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Abstract 

Integrins are heterodimeric adhesion receptors that maintain cell-extracellular matrix (ECM) interactions in 

diverse tissue microenvironments. They mediate cell adhesion and signaling through the assembly of large 

cytoplasmic multiprotein complexes that focally connect with the cytoskeleton. Integrin adhesion complexes 

(IAC) are specialized by the type of integrin-ECM contact and are sensitive to mechanical forces. Thus, they 

encrypt context-dependent information about the microenvironment in their composition. Signals mediated 

through IACs modulate many aspects of cell behavior, which allows cells to adapt to their surroundings. To 

gain insights into their function, IACs have been isolated from cultured cells and explored by proteomics. 

IACs are insoluble by nature and held together by transient/weak interactions, which makes it challenging to 

isolate intact IACs. Usually all IACs coupled to a specified ECM, which may employ different integrins, are 

isolated. Here we describe an alternative method based on proximity-dependent biotin identification (BioID), 

where specific integrin interaction partners are labeled in live cells and isolated without the need to isolate 

intact IACs.  
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Introduction 

Integrin adhesion complexes (IAC) are both labile and difficult to solubilize, which makes them infeasible 

for affinity purification using traditional methods. Alternative methods have been developed, where IACs 

secured by chemical cross-linking are isolated directly on an extracellular matrix (ECM) scaffold to which 

cells adhere by removing the cell body (1). These isolated IACs have been extensively characterized by 

proteomics, which has led to identification of thousands of proteins. Although IACs are no doubt complex, 

part of the observed complexity stems from co-purification of different adhesion complexes bound to the 

ligand via different integrin or non-integrin receptors. Therefore, there is a clear need for sorting of 

information between different adhesion complexes using complementary approaches such as BioID. 

BioID utilizes a promiscuous biotin ligase enzyme tag, which can be fused to the protein of 

interest and expressed in cells where it biotinylates primary amines in neighboring proteins (2). The tag was 



engineered from a bacterial 35kDa DNA-binding biotin protein ligase BirA, which selectively biotinylates 

proteins with a specific recognition sequence. By introducing a point mutation (R118G), BirA* was made to 

prematurely release a highly reactive and labile activated biotin (biotinoyl-5’-AMP), which permanently 

labels any protein within a 10 nm radius (2-3). As BirA* is restricted by the availability of free biotin in 

standard cell culture conditions, promiscuous labeling can be induced by addition of biotin to the culture 

media.  

BioID has recently been adopted also to study IACs (4-7). It does not rely on a specified ECM 

and allows any protein to be selected as a bait. Therefore, BioID opens a possibility to examine IACs also 

from the integrin point of view, to understand the nature of integrin specific signals. BioID labeling takes 

place in native conditions, which makes it sensitive for low affinity interactions in IACs. Although labeling 

is restricted to a very short distance, BioID does not, in principle, discriminate between physical interactions 

and close encounters. Exposure to cytosolic content at random however is limited, given that mature IACs 

are immobilized to ECM contacts. BioID datasets using integrins and unrelated membrane proteins as baits 

in Madin Darby Canine Kidney (MDCK) epithelial cells do not significantly overlap, suggesting that 

labeling is bait-specific (5, 8-10). Still, proteins that physically interact with the bait need to be sorted from 

those that merely co-localize using affinity-based methods. 

Labeling of biologically relevant candidates requires a fusion protein with localization and 

conformation similar to the endogenous protein. To study the composition of specialized IACs, integrins are 

the natural choice of bait (Figure 1A). The challenge lies in placing the tag so that it does not compromise 

integrin function, which is based on heterodimerization, ligand-binding and allosteric signaling through 

conformational changes. Fusions directly to the cytoplasmic C-terminus of integrins are generally better 

tolerated than to the N-terminus, given the complexity of the ectodomain structure (5,11). However, 

strategically placed intramolecular tags on the ectodomain can be successful (12-13). For greater 

conformational flexibility and labeling radius, linkers of different length can be inserted between integrin and 

BirA* (14). Several protocols describing the BioID method have already been published (15-18). Here our 

purpose is to provide additional guidelines on how to apply BioID to IACs, using MDCK cells as an 

example.  

