Identification of linear interaction motifs using peptide/aptamer affinity chromatography
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Short Abstract: 
A technique is described to identify linear interaction motifs and interacting proteins by peptide affinity chromatography using peptide aptamers based on the Mf2 domain of the Interferon regulatory factor-1 tumor suppressor protein. 
Long Abstract: 
Protein-protein interactions have traditionally been believed to occur exclusively through domains; however, domains comprise a very small percentage of the total protein sequence of an organism1. The remainder of the sequence usually consists of only a few types of amino acids and is largely unstructured2. These unstructured regions (called ID domains or intrinsically disordered domains) frequently house linear interaction motifs (LIMs) i.e. protein interaction motifs that are 3-10 amino acids long1. LIMs offer many advantages over domains: they usually lack a defined structure and are therefore more flexible, allowing for binding to structurally diverse molecules; and their short sequence ensures they have low binding affinities making them ideal for the low affinity but highly specific interactions that are advantageous for cell signaling1, 3. 

Owing to their short length, the lack of evolutionary conservation, and the fact that there is considerable variation within LIMs as often only a few amino acids are critical for binding, it is very hard to identify these motifs by conventional sequence screening and alignment. However, there are some programs available that can identity known LIMs with a fair accuracy and that can predict the location of new LIMs by identifying regions of high disorder within a given sequence4, 5. Experimental approaches to identify linear motifs include peptide phage display to identify peptide binding proteins and peptide library screening to locate phosphorylation motifs for a given kinase6, 7.
We recently applied a peptide aptamer affinity chromatography approach coupled with mass spectrometry to study the Interferon regulatory factor-1 (IRF-1) interactome and to define novel LIMs within its sequence8, 9. Here, we describe this method in detail using peptide aptamers based on the multi-functional Mf2 domain of IRF-1 and characterize nucleolin and protein SET as novel IRF-1 Mf2 binding proteins. Thus, building on previous studies where we identified the Mf2 domain of IRF-1 as a multi-protein binding interface9, here we provide evidence to show that both nucleolin and protein SET also bind to short interaction motifs within this domain. 
Protocol Text: (For filming – steps 1-4)
1) Preparing immobilized peptide columns
1.1) Pipette out 100 μl of a 50% suspension of streptavidin-agarose into a 1 ml disposable column jacket.
1.2) Rinse the beads three times with 600 μl PBS. For each wash, allow the column to empty by gravity. Alternately, attach a Luer lock cap to the column and use an empty disposable syringe to increase the flow rate.
1.3) After the final wash, use a plug to seal the column outlet. Add enough biotin-tagged peptide to saturate all binding sites on the streptavidin-agarose matrix. For example, >1.2 μg peptide is sufficient to saturate 50 μl of streptavidin-agarose with binding capacity 24.5 μg biotin/ml. The peptides used in this manuscript were 20 amino acids long with an N-terminal biotin tag and Ser-Gly-Ser-Gly spacer.
1.4) Make up the volume to 200 μl with PBS, plug the column inlet shut, and incubate with shaking for 1 h at room temperature.

1.5) Remove the plugs from both ends of the column and allow the column to empty.

1.6) Wash three times with 600 μl PBS to remove any unbound peptide. 

1.7) If cell extract (see below) is not going to be added to the column immediately, seal the column inlet and outlet to prevent the beads from drying out.
2) Preparing cell extract

2.1) Grow A375 cells or the cell line of interest in 100 mm tissue culture plates until they reach a confluence of 95-100%. (A375 cells are grown in DMEM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin mix if required, and are maintained at 37°C and 10% CO2).

2.2) Place the cells on ice and discard the medium. Rinse twice with 10 ml ice-cold PBS. 

2.3) Next add 1 ml of lysis buffer (50 mM HEPES pH 7.5, 0.1% (v/v) Triton X-100, 150 mM NaCl, 10 mM NaF, 2 mM DTT, 1 mM EDTA, 20 μg/ml leupeptin, 1 μg/ml aprotinin, 2 μg/ml pepstatin, 1 mM benzamidine, 10 μg/ml soybean trypsin inhibitor, 2 mM pefabloc) into each 100 mm plate and harvest the cells using a cell scraper.
2.4) Mix the cell suspension by pipetting and transfer to a microfuge tube. Incubate on ice for 20 min.

