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Abstract 

Syntenin-1 and scribble are scaffolding proteins that are involved in signaling pathways. One 

of the aims of this project was to investigate if syntenin-1 PDZ 1-2 can bind to peptides 

containing linked internal and C-terminal motifs. The second aim was to investigate if 

scribble PDZ 3-4 recognizes different motifs than isolated scribble PDZ 3. This was 

experimentally tested by a method called proteomic peptide phage display where phage 

libraries are used that display peptides representing part of the human proteome. In this study 

two phage libraries were used, displaying C-terminal peptides of either 7 amino acids or 24 

amino acids length that may bind to the different domains on syntenin-1 and scribble. The bait 

protein were expressed and purified, which was followed by phage display selections. The 

results from the phage display experiments, which were analyzed by a phage pooled enzyme-

linked immunosorbent assay (ELISA), indicated that the experiment with syntenin as bait 

protein failed. The selections against scribble PDZ 3-4 appeared more successful. Analysis 

through clonal ELISA and sequencing of clones binding to scribble PDZ 3-4 suggest that 

scribble PDZ 3-4 might bind to other motifs than scribble PDZ 3.  
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Introduction 

In the human cell there are around 650,000 protein-protein interactions (1). These interactions 

are involved in signaling pathways in the cell which are crucial for cellular function. 

Misregulations of protein-protein interactions may lead to cancer. Many of these interactions 

are medium affinity interactions between modular domains and short linear motifs, which are 

short peptide stretches of 2 to 10 amino acids that are part of host proteins (2). These 

interactions can be difficult to detect, but methods like proteomic peptide phage display 

(ProP-PD) have been developed specifically to detect them. (3). In this project, motif based 

interactions were investigated for two scaffold proteins, syntenin-1 and scribble. The aim of 

this project was to explore if scribble PDZ 3-4 supramodule binds to different and/or longer 

motifs as compared to the motifs recognized by PDZ 3 on its own. I also aim to investigate if 

the PDZ 1- 2 tandem of syntenin-1 binds to longer motifs than the PDZ 1 PDZ 2 domains in 

isolation.  
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Background 

PDZ domain 

Syntenin-1 and scribble are two human proteins that contain structural domains called PDZ 

domains. The abbreviation “PDZ” stands for postsynaptic density protein-95/discs 

large/zonula occludens-1 and PDZ domains are common protein interaction modules in 

multicellular organisms (4). In the human proteome more than 250 PDZ domains have been 

found in over 150 different proteins. PDZ domains often make part of scaffolding proteins 

that can bring signaling proteins close together so that they can interact with each other. PDZ 

domains have between 80 to 90 amino acids and have a fold consisting of five or six β-strands 

and two α-helices. Their main characteristic is that they bind to C-terminal peptides with a 

hydrophobic C-terminal residue. There are two main classes of C-terminal peptides that bind 

to PDZ domains (5). There is class I with X-(S/T)-Φ-COOH where X is any amino acid, Φ a 

hydrophobic amino acid, T stands for threonine and S for serine and class II with X-Φ-X-Φ-

COOH (6). It has also been shown that PDZ domains can bind to internal motifs. Some PDZ 

domains have also other functions, such as interacting with phospholipids and interacting with 

each other to form dimers or multimers (7). Tandem PDZ domains are two PDZ domains that 

are linked together via a short amino acid sequence. If a tandem of two PDZ domains would 

bind to both the C-terminal and the internal motif of a protein it is expected to lead to higher 

specificity and higher apparent affinity for the binding partner (5).  

Syntenin-1 

Syntenin is a 32 kDa protein. Its N-terminal region is unstructured and consists of 113 amino 

acids, its C-terminal region consist of 24 amino acids and in between are two closely 

connected PDZ domains, PDZ 1 and PDZ 2. The two PDZ domains of syntenin can bind to 

both class I and class II peptides. PDZ 1 and PDZ 2 of syntenin-1 have similar structures but 

have only 26 % sequence identity. They are shown in Figure 1. The PDZ domains are linked 

together through a linker region of five residues and there is extensive contact site at the 

interface between the two domains. The two PDZ domains can interact independently with 

different C-terminal peptides but they can also bind bivalently to dimeric receptors (8). 

Syntenin-1 has many different roles in the cell. The most important and central role involves 

its interactions with different proteins (9). Syntenin is often found at sites of cell-cell contacts, 

in focal adhesion and in stress fibers. It is involved in rearrangement of the actin cytoskeleton. 

It can further be found anchored to the plasma membrane, to endoplasmic reticulum and to 

the Golgi where it is involved trafficking of cell-surface proteins. Syntenin plays a role in 

several signaling pathways, including glutamate signaling. It has also role in the metastasis of 

breast and gastric cancers (10).   
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Figure 1. Structure of the syntenin PDZ 1-2 tandem. PDZ 1 is indicated in blue and PDZ 2 in green. Figure was made using 
PyMOL (pdb code 1w9e) 

Scribble 

Scribble is a protein containing four PDZ domains, PDZ 1-4 and has a size of 200 kDa (11). 