 



 

1. Materials  
 

1.1.  Generation of stable BirA* expressing cell lines 

1. BirA* fusion construct under the Cytomegalovirus (CMV) enhancer-promoter or other strong 

promoter in a pcDNA3.1 expression vector with a neomycin resistance gene for selection 

2. MluI restriction enzyme provided with NEB3.1 buffer (New England Biolabs) 

3. 25:24:1 Phenol-Chloroform-Isoamyl alcohol 

4. Minimum Essential Media (MEM) included with GlutaMAX (Thermo Fisher) and supplemented 

with 10% Fetal bovine serum (FBS) and 1% penicillin/streptomycin 

5. Trypsin-EDTA 

6. Nucleofector device (Lonza) 

7. Ingenio Electroporation Kit (Mirus Bio) 

8. G418 (Geneticin) to select for the Neomycin resistance gene 

9. 10% DMSO in FBS 

 

1.2. Maturation of BirA fusion constructs 

 

1. EZ-Link™ Sulfo-NHS-Biotin (ThermoFisher). Dissolve in PBS just before use. 

2. Biotinylation buffer (20 mM HEPES, 130 mM NaCl, 5 mM KCl, 0.8 mM MgCl2 and 1 mM CaCl2 

pH 7.5) 

3. RIPA buffer (0.15M NaCl, 0.5% SDS, 1% IGEPAL CA-630, 1% sodiumdeoxycholate, 10mM Tris-

HCl pH 7.5) 

4. Benzonase nuclease (Novagen) 

5. Spin-X centrifuge tube filter (Corning) 

6. Protein G dynabeads (ThermoFisher) 

7. Laemmli buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue, 0.125 

M Tris-HCl, pH 6.8) 

8. Horseradish peroxidase (HRP) -conjugated streptavidin (Jackson ImmunoResearch) 

 



 

1.3. Localization of BirA fusion constructs to IACs 

 

1. Biotin (Sigma Aldrich) 

2. 35mm Ø CELLview glass bottom dish (Greiner) 

3. 4% paraformaldehyde (PFA) in PBS 

4. 0.2 M glycine in PBS 

5. 0.1% Triton X-100 in PBS 

6. 1% BSA in PBS 

7. Alexa-conjugated secondary antibodies (Jakcson ImmunoResearch) 

8. Alexa-conjugated streptavidin (Thermo Fisher Scientific) 

 

1.4. Affinity purification of biotinylated proteins 

 

1. HENN buffer (50mM NaF, 90mM NaCl, 5mM EDTA, 50mM Hepes pH8; filter sterilize and store 

up to 2 months at +4°C) 

2. BioID lysis buffer (0.1% SDS, 0.5% IGEPAL CA-630, 1 mM PMSF, 150 µl of 500 mM Na3VO4, 1 

mM DTT, and 1 × protease inhibitor mix in HENN buffer; prepare freshly before use) 

3. Bio-Rad spin column 

4. IBA Strep-Tactin® beads 

5. Wash buffer (0.5% IGEPAL CA-630, 1 mM PMSF, 150 µl of 500 mM Na3VO4, 1 mM DTT, and 1 

× protease inhibitor mix in HENN buffer; prepare freshly before use) 

6. Elution buffer (0,5 mM biotin in HENN buffer; prepare freshly before use) 

 

2. Methods 

 

2.1 BirA fusion constructs and controls 

 

The original BirA* is available in a pcDNA3.1 mammalian expression plasmid (Addgene; entries #35700 

and #36047) (2). Substantially smaller biotin ligases called BioID2 and miniTurboID have been recently 

developed that may improve proper folding and targeting of fusion constructs (14,19). However, labeling 

conditions should be optimized individually due to differences in labeling efficiency. A small peptide tag 

such as Myc should be included in the design to allow detection using antibodies. In addition, antibodies 



against BirA have been used for detection (14). The fusion protein can be constructed in a mammalian 

expression plasmid such as pcDNA3.1 and delivered to cells via stable transfection as described here (Figure 

1B). A successful fusion construct should form functional heterodimers and overlap with IAC markers at the 

cell surface, which can be confirmed using the following protocols. The ultimate test for the validity of the 

fusion construct, is to see whether it rescues IAC formation in the absence of the endogenous integrin.  

To resolve BirA* labeled candidate interactors from false-positives, negative controls should 

account for unspecific/chance labeling by BirA*, endogenous biotinylation and unspecific binding to the 

affinity resin. Cells without BirA* expression can be used to exclude endogenously biotinylated proteins and 

unspecific binders from those labeled by BirA*. Proteins may become labeled without having any real 

connection with the bait if they are particularly abundant or bind unspecifically to the tag. A BirA* control 

that would share the exact localization of the bait while lacking all interactions would be difficult to achieve. 

