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Abstract 
 

The PDZ (Post synaptic density protein, disc large tumour suppressor, zonula 

occludens-1) domain is one of many protein domains involved in protein-protein 

interactions. They are known to bind to the C-terminal of its target proteins, but have 

also been shown to interact with internal motifs of their targets. In this project the 

PDZ interactions of syntenin and shank-1 were studied.  

 

In one part of the project, clonal phage ELISA (Enzyme linked immunosorbent 

assay) experiments confirmed the previously suggested notion that MAML1 contains 

both a C-terminal and internal binding sites, and that Notch1 has a C-terminal PDZ 

binding motif.  

 

In the second part of the project, constructs for expression and crystallization of the 

shank-1 PDZ domain linked to the target peptides ARAP3 and NRG1 were made 

and validated. The peptide-linked shank-1 PDZ constructs were successfully 

expressed and the protein was soluble suggesting that this is a viable approach. The 

majority of the protein was however lost during purification. To reach crystallization 

experiments, the purification protocol need to be optimized in order to have a 

sufficient amount of protein. 
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Abbreviations 

a.a Amino acid 

ARAP3 Arf-GAP with Rho-GAP domain, ANK repeat and PH domain-
containing protein 3 

ATP Adenosin triphosphate 

Bp Base pairs 

ccc-
dsDNA                                         
                

Covalently closed circular double stranded deoxyribonucleic acid 

DNA Deoxyribonucleic acid 

dNTPs Deoxynucleotides 

DTT Dithiothreitol 

E. coli Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

ELISA Enzyme linked immunosorbent assay 

HRP Horseradish peroxidase 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

GST Glutathione S-transferase 

MAML1 Mastermind-like protein 1 

MWCO Molecular weight cut-off 

NRG1 Neuregulin 1 

OD600 Optical density at 600 nm 

PBS Phosphate-buffered saline 

PCR Polymerase chain reaction 

PDZ Post synaptic density protein, disc large tumour suppressor, zonula 
occludens-1 

Pfu Pyrococcus furiosus 

Rpm Revolutions per minute 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel 
Electrophoresis 

ssDNA single stranded deoxyribonucleic acid 

Taq Thermus aquaticus 

TMB 3,3',5,5'-tetramethylbenzidine 

WT Wild type 
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Introduction 

PDZ Domains 

  

Protein-protein interactions are essential for cellular functions. There are many 

different protein domains that regulate biological processes through protein-protein 

interactions. One of these domains is the PDZ domain. The PDZ domain got its 

name from the first three proteins it was first identified in; postsynaptic density 

protein 95 (PSD-95), Drosophila melanogaster Discs Large protein (DLG) and 

zonula occludens 1 (ZO-1) [1]. PDZ domains are protein interaction modules that 

most often recognize short motifs at the C-terminal of their target proteins and 

regulate several cellular functions such as transport and ion channel signalling [2]. 

Depending on the preferred binding residues, PDZ domains can be categorized into 

different classes. Class I recognize the C-terminal motif S/T-X-Φ-COOH, Class II 

recognize Φ-X-Φ-COOH and class III recognize D/E-X- Φ -COOH (Φ is a 

hydrophobic residue and X is any residue) [1]. Apart from the common binding motif 

at the C-terminal, the PDZ domains can bind to internal peptide motifs [3]. PDZ 

domains normally consist 80-100 amino acids. The structure of the PDZ domains are 

made up by 5-6 β-strands (βA–βF) and 2 α-helices, one short (αA) and one long (αB) 

(Fig. 1) [4]. 

  
Figure 1: Crystal structure of syntenin PDZ2 domain (PDB code 1r6j). Generated 

using PyMOL Molecular Graphics Systems. 

 

Because of the many interactions involving PDZ domains, regulation of them are 

very important. There are a few ways in which they can be regulated. These include 
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phosphorylation of serines, tryptophans and tyrosines of the ligands. Formation of 

disulfide bridges between cysteines in the βC strand and the αB helix can block 

interactions. Phosphorylation of the PDZ domain itself can also regulate interactions. 

Some PDZ domains can also be autoinhibited by having a binding motif in its own C-

terminal [4]. 

 

Syntenin 

 

Syntenin is a 32 kDa scaffolding protein of 298 amino acids. It is made up by a 113 

amino acid N-terminal domain, 2 PDZ domains adjacent to each other and a C-

terminal domain of 24 amino acids [10, 11]. Syntenin was first discovered as a 

protein that bound to the F-Y-A sequence of the C-terminal of syndecans, allowing it 

to link syndecans to the cytoskeleton [12]. Syntenin PDZ1 has later been shown to 

bind C-terminal peptides from class I and II, whereas PDZ2 bind C-terminal peptides 

from class I and III [11]. Many of the peptides that have been found to interact with 

the PDZ domains of syntenin are membrane receptors. Syntenin has also been 

shown to interact with internal motifs as well through proteomic phage display 

experiments [13]. Syntenin has also been shown to be overexpressed in certain 

cancer cells like breast and gastric cancer cells and promote their migration and 

metastasis.  

