pull-down assays, the expression and purification of recombinant talin fragments in 

bacteria, and the pull-down assays themselves.

3.1.1 Preparation of mammalian cell lysates containing recombinant talin 
head fragments and endogenous talin—Integrin β tail pull-down assays can be 

performed using a variety of cell lysates (18, 55, 56). However, we generally use Chinese 
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hamster ovary (CHO) cells because they can be efficiently transfected using standard 

protocols, have consistently provided successful expression for many of our proteins of 

interest, and are the cell type in which we have optimized the integrin activation assays 

discussed later in this review.

1. Culture CHO cells in complete DMEM media until confluent on a 10-cm tissue 

culture dish. If using untransfected cells, proceed to step “3”.

2. Wash cells with DPBS and transiently transfect cDNA encoding fragments of 

talin fused to epitope tags such as GFP, FLAG, HA, etc., utilizing Invitrogen’s 

recommendations for working with lipofectamine reagent. Typical talin 

fragments include F3, F2F3, F1F2F3, and entire head, encoding the amino acids 

309-405, 206-405, 86-405, and 1-433, respectively (see Note 1).

3. 24 hours post-transfection, wash cells with cold DPBS, lyse by scraping in 0.5 

ml cell lysis buffer, collect into a 1.5 ml microcentrifuge tube and incubate on ice 

for 20 min.

4. Separate the insoluble fraction from the lysate by centrifugation at 20000 × g for 

10 min at 4°C.

5. Determine the protein concentration of the supernatant using the BCA protein 

assay and either use lysates immediately or store at −20°C until required.

3.1.2 Expression and purification of recombinant talin fragments from 
bacterial cell lysates—Based on sequence analysis and insights from structural findings, 

we have been able to express recombinant fragments of talin fused to a tag useful for protein 

purification (23, 33, 50). Here we will describe purification of talin fragment fused to GST, 

however other tags, such as His-tag, may also be used (57).

1. Inoculate 100 ml of LB containing the appropriate antibiotics with BL21 E. coli 
culture containing GST-talin fusion protein expression construct. Grow overnight 

at 37°C in a rotary shaker incubator (radius of gyration: one inch) with agitation 

at 225 rpm.

2. Use the overnight culture to inoculate 2 liters of LB with appropriate antibiotic 

and continue to grow the culture to an approximate OD600 of 0.4 (see Note 2).

3. Induce the bacteria with IPTG (0.2 mM final concentration) and grow for 3 hours 

(see Note 2).

4. Harvest the bacteria by centrifugation and resuspend in 60 ml of GST lysis buffer 

on ice. Lyse by sonication and repeat until the bacterial extract is no longer 

viscous.

1When expressing recombinant fragments of talin head in mammalian cells we find that expression levels and transfection efficiency 
depend on cell type and on the boundaries of the construct used. With therefore vary the amount of cDNA used during the transfection 
step to optimize protein production.
2When working with bacterial cultures recombinant talin expression levels vary depending on the boundaries of the construct and the 
epitope/affinity tag used. In an effort to maximize protein expression we sometimes induce at a higher OD600, as high as 0.8, vary the 
amount of IPTG used for induction, and increase the total volume of LB used to increase the overall yield. To improve purification of 
talin fragments from bacteria we also vary the lysis buffer or induce protein expression at lower temperatures e.g. 12–16 °C overnight.

Bouaouina et al. Page 6

Methods Mol Biol. Author manuscript; available in PMC 2017 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Centrifuge at 30000 × g for 25 min at 4°C and collect the supernatant.

6. During this final centrifugation step, prepare 0.5 ml glutathione-sepharose beads. 

Wash with 10 volumes PBS and then mix with supernatant from step “5”.

7. Incubate the glutathione-sepharose beads with the bacterial lysate overnight at 

4°C with slight agitation to avoid bead sedimentation.

8. Load the beads onto a column. Wash once with 20 volumes PBS wash buffer 

followed by two washes with 20 volumes GST wash buffer.

9. Elute GST fusion proteins with 20 volumes of GST elution buffer and collect 

eluate in 1 ml fractions.

