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Abstract
Sundell, G. 2018. Using peptide-phage display to capture conditional motif-based
interactions. Digital Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 1716. 87 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-0433-5.

This thesis explores the world of conditional protein-protein interactions using combinatorial
peptide-phage display and proteomic peptide-phage display (ProP-PD). Large parts of proteins
in the human proteome do not fold in to well-defined structures instead they are intrinsically
disordered. The disordered parts are enriched in linear binding-motifs that participate in
protein-protein interaction. These motifs are 3-12 residue long stretches of proteins where
post-translational modifications, like protein phosphorylation, can occur changing the binding
preference of the motif. Allosteric changes in a protein or domain due to phosphorylation
or binding to second messenger molecules like Ca2+ can also lead conditional interactions.
Finding phosphorylation regulated motif-based interactions on a proteome-wide scale has been
a challenge for the scientific community.

Through combinatorial peptide phage display selections against the calcium binding protein
Sorcin we discovered the Φ-Φ-X-P motif that preferentially interacts with calcium bound Sorcin.
Through C-terminal ProP-PD we discovered that the engineered L391F, K329M Ø9 mutant
of the second PDZ domain of DLG1 has a reduced specificity and increased affinity towards
proteomic targets as compared to the wild type DLG1 PDZ2 domain.

Finally a novel application of ProP-PD that allows us to capture phospho-regulated
interactions by combining it with glutamic phosphomimetic substitution is presented. We
created a phosphomimetic ProP-PD library of C-terminal sequences of known and putative
serine/threonine phospho-sites, and their phosphomimetic counterparts. The library was used in
selection against PDZ 1, 2 and 3 of Scribble and DLG1.  We found site-specific phosphorylation
events that either enable or disable interactions. Selectivity towards phosphopeptide binding was
confirmed for Scribble PDZ1 through biophysical experiments, supporting the viability of the
phosphomimetic ProP-PD. Through structural and mutational analysis we found that the gate-
keeping residue for phosphopeptide binding in Scribble PDZ1 is arginine 762. With this proof-
of-concept study we have introduced phosphomimetic ProP-PD as a viable method to discover
phospho-regulated protein-peptide interactions.

Taken together, this work has contributed with methods to capture selectivity differences
in motif-based interactions of proteins depending on allosteric binding of calcium, protein
engineering and on ligand modification by phosphorylation.
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Introduction 

Imagine a cell. 
 
In a cell there are three major types of molecules, which make it in to the cell 
that we imagine. There are nucleic acids in the form of DNA and RNA, there 
are lipids that form membranes surrounding the cell and parts inside the cell 
called organelles, and there are proteins. Proteins are what get things done in 
a cell, they are the key players in everything think of as a task that the cell 
does. The central dogma of molecular biology (Figure 1) describes that 
genes in the DNA gets transcribed in to RNA, and RNA in turn gets translat-
ed into proteins. DNA can also copy itself, and to a lesser extent RNA can 
copy itself and reversely transcribe itself in to DNA, but all of these tasks 
needs proteins to work. There are roughly 20 000 genes in the human ge-
nome giving rise to about 70 000 different protein isoforms 1. All of these 
proteins have a function in the cell. Many of them catalyze chemical reac-
tions i.e. putting molecules together or breaking them apart. This can be for 
the purpose of making energy, building up the structures and molecules that 
the cell needs, modifying proteins to convey a signal or physically moving 
thing. These proteins are enzymes, and they might be the stars of the show, 
but they will not be the stars of my thesis. Instead, I will focus on proteins 
that have until the last 20 years been somewhat overlooked. The proteins of 
this thesis perform no catalysis; instead they bring other proteins together by 
forming specific interactions with the proteins that need to be in close prox-
imity to each other to perform their desired function †. These interactions are 
called protein-protein interactions or PPIs, and the proteins are called scaf-
fold and adaptor proteins 2.  
  

                                                
† There are of course other proteins in the cell that perform no catalysis e.g. passive transport-
ers, proteins that act as reservoirs for certain molecules, and a lot of cytoskeleton proteins etc. 
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Figure 1.The central dogma of molecular biology. The genes in the DNA are tran-
scribed in to a certain type of RNA namely mRNA. mRNA in turn gets translated in 
to proteins by ribosomes. DNA can also be replicated to pass on the genetic infor-
mation to daughter cells. Some viruses can also replicate RNA and transcribe RNA 
to DNA, in a process called reversed transcription. 

My thesis is about finding PPIs that are based on interactions between one 
protein and a short linear stretch of amino acid residues in a target protein, 
called motifs. The thesis is further about exploring the relationship be-
tween affinity and selectivity in the context of interactions involving these 
short linear motifs. The majority of the research is focused on finding such 
interactions, which are conditional. To better understand the research pre-
sented in this thesis I will first introduce some key concepts in biochemis-
try, molecular and systems biology, and techniques that have been utilized 
in producing these findings.  
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Proteins and intrinsic protein disorder 
The genetic code of DNA codes for 20 distinct amino acids (Figure 2). In the 
process of making a protein (translation) the amino acids gets coupled to-
gether by peptide bonds between the carboxylic and the amine part of the 
amino acid in to polypeptide chains. Proteins are translated from the N-
terminal to the C-terminal and when a protein sequence is depicted it is al-
ways written in this direction. Amino acid residues can be written with three-
letter abbreviation, Ser for Serine, or with a one-letter code, S for Serine 
(Figure 2). 
  

 
Figure 2. The 20 canonical amino acids, with their names indicated and the three 
letter and one letter code. The amino acids are divided in to groups of similar chem-
ical properties.  
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While being translated a protein chain fold into secondary structures (α-
helical and β- sheets) and tertiary structures 3,4. Since the discovery of pro-
tein structure in 1958 5 the consensus was that a protein has to fold in to a 
defined structure to perform its functions 6. However, in the 1990th research-
ers started to challenge this structure-function dogma as more and more evi-
dences were gathered that large parts of proteins 7,8 or whole proteins 9 can 
be intrinsically disordered, meaning that a protein does not necessarily fold 
in to a defined three dimensional structure to function but instead may sam-
ple many different conformations 6. These regions that are intrinsically dis-
ordered have special properties compared to proteins that fold in to globular 
proteins. Disordered regions tend to be composed of more charged and polar 
amino acid residues, where P, E, S, Q and K have a strong correlation with 
intrinsic disorder but L, F, Y, I, W and C are negatively correlated with dis-
order 10. If you measure the net charge and mean hydrophobicity of proteins 
and plot those properties perpendicular to each other, the disordered proteins 
and regions will fall in to the area where the hydrophobicity is lower than 0.4 
for uncharged polypeptides up to a mean hydrophobicity of closer to 0.5 for 
polypeptides with a higher mean net charge 11. Today, more than 30 % of the 
human proteome is estimated to be disordered, and disordered regions are 
found in a wide variety of proteins 12. The evolutionary rate of disordered 
regions is generally faster than for structured domains 13. Short stretches of 
evolutionary conservation in disordered regions may be indicative of some 
kind of function, as will be further elaborated below. The disordered parts of 
proteins can be situated in between parts of proteins that fold into globular 
structures called protein domains, these domains can in many cases be iso-
lated and fold and function independently of its parent protein 14,15. These 
domains are usually between 35 and 250 amino acid residues long. The do-
mains can have different functions e.g. catalytic, protein binding, regulating 
activity and they can associate with membranes etc. 16.  

Protein-protein interactions 
Proteins interact with each other in an ordered, specific manner. One of the 
first protein structures reported, hemoglobin made this clear 17. The structure 
revealed that the α and β chains of hemoglobin interact in a specific manner 
to form a tetrameric structure. However, protein interactions were known 
even before the advent of protein structures. Already in 1922 an interaction 
between the protease trypsin and an inhibitor from the albumin fraction were 
shown to interact “to form an inactive but dissociable compound” 18. Even 
before that, in the late 19th century the discovery of neutralizing antibodies 
should be noted 19. However, it was with the revolution of x-ray crystallog-
raphy that scientists could start to investigate protein-protein interactions on 
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a molecular level. The first structures of PPIs were of globular structures that 
interact with each other through large surface interface. There are many ex-
amples of PPIs that form stable complexes of high affinity that are unlikely 
to break apart during the lifespan of the protein. These interactions may form 
during translation of one or both proteins 20,21. Many of these complexes are 
homomers meaning that the same protein interacts with one or more copies 
of itself. A study from 2006 found that 41 % of structures involving PPIs, in 
the protein data bank (PDB), were structures of homomeric proteins com-
plexes 22 and most of the homomers are dimers 23. Estimations of the num-
bers of large protein complexes land around a thousand instances 24. Even 
though protein complexes and globular domain interactions are important in 
the cell, they are not nearly enough to carry out the dynamical aspect of 
many cellular processes. Such aspects require interactions that are more tran-
sient in nature and that are conditional.  

Cell signaling is the cell’s reaction upon stimuli. These stimuli can for in-
stance be a signal from outside the cell in the form of a ligand binding to a 
receptor that spans the cell membrane. The signal is transferred through the 
receptor and will be passed down in the cell through signaling pathways 
leading for instance to motility, exocytosis, endocytosis and differential tran-
scription of genes. In cell signaling it is important that PPIs are dynamic, so 
they can form and break apart upon signal propagation. One way of achiev-
ing dynamic interactions is by utilizing linear motifs. As stated above, there 
are islands of evolutionary conservation in disordered parts of proteins that 
are likely to serve specific functions, as otherwise they would not be con-
served 25,26. Among the functions are the linear binding motifs, where a 
stretch of 3-12 amino acid residues part severs as a partner for a protein-
protein interaction 27. These binding motifs consist of specific combinations 
of amino acid residues in certain positions and positions that are less restrict-
ed in what residue they contains. The fact that these linear motifs are so short 
and can be flexible in composition in some of the positions makes them 
abundant in the proteome, which makes them hard to identify bioinformati-
cally 28. The fact that disordered regions have faster evolution also makes it 
possible to create new functional binding motifs ex-nihilo 29. There are many 
examples residue stretches that contain what looks like a binding motif that 
is not functional. This is due to its location in the protein, what flanking resi-
dues it has, or which protein it is in. These random occurrences of motif-like 
regions tend to not be evolutionary conserved 30.  

Motif-based PPIs are usually of moderate affinity, with KD values in the 
range of 1-150 µM 31. The moderate affinities can allow the interactions to 
be temporary, associate slower and dissociate more rapidly than interactions 
with higher affinity, allowing for other proteins to bind or posttranslational 
modifications to occur. This is important for cell signaling where multi-
protein complexes rapidly form and break apart 27. Motif-based PPIs can 
readily be evolved experimentally towards high affinity (1-100 nM) 32. 
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In many instances two or more repeats of the same linear motif is present in 
the same protein and many proteins have more than one type of linear motif 
present in their sequences, meaning it can bind to several different peptide 
binding domains. In signaling complexes, linear motifs often interact with 
modular domains of multi-domain containing proteins such as scaffold and 
adaptor proteins (Figure 4). This gives rise to the possibility of multivalent 
interactions between proteins in a protein complex, which may keep a com-
plex together33. 

How common are these motifs? Tompa et al. estimated in a review paper 
in 2014 that the number of linear binding motifs in the human proteome 
should be in the order of 100 000 to 130 000 based on its occurrence in well 
studied proteins 24. The eukaryotic linear motif resource (ELM) is a database 
of linear motifs that are manually curated to include motifs and instances of 
high quality. It gathers linear binding motifs as well as motifs for post-
translational modifications (PTMs). In its latest update it lists 275 types of 
linear motifs (called in ELM motif classes). Compared to the estimated 130 
000 instances of linear binding motifs (and even more PTMs see below) only 
3091 curated instances is yet annotated in the database 34. Since ELM is 
manually curated and ‘ELM instances’ requires external published experi-
mental evidence there is a bottleneck between experimentally verified motifs 
and a motif becoming an ELM instance. But the number of instances that are 
curated tell us something about the work there is yet to be done in terms of 
finding both novel motifs and functional instances of those linear motifs. 
Since linear motifs can easily evolve in to or out of existence this also hap-
pens in normal cells in the human body when DNA gets randomly mutated. 
Therefore linear motifs are important in disease, 22% of all disease muta-
tions occur in disordered regions 35. Hijacking of peptide-protein interactions 
by infectious diseases especially viruses is also prevalent, and when this 
happens the viral motif is usually of higher affinity than the normal host 
interactions of that peptide binding protein 36.  