Shank-1 

 

Shank-1 is a scaffolding protein located in the neuron, mostly the postsynaptic 

density. Shank-1 has several protein-protein interacting domains that allow it to fulfil 

its functions of organizing protein complexes involved in development and signalling 

in the neurons [5, 6]. These domains include ankyrin repeats, an SH3 domain, a 

proline rich region, a SAM domain and a PDZ domain [7]. Point mutations and 

deletions in the shank-1 encoding gene have been detected in individuals with 

autism spectrum disorder, indicating that shank-1 is associated to that disorder [8]. 

The PDZ domain of shank-1 is a class I PDZ domain known to bind C-terminal motifs 

X-T/S-X-L. The Internal binding motif T-X-F has been discovered for the shank-1 

PDZ domain through proteomic peptide phage display experiments [9]. 

 

Proteomic phage display 

 

Proteomic peptide phage display is a selection method used to discover protein-

protein interactions. The method utilizes phages, which are viruses that infect 

bacteria. By cloning phages with DNA encoding for potential binding peptides and 

allowing it to be expressed on the phage surface, they can be used to identify 

binders through selection against immobilized target proteins. This method can be 

used to construct large peptide libraries, up to 1010 peptides [14]. These libraries can 
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be used to select for binders. The first step is to design and construct a peptide 

library and then display it on the surface of the phages. The bait proteins are then 

immobilized and interactions between the peptide displayed on the phage surface 

and the bait protein will capture phages with binding sequences. The unbound 

phages will be washed away and bound phages will then be eluted. The binding, 

washing and elution steps are repeated 3-5 times. The finally eluted phages are then 

amplified and sequenced to identify binders [15] 

Aims of project 

 

The aim of this project was to further study the interactions of PDZ domains with 

internal binding peptide motifs for the two proteins syntenin and shank-1.  

Syntenin 

 

For syntenin PDZ1-PDZ2 the aim was to confirm previously suggested interactions 

with C-terminal and internal peptides of MAML1 and Notch1 and to confirm the 

binding key residues of the peptides. The strategy for this was to make phage clones 

expressing the binding peptides as well as mutations of them on the pVIII coat 

protein of the M13 phage. These phage clones could then be used to confirm 

interactions through clonal phage ELISA (Enzyme linked immunosorbent assay) 

experiments where the peptide-displaying phage bind to the immobilized PDZ 

domains of syntenin. M13 antibodies conjugated with HRP (horseradish peroxidase) 

can then be used to detect the bound phages by the addition of a substrate, which 

results in formation of a coloured product.  

Shank-1 

 

For shank-1 PDZ the goal was to through cloning experiments make constructs for 

expression of the shank-1 PDZ domain linked through either a 6 or 8 residues 

glycine serine linker to its target peptides from ARAP3 or NRG1. These constructs 

could then be expressed and purified for co-crystallization experiments. The reason 

for linking the target peptide is because then there is no need to buy the peptide or 

having trouble trying to synthesize it since it will be expressed along with the rest of 

the PDZ domain. The reason for using different lengths on the linker is because it is 

difficult to predict how the length of the linker might affect the structure of the shank-

1 PDZ-peptide fusion and thereby the interactions between the PDZ domain and the 

target peptides.  

Methods 

General transformation of KCM competent cells 

 

2 µl DNA solution was mixed with 20 ml 1X KCM (KCl 100 mM, CaCl2 30 mM, MgCl2 

50 mM). The DNA mixture was chilled on ice for approximately 5 minutes. 10 µl cell 
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suspension were added and mixed carefully, and incubated 20 minutes on ice 

followed by 10 minutes at room temperature. 200 µl 2YT media (5 g NaCl, 16 g 

tryptone, 10 g yeast per liter distilled H2O) was added and then incubated for 45 

minutes at 37oC at 200 rpm. 100-200 µl of the culture was then spread on agar 

plates with relevant antibiotic (carbenicillin/kanamycin) by adding approximately 10 

autoclaved plastic beads to the plate and shaking until media was spread out. 

Culture was grown on plate overnight at 37oC. 

 

Syntenin 

Phage clones: ssDNA to ccc-dsDNA 

 

The first step was to phosphorylate the oligonucleotides. This was done by preparing 

the following reaction mixture for each oligonucleotide (table 1). 

 

Table 1: reaction mixture for one reaction of oligonucleotide phosphorylation 

Reactant Volume per reaction [µl] 

TM buffer 10X (0.1 M MgCl2, 0.5 M Tris, 
pH 7.5) 

2 

ATP 10 mM 2 

DTT 100 mM 1 

T4 polynucleotide kinase 10 u/µl 1 

Milli-Q H2O 15 

 

A sufficient volume of the reaction mixture for all 9 reactions was prepared in an 

eppendorf tube. 21 µl were then added into separate PCR-tubes and 2 µl of 

respective oligonucleotide solution 10 µM was added. The mixtures were then 

incubated for 1h at 37oC. 