Instead, diffusible cytosolic or membrane-bound GFP tagged with BirA* (or BirA* by itself), which should 

not form biologically meaningful interactions in mammalian cells, can be used as controls for 

unspecific/chance labeling (5,20). Although these controls partially overlap with BirA* negative cells in their 

content, having both will give a more accurate assessment of the background [16]. Unrelated BirA*-tagged 

proteins that form independent interactions may not model the background correctly and are therefore not 

appropriate controls for scoring candidate interactions.  

 

 

2.2 Generation of stable BirA* expressing cell lines 

The host cells should express the integrin of interest to ensure that specific IAC components are co-

expressed with the fusion construct. The endogenous protein may be deleted to make sure IAC assembly is 

supported by the ectopic form (5). Electroporation is a suitable method for transfection of MDCK cells that 

are relatively hard to transfect. Transfection efficiency should be confirmed with a plasmid encoding a 

fluorescent reporter to visualize expression 24-48 hours later. Around ~40-50 % of MDCK cells are 

transfected by the following protocol, but any other protocol that yields similar or higher efficiency, is 

applicable. Not all transfected cells will have integrated the plasmid DNA in the genome and only a fraction 

of those express the protein at high levels. Therefore, selection of integrated cells using geneticin (G418), 



followed by establishment clonal cell lines with validated fusion construct expression and localization 

ensures uniformity of biologically relevant material for identification. 

 

1. Linearize 30 µg of pcDNA3.1 plasmid encoding for the BirA* construct with 45 Units of MluI in 

NEB3.1 buffer in a total volume of 300 µl 16 hours at +37°C (See Note 1). 

2. Purify linearized DNA by Phenol-Chloroform-Isoamyl alcohol extraction and ethanol precipitation 

or using a commercial kit. Measure DNA concentration and purity with a spectrophotometer 

(optimal concentration is ~1 µg/µl). 

3. Plate MDCK cells 24-48 hours previously to reach ~80% confluency upon transfection (MDCK cells 

should be passaged twice a week at a ratio of 1:10 – 1:20). 

4. Wash cells with 10 ml of PBS and with 5 ml of Trypsin-EDTA at RT. Distribute 2 ml of trypsin on 

the cells and incubate at +37 °C for 10-20 min until cells detach. Resuspend into 10 ml of culture 

media. 

5. Aliquot 1 x 106 cells into a conical tube, fill up to 10ml with PBS and pellet cells by centrifugation at 

600 x g for 3 min. Remove supernatant. 

6. Add 100µl of electroporation solution and 3-5 µg of linearized plasmid DNA. Resuspend gently and 

transfer suspension into a cuvette (See Note 2).  

7. Electroporate using Nucleofector device. 

8. Add 500µl of warm media directly into the cuvette and transfer suspension to a well on a 6-well 

plate containing 2 ml of pre-warmed media. Prepare one well with an equal number of non-

transfected cells. 

9. Change medium 24 hours after transfection to wash away dead cells. Add 600 µg/ml of G418 while 

changing the media again at 48 hours (See Note 3). 

10. Select cells with G418 by changing the media every 2-3 days and trypsinize/re-plate whenever cells 

appear confluent (See Note 4). 

11. When all non-transfected control cells have been eliminated, the colony of resistant cells can be 

expanded. At this point, an aliquot of cells can be frozen. 

12. There are two options for generation of clonal cell lines to screen for fusion protein expression: 



a. Single cells can be sorted with a fluorescence activated cell sorting (FACS) machine directly 

into 96-wells containing 200µl of conditional media (See Note 5). 

b. Single cells can be handpicked from a sparse suspension distributed on a 10 cm Ø dish under 

the microscope into 96-wells containing 250µl of conditional media. 

13. When cells in 96-wells are confluent, trypsinize with 50µl of trypsin, suspend to 300µl with media 

and divide 1:3 and 2:3 into a 96-well and a 24-well, respectively. 

14. Cells in 96-wells can be directly lysed into xx µl of Laemmli sample buffer and samples processed 

for SDS-PAGE and Western immunoblotting to confirm fusion protein expression (See Note 6). 

15. Once positive clones are identified, corresponding cells in 24-wells are expanded for further 

analysis. 