Scribble is a LAP protein, which means that it contains leucine rich repeats (LRR) and PDZ 

domains. Scribble is an important regulator of cell polarity (12). In epithelial cells it associate 

with Lgl and Dlg. Deregulation of scribble is directly correlated to tumorigenesis. The last 

two PDZ domains of scribble, PDZ 3 and PDZ 4, are connected by four amino acids linker. 

Due to stiffness of the linker, the two domains act as one structural supramodule (13). Scribble 

PDZ 4 is not known to bind to peptides but PDZ 3 binds to C-terminal peptides. A recent 

structural and functional study of scribble PDZ 3-4 suggested that the scribble PDZ 3-4 

supramodule has a distinct preference for peptides as compared to scribble PDZ 3 (13). 

Phage  

Phage is a shorter word for bacteriophage which is a virus that infects bacteria. In this project 

we used the filamentous M13 phage. It has single stranded DNA (ssDNA) that is encapsulated 

by proteins. The phage infects the bacteria by binding to the pili which is a filament on the 

outside of the bacteria. The phage then injects its ssDNA into the bacteria and highjack’s the 

replication system to replicate the phage DNA, which is followed by transcription and 

proteins synthesis. The new phage particle is then assembled and secreted out of the bacteria 

(14). 

Phage display 

Phage display is a method that can be performed using different sorts of phages and different 

coat proteins for the display of peptides/proteins on the surface of the phage (15)(16). In this 

project the M13 filamentous phage was used and peptides were displayed on the pVIII 

protein. The procedure of peptide phage display is shown in Figure 2. The first step is to 

design a library of oligonucleotides that encodes peptides that are cloned into a phagemid as 

described by- Rajan and Sidhu (17). During the selection, bait proteins are immobilized on a 

solid surface and incubated with a phage library in order for interactions to occur between the 

bait protein and the peptides displayed on the phage surface. Unbound phage is then washed 

away so that only bound phage is left. Bound phage are eluted using actively growing bacteria 
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that are infected by the phage. The phage is amplified for a new round of selection. Selections 

are typically carried out for three to five rounds. After the last round of selection, enriched 

phage pools are analyzed by phage pool ELISA, followed by clonal ELISA and sequencing of 

individual clones (16).  

 

Figure 2. A schematic picture of a phage display selection. In step 1 the selection starts by immobilizing bait protein and 
incubation with the phage library. In step 2 the unbound phage are washed away. In step 3 the phage that have bound to 
the bait protein are eluted with E.coli bacteria. In step 4 the phage is amplified for the next round of selection and in step 
5 the result from the five rounds of selection is analyzed by pooled phage ELISA.  

Proteomic peptide phage display libraries 

In the proteomic peptide phage display (ProP-PD) experiments performed here, two different 

libraries were used. In standard peptide phage libraries, the displayed peptides have random 

sequences that may be far from biologically relevant. In contrast, proteomic peptide phage 

libraries display peptides that represent part of proteins of the proteome. One of the libraries 

used here is a library where the displayed peptides consists of seven amino acids and is called 

7-mer. The other library displays 24 amino acids C-terminal peptides and is called 24-mer.  

The M13 filamentous phage has a circular ssDNA that encodes five different coat proteins. 

The major protein pVIII is present in about 2700 copies covering the majority of the phage 

length (16). Because this protein coats the major length of the phage it is a good protein to 

attach peptides to for high avidity display. The 7-mer library consists of 50,549 different 

peptides that represent all C-terminal sequences of the human proteome (3). The 

oligonucleotides encoding all these peptides were printed on microarray slides, amplified 

using PCR and then fused to a gene that encodes the pVIII protein. The phage is grown 

together with helper phage which expresses the wild type pVIII. The consequence of that is 

that the phages particles have a mix of the wild type pVIII coat protein and pVIII with the 

additional seven amino acids of the fused peptide used for the display (3). The longer library 

contains of 24,000 peptides and was designed by Dr. Ylva Ivarsson and Dr. Davey Norman at 

the University of Dublin. In this case, the peptides are 24 amino acids long and represent all 

C-terminal regions of the human proteome except for the C-termini that are outside of the 

cell. This new library was created and fused into the phage in the same way as the shorter 7-

mer library.  
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Aim 

In this study the aims were to investigate the following questions: 

 Can syntenin PDZ 1-2 bind to linked internal and C-terminal motifs? 

 Can scribble PDZ 3-4 bind to longer motif than previously established? 