10. Analyze the elution fractions on a 10% Tris-glycine SDS polyacrylamide gel to 

identify fractions containing the GST-fusion protein. Determine the 

concentration of fusion protein in positive fractions and keep at 4°C for 

immediate use or store at −20°C until needed.

3.1.3 Preparation of recombinant integrin β tails and subsequent binding 
assays—The details for these steps have been described by Lad et al. (55). Briefly, this 

assay entails:

1. Bacterial expression of integrin cytoplasm tails containing an N-terminal His-tag.

2. Purification of integrin cytoplasmic tails from the bacterial lysates through two 

rounds of sonication and centrifugation, batch absorption to Ni2+NTA resin, 

elution from the resin followed by purification via reversed-phase high-pressure 

liquid chromatography.

3. Preparation of the affinity matrix through the steps of mixing purified integrin 

tails with Ni2+-charged beads in the presence of binding buffer, followed by 

washing steps to remove urea and exchange integrin tail-coated resin into Buffer 

XT.

4. Mixing either cell lysates or bacterially purified proteins with the integrin tails 

for 24 or 2 hours, respectively, at 4°C, followed by several washing steps, 

resuspending beads in SDS sample buffer, boiling samples and analyzing on SDS 

polyacrylamide gel through either immunoblotting and/or Coomassie stain (see 
Note 3).

3.2 Integrin activation assays

Integrin activation assays provide functional readouts that have complemented our 

biochemical and structural studies to reveal the effect of different talin fragments on the 

activation of surface expressed integrins. These assays rely on Fluorescence Activated Cell 

Sorting (FACS), to measure protein expression and integrin activation state in individual 

cells. Here, we will outline the basis for these assays that make powerful tools in screening 

3Common areas for optimization in the integrin tail binding assays include varying the stringency of the binding buffer, varying the 
amount of cell lysate or purified recombinant protein used in the binding assay and lastly decreasing the amount of integrin tails 
coated on the matrix in an effort to reduce non-specific binding.
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for players in integrin signaling (58) and discovering new regulators of talin-mediated 

integrin activation (54, 59–61).

Integrin activation involves conformational changes in the ectodomains that result in an 

increase in affinity for ligand. As the dynamically regulated integrin domains are exposed on 

the surface of the cell, and so accessible to reporter ligand or antibody binding, we can use 

FACS analysis as a means to measure integrin activation in live cells. Our FACS assays rely 

on the selective binding of integrin ligands or ligand-mimetic antibodies only to activated 

integrins. When combined with transiently-expressed fluorescently-tagged talin fragments 

this assay permits us to assess the effect of talin on activation of endogenous or exogenously 

expressed integrin using multi-color FACS analysis. This technique, coupled to proper data 

analysis, offers an excellent tool to study the intricate control of integrin activation and a 

variety of FACS-based integrin activation assays have been developed (62–65). We will 

discuss the details of those in use in our lab which are based on an assay originally 

developed by the Shattil and Ginsberg labs (63, 66). This sensitive assay, initially developed 

for αIIbβ3 integrins, has been amended to also allow measurements on fibronectin-binding 

β1 integrins and has become a powerful tool for understanding modes of regulation of 

integrin activity.

3.2.1. Probes used to assess integrin activation by flow cytometry

Antibodies: Monoclonal antibodies that recognize neo-epitopes on the extracellular domain 

of the activated integrin are commonly used to report integrin activation state; examples 

include Ab24 a β2 integrin specific mouse antibody (67) and HUTS-21 antibody a β1 

specific mouse antibody (68). The anti-αIIbβ3 mouse monoclonal IgM antibody PAC1, 

which is the basis of our αIIbβ3-activation assay, is notable as it is a ligand-mimetic 

antibody that binds to the extracellular ligand-binding site in the integrin in a very similar 

way to the specific ligand (69, 70). PAC1 is capable of competing with fibrinogen for 

binding to active αIIbβ3 integrins (71) and sequencing has revealed that the 

complementarity-determining region 3 within PAC1 heavy chain contains an RYD sequence 

forming the integrin-binding site and behaving like the RGD sequence in fibrinogen (69). 

Mutagenesis around this site has permitted generation of activation-specific antibodies 

against human and mouse αIIbβ3 and αvβ3 (72, 73) and the Drosophila αPS2βPS (74).