 

Posttranslational modifications and phosphorylation  
A way to regulate binding, and thereby signaling is by PTMs. PTMs are 
chemical modifications on specific amino acid residues performed by en-
zymes. There are more than 300 different posttranslational modifications 
serving a vast array of purposes 37. PTMs can for instance be small modifica-
tions like adding a methyl, acetyl or phosphate on an amino acid; the modifi-
cation can be a sugar, which can be subsequently expanded it to larger car-
bohydrates; and it can even be whole proteins, like ubiquitin or sumo-
domains. Some PTMs found will serve no apparent purpose because of the 
low specificity for some of the enzymes catalyzing PTMs, but many of them 
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serve distinct functions. Some aid in protein stability and structure, some 
open up proteins for new binding interfaces or activation of catalysis and 
others will create or modify existing protein binding interfaces, both between 
structured domains and between linear binding motifs and their binding 
partners 38–40. The PTM can either be directly required for specificity like 
serine/threonine phosphorylation of peptides binding to 14-3-3 proteins 41, or 
it can enhance 42 or decrease 43 the affinity between a linear motif and its 
binding partner although it is not required for specificity. Tompa et al. made 
a conservative estimation using the PTM information of well-studied pro-
teins. This resulted in an estimation that PTMs as common as to appear on 
average on every 10th residue in the proteome, bringing the number of poten-
tial PTM sites up to a million 24. The most abundant PTM in terms of found 
experimentally verified instances is phosphorylation 44. Phosphositeplus.org 
lists as of 2 July 2018 as many as 235 407 phosphorylation sites in human 
gathered from experimental data 45. In eukaryotic cells canonical protein 
phosphorylation can be carried out on serine, threonine or tyrosine residues 
by protein kinases and dephosphorylation by protein phosphatases (Figure 
3). Kinases either phosphorylate serine and threonine residues (ser-
ine/threonine kinase) or tyrosine residues (tyrosine kinase). There are more 
than 518 kinases in the human proteome that perform protein phosphoryla-
tion, and the vast majority of them perform serine/threonine phosphorylation 
(428) and the resulting 90 perform tyrosine phosphorylation. In contrast 
there are only approximately 200 protein phosphatases, where the majority 
dephosphorylates tyrosine residues 46. Kinases are more or less specific in 
what sequences they phosphorylate where Cycline dependent kinases favor 
proline at the first position after the serine/threonine residue47 and RPS6KA 
kinases for instance prefer an arginine three amino acid residues before the 
serine/threonine 48. Most kinases require upstream phosphorylation to be 
activated. Already in 1956 glycogen phosphorylase kinase was found to be 
regulated by phosphorylation 49 and in 1991 it was discovered that this acti-
vation was due to protein-protein interaction forming a tetramer of the pro-
tein upon phosphorylation 50. Many driver mutations in cancer are affecting 
kinases upstream in signaling pathways like receptor tyrosine kinases and 
Ras, which leads to hyperactive kinases and downstream activation of sec-
ondary kinases and there fore increased protein phosphorylation 51 
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Figure 3.Protein phosphorylation in eukaryotes is predominantly O-linked and 
therefore occurs on serine, threonine and tyrosine residues. 

Scaffold proteins and peptide binding protein domains  
Scaffold proteins, anchoring proteins and adaptor proteins are abundant in 
countless processes in the eukaryotic cell 16,2. In signaling, scaffolding pro-
teins are building up a physical network bringing together enzymes and tar-
gets involved in signal transduction 52. These proteins can both bring togeth-
er proteins that propagate a signal e.g. kinases, acetyltransferases et cetera, 
and their targets, or to cancel signals by bringing together phosphatases or 
deacetylases, and their targets. Scaffold proteins achieve this by utilizing 
protein and peptide binding domains and linear binding motifs 52. As you can 
see in figure 4 scaffold proteins contains several different domains and these 
domains are common for several of the proteins. Many of the proteins also 
have several copies of the same domain in the protein. Scaffold proteins also 
have large areas of intrinsically disordered regions, as discussed above these 
regions are rich in both PTM sites and linear binding motifs. In the ELM 
resource you can search for predicted instances and classes of linear motifs 
34. If we employ that for the scaffold protein Disk large 1 (DLG1) we find 
that it contains 6 structured domains which binds to peptides or proteins, and 
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in terms of binding motifs in the protein we find 55 motif classes and 142 
instances.  

The first peptide-binding domains discovered was the SH2 domain, which 
stands for Src homolog 2, and SH3 domain. In 1988 Tony Pawson was stud-
ying cytosolic protein tyrosine kinases from human and from viral pathogens 
53. He found sequence similarities between these proteins in three different 
regions of the sequences. The regions were named SH1, SH2 and SH3 do-
mains. The catalytic kinase domain was SH1, but the SH2 and SH3 domains 
were non-catalytic and therefore had other roles for the protein 53. It was 
later determined that deleting the SH2 domain made the protein lose their 
ability to phosphorylate targets 54. 1993 it was proven that SH2 domains 
recognize specific phosphotyrosine containing peptides 55 making it the first 
domain reported to bind linear binding motifs, although several motifs were 
known before that but not what they bound to 56. The SH2 domain family 
contains 120 domains in 110 proteins and for a detailed representation of the 
binding motifs of different SH2 domains see Tinti et al. 2013 57. In 1994 it 
was discovered that SH3 domains bind proline-rich peptide sequences 58. 
There are 296 SH3 domains distributes over 217 proteins in the human pro-
teome 59, for detailed description of the specificities of SH3 domains see Xin 
et al. 2013 60. Since the early nineties several other peptide binding domains 
like WW, PTB and 14-3-3 domains have been discovered binding different 
linear binding motifs 2.  

PDZ domains 
The main focus of this thesis is a special class of peptide binding domains 
called PDZ domains. The name is derived from three proteins that contains 
the domain namely Postsynaptic density protein-95, Disc large tumor sup-
pressor, and Zonula occludence-1 61. The domain was first described as a 
GLGF repeat in 1992 62 based on the sequence GLGF conserved in PDZ 
domains of rat PSD-95, subsequently renamed DHR domain 63 to end up 
being named PDZ domains in 1995 64. These domains are common features 
of scaffold proteins (Figure 4). In the human proteome there are 269 PDZ 
domains in 154 proteins 65. PDZ domains commonly consists of 80 to 90 
amino acid residues with a common fold of five to six β sheets and 2 α heli-
ces (Figure 4B). Additionally, the domains contain loop regions that can be 
of longer or shorter lengths, especially the loop between the second and third 
β-sheet can vary making some domains to become over 110 amino acid resi-
dues long. Almost all PDZ domains in eukaryotes have the normal domain 
architecture of PDZ domains that are β1-β2-β3-α1-β4- (β5)-α2-β6 (Figure 
4B) except for some special instances, the Golgi reassembly stacking protein 
1 and 2 have a special tandem PDZ domain that has the secondary structure 
of β3-α1-β4-β5-α2-β6-β1-β2 66,67. 
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Figure 4. A Common adaptor and scaffold proteins containing PDZ domains along 
side other protein and peptide binding domains. B Structure of the common fold of a 
PDZ domain where the binding pocket is situated between β2 and α2. 
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PDZ domains bind C-terminal motifs in proteins 

The canonical binding motifs for PDZ domains (PDZbm) are C-terminal 
peptides. When describing the sequence of C-terminal binding, the conven-
tion is to assign the C-terminal residue position 0 and the immediate residue 
before that -1 and so on 68. The binding of PDZ domains to specific C-
terminal peptides was conclusively proven in a study by Kim et al. 1995 69 
where they showed by selectively mutating each residue in the C-terminal of 
K+ channel Kv1.4 (current gene name KCNA4), one by one to alanine (a so-
called Ala scan) that alanine substitutions at p0 and p-2 of the peptide 
AVETDVCOO- broke the interaction. In this study they showed the domain 
binding to other C-terminal peptides with an S/T-X-VCOO- consensus motif 
(where X is any amino acid residue). The first structure of a PDZ domain 
bound to a C-terminal peptide was reported in 1996 68. In this study the third 
PDZ domain of DLG4 (also known as PSD-95) was crystalized with a nine 
residue long peptide TKNYKQTSVCOO-, which reveled the site of the pep-
tide binding-pocket to be situated in the groove between β2 and α2, and that 
the peptide binds as an antiparallel β-sheet to the β2 β-sheet. The carboxylic 
part of the terminal valine interacts with the backbone of the domain and, via 
a water molecule, the R chain of an arginine in the carboxylate-binding loop 
situated between β1 and β2. This loop contains the sequence GLGF for 
which PDZ domains were originally named. The consensus sequence in PDZ 
domains of the carboxylate binding loop is R/K-XXX-G-Φ-G-Φ, where Φ is 
a hydrophobic residue and X is any amino acid 68,70. The R part of the valine 
is buried in a hydrophobic pocket. The threonine in the consensus sequence 
S/T-X-VCOO- is hydrogen bonding to a histidine in the beginning of the α2 
helix , which is conserved in PDZ domains binding this consensus sequence. 

The early evidence for C-terminal binding was reviewed by Saras and 
Heldin from Ludwig institute of cancer research Uppsala in 199671 summa-
rizing C-terminal binding of seven PDZ containing proteins by eleven C-
terminal peptides. It was by then shown that the C-terminal is not exclusive-
ly selective for valine but tolerates leucine and isoleucine shifting the con-
sensus sequence to X-S/T-X-ΦCOO-. This binding motif is conventionally 
referred to the class I PDZ binding motif (PDZbm). The class II binding 
motif X-Φ-X ΦCOO- was established in 1997 72 . Among PDZ domains ac-
commodating class II peptides there is no conservation of the histidine in the 
α2, instead that pocket is lined with hydrophobic residues. The PDZ domain 
of Cask was the first PDZ domain binding to class II peptides and it has a 
valine in the histidine position of class I binding domains 73. There are class 
II binding domains that still have the histidine though, and some domains 
can recognize both class I and class II motifs 74. An additional class of 
recognition class III consists of consensus motif X-D/E-X-ΦCOO-, which was 
found by the determining of the binding preferences for the PDZ domain of 
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neuronal NOS where the preference for aspartic acid is determined by a ty-
rosine situated in the α2 helix 75. Subsequent larger studies of several PDZ 
domains have revealed that the consensus sequences of the classes can be 
further divided in the more specific motifs for the residues at p-1, p-3 down 
to p-7 for some domains 76,77. PDZ domains can interact with other PDZ 
domains in a non C-terminal fashion and it can also bind to internal peptide 
sequences70, but those questions are outside the scope of this thesis. 

Phosphorylation of PDZ binding motifs  
At the position -2 in the class I PDZbm resides a serine or threonine. Phos-
phorylation of this residue in endogenous targets of PDZ domains been 
shown to disrupt the PDZ-peptide interaction. For example phosphorylation 
of p-2 or p-1 of the PDZbm of the serotonin 5-HTc2 disrupts the interaction 
with the MPDZ PDZ10 78,79. P-2 phosphorylation has also been shown to 
disrupt the interaction between PDZ domains of DLG4 and the NMDA re-
ceptor 80,81. Using synthetic combinatorial peptides in an peptide array Bois-
guerin et al. showed that PDZ domains of Erbin, SNTA1 and Afadin were 
disrupted by phosphorylation at p-1 and p-2 in the PDZbm 82.  

It is not however always true that phosphorylation decreases the interac-
tion with a PDZ domain. Pangon et al. showed that phosphorylation at p-1 of 
the PDZbm of the protein MCC was favored in its interaction with PDZ 
domains of Scribble 83. Furthermore p-3 phosphorylation of the PDZbm of 
ABCC2 increased its association with NHERF1 84. However neither of these 
two studies proved that the increased association in their cell based assay 
was due to increased affinity towards the phosphorylated PDZbm. In 2010 
Shepherd et al. showed that p-1 phosphorylation of a tyrosine residue in the 
PDZbm of Syndecan moderately increased the affinity with TIAM-1 PDZ 
domain 85. The PDZ domain was later co-crystalized with the phosphory-
lated peptide finding the phosphate group interacts with a lysine in the loop 
between β3 and α1 86. Recently Clairfeuille et al. showed in a detailed bio-
physical study relying on affinity measurements and co-crystallization that 
the PDZ domain of sorting nexin 27 (SNX27) interacts stronger after phos-
phorylation of a number of C-terminal peptides. Phosphorylation of p-6 ser-
ine in the PDZbm of β2-adrenergic receptor, at p-5 serine in the PDZbm of 
5-HT4 receptor, and at p-3 serine of LLC3B all increased the affinity be-
tween SNX27 and the ligands 87. From the crystal structures it was deter-
mined that the phosphate groups of the p-5 and p-3 interact with an arginine 
in the lower end of the β2 sheet in the PDZ domain. Finally, Gógl et al. re-
cently published a paper where they solved a crystal structure of the 
RPS6KA1 C-terminal peptide with serine phosphorylation at p-3 in complex 
with Magi-1 PDZ2 and show that phosphorylation have miniscule weaken-
ing effect on the affinity 88.  
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Discovering novel protein-protein interactions  
Now I have described what protein-protein interactions and linear binding 
motif-based interactions are in relation to scaffolding proteins, cell signaling 
and modular peptide binding domains, especially PDZ domains. But how are 
PPIs discovered? For a long time most PPIs were discovered in “low-
throughput”. This means that one or a couple of interactions to a protein was 
reported at a time when cell and molecular biologists found a favorite pro-
tein and investigated it in detail. Typical methods employed were, pull-
downs, co-immuno precipitation, co-localization in cells and through bio-
physical and structural studies of the interactions 89. This is very valuable, 
high quality research and it should still continue to be performed. However 
as a first line of discovery research for finding interactions it is not the best 
option. Not just because of the time required, but also because the approach 
created biases on the level of which proteins that are being investigated 24. In 
2014 Rolland et al. published a comprehensive literature review of binary 
protein-protein interactions that had been reported in databases and in litera-
ture before 2013. By that time ~33 000 such interactions were found. The 
majority of interactions had just been reported using a single method, and 
only 1/3 of the interactions were supported by multiple pieces of evidence 90. 