 Does scribble PDZ 3-4 bind to different motifs compared to scribble PDZ 3? 

 Can we use a library with 24 amino acids to investigate this? 

Experimental plan 

An overview of the selections is provided in Table 1. 

Table 1. Summary of the combinations of proteins and phage libraries used in the study  

Protein 7-mer library 24-mer library 

Syntenin PDZ 1 - + 

Syntenin PDZ 2 - + 

Syntenin PDZ 1-2 - + 

Scribble PDZ 3 - + 

Scribble PDZ 3-4 + + 
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Method 

Protein expression 

The plasmid encoding glutathione transferase (GST) tagged scribble PDZ 3-4 had been 

obtained from Dr. Wei Feng from Chinese Academy of Science and had already been 

transformed into DH5α. The plasmid was amplified by growing single colonies of the DH5α 

bacteria over night in 2x tryptone yeast (2xTY) media (10 w/v% yeast extract, 16 w/v% 

tryptone and 5 % w/v NaCl) at 37⁰C with 100 µg/ml carbenicillin. Carbenicillin is a more 

stable form of ampicillin. DH5α is a good E.coli bacterium for amplifying plasmids. The 

bacteria were pelleted by centrifugation at 4300 g for 10 minutes. The plasmid was 

minipreped according to the protocol in the QIAprep spin miniprep kit from QIAGEN 

(Hilden, Germany). The construct of syntenin PDZ 1, syntenin PDZ 2, syntenin PDZ 1-2 

(tandem), scribble PDZ 3 and scribble PDZ 3-4 in pGEX-vector were chemically transformed 

into BL21 (DE3) cells, which are very good at expressing protein. The (DE3) means that 

these E.coli bacteria carry a prophage that encodes t7 RNA polymerase controlled by the Lac 

operator, which allows for induction with Isopropyl β-D-1-thiogalactopyranoside (IPTG). The 

pGEX-vector was used because it gives the proteins a GST tag and it confers ampicillin 

resistance. The vector enters the cell by the high salt concentrations opening the pores in the 

cell membrane. The transformations were made with 8 µl autoclaved H2O, 2 µl KCM (0.5 M 

KCl, 0.15 M CaCl2 and 0.25 M MgCl2), 1 µl plasmid and 10 µl of the BL21 (DE3) bacteria. 

The mixture was then incubated for 10 minutes on ice and 10 minutes in room temperature 

before the addition of 200 µl 2xTY. The tubes were then incubated for 30 minutes at 37⁰C. 

The bacteria were plated on LB agar plates containing 100 µg/ml carbenicillin and incubated 

over night at 37⁰C. Two colonies per construct were inoculated in separate 15 ml falcon tubes 

containing 5 ml 2xTY and 100 µg/ml carbenicillin and incubated over night at 37⁰C. 5 ml of 

the overnight cultures were transferred to 250 ml 2xTY and 100 µg/ml carbenicillin and 

grown at 37⁰C. Protein expression was induced at an optical density OD600 of 0.8 by the 

addition of IPTG (final concentration of 1 mM). The bacteria were grown for 4 more hours at 

30⁰C. They were then pelleted by centrifugation at 9800 g for 10 minutes. The pellets were 

stored in the -20⁰C freezer.  

Protein purification of GST-tagged protein 

Pellets were thawed and dissolved in 5 ml lysis-buffer. Lysis-buffer was prepared by 

combining 45 ml phosphate buffered saline (PBS) (2.7 mM KCl, 137 mM NaCl and 1 mM 

PO4
3-

), 5 ml 10 v/v % Triton x-100, 2 tablets complete mini protease inhibitor (Roche 

diagnostics GmbH Germany), 80 µl of 1 mg/ml DNase 1 and 2 µg lysozyme. The lysis was 

allowed to proceed for 30 min at 4⁰C under gentle agitation. The cell debris was then pelleted 

by centrifugation at 5100 g for 30 min. The supernatant was transferred to equilibrated 

glutathione (GSH) resin gel beads which bind to the GST tagged proteins. The proteins were 

allowed to bind to the beads for 1 h at 4⁰C under gentle agitation. Unbound protein was 

removed by washing the gel two times with 15 ml PBS. This was done by filling the tubes 

with 15 ml PBS, mixing the content and then centrifuging them for 5 min at 500 g. The 

supernatant was removed by aspiration between each washing step. The bound proteins were 



10 
 

eluted two times with 1 ml 50 mM Tris-HCl containing, 10 mM reduced GSH, GSH binds to 

the GST-tagged proteins preventing the proteins to bind to the gel beads. The concentrations 

of the proteins were approximated by measuring absorbance at 280 nm with a NanoDrop
TM

 

2000, and the protein purity was confirmed with a SDS-PAGE which is an analytic method to 

separate proteins after size. The proteins were stained with Coomassie brilliant blue. 