2.5) Centrifuge for 15 min at 16000 g and 4°C. Transfer the supernatant to a new microfuge tube and store on ice. Discard the pellet.

2.6) Add 20 μl of a 2 μg/μl stock solution of avidin in PBS to 1 ml of the cell extract and incubate on ice for 30 min.
2.7) Centrifuge for 5 min at 16000 g and 4°C. Discard the pellet. Note that a pellet may not always be visible – cells that contain high amounts of endogenous biotin (like bacteria) will give a large white pellet. Mammalian cells including A375 contain traces of biotin and therefore a pellet is not always clearly visible.

2.8) Pipette out 200 μl of Sepharose-4B beads into a microfuge tube and centrifuge at 300 g for 3 min. Discard the supernatant.

2.9)  Add 600 μl of lysis buffer, mix briefly by inverting the tube a few times, and centrifuge as above. Discard the supernatant. Repeat the wash step twice more.
2.10) After the final wash, add the avidin-treated cell extract to the Sepharose-4B beads and incubate at 4°C for 1 h with shaking.

2.11) Centrifuge the sample at 300 g for 3 min and transfer the supernatant (pre-cleared cell extract) to a fresh microfuge tube. Store the cell extract on ice. Discard the pellet.

2.15) Measure the protein concentration of the pre-cleared cell extract against a lysis buffer blank using Bradford’s reagent or other suitable method to estimate protein concentration.

3) Adding pre-cleared cell extract to the immobilized peptide column

3.1) Add 0.5 mg of the pre-cleared cell extract to the 50 μl (bed volume) immobilized peptide column prepared in Step 1. Ensure that the column outlet is plugged shut prior to adding the cell extract. If required, make up the volume to about 200 μl with lysis buffer to aid in mixing. 
3.2) Plug the column inlet and incubate for 1 h at room temperature with shaking.

3.3) Remove the column inlet and outlet plugs and allow the column to empty. 

3.4) Wash four times with 600 μl PBS supplemented with 0.2% Triton X-100. Allow the column to empty by gravity (or attach a Luer lock cap to the column and use a syringe to increase the flow rate).

3.5) Wash twice with 600 μl PBS alone. 

4) Eluting bound proteins from the immobilized peptide column

4.1) Following the final wash, add 200 μl PBS and transfer the beads to a microfuge tube.
4.2) Centrifuge at 300 g for 3 min and discard the supernatant.

4.3) Add 50 μl LDS sample buffer to the beads and mix by tapping. Elute bound proteins by heating at 85°C for 5 min.

4.4) Centrifuge at room temperature for 3 min at 300 g and transfer the supernatant to a fresh microfuge tube. Discard the pellet (beads).

4.5) Run out 25 μl of the eluate on 4-12% NuPAGE gradient gels at 200 V for 45 min or until the dye front reaches the bottom of the gel.

4.6) Stain the gel using a protein stain that is compatible with mass spectrometry such as InstantBlue or Colloidal Blue. 
5) Identifying peptide binding proteins by mass spectrometry

5.1) Cut out the protein bands from the InstantBlue stained gel and transfer to LoBind microfuge tubes. Add 200 μl mass spectrometry compatible water (or enough to cover the gel slice) and store at -20°C until the time of analysis.
5.2) Prior to analysis by MALDI-TOF or LC-MS/MS, digest the eluted proteins with trypsin. Detailed protocols for trypsin digestion and mass spectrometry are described in Narayan et al 9.
6) Methods to validate mass spectrometry hits and confirm protein-protein interactions

These include:

6.1) Immunoblotting using specific antibodies (see Fig 3A)

6.2) In vitro protein interaction assays (plate or column format; see Figs 3B, 4A and 4B)
6.3) Immunoprecipitation 
For detailed protocols to perform these assays, see references 8-10.