 

2.3 Maturation and cell surface expression of BirA* fusion constructs 

Integrins form heterodimers with one or several other integrins that are secreted to the cell surface and bind 

ECM ligands as one. The interaction between the subunits is relatively stable, which allows the heterodimer 

to be immunoprecipitated in conditions that disrupt other weaker interactions. Immunoprecipitation can be 

combined with biotinylation of surface proteins to confirm maturation of integrin heterodimers. Before lysis, 

cells are briefly treated on ice with membrane impermeable Sulfo-NHS-Biotin, which attaches itself to lysine 

residues. The ectopic integrin without the BirA* tag can be immunoprecipitated as a positive control in 

addition to immunoprecipitation from negative cells. Surface expressed heterodimers should appear as two 

or more bands (the construct itself and heterodimer partner(s)) on streptavidin-labeled western blots (Fig. 

1b). The heterodimers that form can be predicted based on the expression pattern of integrins in the host cells 

(Figure 1A). 

1. Seed MDCK cells onto 10 Ø cm tissue culture dishes at a density of 4.5 x 105 to reach a confluency 

of 80-90 % confluency upon 24 hours of culture (See Note 7).  

2. Treat cells on ice for 30 min with 0,5 mg/ml of Sulfo-NHS-Biotin in biotinylation buffer and wash 3 

times with 10 ml of ice-cold PBS. 

3. Add 0.5-1 ml of ice-cold RIPA-buffer and collect cells by scraping into an Eppendorf tube. 



4. Add 250 units of Benzonase nuclease and rotate 30 min at +4 °C to reduce viscosity of the sample. 

Filter lysate through a Spin-X centrifuge tube filter by centrifugation at +4 °C for 2 min. 

5. Dilute 300-500 µg of total protein into 1ml of RIPA-buffer and add 3 µg of antibody selective for the 

fusion protein (anti-Myc or anti-BirA) to immunoprecipitate o/n at +4 °C on a rotating mixer. 

6. Add 60 µg of paramagnetic Protein G Dynabeads and incubate 2-3 hours at +4 °C on a rotating 

mixer to bind immunocomplexes (See Note 8). 

7. Wash beads 4 times with 1 ml of cold RIPA-buffer using a magnet  

8. Add 30µl of Laemmli sample buffer with β-mercaptoethanol and release proteins by cooking at +95 

°C for 3 min. Collect the sample from the beads. 

9. Resolve samples on a 6-7.5 % SDS-PAGE gel and perform western immunoblotting to detect 

surface proteins with HRP-conjugated streptavidin diluted as 1:10000. 

 

2.4 Localization of BirA* fusion constructs and substrates to IACs 

 

IACs can be visualized as large focal deposits at the cell-ECM interface when stained by fluorescent 

antibodies. Total Internal Reflection Fluorescence microscopy (TIRF) is well suited for visualization of 

adhesions, because excitation is restricted to a range of 100-200nm from the basal cell surface, eliminating 

out-of-focus light. However, confocal or fluorescence microscopy is recommended in parallel to identify 

other possible locations in the cell where the construct may be targeted to. TIRF microscopy requires cells to 

be plated on a glass surface with a defined thickness of 0.17µm and immersed in an aqueous imaging media. 

The fusion construct should be stained together with the endogenous integrin, its heterodimer partner or 

other specific IAC marker. The ectopic integrin without BirA* fused to it should be included as a positive 

control, especially if it is of a different species than the host cells. 

 

1. Coat the surface of a glass bottom 35mm Ø dish with an ECM molecule of choice to allow cell 

attachment to glass (See Note 9). Most ECM molecules will absorb to glass if applied in PBS for 2 

hours at +37 °C in PBS.  

2. Apply media and seed cells at a desired density.  

3. Optional: To visualize BirA* substrates, cells should be treated with 50µM biotin for up to 24 hours 

before fixation and untreated cells should be included as negative controls. 



4. Fix cells with 4% PFA PBS for 10 min at RT, wash once with PBS. Do not allow the surface to dry 

while washing and do not pipet directly on top of the cells. 

5. Quench for 20 min in 0.2 M glycine PBS. 

6. Permeabilize cells with 0.1% TX-100 PBS for 15 min at RT, wash twice with PBS. 

7. Block cells with 1% BSA in PBS for 30 min at RT. 

8. Add primary antibodies and incubate 1hour at RT or o/n at +4 °C. Wash 4 x 5 min at RT with PBS  

9. Add Alexa-conjugated secondary antibodies (or streptavidin for detection biotinylation products) and 

incubate 1hour at RT or o/n at +4 °C. Wash cells for 4 x 5 min at RT with PBS and leave in PBS. 