Protein purification of His-tagged protein 

For a second round of phage selection His-tagged syntenin PDZ 1-2 was purified. It was done 

in order to test if this protein would give better result in the phage selection. The His-tagged 

protein was expressed in the same way as the GST-tagged proteins. In this case, the gene 

encoding syntenin PDZ 1-2 was in a pETM-11 vector that gives the protein a His-tag and 

confers kanamycin resistance. The bacterial pellet from the expression was thawed and 

dissolved in 5 ml lysis-buffer. The tubes were incubated for 30 min at 4⁰C under gentle 

agitation. The tubes were centrifuged at 5100 g for 30 min and the supernatant was transferred 

to equilibrated HisPur Ni-NTA resin gel from Thermo Scientific. The proteins were allowed 

to bind to the beads for 1 h in 4⁰C under gentle agitation. The His-tag (6 sequential histidin 

residues) on the protein binds to the nickel ions on the gel. The gel was washed two times 

with 10 ml PBS with 20 mM imidazole by filling the tubes with 10 ml and centrifuging those 

5 min at 500 g. The supernatant aspirated between each washing step. The protein was eluted 

two times with 1 ml elution buffer, in this case PBS containing 300 mM imidazole. Imidazole 

binds to the nickel ions on the gel preventing the proteins to bind to the gel. The concentration 

of the proteins was determined by determining the absorption at 280 nm using the 

NanoDrop
TM

 2000. The purity of the proteins was investigated through SDS-PAGE with 

Coomassie brilliant blue staining.  

Phage display selections 

20 µg of bait proteins syntenin PDZ 1, syntenin PDZ 2, syntenin PDZ 1-2 and scribble PDZ 3 

in PBS were immobilized in one well each of a Nunc maxisorp 96-wells plate (Thermo 

Scientific, Denmark).  Scribble PDZ 3-4 was immobilized in two wells as it was tested against 

two distinct libraries. GST which is used as a negative control was immobilized on seven 

wells. The immobilization was done by incubating the proteins in the plate over night on a 

shaker at 4⁰C. To prevent nonspecific binding all wells were blocked with 200 µl of 0.5 w/v 

% bovine serum albumin (BSA) in PBS for 1 h on a shaker at 4⁰C. The phage libraries were 

prepared by precipitation of the phage using a PEG/NaCl solution. The precipitation was 

performed due to the fact that the phage libraries are stored in 20 % glycerol, which might 

affect the selection. 100 µl phage library was diluted with 900 µl PBS and precipitated with 

20 v/v % PEG/NaCl (20 w/v % PEG, 2.5 M NaCl) which precipitates the phage to get them 

more concentrated. The solution was incubated on ice for 10 minutes and centrifuged for 10 

minutes at 15000 g, the supernatant was discarded and the pellet dissolved in PBS. The wells 

with immobilized GST were washed four times with 200 µl of PT-buffer containing PBS and 

0.05 v/v % Tween and 100 µl of the phage solution was added to the wells with immobilized 

GST and the plate was incubated for 1 h at 4⁰C. The wells with the target proteins were 

washed four times with 200 µl of the PT-buffer and the phage were transferred from the GST 

immobilized wells to the wells with immobilized bait protein and the binding was allowed to 
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occur for 2 h in 4⁰C. To remove unbound phage the wells were washed five times with 200 µl 

PT-buffer. 100 µl of E-coli omniMAX grown in 2xTY media and tetracycline to OD600 of 0.8 

were added to elute bound phage. E.coli omniMAX is used because it has the Tol A protein of 

the F pilus that the pIII protein of the M13 phage can bind to and then infect the bacteria. For 

the elution, the phage was incubated with bacteria for 30 minutes at 37⁰C. 10 µl of helper 

phage with a concentration of 1x10
11 

p.f.u/ml were added to each well, and allowed to infect 

the bacteria for 45 minutes at 37⁰C. Before addition of the helper phage, 10 µl bacteria were 

withdrawn from each well for titration of the number of phage. The titration is a way of 

monitoring the progress of the selection by counting how many phage particles there is in 

each well after the non-binding phage have been washed away. It was made by adding 90 µl 

of 2xTY to twelve wells and then adding 10 µl of bacteria from each well of the selection. 10 

µl from the first well was transferred to the next well and then 10 µl from that well was 

transferred to the next well and so on throughout all twelve wells. Then 5 µl of the wells were 

spotted on a carbenicillin LB agar plate and incubated over night. The colonies are then 

counted.  