Representative Results: 
An overview of the peptide affinity chromatography method to identify protein interaction motifs is given in Fig 1. A representative Colloidal Blue stained NuPAGE gel of peptide binding proteins is shown in Fig 2. Peptides spanning the multi-functional Mf2 domain of the IRF-1 protein were used in this experiment9 (Fig 2 lanes 2 and 3, IRF-1 peptides 8 and 9). A positive control peptide (IRF-1 amino acids 301-320) that we have shown previously to bind to Hsp/c708 and a negative control peptide (p21 amino acids 15-34) that does not appear to interact strongly with A375 cellular proteins under the experimental conditions described in this manuscript, were also included (Fig 2 lanes 1 and 4). Selected IRF-1 peptide 8 (amino acids 106-125) and 9 (amino acids 121-140) binding proteins were analyzed by LC-MS/MS at the Fingerprints Proteomics Facility in Dundee and their identities are listed in Table 1. A comprehensive list of all IRF-1 Mf2 domain interacting proteins identified using this approach is given in Narayan et al9. 
Of the list of putative Mf2 domain binding proteins identified using the peptide affinity chromatography approach (Table 1), two proteins, nucleolin/C23 and protein SET were taken forward for further characterization. Figs 3 and 4 show the various methods used to validate the interaction between full-length IRF-1 and nucleolin and SET. First, peptide affinity columns were prepared using a panel of overlapping IRF-1 peptides spanning the entire length of the protein, and binding proteins isolated as demonstrated in Fig 1. The bound proteins were analyzed by SDS-PAGE/Immunoblotting using an anti-nucleolin antibody. As shown in Fig 3A, nucleolin binds strongly to the Mf2 domain peptides 8 and 9, and weakly to a C-terminal IRF-1 peptide (peptide 21) but not to any other IRF-1 peptides. In order to examine whether nucleolin could bind the Mf2 domain of IRF-1 when in the context of the full-length protein, A375 cell extract was passed through a column containing purified GST-IRF-1 immobilized on glutathione-sepharose beads. Following extensive washing, bound proteins were eluted using SDS sample buffer and analyzed by SDS-PAGE/Immunoblotting using anti-nucleolin. Fig 3B shows that nucleolin binds specifically to the GST-IRF-1 column, but not to GST alone or GST-AGR2 columns.
Owing to the unavailability of good quality antibodies to protein SET, we were limited in the assays we could perform to validate the interaction between IRF-1 and protein SET. Consequently, His-tagged protein SET was purified from BL21(DE3) E.coli and immobilized on a 96 well plate. Recombinant GST-tagged IRF-1 or GST alone was added in the mobile phase, and binding to SET evaluated using an anti-His antibody and enhanced chemiluminescence. As shown in Fig 4A, protein SET binds specifically to GST-IRF-1 but not to GST alone. Additionally, when a deletion mutant lacking the Mf2 domain (GST-IRF-1 Δ106-140) was added in the mobile phase, binding to protein SET was considerably reduced when compared to the full-length GST-IRF-1 protein (Fig 4B). These data suggest that the Mf2 domain forms the major binding interface for protein SET on IRF-1 and that the two proteins can interact directly, in the absence of other cellular factors.
Tables and Figures:  