 

After phosphorylation the next step was to anneal the oligonucleotides to the 

template ssDNA. This was done by preparing the following reaction mixture (table 2) 

 

Table 2: Reaction mixture for one reaction of annealing oligonucleotide to template. 

Reactant Volume per reaction 

ssDNA template volume needed to reach 2 µg 

TM buffer 10X 2.2 µl 

Milli-Q H2O volume needed to reach total volume of 
19.4 µl  
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The reaction mixture was prepared in an eppendorf tube with enough volume for all 

9 reactions. 19.4 µl of the mixture was then added into separate PCR-tubes. 2 µl of 

the phosphorylated oligonucleotide solutions from the previous step was then added 

to respective PCR-tube. The oligonucleotides were then annealed to the template by 

running the following PCR programme: First 90oC for 3 minutes followed by 50oC for 

3 minutes finished by 20oC for 5 minutes.  

 

The third step was synthesis of the second strand. This was done by preparing the 

following reaction mixture (table 3) 

 

Table 3: reaction mixture for one reaction of 2nd strand synthesis 

Reactant Volume per reaction [µl] 

ATP 10 mM 1 

dNTPs 10 mM 1 

DTT 100mM 0.6 

T4 DNA Ligase 5 u/µl 0.4 

T7 DNA Polymerase 10 u/µl 0.6 

 

The mixture was prepared in an eppendorf tube with enough volume for all 9 

reactions. 3.6 µl of this mixture were then added to the annealed oligonucleotides 

from the previous step. The mixtures were then incubated at room temperature 

overnight.  

 

Amplification and clean-up of phagemids for sequencing 

 

The phage clones were transformed into OmniMAX E.coli cells as described in the 

transformation section. OmniMAX were used since they have has high phage 

infectability and have high phage producability. 100 µl were then plated on agar 

plates using beads. The plates were incubated overnight at 37oC and then stored at 

4oC until further use.  

 

New agar plates were divided into 8 sections. A single colony from the transformed 

phage clones were picked up with a pipette tip and streaked onto one of the eight 

sections of the marked sections one the new agar plate. This was repeated for the 

remaining of the eight zones one the plate, meaning that 8 individual colonies from 

the transformed phage clones were streaked on each plate. 

 

The streaked plates were then incubated at 37oC overnight and stored at 4oC until 

further use. 
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The streaked phage clone colonies were amplified with PCR for sequencing. The 

following reaction mixture was prepared (table 4) 

 

Table 4: reaction mixture for one PCR reaction for sequencing of phage clones 

Reactant Volume [µl] 

Milli-Q H2O 19.875 

Key buffer 10X 0.5 

dNTPs 10 mM 0.5 

Forward primer 10 µM 0.5 

Reverse primer 10 µM 0.5 

Taq DNA polymerase 5 u/µl 0.125 

 

24 µl aliquots of the mixture were added to the wells of a 96-well PCR-plate. 

Template was added by picking up a small amount of the streaked phage clones 

with a pipette tip and adding it to respective well on the plate by pipetting up and 

down carefully a few times. The PCR-plate was then run at the following programme: 

96oC for 10 minutes followed by 30 cycles of 96oC 30 s, 55oC 30 s and 72oC 1 

minute finished by 72oC for 10 minutes. The products were finally analysed by 

electrophoresis of the samples on a 1% agarose gel. 

 

To isolate the double stranded DNA for sequencing, a PCR clean up reaction was 

run on the amplified phage clones to remove pieces of single stranded DNA like 

primers. This was done by preparing the following reaction mixture (table 5) 

 

Table 5: reaction mixture for one clean up reaction of amplified phage clones 

Reactant Volume [µl] 

Milli-Q H2O 20.6 

Shrimp alkaline phosphatase 500u 0.2 

Exonuclease I 2500u 0.2 

 

21 µl aliquots of the mixture were added to the wells of a 96-well PCR-plate and 4 µl 

of the amplified phage clones from the previous step was added to respective well. 

The plate was then run incubated at 37oC for 60 minutes followed by 80oC for 20 

minutes using a thermocycler.  
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The DNA concentration was measured for every 4th or 5th well and then diluted with 

Milli-Q H2O to the final volume of 15 µl to reach the desired concentration for 

sequencing. 

Expression of syntenin 

 

BL21 (DE3) E.coli cells were transformed with pGEX-5X-1 plasmid vector containing 

the gene for expression of syntenin and a carbenicillin resistance marker as 

described in the transformation section and then plated. BL21 (DE3) are used since 

they contain the λ(DE3) lysogen for T7 RNA polymerase and allow for protein 

expression of genes under control of T7 promoter. A single colony was inoculated in 

10 ml 2YT media in a 50 ml falcon tube. Carbenicillin was added to a final 

concentration of 100 µg/ml and then it was incubated at 37oC at 200 rpm overnight.  

 

Glucose was added to a final concentration of 2% to repress induction of the lac 

promoter and thereby prevent leaky expression. Carbenicillin was added to a final 

concentration of 100 µg/ml and 5 ml of the start-up culture was added to 2-liter E-

flasks containing pre-autoclaved 2YT media. The cultures were incubated at 37oC 

200 rpm until OD600 of 0.6 was reached. The cultures were then induced by adding 

IPTG (Isopropyl β-D-1-thiogalactopyranoside) to a final concentration of 1 mM. 