After the infection with helper phage bacteria were transferred to separate 50 ml falcon tubes 

containing 10 ml 2xTY, 30 µg/ml kanamycin, 100 µg/ml carbenicillin and 1 mM IPTG and 

the bacteria were grown over night at 37⁰C. The E.coli were pelleted by centrifugation at 

4300 g for 10 minutes and the phage supernatants were precipitated using PEG/NaCl by 

addition of 2.5 ml PEG/NaCl, incubation on ice for 10 minutes followed by centrifugation for 

15 minutes at 8350 g. The supernatants were discarded and the tubes centrifuged for 2 

minutes at 3700 g to concentrate the pellets. The phage pools were concentrated between each 

round of selection in order to improve the chances of successful selections. The pellets were 

dissolved in 1 ml PBS. The amplified and concentrated phage were used as the input phage 

for the next round of selection. Bait proteins and GST were immobilized every day on a new 

plate. The selections were carried for four rounds.  

Pooled phage ELISA 

Pooled phage ELISA experiments was performed to evaluate the progress of the selections. 

20 µg Scribble PDZ 3-4, Scribble PDZ 3, syntenin PDZ 1-2, syntenin PDZ 2, syntenin PDZ 1 

and GST were immobilized in four rows on a 96-well Maxisorps plate and incubate on a 

shaker over night at 4⁰C. The following day each well was blocked with 0.5 w/v % BSA in 

PBS (200 µl) for 1 hour on a shaker at 4⁰C. Following blocking, 100 µl of phage from the 

different days was added to wells with immobilized bait protein and the negative control 

(GST). The plate was then incubated at room temperature for 1.5 hour. The plate was washed 

with PT-buffer four times before the addition of 100 µl of an antibody solution containing 

antibodies diluted 5000 times in PBS, 0.05 v/v % Tween and 0.5 w/v % BSA. The antibody is 

specific for the M13 phage and coupled to horseradish peroxidase (GE Healthcare, 

Piscataway, NJ). The plate was incubated for 30 minutes at room temperature and washed 

four times with PT-buffer and one time with PBS. 100 µl of 3,3',5,5'- Tetramethylbenzidine 

(TMB from KPL), which is a substrate for the horseradish peroxidase enzyme, was added to 

the wells and they gradually turned blue due to the enzymatic reaction. To stop the reactions, 



12 
 

100 µl of 0.6 M sulfuric acid was added to each well, the wells then turn yellow. The 

absorption of the wells was measured in a spectrophotometer at 450 nm.  

Clonal phage ELISA 

To identify binding phage clones for each bait protein a clonal phage ELISA experiment was 

performed. In clonal phage ELISA, the binding of single phage clones to a bait protein is 

analyzed. The proteins and the days of the phage selection to analyze were selected based on 

the result from the pooled phage ELISA as summarized in Table 5 in the result section. To 

obtain single colonies for the analysis OmniMAX bacteria were infected with phage pools and 

then 50 µl of phage-infected bacteria from the fourth, fifth and sixth dilutions of a titration 

series were spread out on agarose LB-carbenicillin plates and incubated at 37⁰C over night. 

The following day deep well plates were filled with 400 µl 2xTY supplemented with, 10
11

 

p.f.u/ml helper phage, 1 mM IPTG and 100 µg/ml carbenicillin. E.coli colonies harboring 

single phage were picked with toothpicks into each well. The bacteria were grown over night 

at 37⁰C with shaking. 20 µg of bait protein were immobilized in every second row of a 96-

well Maxisorps plate and alternated with rows with immobilized GST (20 µg). The plates 

were incubated under gentle agitation at 4⁰C overnight. The wells were then blocked with 0.5 

w/v % BSA (in 200µl PBS) for 1 h at 4⁰C. The bacteria were pelleted by centrifugation for 10 

minutes at 3400 g and 10 µl of 10xPBS was added to each well to adjust the pH. The blocking 

solution was discarded and 100 µl of phage supernatant were added to each well. Binding was 

allowed to occur for 1 h at room temperature. The wells were washed four times with PT-

buffer. Bound phage detected by incubation with horseradish peroxidase conjugated M13 

antibody (100 µl of a mix with PT-buffer, 0.5 w/v % BSA) for 30 minutes at room 

temperature under gentle agitation. Then wells were washed four times with PT-buffer and 

one time with PBS. 100 µl of TMB substrate was added to each well and some of the wells 

gradually turn blue. To stop the enzymatic reaction 100 µl of 0.6 M sulfuric acid was added to 

each well and they then turn yellow. The absorption was measured at 450 nm in a 

spectrophotometer.  