Ligands: Soluble ligands can also be used to probe integrin activation in flow cytometry 

because integrins require activation to bind to soluble ligands. Natural ligands are often 

large, multivalent proteins that bind more than one integrin, making them unsuitable for 

studying integrin activation; however intact fluorescently-labeled fibrinogen has been 

successfully used in integrin activation assays (34, 73, 75). More commonly, soluble 

recombinant fragments from extracellular integrin ligands, engineered to ensure specificity 

towards the integrin of interest and to lower multivalency are used in activation assays (50, 

76–80). We use a well characterized GST-fused fragment of fibronectin to probe α5β1 

integrin activation. The GST-fibronectin(9–11) (GST-FN9-11) fragment contains the 9th, 

10th and 11th type III repeats of Xenopus fibronectin (52). This fragment carries the α5β1 

integrin-binding RGD site (repeat 10) along with the synergy motif “PPSRN” (repeat 9) 
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known to support the spreading of many cell types (81). Fibronectin is well conserved and 

the Xenopus protein also binds human and mouse integrins.

Specificity controls: Specific binding of ligand mimetic anti-integrin antibodies or soluble 

ligands can be inhibited by RGD peptides, small molecule antagonists such as, Ro43-5054 

or 3F (69, 82–84). Integrin-ligand binding is also divalent cation-dependant and therefore 

can be inhibited by EDTA (85). Antibody or soluble ligand binding in the presence of 

integrin antagonists or EDTA can therefore be used to assess background non-specific 

binding in our FACS assays and provides a control for the specificity and selectivity of the 

activation reporters being used. In addition, binding should be enhanced in presence of 

integrin activators such as the divalent cation Mn2+ or activating antibodies.

3.2.2. Expression and Purification of GST-FN 9-11

1. Inoculate 1L of LB, 50 μg/ml Ampicillin, with 25 ml of overnight culture of 

BL21 E.coli carrying the GST-tagged Fibronection(9–11) construct. Incubate at 

37°C in a rotary shaker (radius of gyration: one inch) with agitation at 225 rpm 

until it reaches an OD600 of 0.4.

2. Induce the bacterial culture with IPTG (final concentration 0.2 mM) and 

continue culture for 3 hours, at 37°C with shaking.

3. Harvest the bacteria by centrifugation for 20 min at 5500 × g at 4°C. Gently 

resuspend the pellet in 30 ml of GST Lysis Buffer and avoid making bubbles, 

then transfer the mixture into a beaker and maintain at 4°C.

4. Lyse the bacteria with 10 seconds bursts of sonication followed by 50 seconds on 

ice to avoid overheating. Repeat until the extract is no longer viscous.

5. Centrifuge at 30000 × g for 25 min at 4°C and collect the supernatant.

6. During the last centrifugation step, prepare 250 μl glutathione-sepharose beads. 

Wash with 10 ml of PBS and then mix with the supernatant from step “5”.

7. Incubate the glutathione-sepharose beads with the bacterial lysate overnight at 

4°C with slight agitation to avoid bead sedimentation.

8. Load the beads onto a column and wash with 10 ml of PBS-Triton X-100 at 4°C, 

followed by two 10 ml washes with Wash Buffer.

9. Elute the GST-FN 9-11 fragment with 1.5 ml of Elution Buffer at 4°C. Incubate 

5 min at room temperature and collect the eluted fraction in a 1.5 ml centrifuge 

tube and store on ice. Repeat to collect 6 to 8 fractions.

10. Check the levels and purity of eluted protein in each fraction by SDS-PAGE 

followed by protein staining.

11. Pool the two fractions containing most GST-FN9-11 protein, load into a Spectra/

Pro® Float-A-Lyser® unit (Diameter: 10 mm, Volume: 3 ml, MWCO: 3,500Da) 

(Spectrum Laboratories) and dialysis against 4L of PBS at room temperature 

overnight to remove the free glutathione. Replace dialysis fluid with fresh PBS 

and continue dialysis for 2h.
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12. Collect the dialyzed GST-FN9-11 and store on ice.

3.2.3. Biotinylation of GST-FN9-11—To enable detection of the FN9-11 with flurophore 

conjugated streptavidin we covalently attach NHS-biotin (short chain) to the purified, 

dialyzed protein. For optimal biotinylation, the FN9-11 concentration should be between 0.5 

and 2.0 mg/ml.