Thereafter, the cultures were incubated at 16oC 200 rpm overnight. Cells were then 

harvested by centrifugation for 10 minutes, 8000 rpm at 4oC.  

 

Purification of syntenin 

 

The bacterial pellet was thawed and resuspended in 30 ml lysis buffer ((50 µg/ml 

DNase1, 5 µM MgCl2, 10 mM CaCl2, 1 mg lysozyme, 1 mM B-mercaptoethanol, 1 

tablet protease inhibitor) in PBS (137 mM NaCl, 2.7 mM KCl, 9.8 mM Phosphate 

buffer)) and incubated for 30 minutes on a shaking table at 4oC. MgCl2 and CaCl2 are 

added to the lysis buffer because DNase1 is activated by Mg2+ and its activity is 

dependent on Ca2+. The resuspended cells were sonicated 5 times (20 s, output 5) 

using a Sonics Materials Vibra Cell VC375 sonicator equipped with a microtip. The 

lysate was the centrifuged for 45 minutes at 18000 rpm, 4oC. 2 ml glutathione 

Sepharose 4B resin was equilibrated with binding buffer (1 mM β-mercaptoethanol in 

PBS). This was done by filling a 50 ml falcon tube containing resin with H2O followed 

by centrifugation for 4 minutes at 1000 rpm. The H2O was carefully decanted and the 

falcon tube was then filled up to 50 ml with binding buffer and mixed carefully. It was 

then centrifuged for 4 minutes at 1000 rpm. The buffer was decanted and this was 

repeated 2 additional times with binding buffer. The lysate was added to the tube 

with equilibrated resin and incubated for 90 minutes on shaking table at 4oC. Resin 

was washed by centrifugation for 4 minutes at 1000 rpm and then decanting the 

supernatant. The tube was then filled up to 50 ml with binding buffer followed by 

centrifugation at the same settings. Absorption at 280 nm in wash fractions was 
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measured on Nano-drop and washing was repeated until the absorption in the wash 

fraction was below 0.05. Protein was eluted in 3 fractions using 3 ml elution buffer 

(10 mM reduced glutathione, pH 8 in PBS). The elution buffer was added to the 

falcon tube followed by centrifugation at the same settings. Absorption at 280 nm 

was measured with Nano-drop and concentration calculated with Lambert Beers law. 

The elution fractions were analysed by SDS-PAGE along with the lysate. Finally the 

elution fractions were dialyzed in dialysis buffer (2 mM EDTA, 1 mM β-

mercaptoethanol, pH 7.8 in PBS) using a 3.5K MWCO dialysis membrane 

(SnakeSkinTM Dialysis Tubing). Dialysis was carried out overnight while stirring the 

buffer at 4oC. 

 

Clonal Phage ELISA of syntenin interactions with peptides of Notch1 and 

MAML1 

 

A 96-well plate was coated with 5-20 µg of GST-tagged syntenin or GST for negative 

control by adding 100 µl PBS with 5-20 µg protein per 100 µl. The plate was then 

incubated overnight at 4oC. Phage pools were prepared by adding 30 µl carbenicillin 

and 60 µl helper phages to 30 ml 2YT media. Aliquots of 400 µl were added to a 96 

well plate. Phage clones were then inoculated into the wells by picking up single 

colony with a pipette tip and mixing carefully 2-3 times followed by incubation 

overnight at 37oC. After incubation overnight the coating solution was discarded and 

the plate was blocked by adding 100 µl 0.2% (w/v) BSA in PBS and incubating on a 

shaker table for 1 hour at room temperature. The phages were centrifuged for 10 

minutes at 3000 rpm 4oC. 300 µl of the supernatant from the phage pools were 

transferred to a 96 well PCR-plate. The blocking solution was discarded and 100 µl 

of the phage supernatant was added to each well and the plate was incubated on 

shaker table for 30 minutes at room temperature. The plate was then washed 3 

times with 200 µl PBST (0.05% Tween in PBS). After washing 100 µl antibody 

mixture (5 µg HRP conjugated M13 monoclonal antibodies, 0.13 g BSA in PBST) 

was added. The plate was put on shaker table for 30 minutes. The antibody mixture 

was then discarded and the plate was washed 4 times with 200 µl PBST and once 

with PBS. 100 µl of TMB substrate was added. The reaction was stopped after 1-2 

minutes by adding 100 µl of 0.6 M H2SO4. The absorbance was then measured at 

450 nm. 