Proteome-wide protein-protein interaction discovery 
One way of finding PPIs on a larger scale is through affinity purification 
coupled to mass spectrometry (AP-MS) where you grow a human cell-line or 
use tissue and then lyse the cells and do a pull-down using a specific anti-
body against a bait protein, proteins associated with the bait proteins will if 
the interaction is strong enough be pulled down with the bait protein 91. After 
pull-down the product is digested enzymatically and analyzed by MS to de-
termine the constitution of the pull-down. If you have a way to tag a substan-
tial amount of proteins in the cell or have specific antibodies for a large 
number of baits there is a possibility of capturing many interactions. This 
was done by two studies that came out in the fall of 2015; BioPlex where 
they used 7668 Flag-tagged bait-proteins and found 23 744 interactions in 
HEK 293T cells 92; and QUBIC where they used GFP tagged bait-library, 
analyzing 5457 bait proteins finding 28 780 interactions in HeLa cells 93. 
Another way of utilizing MS for protein-protein interactions is to fractionate 
cell lysate, by for example ion exchange chromatography, and then analyze 
what proteins are in which fraction via MS, this was done by Wan et al. in 
2015 where they found 16 468 interactions 94. What is important to note is 
that protein-protein interactions captured these ways are not to be considered 
binary interactions but interactions in a complex. There will be proteins that 
are pulled down or fractionated with a bait that is not physically interacting 
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with the bait but with another protein in the complex. They can also just be a 
frequent flyer, of which there are many as evident by the CRAPome 95.  

Another way to study protein-protein interactions on a large scale is 
yeast-two-hybrid (Y2H). Y2H is a method that captures binary PPIs in the 
host of yeast cells. The method works by splitting a transcription factor, nec-
essary for transcribing an essential gene for cell survival, between the DNA 
binding domain and the activation domain. The split domains are then fused 
to whole proteins, this can be done in a library fashion where the domain is 
fused to several proteins in different vectors 96. The proteins containing the 
DNA binding fusion and the protein that contain the activation domain are 
then pairwise combined in yeast cells. If the bait proteins interact with each 
other, the domains of the transcription factor are able to interact with each 
other and transcribe the gene and the cell survives. Colonies of surviving 
yeast can then be sequenced to see what proteins were retained and therefore 
must have interacted binary. When utilizing larger libraries this can be 
pooled and sequenced by next generation sequencing, this was done by Rol-
land et al. 2014 in the same publication described above. They studied 4297 
proteins and found 13 867 pairs 90.  

In a review comparing the four studies described above, a very limited 
overlap was found in terms of interaction pairs 97, indeed only 16 interac-
tions were found in all studies and the majority of the interactions found for 
each study was only found in that particular study. All these studies of 
course have various systems of validation both experimentally and bioinfor-
matically, which suggests that even if the overlap is small many of the inter-
actions found in only one study will still, be correct. Neither Y2H nor AP-
MS captures linear binding motif mediated interactions very well, due to the 
low affinity of the interactions. Even if an interaction found with these 
methods were the result of a protein binding to a linear binding motif, the 
method itself can not determine that 89. AP-MS can be extended to capture 
more low affinity interactions either by chemically crosslinking the proteins 
91 or by a proximity biotenylation approach 98. This however does not cir-
cumvent the problem of finding the motifs; such information can sometimes 
be extracted bioinformatically.  

Experimental methods for finding PPIs based on linear binding-
motifs 
Peptide micro array  
Peptide microarrays Involve the synthesis of multiple copies of peptides on a 
solid support, followed by incubation of the array with a bait protein and 
thereafter detect if the protein bound by antibodies or fusion proteins that are 
radioactive or fluorescently labeled (Figure 5A) 89. Normal peptide microar-
rays have a couple of thousand peptides/chip but method development in 
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arrays have yielded ultra-dense microarrays with sizes up to 106 unique pep-
tides 99. With this one can either incorporate proteomic sequences in the ar-
ray or combinatorial sequences. To map binding specificities of peptide 
binding domains combinatorial approach is the most straightforward and you 
can systematically vary each position for all amino acids, and you can readi-
ly do alanine scanning as described above. Not only do you get information 
of binding but also what does not bind (an advantage compared to phage 
display described below). An additional advantage of peptide microarray is 
that you can by synthesis incorporate modified amino acids such as pospho-
Ser/Thr/Tyr 82 or acetylated or methylated lysines 100. The main disadvantage 
of peptide arrays is the cost of peptide synthesis, which limits the scope of 
either peptides or domains tested. A additional disadvantage is that is not 
simple to get high quality peptide incorporation over the whole array 89. 

Y2H 
There are examples where peptides, rather than full proteins, have been used 
in yeast two hybrid. The method has been used to map peptide protein inter-
actions either by randomized libraries, e.g. where it discovered the motif    
L-X-C-X-E motif of retinoblastoma protein 101, or by proteomic sequences, 
e.g. where a large portion of human PDZ domains were mapped against the 
c-termini of HPV E6 oncoviral protein 102. The major drawback of this 
method is a large false negatives due to the assay having problems of finding 
interactions in this affinity range 103. Another drawback is the lack of possi-
bility to incorporate PTMs. 

Yeast surface display 
There is a possibility to utilize yeast to find PPIs in a different way with 
yeast surface display. Yeast surface display utilizes a library incorporated in 
yeast that displays on the yeast surface rendering up to 50 000 copies on the 
surface. Incubating the yeast with fluorescently labeled proteins one can use 
fluorescence-activated cell sorting FACS to distinguish yeast that has bound 
proteins (Figure 5B). An advantage of this technique compared to phage 
display is the ability to sort cells of different intensity giving the ability to 
distinguish yeast with high occupancy (strong binding) and moderate occu-
pancy (weaker binding) of fluorescent protein 104. A limitation compared to 
phage display is the yeast library size where it can generate a diversity of 107 
can be generated compared to phage display with 1010 or higher 89. 
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Figure 5. A Peptide micro array. Peptides are synthesized covalently to a surface. 
Protein in solution is allowed to bind unbound protein is washed away and by using 
antibodies specific to the protein you detect which peptides the protein has bound to. 
B Yeast surface display. Display of proteins or peptides on the surface of yeast cells.  
Proteins free in solution can bind to the displayed peptides and the proteins are then 
detected via antibodies attached to fluorophores. The yeast is then sorted using 
FACS.  C and D Phage display. Proteins or peptides are monovalently or multiva-
lently displayed on the phage surface, the phages are then panned over proteins or 
peptides immobilized on a surface. Unbound phages are washed away and bound 
phages are eluted, amplified and sequenced.  
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Phage display 
Phage display is a method where a DNA library coding for proteins or pep-
tides is inserted into the DNA of a phage or a phagemide so that the encoded 
sequences gets displayed on the surface of bacteriophages. This is done by 
fusing the DNA of the desired displayed product to one of the ends of the 
coat proteins of the phage. Phage or bacteriophages are viruses that infect 
and amplify in bacteria. In terms of exit from the bacteria there are two dis-
tinct ways a phage achieves this, for instance the termophilic phages T4 and 
T7 along with phage λ exit the cell by lysis of the bacteria, in contrast the 
filamentous phages like M13 phage exit the bacteria via simultaneous as-
sembly and exit through the cell wall of the bacteria 105. There are a number 
of phages that have been used in biochemical research historically for differ-
ent purposes, for example enzymes derived from T4 and T7 phage is com-
monly used in many biochemical labs for the purpose of DNA cloning. All 
of those phages have been used to greater or lesser extent in phage display 
105. 

The research in this thesis was made using M13 phage display. GP Smith 
proved in 1985 that proteins can be displayed on the surface of an M13 
phage as a fusion of minor coat protein pIII, and proved that it could be am-
plified compared to empty phages by panning it on an antibody specific for 
the fusion protein, showing that the protein is displayed and folded on the 
surface 106. The M13 bacteriophage looks like a cylinder of protein that sur-
rounds the single stranded DNA genome. The phage consists of a protein 
coat composed of 5 coat-proteins pIII, pVI, pVII, pVIII and pIX 105. The two 
proteins of M13 phage most commonly used in phage display are pIII and 
pVIII. pVIII is the major coat protein that covers the side of the cylinder, 
there are approximately 2700 individual copies of pVIII per phage. Fusion 
protein to pVIII thereby results in multivalent display. The pIII protein is 
situated in the end of the phage and has five copies per phage particle so 
display on pIII renders a display of single or low valance of the displayed 
peptide or protein 107. The pIII protein is also responsible for the initiation of 
infection since it recognizes the F-pilus and TolA epitopes of the E-coli bac-
teria.  

Display on the M13 phage is often accomplished by a hybrid system of 
library phage and helper phage. The library phage genome consists of a 
phagemide containing an origin of replication a gene coding for antibiotic 
resistance and the fusion protein. To produce phages in the bacteria one 
needs to utilize helper phage that carries genes required for phage production 
and export through the membrane, it also contains the standard version of the 
fusion protein. The helper phage origin of replication is mutated so that the 
production of helper phage genome is slower than library genome. This 
makes it faster and easier to produce phages containing a smaller phagemide 
and it brings down the number of fusion proteins on the surface of a phage. 
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The reason for having a mixture of fusion protein and the normal coat pro-
tein is stability of the phage itself and the access of the fusion protein to the 
bait is better if the peptide is not completely packed with each other. Also if 
the fusion protein is pIII having only fusion protein might reduce the ability 
to infect bacteria 108. With the aid of the helper phage system the number of 
fusion proteins displayed on pVIII protein is up to 1000 copies per phage 
(around1/3 of the coat-proteins) 109.  

An advantage of M13 phage display is the way the library is cloned in to 
the DNA of the phage. Using the fact that phages under the right conditions 
have single stranded DNA genome, incorporation of large libraries of differ-
ent sequences is easily done by having sequences complementary to the 
phagemide on each side of the varied sequence and annealing 5‘ phosphory-
lated oligonucleotides to the single stranded DNA by a single cycle of dena-
turation and annealing, followed by complementary strand synthesis. By 
electroporation of the library in to E-coli superinfected with helper phages 
this can yield libraries above 1010 unique sequences 110. When the phage 
library is created it can be used in hundreds of selections and through ampli-
fication of the library the number of selections possible goes up by a factor 
of 10. Even though one should be aware that amplification of phage libraries 
might skew the composition of the library and introduce more mutations 111. 

Phage display selections 
In our phage display system we immobilize a bait protein, usually fused to 
GST or other larger protein tags, on the surface of a well in a high adsorbent 
96 well-plate, and a pre-selection protein, usually the fusion protein, in a 
separate well. The immobilization can be done in different ways for example 
on magnetic beads, and in some systems pre-selection is not used. Then the 
peptide-phage library is first added to the pre-selection wells and after bind-
ing of phages to unspecific things (to the bait protein), the phage pool is 
moved to the bait protein wells. After incubation with the bait protein the 
phage pool is removed and the wells washed with mild detergent and buffer 
to remove phages that are not bound to the bait protein. Thereafter the phag-
es are eluted by addition of log phase bacteria, for initial infection of the 
phagemide and there after the bacteria are infected with helper phage for 
production of new phage particles over night. There are other ways of elut-
ing the phages from the bait protein e.g. by low pH and there after infecting 
the eluted phages in a log phase culture. The phages that have been ampli-
fied over night are used as the in-phages in the next round. This is then re-
peated in 3-5 rounds of selection (Figure 5). Monitoring the selection effi-
ciency can be done in two ways. One way is infect bacteria with the phages 
used as in phages and out phages and plate them on plates with selection 
pressure for the library phagemide, there after count colonies. Through a 
selection you should enrich binders to your bait therefore the ratio between 
out phages/in phages should trend towards one, since you retain more phages 
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in later selection rounds. Another way to monitor the success of selection, 
which is the main way selections have been monitored in this thesis, is by 
enzyme linked immunosorbent assay ELISA. After selection bait protein and 
pre-selection protein are immobilized in wells on a 96 well plate, one for 
each round of selection. Then phages from the different days are added to 
the protein wells and pre-selection wells, the phages that are specifically 
selected for the bait protein will bind and will not be washed away. After 
that an anti-M13 antibody coupled to horseradish peroxidase is added and 
will bind to the phages in the wells. The detection is then made by adding 
TMB substrate to all the wells simultaneously starting a reaction that creates 
a blue color. The reaction is then stopped by addition of an acid, and then the 
absorbance in the wells is read by a plate reader. From a successful selection 
you will see high signal in the wells with the bait protein and low signal in 
the pre-selection wells. If you take the ratio between the signal in the bait 
protein well and the pre-selection well and get an increase in signal through-
out the rounds with a ratio of 2-15 the selection has been successful and by 
sequencing of the phage pools you will find DNA coding for peptides that 
binds specifically to your bait protein.  

Protein-phage display 
One common use of phage display system is protein phage display where 
whole proteins or protein domains are used as the fusion protein and the 
library consists of varied residues in the binding pocket of the protein. The 
most common way of protein phage display is monovalent protein phage 
display on pIII which has successfully been used in protein engineering cre-
ating proteins that have greater affinity towards a specific ligand protein 112, 
peptide 113, or DNA 114. To the greatest extent protein phage display has been 
utilized to produce light chain antibody libraries for the creation of synthetic 
antibodies 110,115. 