1. Dissolve 1 mg of biotinyl-N-hydroxy-succinimide in 100 μl DMSO.

2. Mix 800 μl dialyzed FN9-11with 100 μl freshly prepared 1M NaHCO3, and 100 

μl of the biotin solution and incubate for 1 h at room temperature with gentle 

agitation.

3. During the incubation step, pre-equilibrate a PD10 desalting column. Add 1 ml 

of 1% BSA to the column to block non-specific binding sites and wash 

extensively with 20 to 40 ml PBS.

4. Load the biotinylated FN 9-11 sample onto the pre-equilibrated PD10 column 

and elute the FN 9-11 in 1 to 1.5ml fractions by adding PBS.

5. Identify protein-containing fractions based on absorbance at 280 nm and store at 

4°C.

3.2.4. Preparation of cells for use in integrin activation assays—The integrin 

activation assays described below can be used on a wide range of cell types. Platelets and 

polymorphonuclear neutrophils present a good cell model for studying activation of 

endogenous integrins because they are abundant, can be readily harvested from blood, and 

because integrin activation is tightly regulated in these cells (66, 86). These primary cells are 

however not readily transfectable and so to investigate the effects of specific proteins or 

pathways on integrin activation a variety of adherent, immortalized and well established cell 

lines have been used, including CHO, NIH-3T3 and Jurkat (34, 48, 87), as well as ES cell-

derived megakaryocytes (88) and murine bone marrow derived megakaryocytes (89, 90).

We make extensive use of CHO cells as lines in which to assess the effect of knocking down 

integrin regulatory molecules or over-expressing talin, talin fragments or molecules that 

cooperate with talin (23, 33, 34, 59). CHO cells have been widely used to investigate β1 

integrins (91, 92) and a variety of CHO cell lines that express different wild type and 

chimeric integrins has permitted investigation of other integrin families not normally present 

in CHO cells, most notably the platelet integrin αIIbβ3 (53, 83, 91, 93) CHO cells are 

cultured as previously described (94) in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% fetal calf serum (FCS), 100 U/ml of penicillin, 0.1 mg/ml of 

streptomycin, 2 mM of L-glutamine, and 1% nonessential amino acids at 37°C in 5% CO2.

To assess the effect of specific integrin regulators, we transiently over-express fluorescent, 

GFP- or DsRed-tagged recombinant proteins in the chosen cell line using pcDNA3 

(Invitrogen); pEGFP (BD Biosciences Clontech) or pDsRed (BD Biosciences Clontech) 

vectors as follows:

1. Seed 1×106 CHO cells per 10 cm plate for transfection the next day (see Note 4).
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2. Mix 250 μl of DMEM with 2–4 μg of DNA and add 4 μl lipofectamine/μg of 

DNA. Incubate the mixture at room temperature for 15 min.

3. Wash the cells once with 5 ml of room temperature PBS to remove the serum and 

any dead cells, then add 5 ml of DMEM and the DNA-lipofectamine mixture 

from step 2 to the plate and incubate for 5 hours at 37 °C in incubator (5 % CO2)

4. Wash the plate once with 5 ml room temperature PBS, then add 10 ml of 

Complete DMEM and incubate at 37°C, 5 % CO2, over night.

3.2.5 FACS Integrin Activation Assay—This assay assesses integrin activation by 

measuring the binding of PAC1 antibody or biotinylated-FN9-11 or to cells expressing 

constructs of interest. Cells are transfected as described above, and sixteen to eighteen hours 

after transfection integrin activation is assessed by FACS. Bound FN9-11 or PAC1 is 

detected using streptavidin or anti-mouse IgM antibodies conjugated to APC or Alexa647 

fluorophores whose emitted fluorescence is measured in the FL4 channel of the FACS 

machine. The optimum concentrations of PAC1, FN9-11 and fluorophore-conjugated 

secondary antibody or streptavidin for the cell line under study is determined by titration. 

Expression levels of the expressed GFP- or Ds-Red conjugated proteins are assessed in the 

FL1 or FL2 channel respectively. The separation between the emission optima for the GFP 

or DsRed fluorophores and the APC or Alexa647 fluorophores avoids crosstalk between the 

FL1 or FL2 channels and the FL4 channel so simplifying analysis of the results.