 

Shank-1 

Shank-1 peptide constructs cloning 

 

The following PCR mixture was prepared for the first round (table 6) 
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Table 6: reaction mixture for one PCR reaction  

 

Reactant Volume [µl] 

H2O 41 

10X PFU buffer with MgSO4 25mM 5 

dNTPs 10 mM 1 

DNA template 0.5 

Pfu DNA polymerase 2.5 u/µl 0.5 

 

48 µl aliquots of the mixture were added to PCR tubes and 1 µl forward primer 10 

µM was added to all tubes and 1µl 8-linker- or 6-linker reverse primer 10 µM was 

added to respective PCR tube. The mixtures were run at the following PCR 

programme: 96oC for 45 s followed by 30 cycles of 96oC for 45 s, annealing 

temperature was increased 0.5oC each cycle, starting at 50oC for 40 s and 72oC for 2 

minutes, finishing with 72oC for 10 minutes. The following PCR reactions were 

carried out the same way, only the DNA template used was the product from the 

previous reaction and respective reverse primer for each reaction was used. The 

product from the final round of PCR was restricted by preparing following reaction 

mixture (table 7) in PCR tubes followed by incubation at 37oC for 3 hours. 

 

Table 7: reaction mixture for one restriction reaction 

 

Reactant Amount 

10X Tango buffer 4 µl 

NcoI 10 u/µl 1 µl 

XhoI 10 u/µl 1 µl 

PCR product/Plasmid 2.5 ng 

H2O To final volume 20 µl 

 

After incubation the restricted product was purified by running electrophoresis on a 

1% agarose gel followed by gel extraction using QIAgen gel extraction kit. The 

extracted product was stored at -20oC until further use. 

 

The pETM-11 plasmid vector was transformed using DH5α E.coli cells as described 

in the transformation section. DH5α were used since they are useful for recombinant 

DNA methods because they have a recA mutation which eliminates homologous 

recombination and they lack some endonucleases which might degrade DNA during 
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isolation. Single colonies were inoculated in 10 ml 2YT with 30 µg/ml kanamycin and 

incubated at 37oC overnight. The cultures were then prepared using a QIAgen 

QIAprep Spin Miniprep Kit. The plasmids were restricted the same way as the 

peptide constructs (table 7). Electrophoresis of the restricted plasmid was run on a 

1% agarose gel followed by gel extracted using QIAgen gel extraction kit.  

 

The restricted peptide constructs were ligated into the restricted plasmid by 

preparing following reaction mixture (table 8) in PCR tubes followed by incubation at 

4oC overnight. 

 

Table 8: reaction mixture for one ligation reaction 

Reactant Amount 

Plasmid 150 ng 

Insert DNA 1:3 molar ratio to plasmid 

Ligase buffer 4 µl 

ATP 10 mM 1 µl 

T4 DNA Ligase 5 u/µl 1 µl 

H2O To final volume 20 µl 

 

Ligated plasmids were transformed using DH5α cells as described in the 

transformation section and 200 µl media was plated instead of 100 µl. 4 colonies 

from each plate were inoculated in 10 ml 2TY with 30 µg/ml kanamycin and 

incubated overnight at 37oC. Cultures were prepared using a QIAgen QIAprep Spin 

Miniprep Kit. DNA concentration was measured using Nano-drop at 260 nm and then 

diluted with Milli-Q H2O according to appropriate concentration and then sent for 

sequencing. 

Expression of Shank-1 peptide constructs 

 

The shank-1 constructs were expressed in the same way as syntenin (see 

expression of syntenin section). The only differences were that kanamycin final 

concentration 30 µg/ml was used instead of carbenicillin since the pETM-11 plasmid 

vector has kanamycin resistance marker and the cultures were induced by adding 

IPTG to a final concentration of 0.3 mM instead of 1 mM to prevent overexpression 

since it has shown to form inclusion bodies in previous experiments. 

 

Purification of Shank-1 peptide constructs 

 

The thawed pellets were resuspended in 30 ml lysis buffer (20 mM Tris-Cl, 140 mM 

NaCl, 1 mM B-mercaptoethanol, 5 mM MgCl2, 5 mM CaCl2, 10 µg/ml DNase1, 1 mg 
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lysozyme, 1 protease inhibitor tablet) per liter pellet and transferred to 50 ml falcon 

tubes. The lysate was incubated for 1 hour on a shaker table at 4oC. The lysate was 

then sonicated 3-5 times (20 s, output 5) using a Sonics Materials Vibra Cell VC375 

sonicator equipped with a microtip. After sonication the lysate was centrifuged for 1 

hour at 13,000 rpm, 4oC using a Beckman JA-14 rotor. Ni2+-agarose gel were 

equilibrated with binding buffer (20 mM Tris-Cl, 140 mM NaCl, 20 mM imidazole, 

1mM B-mercaptoethanol) by first adding gel to a 50 ml conical centrifuge tube (2 ml 

gel for 1000 ml pellet). The tube was then filled up to 50 ml with Milli-Q H2O and 

centrifuged for 3 minutes at 800 rpm, 4oC. The supernatant was gently removed and 

the falcon tube was filled with binding buffer and centrifuged at the same settings. 