Peptide-phage display  
Peptide phage display is a method where the display on the phage is shorter 
stretches of amino acid residues where they usually are so short that they 
take no secondary structure (7-20 aa). This is often done as a multivalent 
display on pVIII. Wild type pVIII is oriented with its N-terminal to the out-
side of the phage and the C-terminal towards the center, so conventional 
peptide phage display can not rely on interactions that require free C-
terminal such as PDZ domains. In 2004 through extensive mutational analy-
sis a recombinant pVIII protein was created that displayed C-terminal pep-
tides on its surface 116. Using combinatorial peptide phage display one can 
find binding motifs of a domain and then couple that with bioinformatics 
approaches to find putative novel protein-peptide interactions (as done in 
paper I). This has been done to find the binding motifs of SH3 domains 60 
and PDZ domains77. 
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cDNA and ORF phage display 
Phage display has also been utilized to display proteomic proteins or pep-
tides in a couple of different ways in order to directly map interaction be-
tween the bait and the proteomic interaction partner. cDNA or open reading 
frame libraries, where libraries consisting of different full length proteins or 
proteins fractionated in to shorter segments of various lengths around 200 
bp, have been reported both for pIII 117 and pVIII display 118. The problem 
with these display system is the fact that the peptides are of varying lengths 
and therefore expressed differently well. Furthermore it also displays frag-
ments regardless of domain boundaries, which might make the cut right in 
the middle of a domain, and there fore display peptides that in a cell will be 
buried in a folded domain. Such libraries may also contain a high proportion 
of long frame shifted sequences, and that also produces a lot of premature 
stop codons 119.  

Proteomic peptide phage display 
A novel method that utilizes proteomic sequences for peptide phage display 
is Proteomic peptide-phage display (ProP-PD). In ProP-PD we combine 
bioinformatics with the creation of synthetic oligonucleotide libraries, mak-
ing it possible to incorporate proteomic sequences of defined and equal 
lengths in to the phages. This technique, as used in M13 phage display, was 
first described by Ivarsson et.al in 2014 120 where they used two heptamet-
rical C-terminal libraries, one containing all C-terminal sequences of pro-
tein-isoforms and one library containing C-terminal sequences of known 
infectious viruses. They used these libraries in phage display against PDZ 
domains of Scribble, DLG1, Erbin and densin-180. They found several new 
putative protein-peptide interactions and also confirmed previously reported 
interactions. This phage library is used in paper II. The ProP-PD method has 
been further developed to display 16-mer peptides of internal disordered 
regions of the human proteome, and used to find protein-protein interactions 
of a number of peptide binding domains, and the phosphatase holoenzyme of 
PP2A-B’ 121,122. The main disadvantage of this method, as it shares with oth-
er methods except peptide array, is the fact that it currently only works with 
the canonical amino acids. Interactions based on posttranslational modifica-
tions, can thereby not be discovered in a straightforward manner.  

Discovering interactions regulated by phosphorylation  
There is a significant challenge in large-scale studies to capture interactions 
that are affected by phosphorylation, since neither yeast nor bacteria can 
perform phosphorylation on the level of higher eukaryotes like human. This 
means that Y2H, yeast surface display or phage display have not been useful 
for these types of interactions. The most straightforward method for mapping 
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phosphorylation-dependent interactions is to use peptide arrays. Tinti et al. 
mapped the specificities of the SH2 domains 57 by synthesizing all known (at 
the time) human peptides containing phospho-tyrosines. A randomized 
phosphopeptide array library was employed to map yeast 14-3-3 by Panni et 
al. 123. Phosphopeptide arrays were also employed to find PDZ domain inter-
actions negatively regulated by phosphorylation at the -2 position 82. Another 
system to map binding based on phosphorylated peptides is to use a phos-
phopeptide library free in solution to bind to a bait protein immobilized in a 
column and after that elute the peptides and employ peptide sequencing. 
This was done Yaffe et al. to map binding specificities of most human 14-3-
3 isoforms 124. Since the number of confirmed or bioinformatically generated 
phosphorylation sites in the human proteome is so vast, it is very costly to 
synthesize peptide arrays large enough to cover the phosphoproteome. In 
addition, phosphorylation outside the core motif may modulate affinity ra-
ther than being a yes/no switches. Finding these interactions will be extreme-
ly costly if solely employing peptide micro arrays. In paper III and IV I will 
introduce a novel method that is an extension of the proteomic peptide phage 
display called phosphomimetic phage display that are a solution to some of 
these problems.  

Next-generation sequencing in relation to large-scale protein-
protein interaction discovery 
Next-generation sequencing (NGS) has opened novel possibilities in terms 
of scale for methods such as Y2H, yeast surface display and phage display in 
the pursuit of finding PPIs. NGS is a way to massively parallel sequence a 
lot of different DNA sequences. This allows the researcher to sequence pools 
of various DNA sequences. I will here describe the Illumina system but other 
systems, like Ion torrent, works in similar fashion up to the sequencing step 
where it uses different detection methods 125. If you want to investigate the 
DNA content of several different pools at the same time you need to distin-
guish sequences resulting from the pools by adding unique flanking base 
pairs to the end of the sample sequence, these are called barecodes. This is 
done via PCR preferably with a high-fidelity polymerase. During the PCR 
you also incorporate an adaptor region per side after the barcode sequence. 
The adaptor region is a sequence that will base pair to covalently attached 
DNA on the illumina chip. After PCR you can pool all your samples prefer-
ably in a way that normalizes product between the different PCR:s. In the 
Illumina machine single stranded DNA will bind to the covalently attached 
sequence complementary to the adaptor sequence spread out over the chip. 
The first amplification takes place rendering your sequences attached to the 
surface. The original template is washed away. Then ”bridge amplification” 
is started where a bridge is formed by your sequences to a complementary 
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adaptor region on ship and amplification is performed. This is repeated until 
you have a spot with a lot of copies of the original sequence. After that, se-
quencing starts where the TGAC bases fluorescently labeled to different 
fluorophores compete for incorporation. When the base that is complemen-
tary to the sequence gets incorporated the amplification is stopped and a 
fluorescent read is made determining which base got incorporated. There are 
now several spots on the chip that all will flash in the color of the fluoro-
phore. After this the fluorophore is cleavage off and next fluorescent base 
can be incorporated. This goes on until you have read the whole sequence 
including the barcodes. As the readout you get a FASTQ file containing all 
sequences and an ASCII score for how confident the read was for each posi-
tion. With that information you can sort the sequences in to pools based on 
the barcodes and quality of the reads 126,127.  

Biophysical validations of protein peptide interactions 
The interaction data generated by a large scale study needs to be inde-
pendently verified, this can be done either by testing the validity of the ma-
jority of the interactions via an analogous high-throughput method, or by 
validating some representative interactions via more extensive low through-
put methods. Interactions found via methods optimized for finding interac-
tions of low affinity need to prove that interactions found are of sufficient 
affinity to be biologically relevant.  

Binding affinity as represented by the dissociation constant 
Proteins that interact specifically with each other without forming covalent 
disulfide bods can be described as interacting through a normal equilibrium 
reaction.  

 
By knowing the concentrations of [A], [B], and [AB] one can determine the 
equilibrium constant for the association reaction Ka (the reaction going to the 
right) and the dissociation KD (the reaction going to the left). Under pseudo 
first order conditions, the concentration of A is considerably smaller than B. 
Under such conditions, the formation of AB complex reduces the concentra-
tion of free B insignificantly. If you increase the concentration of B at a con-
stant concentration of A, then eventually all the molecules of A will be 
bound to a B meaning that A is saturated. Under those conditions the reac-
tion can be described as follows: 

 
Where Ka is the association constant and KD the dissociation constant.  
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Under conditions where the formation of AB significantly reduces the con-
centration of B the KD can be described by: 

 
 
KD has the unit of concentration, [Molar], and stronger binding results in a 
lower KD.  

Titrations of binding as described above results in a hyperbolic function 
with the fraction of A that is bound to B on the Y-axis and the concentration 
of B on the X-axis. KD is where half of the binding sites are occupied. If the 
scale of the concentration of [B] is converted from a linear scale to a log10 
scale the curve becomes sigmoidal and the KD is at the inflection point (Fig-
ure 6). 

 
Figure 6.Binding curves for affinity determination  

There are several methods for determining the KD value. In this thesis two 
main methods have been employed, i.e. microscale thermophoresis and iso-
thermal titration calorimetry. 

Microscale thermophoresis  
Microscale thermophoresis (MST) utilizes the thermophoretic effect 128. 
Creating temperature gradients in a liquid makes the molecules move in the 
solution. The speed and the direction of movement is largely due to the hy-
dration shell around a molecule. Going back to the binding scenario de-
scribed, the species A, B and AB will each have a different thermophoretic 
profile. Assuming that you can monitor the movement of A as it gradually 
gets saturated by B you will see a change in speed and possibly in direction 
of the movement (to or from a heated area). Plotting this change in move-
ment against the concentration of B will result in a binding curve 129. The 
MST system provided by Nanotemper technologies uses glass micro capil-
laries, one per titration point, that once filled with a small volume of the 
titration, it is loaded in to the machine and an infrared laser to heat up a spot 
in the capillaries. The motion is monitored via fluorescents of the A compo-
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nent until the reaction has reached a steady state (Figure 7A)130. In this thesis 
this technique is used to measure KD values of interactions between peptides 
fluorescently labeled with fluorescein isothiocyanate and varied concentra-
tions of PDZ domains. 

Isothermal titration calorimetry 
Binding events between proteins can be described with thermodynamic pa-
rameters. H is enthalpy, which is the heat, spent or produced during binding, 
S is the entropic effect describing the randomness of a system and ∆G, 
which is the Gibbs free energy. The decrease in Gibbs free energy in a 
closed system equals the work performed by the reaction. The thermody-
namic parameters relate to each other according to the following equation, 
where T is the absolute temperature: 

 

 
 
The free energy of a binding reaction can also be described in terms relation 
to the equilibrium constant and therefore KD in the following way: 

 
 
Isothermal titration calorimetry uses the fact that a binding reaction has an 
enthalpic component to determine KD. By stepwise titration, via a stirring 
syringe, of one component of A or B in to a constant concentration of the 
other in a cell one can measure the energy in terms of heat released or con-
sumed by the binding-reaction. This is practically done by measuring the 
temperature between the reaction cell and a reference cell and monitoring the 
energy it takes for the machine to get the reaction cell back to baseline tem-
perature. When more and more of the components of A and B have bound to 
each other the heat released or consumed by additional titration steps de-
creases until saturation has occurred (Figure 7B) 131. From an ITC experi-
ment you get ∆H and ∆S And KA, and the system is set to a constant prede-
termined temperature T, which makes it possible to calculate ∆G for a reac-
tion. 
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Figure 7. Methods for affinity determination A Micro scale thermophoresis             
B isothermal titration calorimetry  

Protein NMR for structure determination 
To understand the specificity and selectivity of an interaction it is important 
to study it on a structural level. There are two main ways of probing PPIs on 
a structural level, namely X-ray crystallography and protein nuclear magnet-
ic resonance spectroscopy (NMR). There are advantages and disadvantages 
of both methods, both require large amount of protein. For crystallization 
finding the right condition can be very hard, the construct might have large 
parts that is unstructured which does not crystalize well and therefore the 
boundaries of the domain might need to be optimized. The structure generat-
ed by X-ray crystallography might also contain artifacts generated by crystal 
packing. One other problem for studying protein peptide interactions is that 
it can be tricky to crystalize interactions that are of low-moderate affinity. To 
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make protein structures in NMR one needs to incorporate 15nitrogen and 
13carbon in to the amino acid residues of the protein. This is done by grow-
ing the protein in E.coli in minimal media and add labeled glucose and la-
beled ammonium. This can be a tricky process if you have low or sensitive 
expression of your protein. Some proteins are not well expressed in E.coli at 
all for instance proteins that require PTM to fold and function properly. In 
this thesis we have used NMR for structural investigation. The main ad-
vantage of NMR over X-ray crystallography is that it is made in solution, 
which makes it more native like. 

Protein NMR has been developed since the 1970s towards de novo struc-
tured determinations 132. The first protein structure determined solely by 
NMR was the proteinase inhibitor IIA from bull seminal plasma published in 
1985 133. The main principle is to put NMR sensitive nuclei (15N 13C have 
active nuclei) in to a large magnet (the NMR machine) and apply radiofre-
quencies of various strengths and amplitudes to the sample. The strength of a 
NMR magnet varies in MHz and it is usually denoted in the resonance fre-
quency of protons between 500 MHz and 600 MHz. Each NMR active nu-
clei has a distinct chemical environment and therefore gives a unique signal 
called a chemical shift, represented as a peak in a spectrum. NMR used for 
less complex molecules than proteins can often be assigned using a one-
dimensional spectra, because fewer atoms reduces the chance of having 
overlapping shifts. But protein molecules have so many atoms in it that two 
(and possibly three-) dimensional spectra of 1H-15N-/1H-13C heteronuclear 
single quantum correlation (HSQC)(Figure 8a) is a way to circumvent this 
problem. In a spectrum where you plot the 1H (ppm) against the 15N (ppm) 
each hydrogen coupled to a nitrogen atom should give a peak in this spec-
trum. This includes the amide bond for all amino acid residues except pro-
line because it has a secondary amide. Usually a series of experiments are 
done and the entire protein backbone and side chains are assigned. Subse-
quently, experiments are done to determined distant restraints between pairs 
of nuclei in space (NOE). Together this information is fed into a software 
where the structure is then calculated. Experiments can also be done to de-
termine the flexibility of different regions such as loops (Figure 8b). Adding 
a peptide that binds to the protein will cause a change in the chemical shifts 
due to a change in the structure and/or a change in the local chemical envi-
ronment of the binding residues. One can use this information of the change 
in the shifts of the protein to determine affinity by sequential titration in 
increasing amounts of peptide as well as the change in the structure upon 
binding. 
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Figure 8 Protein NMR A 1H-15N-HSQC depiction of a protein NMR, B A collection 
of structures determined in the same experiment for a PDZ domain, showing the 
dynamics of proteins in solution. 