PCR 

 In order to obtain the sequence of the binding peptides the DNA of the phage clones were 

sequenced. DNA encoding the pVIII protein linked to the displayed peptides was PCR 

amplified and tagged with annealing sites for the standard sequencing primers M13 forward 

and M13 reverse, which are later used in the sequencing reaction. Phage supernatants (1 µl) 

were used as templates in the PCR reaction. A master mix was prepared by combining 2385 

µl H2O, 60 µl dNTP, 300 µl PCR key buffer, 60 µl forward primer, 60 µl reverse primer and 

15 µl TAQ polymerase (VWR). PCR reactions were set up by combining 24 µl of the master 

mix with each phage template. The PCR was performed by running a specific phage PCR 

program. In the first step of the program DNA the strands were opened by raising the 

temperature to 96 ⁰C for 30 s. The temperature was then lowered to 55 ⁰C for 30 s to allow 

annealing of the primers to the template. The temperature was then increased to 72 ⁰C which 

is the optimal temperature for DNA polymerase to synthesize new DNA. The procedure was 

repeated for 30 cycles. Then PCR products were analyzed through electrophoresis on a 1 % 

agarose gel with GelRed staining. As the initial protocol yielded poor results, the PCR 
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reaction were repeated using the same master mix but diluting the phage template ten times, 

which produced much better PCR products. The PCR products were cleaned from primers 

through an enzymatic treatment. During the clean up reaction, the exonuclease 1 digests the 

PCR primers and shrimp alkaline phosphatase removes the phosphate groups from dNTP. For 

the clean-up reaction, 20 µl of water, 0.2 µl exonuclease 1 and 0.2 µl shrimp alkaline 

phosphatase were added to each well of a 96-well plate together with 5 µl of the PCR 

products. The clean up reaction was run at 37 ⁰C for 30 min, after which enzymes were 

inactivated for 15 min at 85 ⁰C. The cleaned PCR products were confirmed through 

electrophoresis on a 1 % agarose gel and were sent to Eurofins Genomics for sequencing.  
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Results 

Protein expression and purification 

Protein were expressed and purified and the results analyzed through SDS-PAGE analysis. 

The expressions and purifications of GST tagged proteins appeared rather successful as 

proteins of proper size were obtained from the purifications, although the proteins were not 

completely pure (Figure 3). This can in part be explained by protein degradation.  

 

Figure 3. SDS-PAGE of the purified proteins and their crude cell lysate. From the left are scribble PDZ 3-4, scribble 

PDZ 3, syntenin PDZ 1-2, syntenin PDZ 2, syntenin PDZ and a size ladder called precision plus protein
TM

 
kaleidoscope

TM
 from biorad at the end. 

The molecular weights of the proteins are summarized in Table 2. The weights have been 

calculated from their amino acid sequences by using Protparam (18).  

Table 2. Calculated molecular weight of the proteins.  

Protein Molecular weight (Da) 

GST-syntenin PDZ 1 34700 

GST-syntenin PDZ 2 32400 

GST-syntenin PDZ 1-2 41500 

GST-scribble PDZ 3 36172 

GST-scribble PDZ 3-4 47354 

His-syntenin PDZ 1-2 21700 

 

The approximated concentrations of the GST-tagged proteins are listed in Table 3. The 

concentrations are approximated that one absorption unit stands for one ml/mg. Most likely 
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more proteins could have been obtained by repeated elution, in particular for GST-syntenin 

PDZ 1 and GST-scribble PDZ 3.  

Table 3.  Concentrations of purified GST-tagged proteins obtained in two distinct elution steps.  

Protein Approximate 

concentration from elution 

1 (mg/ml) 

Approximate concentration from 

elution 2 (mg/ml) 

GST-syntenin PDZ 1 3.15 2.94 

GST-syntenin PDZ 2 0.56 0.19 

GST-syntenin PDZ 1-2 0.35 0.19 

GST-scribble PDZ 3 1.19 1.67 

GST-scribble PDZ 3-4 0.29 0.43 

 

Syntenin PDZ 1-2 was further purified as a His-tagged version. The concentrations of two 

batched of purified His-tagged syntenin PDZ 1-2 are provided in Table 4. The concentrations 

was calculated using Beer-Lamberts law, A=εcl where A is the absorbance, ε the extinction 

coefficient (8400 M/cm for syntenin PDZ 1-2) and l is the length of the cuvette (1=1cm).  

Table 4. Concentration of His-tagged syntenin PDZ 1-2 obtained in two distinct elution steps.  

Protein Concentration 

from elution 1 

(mM) 

Concentration 

from elution 2 

(mM) 

His-syntenin 

PDZ 1-2  

0.66 0.8 

His-syntenin 

PDZ 1-2  

0.77 0.65 

 

The purity of the His-tagged syntenin PDZ 1-2 was analyzed by SDS-PAGE (Figure 4). The 

size of the purified syntenin PDZ 1-2 (about 20 kDa) agreed with the calculated molecular 

weight of the protein (Table 2).  
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Figure 4. SDS-PAGE analysis of His- tagged syntenin PDZ 1-2 and its crude cell lysate. The protein was purified in 

duplicate. A molecular weight ladder precision plus protein
TM

 kaleidoscope
TM

 Biorad was loaded to the left of the 
proteins.  