10. Mount glass bottom dish onto a sample holder designed for imaging of 35mm Ø dishes on a confocal 

microscope and perform TIRF-imaging with a high-resolution objective.  

 

2.5 Proximal biotinylation and sample collection 

 

Saturated levels of proximal labeling are reached within 24 hours of treatment with 50µM concentration of 

biotin (2). Labeling conditions can be optimized by observing streptavidin-labeled BirA* substrates by TIRF 

imaging (2.4) or by western blotting after different labeling periods. If BirA is targeted to the extracellular 

domain, labeling should be done in sub-confluent conditions to allow diffusion of biotin through the 

extracellular space especially in MDCK cells that form epithelial barriers. Cells usually secrete several 

endogenous ligands to a specific integrin heterodimer. If the aim is to restrict IAC assembly to one ligand, 

labelling should be performed on a ligand-specified surface and limited to a few hours. For reduced labeling 

periods, the amount of material collected should be scaled up. 

 

1. Plate cells at a density of 4.5 x 105 onto tissue culture plates and allow cells to settle and adhere.  

2. Add 50µM of biotin, well-dissolved in culture media, and culture up to 24 hours. 

3. The presence of biotinylation products should be first verified relative to non-biotinylated controls 

from cell lysates by Western blotting using HRP-conjugated streptavidin for detection. For this 

purpose, cells on a 35 mm dish can be lysed into 200µl of RIPA buffer (See Note 10). 

4. To prepare samples for mass spectrometry, three 15 cm Ø dishes of cells, which constitutively and 

uniformly express the fusion protein at a high level, is sufficient. An equal amount of material should 

be prepared from negative cells and BirA* control cells. 



5. Wash cells three times with 20 ml of cold PBS  

6. Scrape cells into 50 ml conical tubes and centrifuge 5 min 570 x g (180 x g if cells are sensitive) at 

+4°C, remove supernatant and snap freeze in liquid nitrogen. 

 

2.6 Affinity purification of biotinylated proteins 

 

1. Add 3 ml of cold BioID lysis buffer and 1µl of Benzonase nuclease to the cell pellet. Vortex the 

sample repeatedly 5 seconds at a time while incubating 5-10 min on ice to lyse the cells. 

2. Sonicate lysates on ice three times, 3 min each, with 5 min breaks in between. 

3. Divide sample into two 2-ml tubes and centrifuge at 16,000 g for 15 min at +4 °C. 

4. Collect supernatant and centrifuge again at 16,000 g for 10 min at +4 °C. 

5. Transfer 400 µl of IBA Strep-Tactin® beads as a 50 % slurry into Bio-Rad spin columns and allow 

the resin to settle for 5 min. 

6. Wash the beads once with 1 ml of BioID lysis buffer and apply the cleared lysate to the column on 

top of the resin without disturbing it.  

7. Allow the lysate to flow through the column by gravity completely and wash beads three times with 

1 ml of cold wash buffer. 

8. Wash four times with 1 ml of HENN buffer while making sure to remove all residual lysis buffer 

from the column. 

9. Secure the end cap to the column and add 300µl of elution buffer. Seal the top with the snap cap. 

Invert the column several times and incubate at RT for 5 min. Remove the end cap and place the 

column on a 2 ml tube to elute proteins from the resin. Elute twice more and combine elutions to 

obtain maximum yield. 

 

2.7  Identification of candidate IAC proteins 

 

Identification and label-free quantification of BioID labeled proteins can be done using a liquid 

chromatography tandem mass spectrometry setup (LC-MS/MS) following similar guidelines as described for 

affinity-purified proteins (20). For further details on peptide preparation, LC-MS/MS measurement and protein 

identification, there is a protocol more focused on this topic (20). At least three biological replicates are 



recommended, which to test the significance of hits against negative controls. Statistical methods that 

compensate for multiple comparisons, such as the false discovery rate, can be applied to avoid false positives 

in complex proteomic data. Identifications with values that are close to the detection limit of the mass 

spectrometer in all the samples can be excluded from the identified list. Missing values, commonly found in 

negative controls, complicate numerical operations and can be imputed using a gaussian distribution (21). 

Usually a p-value/fold change -based cutoff is selected to identify high confidence candidate interactions. If 

the experiment includes multiple negative controls, negative cells can be used for scoring of interactions and 

BirA* controls as a secondary filtering step (5). Comparisons with other unrelated BirA* datasets are may be 

useful for demonstrating the specificity of labeling. Public databases such as the CRAPome, which collects 

proteomic data from negative controls, can be cross-referenced to further test the validity of the filtering 

criteria. 