Defining specificity and selectivity in terms of differences in 
affinity and binding-motifs 
Binding specificity and selectivity are words that might be used interchange-
ably and might not have clear distinct definitions from each other. This 
might in part be due to the words being more used in catalysis where enzyme 
specificity is better defined. In this thesis both terms will be used describing 
different things. When a protein or a peptide-binding domain binds to pep-
tides they do this with linear motifs as described above. If we use the class I 
binding motif of PDZ domains as an example X-S/T-X-ΦCOO-, this shows the 
specificity of the domain is hydrophobic residue in the terminal position and 
serine/threonine in the p-2 position. There are usually several peptides that 
bind to a PDZ domain that exhibit this motif, but might bind with different 
affinity. These affinity differences results from the residues that are in the 
other positions in the peptide. If a domain has the affinity of KD

A 2 µM and 
KD

B 6 µM to two different peptides you can show the difference as 
KD

B/KD
A=3 which makes the domain 3 x selective towards peptide A. In a 

cell small differences in affinity might define if the domain bind to peptide A 
or peptide B due to local concentrations of the peptides and the domain. Lo-
cal events in the cell might affect the affinity towards one or both of the pep-
tides. This can be a change in pH, a PTM or allosteric changes in the protein 
due to binding of something else to another part of the protein. For example 
the KD

B can change from 6 µM to KD
B* 0.5 µM, which makes the domain 12 

times more selective binding to “B*” over condition “B“ and 4 times more 
selective to “B*” over “A”. A PTM that gives A* an immeasurable KD

A* 
towards the domain means that the domain has no specificity for A*, and 
that is highly selective for A versus A*. 
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Having introduced the basic concepts and methods of my work it is now 
time to turn to the present investigations.  
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Present investigations 

The common theme of the research presented in this thesis is the investiga-
tion ofprotein-protein interactions on a domain-motif level through the ap-
plication and development of the peptide-phage display method. In the pre-
sent investigations I will explore the differences in affinity that is the basis 
for selectivity and specificity and how this is connected to conditional events 
like calcium binding or ligand phosphorylation. For this research I made use 
of four phage display libraries to answer three different questions about what 
peptides binds to what bait protein and under what condition: 

 
I Paper I is about Sorcin which is a calcium binding protein, The hyposta-

sis was that calcium binding creates a conformational change in the pro-
tein, which opens up a new binding sites 134. This is investigated combi-
natorial peptide-phage library displaying 16 amino acid residues long 
peptides N-terminally of the pVIII protein. 
 

II In paper II we investigate the specificity of a PDZ domain engineered to 
bind the C-terminal residues of the viral oncoprotein E6 of high risk 
HPV 18 135, as compared to the wild type domain. For this we made use 
of a phage library that displays C-terminal peptides (7residues) of the 
human proteome 120._ 
 

III Paper III, which represents my main PhD project, presents a proof-of-
concept study expanding the use of peptide phage display to find phos-
pho-regulated interactions, by utilizing the phospho-serine/threonine 
mimicking ability of glutamate and comparing it to pre-phosphorylation 
of the phage library using a serine/threonine kinase. The method is used 
in selections against PDZ domains, a set of peptides was selected for de-
tailed structure-function analysis as detailed in paper III and IV 
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All studies presented involve collaborations with different research groups. 
My contributions to the studies are: 
 

Paper I I performed the selections and the colony phage ELISA and 
subsequent sequencing of positive clones, alignment and analy-
sis of the peptides found in the selection. 
 

Paper II I participated in the experimental design and the experiments of 
the phage selection. Together with analysis of phage display re-
sults and writing of the manuscript. 
 

Paper III I contributed to the design of the study. I created the phage li-
braries and performed all selections and data analysis. I also 
performed the MST affinity determination of Scribble PDZ1 
and DLG1 PDZ2, ITC affinity determination of all variants of 
Scribble PDZ1. I performed all cloning and cell-based experi-
ments. I produced the protein for NMR spectroscopy. I partici-
pated in analysis of the results and in writing of the manuscript. 
 

Paper IV I produced the protein for NMR spectroscopy, and participated 
in interpretation of the results and writing of the manuscript.  
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Paper I Finding binding motifs of the calcium activated 
protein Sorcin using combinatorial peptide-phage 
display 
Soluble resistance-related calcium binding protein (Sorcin) is a penta EF-
hand protein, EF-hands are common helix-loop-helix fold that usually binds 
one Ca2+ ion per hand 136. The protein is a 22 kDa homo dimer where the EF 
hand 4 and 5 participate in the dimerization and EF hand 1-3 are free to bind 
calcium 137. Sorcin bind calcium in the µM range and does therefore not 
meaningfully bind calcium in the cytosol under normal conditions where the 
Ca2+ concentration is 10-100 nM 138,139. There are several pieces of evidence 
that sorcin could bind to different proteins in a calcium dependent manner so 
we sough out to explore the mechanism of this and if the interaction was 
based on linear motifs and in that case if the motifs can be discerned by pep-
tide-phage display.  

The group led by Dr. Gianni Colotti solved the crystal structure of Sorcin 
in presence and absence of Ca2+ (Figure 9). The protein consists of 8 α-
helices, of which A, B, C, E, F and H are short and D and G are long. When 
the protein is binding Ca2+ the long D α-helix makes a large conformational 
shift (ca 21o), which opens up the center core of the protein (see red arrow 
Figure 9A). The conformational shift exposes a hydrophobic patch in the 
protein where a potential peptide binding-site emerges (Figure 9C and D). 
Indeed, the calcium bound structure was actually co-crystalized with a 
(GYYPGG) peptide, from the flexible N-terminal the of other Sorcin dimer, 
bound in the opened binding site. There are a number of hydrophobic resi-
dues aligning this binding-site in helix D there is a tryptophan (W105) that 
makes a stacking interaction with the proline in the peptide. Based on these 
observations we decided to explore the motif-mediated interactions of Sor-
cin, in absence and presence of Ca2+. 
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Figure 9. A and B structure of sorcin bound to calcium (yellow) and calcium free 
(blue) was determined by collaborators in this study. The calcium binding open up 
the core of the protein and shifts the D helix 21O. C-D The calcium bound structure 
has a peptide bound in the opened binding pocket from the flexible N-terminal of the 
homodimer. The core that is opened by calcium binding is largely hydrophobic. The 
peptide bound has the sequence GYYPGG. Where the proline makes a stacking 
interaction with the tryptophan (105). 

I preformed phage display selections against immobilized Sorcin with a 16-
mer highly diverse combinatorial peptide-phage library (4x1010). The library 
is N-terminal of the pVIII protein, and to avoid effects of the free amine in 
the N-terminal, and to get the peptide free in solution from the phage, linkers 
of SSSG-peptide-GGSGG flank the displayed peptide. Selections were per-
formed in parallel, using either 1 mM Ca2+ or 1 mM or the chelating agent 
EDTA supplemented in the buffers. The selections were successful as de-
termined by pooled phage ELISA. Individual phage clones confirmed by 
clonal phage ELISA were subjected to Sanger sequencing. From the selec-
tion 38 sequences from Ca2+ selection was obtained and 20 from the EDTA 
selection. The sequences were manually aligned and two motifs emerged 
(Figure 10, Table 1), a Φ-Φ-X-P motif and one with D-Φ. Both motifs were 
found in both presence and absence of calcium. The Φ-Φ-X-P peptide share 
the most similarities to the GYYPGG peptide found in the crystal structure 
and likely bind in the same fashion.
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Figure 10. The results of sequencing the clones positive in ELISA and aligning their 
peptides resulted in two motifs. A the Φ  motif that was most abundant (n=34) 
and which is mostly matching the peptide crystalized in the binding-pocket of the 
structure binding calcium. And B the D-Φ motif (n=18), which is mainly found in 
the presence of calcium (16/18). Over (3/18)

The fact that the Φ-Φ-X-P containing peptides are found in both presence 
and absence of Ca2+ indicate that peptides of this motif might bind to and 
stabilize a open conformation even in the absence of calcium. Indeed, in 
SPR experiments Sorcin was found to bind the Φ-Φ-X-P motif of PDC6 both 
in presence (KD 3.5 µM) and absence of calcium 12 µM, which gives a se-
lectivity change of KD/KD

Ca2+=3.5. 
The D-Φ motif was found in 16/2 in the calcium selection/ EDTA selec-

tion but the number of peptides displaying this motif was lower than the 
number of peptides that had the Φ-Φ-X-P motif. Out of the peptides found 
for the calcium selection 20 had the Φ-Φ-X-P motif and 18 had the D-Φ. 
Where the D-Φ motif would bind is not determined, and in fact the motif 
could be an artifact of the combinatorial phage display where such DW con-
taining peptides have been observed to be enriched in unrelated selections of 
diverse domains (unpublished results). 

Another serious drawback with combinatorial peptide phage display is 
that tryptophan seems to be over represented in these selections 140. This can 
be why the peptide bound in the structure is less hydrophobic than the pep-
tides selected. The disordered regions of proteins will have a low content of 
tryptophans since it is the residue with highest negative correlation with 
disorder 10.  
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Table 1. Alignment of the peptides found to bind the sorcin protein in ELISA and 
which were found in what quantities in the different selections. 
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Paper II Exploring the specificity of a PDZ domain 
engineered for high affinity interaction with the viral 
oncoprotein E6  
Human papillomavirus (HPV) family is a common virus infecting epithelial 
cells in the body. Some viruses infect mucosal tissue and the infection is in 
some cases not cleared by the immune system. In those cases it can cause 
several types of cancer, of which the major concern is cervical cancer 141. 
HPV 16 and 18 are the cause of 70 % of all cervical cancers. This is mainly 
due to sustained expression of the oncoprotein E6 and E7. E6 of the high-
risk HPV strains targets PDZ containing proteins for degradation by binding 
to the PDZ domains with its C-terminal PDZbm 142. The HPV16 C-terminal 
sequence is TRRETQLCOO- and the HPV 18 sequence is RRRETQVCOO-. The 
sequence differences lead to discrepancies between which PDZ domains 
they bind to, as some are selective for a peptide with a V at position 0 and 
some prefer an L at position 0, For example HPV 18 binds with high affinity 
to all DLG PDZ domains while HPV 16 binds tighter to PDZ domains of 
Scribble. The E6 protein of both strains bind with high affinity to the second 
PDZ domain of the MAGI proteins 142. Targeting of E6 protein is an im-
portant step in preventing cancer progression and the fact that it binds with 
its C-terminal to PDZ domains is something that can be utilized.  

To create an optimized binder of the HPV 18 E6 protein my collaborators 
performed a protein phage-display using the second PDZ domain of DLG1 
135 (Figure 11). In the study they used a pseudo wild type DLG1 PDZ2 do-
main (pWT) C347A I342W optimized for fluorescence based affinity meas-
urements. They made a combinatorial phage library where they varied 5 
positions in the α2 helix of the pWT DLG1 PDZ2 domain (His384, Glu385, 
Val388, Leu391, Lys392) and used it in selections against an immobilized 
peptide  (residue 52-158) of the E6 protein from HPV 18 (Figure 11B). They 
measured the kinetic parameters of binding to the E6 construct of nine phage 
derived domains. The pWT PDZ domain had an affinity towards the E6 con-
struct of 0.53 µM KD. The L391F, K329M Ø9 (Figure 11D) showed a sub-
stantial increase in affinity with a KD 0.093 µM, (KD

WT/KD
Ø9 = 6). The as-

sumption was that the domain also would be more specific for the target 
peptide that it was engineered to bind. In paper II we explore if high affinity 
is coupled to high specificity. 
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Figure 11. in a previous study135 Karlsson et al. performed protein engineering of 
the second PDZ domain of DLG1 through combinatorial protein-phage display (A-
B), where they varied residues in the α2 helix to find domains that bound better to 
the C-terminal portion of the oncogenic protein E6 from high risk HPV18. The do-
main from the selection that bound best to E6 called Ø9, bound E6 6 times stronger 
than wild type (C) due to substitutions L391F and K392M (D). C binding between 
HPV 18 E6 and DLG1 PDZ2 (PDB code 2I0L). D Is a model done by swiss-model 
143 based on the structure in C. (Part of the domain is hidden to better show the 
binding site). 

The focus of paper II was to investigate what the L391F and K329M muta-
tions of Ø9 do to the selectivity of the domain for peptides present in the 
human proteome. This was done by simultaneous selection against the Ø9 
and the pWT domain using a heptameric C-terminal proteomic peptide-
phage library that displays the C-terminal regions of the human proteome 120. 
Both selections were successful as determined by phage pool ELISA. Clonal 
phage ELISA was performed until 96 positive clones were found for each 
selection. Sanger sequencing of the binding clones found 71 peptides for 
pWT and 76 for the Ø9 mutant in total. Out of the total number of peptides 
the pWT domain had 9 unique peptides selected and the Ø9 had 17 unique 
peptides (Table 2). 
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Table 2. The peptides sequenced from the different selections. The number of se-
quences per peptide is indicated for the different domains. The number of unique 
peptides found for the wild type domain was 9 and the number of peptides found for 
the Ø9 domain was 17.   