The supernatant was removed and this step was repeated 3 times. The gel was 

finally resuspended in 10-20 ml binding buffer. The lysate was then added to the gel 

and incubated on shaker table for 2.5-3 hours at 4oC. Lysate was then transferred to 

a 20 ml column. After all the lysate had flown through, the column was washed with 

5 column volumes of washing buffer (20 mM Tris-Cl, 50 mM imidazole, 1 mM B-

mercaptoethanol). Protein was eluted in 10 fractions of 1 ml using elution buffer (20 

mM Tris-Cl, 300 mM imidazole). Absorption at 280 nm was measured using Nano-

drop and concentration was calculated with Lambert Beers law, using extinction 

coefficient of 12950 M-1 cm-1 for the NRG1 constructs and 11460 M-1 cm-1 for the 

ARAP3 constructs. The molecular weight of the constructs are between 18.2 and 

18.5 kDa. The fractions were then analysed with SDS-PAGE.  

 

Results and discussion 

Syntenin 

Expression and purification of GST-tagged syntenin for clonal ELISA 

 

GST-tagged syntenin was expressed in 1 liter. The yield from the purification of 

syntenin was low, only 0.14, 0.07 and 0.04 mg/ml respectively in the 3 collected 

fractions. With the volume of each fraction being 3 ml, the total yield from 1 liter was 

0.75 mg. The reason for this could be problems with expression or that it got lost in 

the washing stage. The SDS-PAGE showed clear bands at approximately 45 kDa in 

all elution fractions which correlates with the expected size of 47 kDa. This means 

that even though the protein concentration was low, the product was pure meaning it 

could be used for clonal phage ELISA. In the flow through there was one clear band 

above 25 kDa and one at 15 kDa. The band at 15 kDa could be the syntenin PDZ 

domain without the GST tag and the band at 25 kDa could be GST tag that had been 

cleaved off. If this were the case, it is strange since the GST tag should have bound 

to the column in that case. 
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Figure 2: SDS-PAGE of  the three elution fractions as well as the flow through 

fraction. From the left: ladder, elution 1, elution 2, elution 3, Flow through. 

 

Phage clones 

 

Phage clones displaying peptides of Notch and MAML were constructed, and the 

inserts of the transformed phage clones that were amplified for sequencing were 

analysed by electrophoresis on a 1% agarose gel (figure 3). The analysis showed 

that the size of the majority of the PCR amplified fragments was approximately 500 

bp, which correlates with the expected size. 5 wells that seemed to have product on 

the agarose gel were picked for the clean-up reaction. 

 
Figure 3: Amplified phage clones analysed on 1% agarose gel using a 100 bp 

ladder. 
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After sending the cleaned up clones for sequencing, 8 out of 9 came back with 

positive hits (table 9) 

 

Table 9: Summary of the results from sequencing the phage clones. 

Clone 
a.a sequence 

Residues in wt residues in mutation Positive/negative 

 
MAML1 internal 
 
- PFRSLVPPGQEQNP- 
 

 
 
SLV 

SGV Positive 

SLG Positive 

SGG Positive 

MAML 1 C-terminal 
 
-DDLLGSQ-coo- 
 

DDLL DDGG Positive 

 
 
Notch internal 
 
QIPEMARLPSVAFPTA 
 

 
ARL 

ARG Positive 

ARE Positive 

 
FP 

GP Negative 

EP Positive 

Notch C-terminal 
 
APGGGNNMQVYA 

VYA V-stop Positive 

 

 

Clonal phage ELISA of syntenin interactions with peptides of Notch1 and 

MAML1 

 

A clonal phage ELISA was performed to evaluate the interaction between syntenin 

PDZ1-PDZ2 and the Notch1 and MAML1 peptides. The wells of a 96-well plate were 

coated with 15 µg newly expressed GST-tagged syntenin. GST was used for 

negative control. The immobilized protein was incubated with the peptide displaying 

phage, and bound phage was detected using a HRP-conjugated anti-M13 antibody. 

After measuring the absorbance at 450 nm, the ratio was calculated between the 

absorbance of the GST-syntenin coated wells and the negative GST control. The 

result is summarized in figure 4. The ratios were quite low, around 3.5 but the wild 

type for MAML1, both internal and C-terminal were above the baseline which 

indicate that they are binding peptides. SLV seems to be a class I binder (S/T-X-Φ) 
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where V is the hydrophobic residue. When L and V are exchanged with G, the 

binding decreases, which indicate that SLV is the binding motif. DLL seems to be a 

class III binder (D/E-X-Φ) where L is the hydrophobic residue. When the L: s are 

exchanged with G:s, the binding decreases which indicates that DLL is a the binding 

motif. The Notch C-terminal peptide also seems to be a class II (Φ-X-Φ) binder 

where V and A are the hydrophobic residues. By terminating the sequence after V, 

the binding decreases. This indicates that VYA is a binding motif. 

 

 
Figure 4: Ratio of the absorbance at 450 nm between phage clones and negative 

control from clonal phage ELISA coating each well with 15 µg newly expressed 

syntenin. 

 

In a previous experiment, the wells were coated with only 5 µg of protein instead of 

15 µg. The GST-tagged syntenin used for coating the wells was from frozen stock 

instead of being newly expressed. The results from this experiment are summarized 

in figure 5. The ratios here were very low, around 1. This means that the difference 

in absorption was nearly 0 which means that there was no significant specific 

binding. This could be due to the syntenin used was from frozen stock. Another 

reason could be that the plates were coated with too little syntenin.  
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Figure 5: Ratio of the absorbance at 450 nm between the phage clones and negative 

control from the first clonal phage ELISA coated with 5 µg syntenin. 