Misfolded constructs may lead to false labeling of ER content, but certain integrins also have a 

significant steady state pool at the ER. Gene Ontology enrichment analysis with bioinformatics databases such 

as DAVID can be utilized to focus on proteins outside of the ER that are labeled by the secreted form and are 

more likely to be enriched for IAC components. Depending on the context, BioID data on IACs should partially 

overlap with IACs defined by affinity-based proteomic analyses (22). However, focal adhesions characterized 

in fibroblasts and lymphoblasts are likely to be overrepresented in the proteomic adhesome compared to other 

types of adhesions (1). Ultimately, the nature of the biological relationship between the bait and the prey should 

be defined experimentally.  

 

 

3. Notes 

 

1. Linearization of the vector improves transfection efficiency in MDCK cells. Any unique restriction 

site, which leaves open reading frames can be used. 

2. The time cells are kept in the electroporation solution should be minimized. 

3. The concentration of G418 should be titrated to determine optimal elimination of non-transfected 

cells and survival of resistant cells. 

4. Removal of non-resistant cells will be more efficient when cells are kept in low density. Thus, it is 

necessary to occasionally trypsinize cells and re-plate to fresh 6-wells. 



5. Conditional media can be prepared by collecting media from MDCK cells that have been in culture 

for 2-3 days. The media should be filtered to remove cell debris. 

6. Antibodies against a small peptide tag such as Myc, BirA or integrins can be used for Western 

blotting (BirA contributes 35kDa). Usually 20-40 MDCK cell clones contain a handful of positives. 

7. MDCK cells should be subconfluent for integrins at the basal surface to be efficiently labeled. 

Alternatively, cells can be surface biotinylated from below, when seeded on Transwell inserts with a 

porous membrane bottom. 

8. Alternatively, 50 µl protein-G agarose beads can be used for binding of immunocomplexes and 

beads washed by centrifugation for 2-3 minutes at 2500 ×g. 

9. Alternatively, cells can be seeded onto ECM-coated 10 mm Ø coverslips placed into 24-wells or 35 

mm cell culture dishes, picked up for immunofluorescence staining and mounted onto glass slides 

for confocal imaging. 

10. A gradient SDS-PAGE gel is ideal for resolving proteins with a range of different sizes. 
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Figure 1. Design and execution of the BioID experiment with integrins as baits. A) MDCK cells 

as an example host, express a subset of integrins, including several 1- and V-integrins that form 

different focal adhesions and 64-integrins that forms hemidesmosomes. To study specific IACs, 

subunits that are not shared between different heterodimers, should be selected as baits. For example, 

BirA* tagged directly to the C-terminus of the 4 subunit will specifically label cytoplasmic proteins 

in hemidesmosomes. B) To generate stable BirA*-expressing clonal cell lines, cells are first 

electroporated with a linearized plasmid encoding for the fusion construct. 48 hour later, transfected 

cells and non-transfected control cells are selected with Geneticin over a period of 1-2 weeks. 

During this period, cells are trypsinized and re-plated several times to help eliminate the negative 

cells. Once negative cells have been eliminated, selected cells are trypsinized and FACS-sorted into 

96-wells with conditional media. Confluent cells are split 1:3 into a fresh 96-well plate and 2:3 to a 

24-well plate. The 96-well plate will be processed for western blotting to screen for positive clones. 

When positive clones are identified, corresponding cells in the 24-well plate can be trypsinized and 

expanded for further testing. Maturation of integrin 64-BirA* heterodimers can be confirmed by 

immunoprecipitation of surface labeled proteins, whereas targeting of 64-BirA* to 

hemidesmosomes can be studied with TIRF microscopy. It is important to include negative cells and 

cells expressing the protein without the tag as controls. Biotin ligation is performed in validated 

clonal BirA* expressing cell lines, including negative controls, by adding biotin to the culture media. 

Abbreviations: TM = transmembrane domain, SS = signal sequence, WB = western blot, IP = 

immunoprecipitation, LC-MS/MS = liquid chromatography tandem mass spectrometry, FACS = 

fluorescence activated cell sorting. This research was originally published in Molecular & Cellular 

Proteomics (Myllymäki et al. Mol Cell Proteomics. 2019 Feb;18(2):277–293, © the Authors, ref. 5) 
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