 
 
I produced two different position weight matrices using weblogo 3 where I 
used all the sequences as input and one where I used only the unique pep-
tides (published) (Figure 12A and B). In terms of sequence specificity both 
domains still show a preference for the classic class I PDZbm but the L391F, 
K392M mutations of Ø9 makes the domain less selective for the residues in 
p0. In the PWM comprised of all sequences it seems like the domain also is 
less selective in the p-3 position, something that is not obvious if only 
unique peptides are used in the PWM. Based on the results of the selection 
the pWT domain is specific towards valine at position 0 but the Ø9 domain 
has roughly the same preference for leucine in that position. This difference 
in specificity can be explained by the L391F mutation. In figure 11 you see 
that this residue makes contact with the terminal residues R chain. Phenylal-
anine is bigger than leucine, however the second carbon in phenylalanine is 
part of the phenyl ring and therefore planar, while the second carbon in leu-
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cine is bound to two methyl groups and a hydrogen which makes the angles 
between the carbons different, and one of the methyl groups of leucine might 
protrude in to the binding pocket making the pocket smaller and therefore 
less suited for a leucine in the terminal position of the peptide. The more 
relaxed specificity for residues at p-3 of Ø9 domain compared to the pWT 
domain is less understandable since that residue is pointing in towards the β-
sheets and not the α helix. 

 
 

Figure 12.  A and B Position weight matrices produced with the peptides sequenced 
from the different selections. A PWN is generated by using all peptides generated. B 
PWMs generated using unique peptides. At position 0 it is clear that there is a loss 
of specificity from exclusively V to a mixture of V and L. In the PWM comprised of 
all selected peptides there is a distinct difference in p-3 between the Ø9 and the pWT 
domain, which is not shown in the PWM from unique peptides. 

Through affinity measurements it was found that Ø9 bound with higher af-
finity to all of the peptides tested and that the domain clearly is more pro-
miscuous. Similar observations has been made for other engineered PDZ 
domains 144. Thus, we conclude that affinity and specificity for motif-based 
interactions does not necessarily go hand in hand. To achieve increased af-
finity and specificity a setup purely based on affinity might not be the best 
solution. Also if one thinks about the structure of PDZ domain peptide inter-
actions, the residues that are specific in the motif S/T and the hydrophobic 
terminal residue are the ones oriented towards the helix, which carried the 
varied positions. It might have been more successful if the original library 
would have had their varied positions in the β2 and β3 sheets. 
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Paper III & IV Proteome-wide analysis of phospho-
regulated PDZ domain interactions  

Background 
As discussed in the introduction protein phosphorylation is the most com-
mon PTM and plays a critical role in cell signaling and function in health 
and disease. The majority of phosphosites are within or in close proximity to 
binding motifs within intrinsically disordered regions of the proteome phos-
phorylation can lead to increased or decreased affinities of interactions be-
tween the motifs, and binding domains or proteins, and consequently regu-
late PPIs. There is a need for methods to find phospho-regulated interactions 
at a large-scale with resolution on the level of binding motifs and the sites of 
phosphorylation, as most large-scale methods are ill suited for the task (see 
introduction). For example, ProP-PD is not equipped to find these interac-
tions since bacteria do not perform eukaryotic phosphorylation. This project 
is aimed at bridging this problem. 

In cell experiments it has been common, to use substitutions to aspartate 
or glutamate to mimic the phosphorylation of serine and threonine residues 
145–147. Of these phosphomimetic substitutions, glutamate is sterically more 
similar to phospho-serine/threonine than aspartate (Figure 13A), although its 
hydrated shell is smaller than a phosphorylated residue 148. Even nature 
makes phosphomimetic mutations, as revealed by a study that investigated 
the conservation and evolution of phosphorylation sites. The authors deter-
mined at what serines known to be phosphorylated in one species of yeast, 
were substituted to other amino acids in other species. They found that sub-
stitution to phosphorylatable threonine was most common, followed by glu-
tamate and aspartate 149.  

Based on this we decided to explore the use of phosphomimetic substitu-
tion in combination with proteomic peptide-phage display, phosphomimetic 
ProP-PD as a way to identify phospho-serine/threonine regulated interac-
tions. 

Part A Method development and validation 

Bait selection, library design, construction and quality validation 
As bait proteins for the phosphomimetic ProP-PD we selected PDZ domains. 
As PDZ domains preferentially bind C-terminal peptides, the bait selection 
limits the size of the phage library to be constructed since there are only so 
many C-terminals in the proteome. At the start of this study there where only 
sporadic reports of PDZ domains that could bind phosphorylated peptides 83–

85, but several reports of PDZ mediated interactions disabled by phosphory-
lation 78–82 (see introduction and recent review by Liu et al.150). PDZ domain 
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interactions can thus be both disabled and enabled by phosphorylation, 
which made them ideal targets for this proof-of-concept study.  

To be able to directly evaluate the effects of the phosphomimetic substitu-
tion on binding, we determined to include both the glutamic phospho-
serine/threonine substitution and the wild-type sequence in the library de-
sign. We designed a phage library displaying nine residue long peptides rep-
resenting all C-terminal sequences of the human proteome that contains 
known or putative serine/threonine phosphorylation site, and the phospho-
mimetic version thereof. The sequence data was gathered from Swis-
sprot/Uniprot and the phosphosites were gathered from PhosphoSitePlus 45, 
Phospho ELM 151 and Net.Phos 3.1 152, in the fall of 2013. For peptides that 
contained more than one phosphorylation site in the same sequence both 
phosphosites were added individually and in combination, depending on the 
evidence for multiple phosphorylation. This created a library of 4827 wild 
type sequences and 7627 mimetic sequences (Figure 13B). The library was 
synthesized as costume designed oligonucleotide array with codons opti-
mized for E.coli expression and incorporated in to a phage library as de-
scribed in the introduction.  
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Figure 13. A The basis for selecting glutamate as the phosphomimetic substitution is 
that it sterically more resembles serine and threonine. B-C We made a C-terminal 
library containing all known and putative serine threonine phosphorylation sites 
(4827). The library design contains the wild type sequences and the phosphomimetic 
variant of it and the total library size is 12454 sequences. The custom oligonucleo-
tide library was incorporated into a phage library and used for selection against 
PDZ domains. D The successful selections were subjected to NGS analysis, and a 
subset of peptides and domains were selected for biophysical validations. 

The coverage and quality of the library were analyzed, using the NGS data. 
Out of raw sequence reads 62 % were of right length and of those 14.4 % 
had non-synonymous mutations. This means that 53 % of raw reads of the 
library matched sequences in the designed library. The coverage confirmed 
was    11 787 out of 12 454 sequences, or 94.7 % of the library design. The 
distribution of number of reads per sequence spanned from 153 to 1 with a 
median of 15 and a mean of 18 reads per sequence, which means there are 
no major biases in the constructed library (Figure 14b).  
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The library composition of sequenced commercial peptide phage display 
libraries have some different biases in their composition 153. I therefore ana-
lyzed if there were any residue bias in the 666 peptides not sequenced in 
compared to what is confirmed by sequencing and what is typically observed 
in peptide-phage libraries (Figure 14a). The amino acid composition and the 
mean pI of the peptides that were in the library design sequences confirmed 
or not confirmed by NGS can be seen in (Figure 14A). The peptides that are 
missing from the sequencing are on average more basic, with an isoelectric 
point at 8.06 compared to 6.3 for the sequenced set. This is explained by the 
fact that the missing sequences contain an over representation of arginine, 
13.0% compared to 5.8% in the peptides sequenced. The missing set seems 
to also be overrepresented in prolines representing 16.2% of the not se-
quenced set and 6.5% in the sequenced set. I randomly sampled 666 peptides 
in 10 sets, and no one of the randomly sampled peptide sets had as high fre-
quency of proline or arginine as the not sequenced set, the average and 
standard deviation of proline was 7.02 ± 0.4 and arginine 6.3 ± 0.2. The fact 
that prolines is over represented in the set not sequenced is contrary to com-
binatorial phage libraries where proline usually are over represented com-
pared to the number of codons it has 153.  



 53 

 
Figure 14. The naïve phage library was sequenced deep enough to confirm a cover-
age of 94.7%. A The table shows the frequencies of amino acid residues in the li-
brary design in the part that is confirmed by sequencing and the part that is not 
confirmed by sequencing. B The graph shows the read distribution between the 
sequences that got sequenced. 
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Phage display selections and sequence analysis of binding enriched 
phage pools 
I tested the performance of the phosphomimetic ProP-PD library against six 
PDZ domains, the 1-3 PDZ domain of Scribble and DLG1 (Figure 15A). 
These proteins are in complex with Lgl involved in establishing and main-
taining apico-basal cell polarity in epithelial cells 154, they are also involved 
in neuronal development synaptic organization cell migration, and cell pro-
liferation 155–158. They have also previously been successfully used as bait 
proteins in selections against combinatorial and proteomic peptide phage 
display 77,120. The domains bind class I PDZbm, and their interactions have 
been suggested to be up and down regulated by ligand phosphorylation. This 
makes them suitable test cases for exploring the potential of Phosphomimet-
ic ProP-PD, for discovering interactions that are enabled or disabled by 
phosphorylation. The selection was carried out in four rounds of phage dis-
play and each selection was performed in triplicate. The progression through 
the selection was monitored by phage pool ELISA. Phage pools from the 
third and fourth round of selections were barcoded through PCR and sub-
jected to NGS. 

The NGS analysis generated a large number of DNA sequences that were 
sorted based on their barcodes. The sequences were translated in to their 
corresponding peptide sequences, and then matched against the library de-
sign. The fractions of NGS count in the sequencing as compared to the en-
riched selection are illustrated in figure 15B. The frequencies in the NGS 
counts reflects the enrichment through the phage display selection which 
roughly correspond to the relative strength of the binding within the given 
set 120.  

Each peptide pair was analyzed if the wild type or the phosphomimetic 
variant dominated the selection. We hypothesized that for if particular target 
is selected only or primary as the phosphomimetic variant the interaction 
would be enabled by phosphorylation at that position and disabled if it was 
only or primary selected as wild type. A number of peptides have a signifi-
cant difference in the ratio of mimetic/total peptide compared to wt/total 
peptide (as determined by t test) those are indicated with an asterisk in Fig-
ure 15B. 

A PWM of the peptides found in the sequencing was made using web 
logo 3, if the peptide was sequenced as both mimetic and WT both sequenc-
es was used in the creation of the PWM if only one sequence was present 
only that went in to making the PWM (Figure 16A). All domains bind to 
peptides with the class I PDZbm where Scribble PDZ1 and 3 have a prefer-
ence for leucine in the terminal position and the other domains have a pref-
erence for valine. 
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To determine what affect the phosphomimetic substitution has at any giv-
en position in the motif, I calculated the ratio between mimetic count and 
total count for each peptide. The average of this for each position along the 
motif was then compiled in a selectivity matrix (Figure 16B) ratios between 
0.5 and 1 (blue) indicate a preference for mimetic residue at the given posi-
tion, and 0 to 0.5 (red) indicate a selectivity for the wild type residue. From 
this analysis it is clear that the domains are selective for phosphomimetic 
mutations at p-3 and to some extent p-1 is favorable for interactions, which 
suggested that phosphorylations at these sites light enable interactions.  

Notably the C-terminal peptide of MCC is picked up as a Scribble PDZ1 
ligand with a significant selectivity for phosphomimetic substitution at p-1 
(Figure 16B). This is in accordance with Pangon et al. that found the phos-
phorylation at p-1 of MCC to be important for Scribble interaction 83, and 
supports the relevance of these findings made through phosphomimetic 
ProP-PD The selectivity matrix of Scribble PDZ1 suggests that this might be 
a general for p-1 in Scribble PDZ1.  
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Figure 15. A The first three PDZ domains of Scribble and DLG1 were individually 
subjected to phosphomimetic ProP-PD and the outcome was analyzed by NGS. B 
the NGS results were mapped to the library design and the fraction of each peptide 
compared to the total selection is depicted in the bar graphs as mean ± SD n=3 
(Scribble PDZ2 n=2). The peptides that have a significant difference in frequencies 
between the wild type peptide and the mimetic peptide as determined via T-test are 
indicated with an asterisk.  
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Figure 16. A. PWMs representing the binding specificities of each domain was gen-
erated from the mimetic and wild type sequences selected. B. Selectivity matrix rep-
resenting the ratios between mimetic reads and total reads per sequence. (wild type 
+ mimetic).The gradient goes from blue (score=1), which indicates strong selectivi-
ty for phosphomimetic peptides, and red (score=0) indicates strong selectivity for 
wild type peptides. Statistic testing (t test) was done by evaluating if the effect was 
significantly different from 0.5, which is the expected value for no effect, statistically 
significant scores are indicated with an *.  

Comparing phosphomimetic ProP-PD to Pre-phosphorylation of ProP-
PD library 
In two papers from 1997 and 2003 the group of Gianni Cesareni showed that 
it is possible to use tyrosine kinases phosphorylate a phage library 159 and 
used it to probe interactions dependent on phospho-tyrosine 160 . We were 
interested to see if this approach would work for finding proteomic interac-
tions based on serine/threonine phosphorylation and how it compares to 
phosphomimetic ProP-PD. We therefore generated a ProP-PD library that 
consisted of the 4872 wild-type sequences in the phosphomimetic ProP-PD 
library. The coverage was determined by NGS to 98 %. To phosphorylate 
the library prior to selection we acquired activated RPS6KA1, which is one 
of the kinases enriched in the binders for the mimetic library to Scribble.  