Cells from each plate, over-expressing one fluorescent protein of interest or control, are 

routinely divided into 4 tubes to undergo different treatments prior to FACS analysis. In 

three tubes integrin activation state is assessed either in native conditions, in the presence of 

an inhibitor of ligand binding such as EDTA or small molecule inhibitor, or in the presence 

of an exogenous integrin activator such as 1 mM Mn2+ or activating antibody (9EG7 for 

α5β1 integrins anti-LIBS6 for αIIbβ3 integrins). As described below these conditions allow 

for assessment of the non-specific background binding and the maximum fully stimulated 

binding and the native binding can then be related to these minima and maxima. In the 

fourth tube integrin surface expression is assessed with an antibody that binds integrin in an 

activation-independent manner, we use PB1 (95) to measure hamster α5β1 levels in CHO 

cells and D57 (53) to assess αIIbβ3 expression levels. These measures can be used to 

normalize integrin activation results to the total integrin expression level.

The method outlined below describes a basic FACS integrin activation assay. Similar 

methods are used for α5β1 and αIIbβ3 the major difference being that FN9-11 is used to 

report α5β1 activation while PAC1 is used for αIIbβ3.

1. Wash transfected plates once with 5 ml room temperature PBS to remove dead 

cells and serum contained in the medium. Add 0.7 ml of 0.5 mM EDTA, 0.05% 

trypsin and incubate 5–10 min at 37°C.

4Seeding 1 × 106 CHO cells in a 10 cm plate ensures that cells will be adherent and sufficiently confluent when transfected the 
following day. We find cell confluency is important for good transfection and efficient expression of recombinant proteins. Under our 
experimental conditions, 106 cells CHO cells will have 60–70% confluency on the day of transfection generally yielding 40–50% 
transfection efficiency. If different cell types are used the seeding density will need to be optimized for each cell type.
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2. Neutralize trypsin with 0.7 ml of Complete DMEM, collect the detached cells in 

a tube and spin for 5 min at 200 g at room temperature.

3. Wash the cells by re-suspending them in 1.5 ml room temperature PBS. Filter the 

cell suspension through an 80 μm Nylon screening mesh (SEFAR NITEX®; see 
Note 5) and then remove 10 μl for cell counting.

4. Pellet cells by spinning 5 min at 200 g at room temperature, and re-suspend 

gently at 6 to 8×106/ml in Tyrode’s Buffer.

5. Transfer 45 μl of cell suspension to each of 4 FACS tubes; 4 FACS tubes for each 

transfected plate allows measurement of reporter binding in native, activated and 

inhibited condition as well as one tube to measure integrin expression levels by 

standard antibody FACS assay performed in parallel using anti-α5 or anti-

αIIbβ3 antibodies PB1 or D57 respectively.

6. Add 2.5 μl 200 mM EDTA to the inhibited tubes and incubate 10 min at room 

temperature.

7. Add 2.5 μl Tyrode’s Buffer to each native tube.

8. For activated tubes add 5 μl 20 mM MnCl2, or if using activating antibodies, 5 μl 

100 μg/ml 9EG7 for α5β1 assays, or anti-LIBS6 for αIIbβ3 assays.

9. Add 2.5 μl of the appropriate dilution of activation reporter (determined by 

titration) to each tube; biotinylated-GST-FN9-11 for α5β1 assays, PAC1 for 

αIIbβ3 assays.

10. Incubate FACS tubes at 30 °C for 30 min.

11. Wash off unbound ligand/antibody by adding 250 μl Tyrode’s Buffer to each tube 

then pellet cells 5 min at 200 g at room temperature. Carefully pour off the 

supernatant.

12. For α5β1 assays, re-suspend the cells in 50 μl of 2% APC-conjugated 

Streptavidin in Tyrode’s Buffer. For αIIbβ3 assays re-suspend the cells in 50 μl 

of 2.5 μg/ml alexa647-conjugated anti-Mouse IgM in Tyrode’s Buffer.

