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Short Abstract: Peptides were obtained from a phage display screen and verified for recombinant MDM2 binding by ELISA. These peptides can be used to identify a consensus sequence which may represent an MDM2 binding motif. This technique is a quick way of finding and validating high affinity peptide ligands for a target protein.
Long Abstract: Current methods of discovering protein-protein interactions include yeast two-hybrid and pull-down assays coupled with mass spectrometry methods. Phage display has previously been used to identify the epitopes for antibodies1, and to identify protein sequences which can bind with high affinity to drugs or proteins2. Short peptide sequences acquired by phage display which have affinity for a protein can be used to immunoprecipitate the target protein from crude lysates, as tools to detect biomarkers3, as potential drug leads4 and also to define new protein-protein interaction motifs and to discover new interacting proteins5, 6. The phage display process is very rapid compared to yeast two hybrid methods, and considerably more cost-efficient. 

The method described here is a phage display screen to discover high affinity interacting peptides for recombinant MDM2, validation of these peptide hits by ELISA and formation of consensus sequences based on the results. In this experiment two separate phage display screens were carried out, with or without the MDM2 ligand Nutlin, and two different sets of phage peptides were obtained depending on the presence or absence of Nutlin, as has previously been shown for MDM2 +/- RNA5 and zinc7. MDM2 has well characterized known peptide ligands8, therefore it is possible to use these to compete and compare newly discovered peptides to known ligands to find out more about the allosteric mechanism of MDM2. As well as finding peptide ligands directly from the phage display the consensus sequence is a useful tool to identify homology with known binding partners and new binding partners9. 

The peptides obtained from phage display are verified for binding to the protein of interest using an ELISA assay, which is visualized both by luminometry, and using an x-ray film exposure to directly visualize the peptide binding. The luminometry allows a graph to be constructed assigning values to each well, whereas the x-ray exposure allows the difference between wells to be directly visualized. The simplicity and speed of the ELISA assay means it can be used both to validate phage peptide hits, and for if protein is pre-incubated with known ligands the peptides can be classified based on their response to these ligands, in this case the MDM2 binding drug Nutlin.

Both the phage display and the ELISA are 96-well plate based assays, and can considerably shorten the amount of time it takes to find leads for potential interacting proteins for a target, and validate binding sequences.

Protocol Text: 
1) Phage Display

1.1) Day 1 - immobilise target protein on a 96-well plate with by adding 150µl  of target protein (10-100µg/ml) dissolved in 0.1M NaHCO3 pH 8.6 to wells of a 96 well plate and incubate overnight at 4°C. (Here target protein is untagged recombinant full length MDM2, purified using a cleavage GST affinity tag)
1.2) Inoculate 10ml LB + Tetracycline medium with ER2738 (E. coli K12) and a separate 20ml of LB with ER2738 and incubate with shaking at 37°C  for 5-10hrs, the larger culture should be diluted if the OD600 goes above 0.01-0.05 and will be used on day 2.
1.3) Day 2 - During the time the cultures are growing, remove target protein from 96-well plate thoroughly by aspirating and tapping vigorously on a paper towel and block for 1hr with 5mg/ml BSA in 0.1M NaHCO3 pH 8.6

1.4) Remove blocking solution and wash plate 6x with TBS 0.1% Tween (TBST), tapping between washes to remove all solution, and avoiding drying out the plate.

1.5) Dilute 10µl of the phage library (NEB PhD 12-mer library contains 100 representations of each peptide in 10µl) into 100µl TBST, add to plate and incubate for 1hr at room temperature with shaking. 

1.6) Remove solution (containing unbound phage) and wash 10x with TBST as before.

1.7) Elute bound phage by incubating with 100µl 0.2M Glycine HCl pH 2.2, 1mg/ml BSA for 10-20mins, pipette eluate into tube and neutralize with 150µl 1M Tris-HCl pH 9.1.

1.8) Titer 1µl of eluate by making 101 to 104 fold dilutions of eluted phage in LB with ER2738, then add 10µl of each dilution to tubes containing 200µl  LB, incubating for 5mins at room temperature.

1.9) Transfer infected cells to 3ml Top Agar held at 45°C , vortex and immediately pour onto LB/IPTG/Xgal plates, spreading agar evenly over plate. Cool for 5mins and incubate overnight at 37°C. Calculate plaque forming units (pfu) per 10µl by multiplying the number of plaques by the dilution factor.

1.10) Amplify the remaining eluted phage by adding eluate to 20ml ER2738 for 4.5hr at 37°C  with shaking and to collect amplified phage centrifuge the culture at 12,000g for 10mins and transfer supernatant to a microfuge tube.

1.11) To precipitate amplified phage, transfer the upper 80% of the supernatant to 1/6 of the volume of 20% PEG, 2.5M NaCl and incubate overnight or for 2 hours or more.