First it was established that the library got phosphorylated by the kinase 
by ELISA using an anti phospho-ser/thr/tyr antibody (Figure 17B). The ki-
nase was then used to phosphorylate the naïve library and the in phages in 
prior to each round of selection. In parallel, selections were performed with 
and without pre-phosphorylation with Scribble PDZ1 as the bait protein. 
Binding enriched phage pools were analyzed as before, which reveled signif-
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icant differences between the selections for two peptides particular peptides: 
the TMFLRETSLCOO- peptide from the GUCYA2 protein and the 
ARVSKETPLCOO- peptide from the MAPK12 protein. In the case of the 
TMFLRETSLCOO- peptide, it was significantly enriched in the selection 
against the pre-phosphorylated library. The peptide has a potential 
RPS6KA1 p-1 binding site, and the results therefore suggest that its phos-
phorylation leads to stronger interaction with Scribble PDZ1 as reflected by 
the selection results. In contrast, the top binder in the unphosphorylated se-
lection MAPK12, which lacks RPS6KA1 motif, is less strongly selected 
upon library phosphorylation. This may reflect that it is outcompeted by the 
GUCYA2 peptide in the pre-phosphorylated selection (Figure 17).  

 
Figure 17. A library containing the 4827 wild-type sequences used in the phospho-
mimetic ProP-PD was created and used in selections against Scribble PDZ1 after 
pre-phosphorylation RPS6KA1. B. The viability of phage library phosphorylation 
was assessed using ELISA. C Simultaneous selections were made with and with out 
pre-phosphorylation n=2 and subjected to NGS sequencing after successful selec-
tion. The * indicate statistically significant differences in selection as determined by 
t test The GUCYA2 peptide TMFLRETSL with a potential RPS6KA1 phosphoryla-
tion motif for phosphorylation at p-1 is more enriched in the pre-phosphorylated 
selections. 

Are the differences in the sequencing counts driven by a sequence bias 
in the library? 
To ensure that the differences in peptide counts are not biased by the fre-
quencies of the peptides in the input library we analyzed the frequencies of 
the selected peptides in the sequenced library. Comparing selected peptides 
in the library and the peptides that was not selected we see that the mean 
counts in the sequenced library is slightly higher than for the peptides not 
selected but there is no significant difference (Figure 18A). It is also im-
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portant to see if the sequences with high counts in the selection have higher 
starting count compared to peptides with lower count in the selection. As 
determined by plotting the counts in library compared to the counts in the 
selection we can see that there is no correlation in high copy number in the 
sequencing and high copy number in number in the library (Figure 18B).  

 
Figure 18. Library biases. A the count in the library sequencing of selected peptides 
compared to not selected is has a slightly higher average but not significant. B 
There is no correlation within the selected peptides and the number of reads it had 
in the library sequencing.  

Biophysical validation 
To confirm that the results generated through phosphomimetic ProP-PD 
result from affinity differences between the wild-type peptides and their 
phosphomimetic counterpart, and that this in fact translates in to affinity 
differences between unphosphorylated and phosphorylated ligands. I deter-
mined the affinities for a select set of pairs through two distinct biophysical 
methods namely MST and ITC. 

For the experiment recombinantly expressed Scribble PDZ1 was used and 
unphosphorylated, phosphorylated and mimetic peptides, with modifications 
at distinct sites, p-1 MCC HTNETSLCOO-, p-3 PRS6KA2 RLTSTRLCOO-, and 
p-6 TANC1 KRSFIESNVCOO-. FITC-labeled peptide was held at a fixed 
concentration and varying concentrations of Scribble PDZ1 was used.  
Scribble PDZ1 is selective towards phosphorylation of the p-1 site of the 
MCC peptide as determined by the KD

WT/KD
P ratio of 3. The effect of mimet-

ic mutation at the same site was 1.6 (Figure 19A and C). The same selectivi-
ty is observed for p-3 phosphorylation of RPS6KA2, where the KD

WT/KD
P 

ratio is 5.3. In this case the KD
WT/KD

mim ratio is even higher at 12.7 (figure 
19A and C) this is in agreement with the phosphomimetic ProP-PD results 
where the difference between mimetic and wild type is greater for RPS6KA2 
than for MCC. The phosphorylation of RPS6KA2 is has to our knowledge 
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not been confirmed experimentally but its homolog RPS6KA1 has. I there-
fore measured the affinity of this peptide to VRKLPSTTLCOO- where an in-
crease in affinity from 1 µM to 0.39 µM was found upon phosphorylation by 
MST which gives a KD

WT/KD
P ratio of 2.5 (figure 19A and C). The TANC1 

peptide (phosphorylation at p-6) is in the phosphomimetic ProP-PD selected 
mainly as wild type. The affinities for the peptide reflect this as it is more 
selective towards the unphosphorylated peptide KD

P/KD
WT=2.4. 

To confirm the results an analogous method ITC was used for the phos-
phorylated and unphosphorylated peptides of MCC RPHTNETSLcoo- and 
PRS6KA2 MKRLTSTRLCOO-. Here the peptide was varied and the domain 
was constant. The selectivity for phosphorylated peptides was confirmed 
with a KD

WT/KD
P ratio of 1.6 for MCC and 4.5 for RPS6KA2. Lastly in the 

phosphomimetic ProP-PD selection Scribble PDZ1 was specific to wild type 
residues at p-2 and this was also tested using ITC with the MAPK12 
ARVSKETPLCOO-. The affinity for the wild type peptide was determined to 
1.2 µM KD

WT but the phosphorylated peptide completely fail to bind the 
domain in the micro molar range (25µM- 2 200 µM) (Figure 19 B and C).  

The same set of peptides used in MST with Scribble PDZ1, MCC 
HTNETSLcoo-, RPS6KA2 RLTSTRLCOO- and TANC1 KRSFIESNVCOO- was 
used in affinity determination by MST for DLG1 PDZ2. According to the 
phosphomimetic ProP-PD selectivity matrix (Figure 16 B) DLG1 PDZ2 
should preferentially bind to p-1 and p-3 phosphorylated ligands (although 
the effects at p-3 were not statistically significant) and preferentially to the 
unphosphorylated peptide at p-6. Of the peptides used in the experiment only 
the TANC1 peptide had been selected by the DLG1 PDZ2 domain. For p-1, 
the KD

WT/KD
p ratio is 0.1 indicating that the domain is not selective for the 

phosphorylated MCC peptide. This is contrary to the selection results, alt-
hough MCC was not selected for DLG1 PDZ2 and this domain prefers va-
line not leucine at the terminal position so the larger leucine might affect the 
phosphopeptide-DLG1 PDZ2 interaction negatively. The KD

WT/KD
P ratio of 

DLG1 PDZ2 for RPS6KA2 (p-3) is 1.3, and there is not a significant selec-
tivity towards the phosphorylated peptide, the KD

WT/KD
mim ratio however is 

higher at 6.5. In the case of TANC1 (p-6) peptide, it was found that DLG1 
PDZ2 is selective towards the wild type peptide with a KD

p/KD
WT ratio of 2.3. 
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Figure 19. The affinity of Scribble PDZ1 for unphosphorylated phosphorylated and 
phosphomimetic peptides. A Microscale themophoresis affinity measurements with 
FITC labeled peptides of unphosphorylated, phosphorylated and mimetic variants of 
MCC HTNETSLCOO-, RPS6KA2 RLTSTRLCOO, TANC1 KRSFIESNVCOO and unphos-
phorylated and phosphorylated RPS6KA1 VRKLPSTTLCOO- with a fixed concentra-
tion of 25-50 nM titrated with varying concentrations of Scribble PDZ1. B ITC af-
finity measurements with a constant concentration of Scribble PDZ1was titrated 
with varying concentrations of unphosphorylated or phosphorylated peptides of 
MCC RPHTNETSLCOO MAPK12 ARVSKETPLCOO-and PRS6KA2 MKRLTSTRLCOO-- 
KD values were determined and an average of 3 measurements ± SD are depicted in 
the graphs and table C. Statistical difference in binding affinity was determined for 
the peptides with unphosphorylated phosphorylated and mimetic with one way ano-
va comparing the phosphorylated and mimetic to the unphosphorylated and where 
there are phosphorylated and unphosphorylated peptides with unpaired students t 
test. *** P≤ 0,001 ** p≤ 0.01. ns = not significant. For representative titrations if 
the ITC results see paper III figure 3. 

The conclusion of the phosphomimetic ProP-PD experiments coupled with 
the biophysical validation is that a difference in peptide count between a 
wild type peptide and a mimetic peptide is reflects a difference in affinity 
between the phosphorylated and unphosphorylated ligands, as seen by the 
KD

WT/KD
P selectivity ratio.  

In paper III we analyze the binders found for Scribble and DLG1 in rela-
tion to known binders. The overlap between known binders and binders 
found by phosphomimetic ProP-PD is 13 for Scribble and 16 for DLG1. The 
majority of the new interactions were those who are enabled by phosphomi-
metic substitution (paper III figure 4). We also analyzed Scribble and DLG1 
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interactions in a larger context by looking at enriched Gene Ontology terms 
and enrichment in KEGG pathways, where we found that our interactions 
were enriched in Hippo signaling, WNT signaling, Neuroactive ligand recep-
tor interaction and oxytocin signaling pathway (paper III figure 4 table 
EV7). We also analyze what kinases are enriched in the selections in terms 
of phosphorylation of the ligands and found that Scribble ligands were en-
riched in binding motifs for RPS6KA kinases (paper III Table EV 8). 

Comparison between Phosphomimetic ProP-PD and pre-
phosphorylation ProP-PD 
To compare the phosphorylated library with the phosphomimetic library, one 
get more results in the phosphomimetic selections. These selections are also 
much more controlled in terms of what peptides on the phage harbor the 
glutamate substitution in phosphomimetic ProP-PD compared to what pep-
tides gets phosphorylated in the pre-phosphorylation ProP-PD. There is also 
in our experiments no way of quantifying how many of the peptides on a 
phage that are phosphorylated. If the goal is to distinguish between those 
who preferentially bind to serine or phospho-serine it is important that most 
peptides on a phage get phosphorylated. In our phosphorylation experiment 
the peptide that got selected more frequently is a peptide that already binds 
to Scribble unphosphorylated. Also no kinase will phosphorylate all poten-
tial phosphorylation sites, which might be both a disadvantage and an ad-
vantage, depending on the scientific question. There are of course ways to 
optimize the phosphorylation experiment in terms of kinase selected, amount 
of kinase, time the phosphorylation is allowed to go on et cetera. There 
might also be phage specific things to consider like the linker composition 
and length between the peptide and the fusion coat protein. In this study we 
get more and clearer results with the phosphomimetic ProP-PD that I think is 
the better method of the two of them. 

Instead of using a kinase one could postulate to chemically modify amino 
acids after peptide production to better mimic phosphorylation. This is pri-
marily possible on primary amines and cysteine. Unpaired cysteine are usu-
ally not used in phage display since they do not display properly 161 and pri-
mary amines are present in lysine which from the start are longer than a 
phosphoserine. Another interesting potential path to study the effect of lig-
and phosphorylation in phage display is to expand the genetic code of bacte-
ria to produce phages with peptides incorporated with phospho-
serine/threonine residues. This is typically done by using specific engineered 
tRNA carrying the unnatural amino acid that match the amber stop codon 
UAG 162. Recently Barber et al. made a split mCherry library in bacteria 
encoding 31 amino acid residues long peptides where the central amino acid 
was amber encoded serine. This library was and used in experiment finding 
novel and known phosphopeptides binding to 14-3-3 proteins, interaction 
determined by reconstituted mCherry was sorted through FACS. Incorpora-
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tion of non-natural amino acids has actually been done in pIII phage display 
before, where they incorporated several unnatural amino acids to replace 
tyrosine and then used in directed evolution 163. The main disadvantage they 
faced was the effectiveness of incorporation of the unnatural amino acid 
compared to the normal tyrosine. Since then extensive work has been done 
to make the incorporation of non-natural amino acids more efficient. Rog-
erson et al. optimized an aminoacyl-tRNA/tRNA pair to efficiently incorpo-
rate phosphoserine and a non-hydrolysable analogue at a level more compa-
rable to normal amino acid incorporation 164. The setup for a phospho-ProP-
PD library should be the same as the phosphomimetic to be able to compare 
WT and phosphorylated directly. Therefore the system needs to incorporate 
phospho-serine at approximately the same rate as the normal serine to not 
bias the selection in the amplification step. However supplementing the me-
dia with the non-natural amino acid will still be more expensive than using 
phosphomimetic proteomic peptide phage display. 

Part B structural details of PDZ phosphopeptide binding paper 
III and IV 
Having uncovered that Scribble PDZ1 bind to p-3 phosphorylated ligands 
we decided to explore the structural basis for the phosphopeptide recogni-
tion. To investigate the structural reasons for phosphopeptide binding ex-
plored the interaction through protein NMR. 1H 15N HSQC titrations with the 
free PDZ domain, and the domain with phosphorylated and unphosphory-
lated RPS6KA2 and MCC were performed. The NMR structure of Scribble 
PDZ1 bound phosphorylated RPS6KA2 was determined from the 1H 15N 
HSQC titrations, but since the peptide was not 15N-labeled the residues of 
the peptide could not be assigned in the structure. The RPS6KA2 peptide 
binds to the canonical binding site between the β2, β3 sheets on one side and 
the α2 helix on the other. The PDZ domain showed a large conformational 
change in the β2 and β3 sheets compared to an already published NMR 
structure of Scribble with no peptide bound (1X5Q Figure 20A). Three sur-
face exposed positively charged residues lining the binding pocket was iden-
tified as potentially interacting with the phospho group in the process of 
binding (Figure 20B). These residues were mutated in to alanine and sub-
jected to ITC titrations with the phosphorylated and unphosphorylated 
RPS6KA2 (Figure 20C). The K746A mutation made the domain bind tighter 
to the unphosphorylated and slightly weaker to the phosphorylated ligand 
compared to the wild type domain, and thereby loosing its selectivity for the 
phosphopeptide, KD

WT/KD
P selectivity ratio of 1. R801A mutation decreased 

the affinity for both the phosphorylated and unphosphorylated peptide but 
still bound tighter to the phosphorylated peptide compared to the unphos-
phorylated, KD

WT/KD
P selectivity ratio of 1.6. The R762A however made the 



 64 

phosphorylated peptide bind slightly tighter and the phosphorylated signifi-
cantly weaker shifting the selectivity to prefer the unphosphorylated peptide 
KD

P/KD
WT reversed selectivity ratio of 2.7. This gives the conclusion the 

R762 residue is the gatekeeper for interaction with p-3 phosphorylation for 
Scribble PDZ 1.  
 