Phage display selections 

The results from the phage selection were analyzed trough pooled phage ELISAs (Figure 5). 

The ratio between specific (i.e. binding to bait protein) versus non-specific (i.e. binding to 

GST) binding has to be higher than 2 for a selection to be judged as successful..  

 

Figure 5. Evaluation of the progress of the phage display selection against the 24-mer library through pooled phage 
ELISA. Shown are the ratio between specific and non-specific signals for each protein and day. 

The result from the pooled phage ELISA revealed that the selection were largely 

unsuccessful.  
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A parallel set of selections were carried out in the lab against the same set of bait proteins but 

using an independently constructed 24-mer library and a 7-mer library. The result of this 

selection is shown in Figure 6.  

 

Figure 6, Results of a phage display selection against the 24-mer library and 7-mer library evaluated by pooled phage 
ELISAs. The bait proteins and days of selections are indicated.  

In this case, the selection against syntenin PDZ1, PDZ 2 and PDZ 1-2 and scribble PDZ 3 

were unsuccessful. However, there appeared to be an enrichment of binders in the selections 

against scribble PDZ 3-4 using the 7-mer and 24-mer libraries  

To investigate if the poor results of the selections against GST-tagged syntenin PDZ 1-2 

resulted from low quality of the protein, the selection was repeated using freshly prepared 

His-tagged protein as bait protein against the two independently prepared versions of the 24-

mer library. The results of these selections are shown in Figure 7. These selections appeared 

more successful as judged by the pooled phage ELISAs. 
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Figure 7. Pooled phage ELISA analysis of selections where His-tagged syntenin PDZ 1-2 was used as bait protein 
against two distinct batches of the 24-mer library. 

Clonal phage ELISA 

A clonal phage ELISA experiment was carried out to identify specifically binding clones. An 

overview of the proteins and phage pools selected for analysis through clonal phage ELISA is 

provided in Table 5. 

Table 5. Overview of performed clonal phage ELISAs 

Protein Library Day Pooled 

ELISA 

ratio 

Number of 

clones 

picked 

Number of 

clones with 

ratio over 2 

Clones 

sequenced 

Scribble PDZ 3-

4 

7-mer 2 10 48 33 31 

Scribble PDZ 3-

4 

7-mer 3 3.8 96 30 15 

Scribble PDZ 3-

4 

24-mer 3 12.5 96 40 33 

Syntenin PDZ 

1-2 

24-mer 2 2.8 48 13 (over 1.5) 0 

Syntenin PDZ 

1-2 

24-mer 3 4.2 60 30 (over 1.5) 16 

Syntenin PDZ 2 24-mer 3 4.1 48 1 (over 1.5) 0 

 

Example of the outcome of clonal phage ELISA experiments are shown in Figure 8 and 

Figure 9. Figures of all performed clonal phage ELISAs can be found in Appendix 1.  
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Figure 8. Clonal phage ELISAs against scribble PDZ 3-4. The phage clones were obtained from day 3 of the selection. 
Note that 7 of the clones appear to bind to the protein as judged by their high signal to noise ratio.  

 

Figure 9. Clonal phage ELISA of clones selected against syntenin PDZ 1-2 obtained from day 3 of the selection. Note 
that none of the clones appeared to bind to syntenin PDZ 1-2 as judged by their low signal to noise ratio.  

PCR 

From the clonal analysis positive clones were PCR amplified and sent for sequencing. The 

first PCR (Figure 10) did not work well. The PCR conditions were therefore changed (i.e. 

using diluted templates), which greatly improved the success rate (Figure 11). Confirmed 

PCR products were transferred to a new PCR plate for clean up reaction.  
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Figure 10. Agarose gel (1 % with GelRed staining) of the first PCR amplification of binding phage clones. Note that the 
reaction failed. The bands show the size of the PCR product which is about 300 bp and in the end of every row is a size 

ladder.  

 

Figure 11. Agarose gel (1 % with GelRed staining) of the second PCR amplification of binding phage clones. The phage 
template had been diluted 10 times for this reaction, which greatly improved the outcome of the PCR reaction. The 

bands show the size of the PCR product which is about 300 bp and in the end of every row is a size ladder. 

Analysis of sequencing results 

In line with the poor clonal ELISA results obtained for syntenin PDZ 1-2 (Figure 9), no 

binding peptides were identified for this protein. That is, all sequenced clones represented 

library starting template with no displayed peptides.  

In contrast, a set of unique peptides were identified for scribble PDZ 3-4. A summary of the 

peptides are provided in Table 6. Surprisingly, peptides found were seven amino acids long 

even in the case where they were supposed to be selected from the 24-mer library. This might 

be explained by mix up of the wells and the libraries or the phage could have “jumped” 

between the wells.  