1.12) Day 3 - Centrifuge precipitated phage solution for 15mins at 4°C , discard supernatant, re-spin and remove residual, then re-suspend the pellet in 1ml TBS.

1.13) Centrifuge at maximum speed for 5mins to remove any debris, and re-precipitate phage as before, incubating on ice for 1hr. Spin at 14,000rpm for 10mins at 4°C, discard supernatant and residual, then re-suspend pellet in 200µl  and re-spin to remove any insoluble material.

1.14) If desired, titer amplified eluate to calculate pfu as in steps 1.8 and 1.9

1.15) As in step 1.1, coat a 96-well plate with the target protein to begin the second round of panning, and repeat steps 1.2 – 1.14 using the same amount of eluted phage as in the first round (either based on calculation in 1.14 or the same volume as initially added).
1.16) Repeat steps 1.1 to 1.14 with phage eluted from the second round, and titer and amplify third round eluted phage to carry out a 4th round of panning, by repeating steps 1.1 to 1.14 with third round eluted phage.

2) Sequencing and alignment of peptide sequences

2.1) Grow a 10ml culture of ER2738 overnight, and dilute 1:100. Use 1ml dilute culture per clone to be sequenced (10 – 20 per round, 3rd and 4th round, typically we sequence 20).

2.2) Take a plaque from a titer plate per clone to be sequenced (each plaque should represent an individual phage and therefore sequence) and transfer to dilute culture, then incubate for 4.5 – 5 hours.

2.3) Centrifuge at 14,000rpm for 30s, transfer supernatant to clean tube and re-spin to collect residual. Transfer 500µl of the supernatant to a tube containing 200µl of 20% PEG, 2.5M NaCl and incubate at RT for 10–20mins.

2.4) Centrifuge at 14,000rpm for 10mins at 4°C , discard supernatant and re-spin to remove residual then re-suspend pellet in 100µl iodide buffer (10mM Tris-HCl pH 8, 1mM EDTA, 4M NaI), add 250µl 100% ethanol and incubate at room temperature for 10–20mins, then centrifuge at 14,000rpm for 10mins at 4°C  and discard supernatant.

2.5) Wash pellet with 500µl of 70% ethanol by centrifuging and resuspending, then air dry and carry out sequencing reactions (for example using BigDye (AB)) to obtain peptide sequences which bind to target protein. Order biotinylated peptides to validate further by ELISA.
3) Enzyme linked immunosorbent assay for peptide binding

3.1) Coat plates with 100µg streptavidin (50µl per well of a 2mg/ml stock using a multi-pipette and incubate overnight at 37°C. 

3.2) Wash plate 4 times with PBS-Tween 0.05%, 200µl per well, using a multichannel pipette and removing liquid by aspirating and tapping plate on paper towel between washes

3.3) Prepare peptide solution by diluting standard peptides (5mg/ml) 1:200 in ddH20 and add 50µl per well for 1 hour with shaking at room temperature

3.4) Wash as before 6 times with PBS-Tween 0.05%, then add blocking solution of 3% BSA PBS-T 0.05% 200µl per well incubating at room temperature for 1hr.

3.5) Add titration of binding protein diluted in 3% BSA PBST to wells (0-10µg is sufficient for MDM2) and incubate 1 hour at room temperature with shaking.

3.6) Wash as before 6 times with PBST and add primary antibody at desired concentration, 50µl per well. For MDM2, 2A10 mouse monoclonal was used at a concentration of 1:1000.

3.7) Wash as before 6 times with PBST and add appropriate HRP conjugated secondary antibody, eg/ rabbit anti-mouse and incubate for 1hr at room temperature with shaking.

3.8) Wash as before, and add 50µl per well ECL prepared freshly from equal quantities of ECL I (100mM Tris pH 8.5, 0.2mM coumaric acid, 1.25mM luminol) and ECL 2 (100mM Tris pH 8.5, 0.02% hydrogen peroxide).