 

 

Shank-1 

Cloning of peptide linked Shank-1 constructs 

 

The construction of the peptide-linked shank-1 constructs failed at first. There was 

trouble with unspecific products after the final PCR reaction (figure 6), which meant 

that the wanted product had to be extracted from gel. After gel extraction the 

concentrations were too low to continue so an additional PCR reaction had to be run 

but in the end all sequences came back negative. After the failed first round of 

cloning, the next round was performed by the thesis supervisor Muhammad Ali, to 

ensure the progress of the project. This time the sequences for all 4 constructs came 

back positive. 
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Figure 6: PCR products from the 4th round of PCR reactions analysed on 1% 

agarose gel with 100 bp ladder. 

 

Expression and purification of peptide linked shank-1 PDZ domain 

 

Test expressions and purifications were carried out for the peptide-linked shank1 

PDZ. The concentration of proteins after the first test expression and purification 

were low, between 0.09 mg/ml for the lowest and 0.64 mg/ml for the highest of the 4 

peptide linked shank-1 PDZ domain variants, starting from 1 liter media per 

construct, as summarized in table 10. The yield was very low and the only fusions 

which yielded a significant amount were the 8-NRG fusion. Since it was the only 

fusion that yielded significant amount of protein, purification and expression of 8-

NRG was scaled up and expressed in 6 liter media. The elution fractions were 

analysed with SDS-PAGE in order to see if the expression was successful and if the 

protein would be soluble (figure 7). Previously the protein had aggregated and 

formed inclusion bodies. The SDS-PAGE showed that the protein was indeed 

soluble since there are large and clear bands in the wells loaded with the cleared 

lysate, which shows clear signs of overexpression of the protein for all 4 fusions 

which shows that the low yield was not caused by trouble with expression but 

occurred during the purification stage. One explanation could be that the protein was 

eluted during the washing stage.  
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Table 10: Summary of protein concentration in the elution fraction with the highest 

measured concentration.  

Peptide linked to shank-1 PDZ Highest calculated concentration 
elution fraction [mg/ml] 

6-NRG 0.20 

8-NRG 0.64 

6-ARAP 0.14 

8-ARAP 0.09 

 

 

 
Figure 7: SDS-PAGE run on the elution fractions with highest concentration. The 6-

ARAP elution was not loaded due to the low concentration. The wells labelled P.S 

(pre sonication) are the lysate before it was sonicated. The wells labelled A.C (after 

centrifugation) are the lysate after it was centrifuged and cleared of debris. 

 

When expression and purification was scaled up and expressed in 3 liters of media 

instead of 1 liter, the proteins were purified in 3 separate columns with similar 

volume on gel as used during the test expression and purification. The 

concentrations in the fractions with the highest concentration were consistent with 

previous results from purification of the 8-NRG fusion. The concentrations were 

approximately 0.55 mg/ml in the elution fraction with the highest concentration for all 

3 separate columns (table 11). The first three elution fractions were analysed by 

SDS-PAGE along with the flow through and the first collected wash fraction from 



22 
 

column #2 (figure 8). This showed that the product was pure in all the elution 

fractions loaded on the gel since they all had clear bands at the expected size of 18 

kDa. It also showed that there was no product to be found in the flow through. 

However, it also showed that the wash fraction loaded on the gel contained a large 

amount of the protein. This means that a large portion of the protein were eluted and 

lost during the washing stage. To confirm this observation, the first 3-4 collected 

fractions per column were analysed by SDS-PAGE separately (figure 9). This 

showed that all the other wash fractions contained large amounts of the protein as 

well. Since such large amount of the protein were lost during washing for the 8-NRG 

fusion which actually still had protein left in the elution fractions, it is likely that the 

majority of the protein were lost during the washing stage as well when all 4 fusions 

were purified during the test purification in smaller scale. The reasons for this could 

be that the linker and peptide affects the structure of the protein in a way that it can 

elutes at lower concentration imidazole but this seems very unlikely. Another more 

likely reason could be mistakes during preparation of the buffers used during 

purification, especially that the washing buffer could contain higher imidazole 

concentration that 50 mM, but if that were the case; it is likely that all protein would 

be eluted during the washing stage. 

 

Table 11: Summary of protein concentration in the elution fractions with the highest 

concentration.  

Column Highest concentration in elution 
fraction [mg/ml] 

1 0.52 

2 0.58 

3 0.54 
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Figure 8: SDS-PAGE analysis of the elution from expression and purification of 8-

NRG in total 3 liter media. From the left: Ladder, fractions 1-3 from column 1, 

fractions 1-3 from column 2, fractions 1-3 from column 3, flow through from column 

2, wash fraction 1 from column 2. 