Figure 1: Overview of the peptide affinity chromatography method to identify linear interaction motifs. In brief, biotin-tagged peptide aptamers are immobilized on a streptavidin-agarose matrix (step 1), after which pre-cleared cell extract (see step 2) is added to the peptide columns (step 3). Following extensive washing, bound proteins are eluted using LDS sample buffer (step 4). As described in the protocol text, the bound proteins are then run out on NuPAGE gradient gels and stained with a mass spectrometry compatible protein stain. Protein bands are cut out from the stained gel, digested with trypsin, and identified by LC-MS/MS or MALDI-TOF mass spectrometry.
Figure 2: Colloidal blue stained gel of eluates from columns prepared using IRF-1 peptides 8 (amino acids 106-125) and 9 (amino acids 121-140). Also included is a p21 peptide (amino acids 15-34; -ve control peptide) and a C-terminal IRF-1 peptide (amino acids 301-320; +ve control peptide) that we have previously shown to bind predominantly to Hsp/c70 family members8. 
Table 1: Selected Mf2 binding proteins (see Fig 2) were identified by LC-MS/MS at the Fingerprints Proteomics Facility in Dundee. The UniProt accession numbers and molecular weights of the identified proteins are also listed. For a comprehensive list of Mf2 binding proteins identified using the peptide affinity chromatography approach, see Narayan et al9. 
Figure 4: Nucleolin/C23 binds to the Mf2 domain of IRF-1. (A) Overlapping IRF-1 peptides (20 aa long with an N-terminal biotin tag and Ser-Gly-Ser-Gly spacer, and 5 aa overlap) were used to generate peptide aptamer affinity columns. Eluates from the peptide aptamer affinity chromatography columns (see Fig 1) were analyzed by SDS-PAGE/Immunoblotting using anti-nucleolin. (B) Immunoblot showing the binding of endogenous nucleolin/C23 from A375 cell extract (lysate) to recombinant GST, GST-IRF-1 and GST-AGR2 immobilized on glutathione-Sepharose. The immunoblot was developed using anti-nucleolin. The lysate was analysed on the same gel, but the lanes were not contiguous.
Figure 5: Protein SET binds directly to IRF-1. (A) Recombinant His-SET (100 ng) was coated onto a microtitre plate and incubated with a titration (0-128 ng) of GST-IRF-1 or GST alone. Binding was detected using an anti-GST antibody and enhanced chemiluminescence. Amount of protein (ng) against binding, expressed as relative light units (RLU) is shown. (B) As in (A) except that the His-SET was incubated with a titration (0-25 ng) of GST alone, GST-IRF-1 wt or GST-IRF-1 Δ106-140 in the mobile phase.
Discussion: 
The peptide affinity chromatography method presented here is used to study linear interaction motifs and protein-protein interactions. The approach was originally designed to study IRF-1 binding proteins, as this has proved problematic by conventional methods such as TAP-tagging and yeast two hybrid9. In brief, the peptide sequence of interest, which may be naturally occurring or an artificial sequence, is synthesized with a biotin tag and immobilized on a streptavidin-agarose support. Cell extract, which has been pre-cleared by treatment with avidin and Sepharose-4B beads, is then added to the peptide column. Following extensive washing, bound proteins are eluted in SDS sample buffer, resolved by SDS-PAGE and identified by mass spectrometry. 
In addition to using peptides as bait to screen for binding proteins, the method may also be employed to identify drug targets or to study transcription factor binding by replacing the biotinylated peptide with biotin-tagged drug or DNA sequence as required. Moreover, the technique allows for the identification of the critical residues required for a given interaction through sequential mutation of amino acids / functional groups / nucleotide bases in the bait sequence. It is worth noting that the application of this method to bait materials other than IRF-1 peptides may require optimization of detergent and salt concentrations in the wash buffer. Additionally, the amount of cell extract loaded onto the peptide column may be varied as required. In all cases, however, it is important to completely saturate the streptavidin binding sites with biotin-tagged peptide or drug to minimize non-specific binding of cell extract to the streptavidin-agarose support. Further, pre-clearing the cell extract with streptavidin-agarose beads or with avidin followed by Sepharose-4B beads also reduces non-specific binding significantly. It is good practice to perform the experiment with at least two biotin-tagged materials at the same time as each serves as a control for the other. 
A major advantage of the peptide affinity chromatography approach over other approaches to identify LIMs such as phage display is that it can be used to identify proteins that require to be post-translationally modified for binding to the bait sequence, as the input material is cell extract. Further, the technique also allows for the identification of interactions that may be indirect i.e. that may occur through binding of a third protein to the bait sequence – this may be particularly useful in studying transcription factor assembly when a biotinylated DNA sequence is used as bait.
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Table of specific reagents and equipment:

	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	1 ml disposable columns (MoBiCol)
	MoBiTec
	M1002

	

	Streptavidin-agarose
	Invitrogen
	SA100-04
	

	Biotinylated peptides
	Mimotopes
	
	

	DMEM
	Invitrogen
	32430027
	

	Fetal bovine serum
	Autogen Bioclear
	7.013
	

	Penicillin-streptomycin mix
	Invitrogen
	15140122
	

	Tissue culture incubator
	Heras
	
	

	Avidin
	Sigma
	A9275
	2 mg/ml stock in PBS

	Sepharose-4B
	Sigma
	4B200
	

	NuPAGE LDS sample buffer
	Invitrogen
	NP0007
	

	4-12% NuPAGE gradient gels
	Invitrogen
	NP0321BOX
	

	Colloidal Blue stain
	Invitrogen
	LC6025
	

	InstantBlue stain
	Expedeon
	ISB1L
	

	LoBind tubes
	Sigma
	Z666505
	

	LC/MS grade water
	Pierce
	51140
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