3.9) Immediately expose plate to x-ray film for 5 seconds, 10 seconds and 30 seconds and develop film, then read plate with reader for luminometric measurement of signal.
Representative Results:  The phage display (overview Fig. 1) can yield consensus sequences by the third round, and the fourth round results generally have less variation between peptide hits sequenced, and a stronger consensus (Fig. 2). When validating these peptides by ELISA, as the target protein is on the solid phase in the initial phage display experiment, not all of the peptides obtained by phage display bind the protein in a native conformation. Peptide hits verified by ELISA can be compared to and competed by known ligands for the protein of interest (Fig. 3,4). Two of the third round peptides discovered by phage display here showing binding by ELISA, and there is a slight difference between how these ligands respond to pre-incubation of MDM2 with Nutlin which is slightly clearer in the x-ray exposure than in the graph (Fig. 4). By altering the initial protein conditions, in this case by adding a drug, we have obtained two different types of result in the phage display experiment, demonstrating that the peptides obtained by this experiment are unique depending on the initial state of the protein (Fig. 2). The output of this experiment is visualized in two separate ways, by x-ray exposure and by luminometric scanning on a plate reader. Although the plate reader method assigns a value to the results, it is easily seen by the x-ray film which peptides are binding higher, and there is very little background detected for wells which do not bind the target protein (Fig. 4). The peptide which binds best here, RQSRALKPRGTL, was used as the query for a BLAST search and has similarity to a protein in the RAB11FIP family, RAB11FIP1 (Fig. 5), which is linked to p5310 and breast cancer11. Another member of the RAB11FIP family has been linked to breast cancer motility12. Problems which can arise in this protocol include non-specific binding peptides being selected for, which can bind the plate, to find out if peptides are non-specific binders an anti-biotin HRP conjugated antibody can be used with peptide on plate alone to see if there is non-specific binding. Other problems arising include the fact that peptides binding the protein coated on the plate may not bind the more natively folded protein in the solution phase part of the assay, these peptides may still be useful tools but should be identified in the ELISA validation stage. It is also useful to check any peptides identified to see which region of the protein to validate they reside in, if they are buried under the surface they may not be available to bind in full-length protein.
Tables and Figures: 
Figure 1: Overview of phage display technique. Target protein is immobilized to the wells of a 96-well plate, and incubated with phage library containing 1.9 x 109 different peptide clones. Phage which do not bind are washed away, and phage which do bind are eluted and applied to another well containing target protein (biopanning). Process is repeated, enriching for peptides which bind to the target protein at each stage. After 4 rounds, 3rd and 4th round phage are sequenced.
Figure 2: Alignments of peptides obtained from phage display. Peptides obtained from phage display are aligned if possible to find residues which are similar and conserved. Third round sequences show more variation than the fourth round where dominant binding peptides are enriched.
Figure 3: Overview of ELISA validation of peptide binding to target. Biotinylated peptides obtained from phage display are immobilized on a 96-well plate, and the target protein incubated with them to detect binding using primary antibodies and a HRP conjugated secondary antibody.
Figure 4: Results of ELISA for phage display peptides binding to MDM2 +/- Nutlin. Representative ELISA result for peptides obtained for phage display plus (Peptides 78 -86) or minus (87 – 94) the MDM2 ligand Nutlin, compared to model MDM2 binding ligands Nutlin, BOX-I and BOX-V. Graph from luminometry and x-ray film images are obtained from the same plate and the same ECL reaction. In image peptides are displayed left to right in same order as in graph, and first peptide in each row is labeled at the left.
Figure 5: Examples of uses for peptides obtained by phage display. Peptides can be used as ligands in their own right, as drug leads and the consensus obtained can be used to search for potential binding proteins, for example the protein RAB11FIP has a region with similarity to a peptide discovered here, and represents a potential binding protein.
Discussion: Phage display yields sequences for peptides which bind a protein of interest within 1-2 weeks. This is considerably faster than yeast two-hybrid, and although the results do not directly characterise protein-protein interactions, the peptides obtained by this method may represent known consensus sequences or have high similarity to sequences in proteins which bind the target. This approach identifies residues which are important for binding in both known and new binding proteins, as well as providing peptide ligands which may be used as tools for drug discovery and investigating the mechanism of a protein binding ligands. Potential drawbacks with this method include immobilizing the protein on the solid phase resulting in conformation specific peptide hits which do not bind the protein when it is in solution, however ELISA validation of hits should reveal if this is the case. Future work after performing the above method would include validation of full-length protein hits obtained by bioinformatic searches based on peptides and consensus sequences, and potentially mapping of protein domains binding to the peptides obtained by phage display.
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Table of specific reagents and equipment:
	Name of the reagent
	Company
	Catalogue number
	Comments (optional)

	Ph. D Phage Display Library

E.coli ER2738 
	NEB
	NEB #E8101S
	 

	Biotinylated 12-mer peptides
	Mimotopes
	Custom order
	Peptides come supplied

lyophilised in 96Well Plate, biotinylated

	Streptavidin
	Anaspec
	ANA60659
	

	Mouse mAb 2A10 (anti-MDM2)
	Moravian

Biotech.
	N/A
	http://www.moravian-biotech.com/

	Secondary HRP conjugated antibodies (rabbit anti-mouse)
	Dako
	P0448
	

	Big Dye Terminator v3.1 Cycle Sequencing Kit
	Applied Biosystems
	4337455
	


 
All other reagents obtained from Sigma.
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