 

 

 

 

Figure 9: SDS-PAGE analysis of washing fractions collected during purification of 

shank-1 8-NRG fusion. From the left: Ladder, wash fractions 1-4 from column 1, 

wash fractions 1-4 from column 2, was fractions 1-3 from column 3. 
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Conclusions 
 

These experiments indicate that MAML1 contains both internal and C-terminal 

binding motifs and that Notch1 contain a C-terminal binding motif for syntenin. To be 

certain however, the experiments would need to be repeated since here they were 

only performed once.  

 

For shank1 PDZ, we successfully constructed peptide-linked variants that can be 

used for expression and purification of soluble shank-1 PDZ domain for co-

crystallization experiments. In order to move on to crystallization experiments, some 

details in the purification protocol needs to be adjusted in order to have enough 

amount of protein needed to carry out those experiments. 

 

Acknowledgements 
I would like to thank my supervisor Ylva Ivarsson for giving me the opportunity to do 

this project. I would also like to thank my co-supervisor Muhammad Ali for guiding 

me in the lab and teaching all the different techniques and equipment. Finally I would 

like to thank the rest of the Ivarsson group for the warm and positive atmosphere 

during all the long days in the lab. 

 

References 
 

[1] Harris BZ, Lim WA. (2001). Mechanism and role of PDZ domains in signaling 

complex assembly. Journal of Cell Science 114: 3219-3231 

 

[2] Lee HJ, Zheng JJ. (2010). Review PDZ domains and their binding partners: 

structure, specificity, and modification. Cell Communication and Signaling 8: 8 

 

[3] Lenfant N, Polanowska J, Bamps S, Omi S, Borg JP, Reboul J. (2010). A 

genome-wide study of PDZ-domain interactions in C. elegans reveals a high 

frequency of non-canonical binding. BMC Genomics 11: 671 

 

[4] Fanning AS, Anderson JM. (1996). Protein-protein interactions: PDZ domain 

networks. Current Biology 6(11): 1385-1388 

 

[5] Zeng M, Shang Y, Guo T, He Q, Yung WH, Liu K, Zhang M. (2016). Proceedings 

of the National Academy of Sciences 113(22): 3081-3090. 

 

[6] Lee JH, Park H, Park SJ, Kim HJ, Eom SH. (2011). The structural flexibility of the 

shank1 PDZ domain is important for its binding to different ligands. Biochemical and 

Biophysical Research Communications 407(1): 207-212. 

 



25 
 

[7] Sheng M, Kim E. (2000). The Shank family of scaffold proteins. Journal of Cell 

Science 113: 1851-1856 

 

[8] Sato D, Lionel AC, Leblond CS, Prasad A, Pinto D, Walker S, O’Connor I, Russell 

C, Drmic IE, Hamdan FF, Michaud JL, Endris V, Roeth R, Delorme R, Huquet G, 

Leboyer M, Rastam M, Gillberg C, Lathrop M, Stavropoulos DJ, Anagnostou E, 

Weksberg R, Fombonne E, Zwaigenbaum L, Fernandez BA, Roberts W, Rappold 

GA, Marshall CR, Bourgeron T, Szatmari P, Scherer SW. (2012). SHANK1 Deletions 

in Males with Autism Spectrum Disorder. American Journal of Human Genetics 

90(5): 879-887. 

 

[9] Davey NE, Seo MH, Yadav VK, Jeon J, Nim S, Krystkowiak I, Blikstad C, Dong D, 

Markova N, Kim PM, Ivarsson Y. (2017). Discovery of short linear motif-mediated 

interactions through phage display of intrinsically disordered regions of the human 

proteome. The FEBS Journal 284(3): 485-498. 

 

[10] Beekman JM, Coffer PJ. (2008). The ins and outs of syntenin, a multifunctional 

intracellular adaptor protein. Journal of Cell Science 121: 1349-1355. 

 

[11] Kang BS, Cooper DR, Jelen F, Devedjiev Y, Derewenda U, Dauter Z, Otlewski 

J, Derewenda ZS. (2003) PDZ Tandem of Human Syntenin. Structure 11(4): 459-

468. 

 

[12] Grootjans JJ, Zimmerman P, Reekmans G, Smets A, Degeest G, Dürr J, David 

G. (1997). Syntenin, a PDZ protein that binds syndecan cytoplasmic domains. 

Proceedings of the National Academy of Sciences 94(25): 13683-13688. 

 

[13] Garrido-Urbani S, Garg P, Ghossoub R, Arnold R, Lembo F, Sundell GN, Kim 

PM, Lopez M, Zimmerman P, Sidhu SS, Ivarsson Y. (2016). Proteomic peptide 

phage display uncovers novel interactions of the PDZ1-2 supramodule of syntenin. 

FEBS Letters 590(1): 3-12. 

 

[14] Blikstad C, Ivarsson Y. (2015). High-throughput methods for identification of 

protein-protein interactions involving short linear motifs. Cell Communication and 

Signalling 13:38 

 

[15] Sundell GN, Ivarsson Y. (2014). Interaction Analysis through Proteomic Phage 

Display. Biomedical Research International: 176172- 

 

 

 

 

 