13. Incubate FACS tubes for 30 min on ice in the dark.

14. Wash off unbound antibodies by adding 250 μl cold Tyrode’s Buffer to each tube 

then pellet cells 5 min at 200 g at 4°C, then carefully pour off the supernatant.

15. Re-suspend cells in 400 μl cold PBS.

16. Analyze stained cells using FACS Calibur or LSRII FACS machines and 

collecting 10000–30000 cells per condition.

3.2.6 Data analysis—The FACS analysis described above provides data on FN9-11 or 

PAC1 binding to transfected and un-transfected cells under a variety of conditions. These 

5Filtration of cell suspensions proior to analysis by FACS is important to remove large cell aggregates that might clog the FACS 
machine and interfere with data acquisition.
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data can be processed using Flowjo analysis software. Analysis first requires identification 

of the live cells based on their forward and side scatter (Figure 1a). Cells with the 

appropriate forward and side scatter are gated and further analysis is performed on this 

population. The GFP or DsRed signal (respectively FL1 or FL2) is plotted against the PAC1 

or FN 9-11 binding signal (FL4) providing a visual representation of how the ability of cells 

to bind soluble integrin ligand changes in response to expression of the fluorophore-tagged 

recombinant protein (Figure 1b). Gating of cells based on GFP or DsRed fluorescence 

permits segregation into expressing and non-expressing populations or further separation 

into high- and low-expressing cells. The PAC1 or FN9-11 binding to cells in each of these 

populations can then be expressed as a frequency histogram and geometric mean 

fluorescence intensity (GMFI) of cells in the population calculated (Figure 1c). Applying the 

same multi-gating parameters to all tubes from a given sample allows calculation of GMFI 

values for the native, activated and inhibited conditions and a similar approach allows 

calculation of integrin levels on the cells based on anti-integrin antibody staining (Figure 

1c). As discussed below these data permit calculation of the activation state of integrins on 

the transfected cells. Applying the same gating parameters to cells transfected with different 

constructs allows comparison of the effect of different talin domains on integrin activation. 

Furthermore since all data is expressed based on populations gated for comparable GFP or 

DsRed expression levels any differences in expression levels between constructs are evident 

and can be controlled for.

We routinely use activation index as a measure of integrin activation. This is expressed as AI 

= (F – F0)/(Fmax – F0), where F is the geometric mean fluorescence intensity (GMFI) of 

FN9–11 binding, F0 is the GMFI of FN9–11 binding in presence of binding inhibitor 

(peptide, antibody or EDTA), Fmax is the GMFI of FN9–11 binding in the presence of 

binding activator (antibody or Mn2+). Alternatively, since we can measure integrin 

expression levels on the gated population we can express activation as the specific reporter 

ligand binding normalized for integrin expression using the equation AI = (F – F0)/(Fintegrin), 

where Fintegrin is the normalized GMFI of a function-independent integrin-specific antibody 

binding to transfected cells (50).

The assay described above readily permits assessment of the effect of expression of 

fluorophore tagged proteins on integrin activation state. It is straightforward to modify this 

assay to assess the effect of non-tagged proteins that are co-transfected with an expression 

construct for a fluorescent marker protein (e.g. talin constructs co-transfected with GFP (50, 

96)). Alternatively, another non-fluorescent marker protein, such as a transmembrane protein 

to which an antibody to the extracellular domain is available, can be used allowing 

transfection to be assessed by antibody staining in parallel with assessment of integrin 

activation (33, 97). The disadvantage of such assays is that they do not allow for direct 

measurement of the levels of the protein of interest and rely instead on the assumption that 

expression levels of the protein of interest and the marker protein are directly proportional.

The recent discovery of new integrin co-activators, such as kindlin (59–61), has highlighted 

the importance of assessing integrin activation using more than one protein at a time. The 

basic integrin activation assay can therefore be modified to assess levels of two differently-

tagged co-expressed proteins simultaneous with measuring integrin activation state. In these 
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assays we use cells co-expressing GFP- and DsRed-tagged proteins (e.g. DsRed-talin and 

GFP-kindlin or GFP-talin and DsRed-kindlin (3, 98)). By monitoring the expression of each 

protein and the integrin activation reporter in different channels, we are able to more 

accurately investigate the effect of expressing an additional factor, such as kindlin, on talin-

mediated integrin activation (see Note 6).