Table 6. Scribble PDZ 3-4 binding peptides. Indicated are the sequences of the peptides, the class of PDZ binding 
motifs they contain and how many times they were found in the sequencing data.  

Peptide Class Frequency 

SGRPTAM Class 1 15 

GCSPSRA Class 1 1 
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DPFFLSI Class 2 2 

EAFTMLL Class 2 1 

EAFPMLP Class 2 1 

MYWPQQR Other 2 

MLFSGLK Other 3 

SGRPTRT Other 1 

ERMIIPR Other 2 

SGRPTAT Other 1 

CILYDRG Other 1 

 

To establish if the identified binding peptides were included in the library design, and to 

identify the host protein, the peptide sequences were compared with the library design. In 

Table 7 is a summary of this analysis.  

Table 7. Scribble PDZ 3-4 binding peptides listed with their corresponding host protein, when applicable. The case for 
which the peptides were not found in the original design is indicated with “Not found”.  

Peptide Protein  

SGRPTAM LIM domain only protein 7 

GCSPSRA Not found 

SGRPTAT Not found 

DPFFLSI Not found 

EAFTMLL  BTB (POZ) domain containing 9 

EAFPMLP Not found 

MYWPQQR Centromere protein W 

MLFSGLK  Receptor tyrosine kinase 

SGRPTRT Not found 

ERMIIPR Transmembrane and coiled-coil domains 

protein 3 

CILYDRG  Flavin adenine dinucleotide synthetase 1 

 

The obtained peptides were compared to those previously identified as binders to scribble 

PDZ 3, which revealed that there was no overlap between the peptides identified in the two 

experiments.  
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Discussion 

In this project I have successfully carried out protein expression, purification and phage 

display experiments. The purifications of the GST-tagged proteins were not perfect, as 

proteins were not completely clean and appeared to be partially degraded. The purification 

and expression of the His-tagged protein was much better which can be because the bacteria 

expressed more protein, which led to a higher yield from the purification. 

The results of the initial phage display selections were quite poor as judged by the pooled 

phage ELISA results. It should have shown a trend of the ratio between the specific and non-

specific binders going up after each day in the pooled phage ELISA. But in this case the ratio 

goes down for every day and the ratio is overall very low compared to what we want it to be. 

The poor results can depend on many different factors. The wild type phage may have out-

grown the phage displaying 24-mer peptides which might have lead to a poor library quality. 

This could make it harder to detect binders to the protein. It can also be that the new 24-mer 

phage library is not stable enough. This is the first time it has been tested and also the first 

time a library with this long C-terminal peptides have been tested. Alternatively, the poor 

quality of the GST-tagged proteins might have been a problem. The proteins could have been 

unstable and degraded over the days which make the ratio go down. A likely explanation is 

also that it was the first time I performed a phage display experiment, and there are many 

steps during the procedure where mistakes can be made. I repeated the selection using newly 

purified His-tagged syntenin PDZ 1-2. This selection went much better judged by the results 

of the pooled phage ELISA. This might indicate that the 24-mer library works fine and that 

the protein was the problem. But because there was no more time for further analysis I can not 

draw a final conclusion on this topic. 

No binding clones were identified for syntenin PDZ 1-2, which prevents a discussion on this 

topic. In contrast, the clone analysis and sequencing of binders towards scribble PDZ 3-4 

rendered some information on 7-mer peptide ligands for the PDZ tandem. 

The peptides were compared to binders previously identified for scribble PDZ 3. 

Interestingly, binders here identified for scribble PDZ 3-4 are different from the previously 

established for scribble PDZ 3 binders. This might indicate that the scribble PDZ 3-4 

supramodule has different peptide binding preference as compared to scribble PDZ 3, which 

will be followed up in further experiments.  
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Appendix 1 

 

 

Figure 12. Clonal phage ELISA of clones from the second day of selection against scribble PDZ 3-4 using 7-mer 
library. 

 

Figure 13. Clonal phage ELISA of clones from day 3 of selection against scribble PDZ 3-4 using 7-mer library. 
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Figure 14. Clonal phage ELISA from day 3 of the selection of scribble PDZ 3-4 using the 7-mer library. 

 

Figure 15. Clonal phage ELISA from day 3 of the selection against scribble PDZ 3-4 using the 24-mer library.  
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Figure 16. Clonal phage ELISA from day 3 of the selection against GST-tagged syntenin PDZ 1-2 using the 24-mer 
library.  

 

Figure 17.Clonal phage ELISA from day 2 of the selection against GST-tagged syntenin PDZ 1-2 using the 24-mer 
library.  
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Figure 18. Clonal phage ELISA from the second day of the selection against syntenin PDZ 2 using the 24-mer library.  
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