Preparing doubly transfected cell: A key step in assays involving two activator proteins is 

efficient co-expression of both proteins as in many cases expression of one protein can 

impair the expression of the second. The transfection protocol for expressing two proteins is 

essentially the same as that described above for expressing a single protein but in a co-

transfection setting, the expression of each fluorescent protein should initially be assessed by 

varying the amounts and ratios of the two DNAs to optimize their co-expression in the 

double transfected cells. This process needs to be repeated for each pair of proteins and 

fluorophores under test, and for each cell line being used.

Preparation of compensation controls: Monitoring both green and red signals in adjacent 

channels (FL1 and FL2) requires careful setup of the FACS machine using the proper 

compensation controls prior to acquisition of the double transfected cells. Controls should 

include untransfected cells, cells expressing only GFP and cells expressing only DsRed. 

These control cells are processed along with the experimental samples but do not receive 

PAC1 or FN 9-11 and therefore should only exhibit background levels of fluorescence in the 

FL4 channel.

Prior to acquisition of the experimental samples, the acquisition gate and channel voltages 

are set using untransfected cells. This provides a background signal in each channel. GFP-

expressing cells are then run and setting adjusted to compensate for any green signal that 

bleeds through into the red channel. Likewise DsRed-expressing cells are then used to 

compensate for any red signal that bleeds into the green channel.

Data analysis: Data analysis proceeds much as described in Figure 1 but requires an 

additional step to gate on cells expressing both green and red fluorescent proteins (Figure 2). 

After gating on the live cell population based on forward and side scatter, a population that 

is positive for both DsRed and GFP signal is then selected. The GMFI signal for GFP and 

DsRed in this gate is then calculated and a similar gate is applied to other experimental 

samples. This gate is then adjusted to ensure that the gated population in each sample has 

comparable GMFI for GFP and DsRed. The GMFI of PAC1, FN9-11 or anti-integrin 

antibody binding within this gate is then calculated (Figure 2) for each condition and 

activation indices calculated as described above.

6Advanced applications of the FACS Integrin Activation Assay using two co-expressed activators are performed as described for the 
basic integrin activation FACS but some modifications are required to (i) ensure efficient expression of both proteins, (ii) allow 
accurate measurement of both GFP and DsRed fluorophores in the same cell without extensive crosstalk between the FL1 and FL2 
channels and (iii) ensure that comparable populations of double transfected cells are used for data analysis. These areas are highlighted 
below.
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Figure 1. 
Analysis of αIIbβ3 activation in CHO cells expressing GFP-talin head. CHO cells stably 

expressing αIIbβ3 were transfected with DNA encoding GFP-talin head, the following day 

αIIbβ3 activation and expression were assessed as described in the text. Binding of the 

ligand-mimetic monoclonal antibody PAC1 was measured under native, activating and 

inhibited conditions and integrin expression was determined using the D57 monoclonal 

antibody. Data were analyzed using Flowjo software. a) A plot of forward scatter (FCA-A) 

vs side scatter (SCA-A) was prepared and the gate G1 was drawn around the CHO cells 
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population based on its homogenous size and granularity; debris and dead cells that scatter 

differently were excluded. For each condition, using data from cells falling within the G1 

gate, GFP signal in the FL1 channel was plotted against the PAC1 (b) or the D57 (c) signal 

in the FL4 channel. A rectangular gate, G2, was then drawn to identify cells expressing GFP 

at high levels. Frequency histograms were plotted as a means of expressing PAC1 (d) or D57 

(e) binding to cells within the G2 gate and the geometric mean fluorescence intensity was 

calculated.
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Figure 2. 
Analysis of αIIbβ3 activation in CHO cells expressing GFP-talin head and DsRed-kindlin1. 

CHO cells stably expressing αIIbβ3 were transfected with DNA encoding GFP-talin head 

and DsRed-kindlin1 and αIIbβ3 activation and expression was assessed as described in the 

text. Results were analyzed as described in Figure 1 but the G2 gate was drawn to define a 

double positive (GFP and DsRed) CHO cell population. Histogram plots from cells in this 

gate were generated to measure the GMFI of GFP, DsRed and PAC1 or D57.
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