Figure 20. A The superposition of the structure of Scribble PDZ1bound to phos-
phorylated RPS6KA2 (blue cartoon PDB 6ESP) and the ligand free domain 
(white cartoon PDB 1X5Q) shows that the binding site opens up on binding the 
phosphopeptide as compared to the ligand-free domain. B Surface exposed basic 
residues lining the binding pocket used for mutational analysis. C affinity of 
phosphorylated RPS6KA2 (blue) and unphosphorylated RPS6KA2 (red) binding 
the different mutants of the Scribble PDZ1 domain. Using two-way anova with 
Holm-Sidak’s multiple comparisons test shows that there is a significant change 
in the affinity, compared to the wild type domain, towards the phosphorylated and 
unphosphorylated RPS6KA2. * P≤0.05, **p≤0.01, ***p≤0.001. D the HSQC 
spectra do not move upon binding of the phosphopeptide in the R762A mutant. E 
table of affinities for the different mutants  
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In the 1H 15N HSQC spectra of the domain bound to the phosphorylated and 
unphosphorylated MCC and RPS6KA2 peptides you can see certain residues 
moving (chemical shift) compared to the spectrum of the unbound domain 
because they undergo structural changes when binding to the peptide. In 
paper IV we go in to detail in the movement of the residues upon binding to 
the peptides. We found that the 15N chemical shift of a number of residues 
had shifts in different directions if they bound to the unphosphorylated or the 
phosphorylated RPS6KA2 peptide. One of the residues where we observe 
this phenomenon is the residue R762 along with 13 other residues in the 
structure. The large observed shift changes for the RPS6KA2 peptide where 
the selectivity ratio is ≈5 between phosphorylated and unphosphorylated 
does not carry over to the MCC peptide there the shift change for the two 
peptides are very similar and the selectivity difference for the peptides are 
not that large either ≈2. This can be represented in two dimensions where the 
∆1H shift is on the y-axis and the ∆15N shift on the X (paper IV figure 3). A 
HSQC spectra was made with the R726A mutant and the RPS6KA2 peptide 
showing that this residue do not move in the spectra anymore (Figure 20D). 
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Part C Expanding the phosphomimetic ProP-PD to more PDZ 
domains. 
Since we showed the viability of phosphomimetic ProP-PD against Scribble 
and DLG1 PDZ domains we wanted to explore the generality of PDZ and 
phosphopeptide interactions. Nine domains from nine different proteins were 
therefore subjected to phosphomimetic phage display (Figure 21).  
 

Figure 21. The effect of phosphomimetic mutations in PDZ binding was further 
explored with a set of nine additional PDZ domains using phosphomimetic ProP-
PD. The domains where SNTA1 PDZ, SNTB1 PDZ, DLG3 PDZ2, DLG4 PDZ3, 
NHERF3 PDZ4, MAGI1 PDZ4, Shank PDZ, InaDL PDZ 6, and MPDZ PDZ10 

The NGS results were analyzed as described previously (Figure 22). The 
enriched peptides and the selectivity matrix for the nine selections are shown 
in Figure 22. Like Scribble PDZ1, we found that InaDL6 and SNTB1 prefers 
phosphomimetic substitution over wild type peptide at p-1 and p-3. In con-
trast, the PDZ domain of Shank 1 showed a preference for wild type pep-
tides, suggesting that ligand phosphorylation may enable interactions with a 
subset of domains but disabling interactions with others. 
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Figure 22. A and B Phosphomimetic ProP-PD was performed on mime additional 
domains. InadL 6 and SNTB1 have similar selectivity matrices compared to the 
Scribble domains (Figure 16). C MST affinity measurements using FITC labeled 
peptides at a constant concentration 25-50 nM and varying concentrations of 
Shank1 PDZ n=3 error bars is ± SD. 
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We find that Shank 1 select wild type RPS6KA2 preferentially to its phos-
phomimetic counterpart, which is somewhat contrary to previously reported 
results where Shank have been shown to interact with the RPS6KA kinases. 
In Y2H screen the phosphomimetic glutamate substitution of RPS6KA3 
ETAL and the wild type STAL showed interaction with Shank1 165. The 
affinity between Shank 1 and the unphosphorylated, phosphorylated and 
mimetic variants of RPS6KA2 and MCC were determined and indeed Shank 
1 PDZ binds tightest to the unphosphorylated variant in both cases 
(RPS6KA2 KD

p/KD
WT=4 and MCC KD

P/KD
WT=3) (Figure 22 and table in 

Figure 19). 
To gain additional information on phosphopeptide binding to PDZ do-

mains we searched the literature and found two recently published structures 
of PDZ domains is bound to p-3 phosphorylated peptides. One of the struc-
tures is of MAGI1 PDZ2 where the phosphorylated RPS6KA1 peptide 
(VRKLPSTTLCOO-) 88 and the other is of SNX27 PDZ domain bound to the 
C-terminus of p-3 phosphorylated LRRC3B (PDDISTVVCOO-) 87. In the case 
of MAGI1 PDZ2, the affinity for the phosphopeptide is essentially the same 
as for the unphosphorylated peptide, and phosphorylation can therefore be 
considered to have neutral effect. MAGI1 PDZ2 has a lysine in the β3 sheet 
one residue earlier in the sheet compared to the Scribble arginine 762, which 
may provide the domain a tolerance for phospho-binding (Figure 23A and B) 
in the SNX27 case the affinity conferred by peptide phosphorylation had a 
selectivity KD

WT/KD
P =12. Interestingly the SNX27 PDZ domain does not 

have an arginine in the site corresponding as Scribble PDZ1 R762. Instead 
an arginine in the β2 sheet (corresponding to Scribble PDZ A743) seems to 
be critical for its phosphopeptide binding (Figure 23B). The domains thus 
accomplished phosphopeptide binding through an alternative way. 

To explore the plasticity of the phosphopeptide binding, we investigated 
if we could restore the preference for phosphorylated RPS6KA2 in the 
Scribble PDZ1 R762A mutant. We therefore generated the Scribble PDZ1 
R762A/A743R double mutant. We find that this drastically reduced the af-
finity for wild type RPS6KA2 as compared to both the R762A and the wild 
type domain. This might be the result of charge repulsion between A743R 
and the basic residues at p-7 and p-6 in the peptide. In contrast the affinity 
for the phosphorylated peptide was slightly increased and the selectivity of 
the domain for p-3 phosphorylation was thus reinstated (KD

WT/KD
P=4) (Fig-

ure 23B and C). The arginine however is to far away to rescue the selectivity 
for p-1 phosphorylated peptide of MCC (figure 23C). 
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Is it possible to determine phosphopeptide-binding preference for PDZ 
domains based on structure-based sequence alignment? 
A structure-based sequence alignment of the PDZ domains used in this study 
plus SNX27 PDZ domain and MAGI1 PDZ2 PDZ domains is depicted in 
Figure 23A. Marked with red boxes are the residues that have been used to 
make Scribble PDZ1 mutants. There are a number of proteins that have a 
basic residue in corresponding position to Scribble PDZ1R762, among the 
domains in the alignment. Scribble PDZ2 and 3 have a corresponding basic 
residue at R762. They also display similar profile in the selectivity matrix for 
position p-1 and p-3. The DLG1 PDZ 1 and 2 domain have preference for 
phosphomimetic substitution at p-1 and seem to be indifferent to mimetic 
mutation at p-3 also carry a basic residue corresponding to R762. 

There are two interesting cases, DLG1 PDZ3 and DLG4 PDZ 3, which 
have preferences for p-3 and p-1 mimetic substitution respectively, and none 
of them have any basic residue in the Scribble PDZ1 key position, the MAGI 
PDZ2 lysine position nor the SNX27 PDZ arginine position. In structure 
2I0I in PDB DLG1 PDZ3 is bound to HPV18 E6 and the distance between 
the lysine in the loop between α1 and β4 that is 7.8 Å away from a p-3 glu-
tamate on the E6 peptide, which seems too far for electrostatic interaction. 
SNTA1 and SNTB1 have basic residues at positions corresponding to R762 
and A743, which explain their preferences seen in the selectivity matrix. 
Both NHERF3 PDZ4 and MPDZ PDZ10 have a basic H or K in the Magi1 
PDZ2 position that might affect the preference for mimetic binding in the p-
1 position. Interestingly, Shank1 have an arginine in the same position as the 
SNX27 but does not bind preferentially to p-3 phosphorylation ligands, as 
shown by MST, this might be due to repulsion from a glutamate, which is 
situated in the MAGI PDZ2 lysine position.  

The conclusion I draw from this is that the R762 of Scribble PDZ1 and 
R743 of SNX27 seem to be beneficial for binding of p-3 phosphorylated 
ligands, and R762 also for p-1 phosphorylated ligands. The other residues in 
the β2, β3 sheets will affect the binding based on charges, hydrogen bonds, 
and steric hindrance.  
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Concluding remarks  

As a method phage display and proteomic peptide phage display has proved 
to be a viable method for finding motif-based interactions. The aim of this 
thesis has been to explore the use of peptide-phage display to capture selec-
tivity differences in motif-based interactions of proteins depending on allo-
steric binding of calcium, protein engineering and on ligand modification by 
phosphorylation.  

In the cell, interactions need to be dynamic because of the need to relay 
information through signaling pathways. Many of the dynamic interactions 
are motif-based. Binding motifs have often moderate affinities towards their 
targets and subtitle changes in concentration, or modifications, of either the 
motif or the target of the motif can decide if they will be binding to each 
other or not. Evolution seems to prefer motif-based interactions of moderate 
affinity 32. In paper II we explore the specificity changes conferred by artifi-
cial evolution towards higher affinity for a given ligand. We show that af-
finity towards a wide variety of targets gets increased and the specificity is 
decreased. The conclusion to draw from this is that the investigation of se-
lectivity or specificity changes between engineered domains and their coun-
terparts in the proteome needs to be explored if the goal is to use the domain 
in cells to act as an inhibitor.   

In the first paper we used combinatorial phage display to investigate dif-
ferences in binding preferences of Sorcin in presence and absence of Ca2+. 
Through the experimental protocol used we found the same motif for both 
selections, and thereby failed to distinguish specificity differences between 
calcium bound and calcium free Sorcin. Through affinity measurements it 
was determined that a ligand with the selected motif has a 3.5 times higher 
affinity towards the calcium bound protein, and therefore the ligand is selec-
tive for the calcium bound protein. If the selections had been sequenced 
through NGS we might have obtained sufficient information to discern dif-
ferences between the between the presence and absence of Ca2+ in the num-
ber and the motifs of the peptides that were found in the analysis.  

When this project started the literature of how ligand phosphorylations af-
fected PDZ domain-PDZbm interactions was mainly focused on how it can 
interfere with binding. Well-studied examples of how phosphorylation ena-
bles motif-based interactions with proteins such as 14-3-3 and SH2 domains 
have established crucial roles of the phosphorylation for binding. But the 
ability of phosphorylation to tune affinity, and to change the selectivity of 
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the ligand between distinct domains has been less explored. In this thesis I 
identified a potential phosphorylation switch in the peptide of RPS6KA2 
where the unphosphorylated ligand preferentially bind to Shank 1 PDZ do-
main, and the phosphorylated ligand has a higher affinity for Scribble PDZ1. 
As more and more information gets published on PDZ PDZbm interactions 
that are either enabled or unaffected by phosphorylation and domains where 
the same phosphorylation disable the interaction it will become evident that 
this is a common way for a cell to regulate cell signaling, not just for PDZ 
domains.  

The effort of discovering binary PPIs through large-scale methods like 
Y2H or ProP-PD yields a lot of information of what proteins bind to each 
other independent of PTMs. As there are well over 200 000 confirmed phos-
phorylation sites in human it is becoming increasingly important to find out 
what PTMs are important for motif-based protein interactions, in order to 
understand cell signaling in health and disease. In this thesis I have expanded 
the scope of phage display to the world of phospho-dependent motif-based 
protein interactions, an area of research where chemically synthesized pep-
tide libraries, like spot arrays, have been the dominating method for large-
scale discovery. The phosphomimetic ProP-PD is readily scalable to include 
other parts of the proteome, and can therefore work with other types of do-
mains than PDZ domains. The possibility of further developing the approach 
using genetic code expansion, might be a road worth pursuing, not just for 
exploring the effects of serine/threonine phosphorylation but for other types 
of simple PTMs like acetylation or methylation of lysines.  

The importance of exploring conditional interactions cannot be stressed 
enough; I have opened up novel avenues for research. I predict that dedicat-
ed proteomic libraries where you look at differences in binding of the same 
motif in two different states, like phosphorylated and unphosphorylated, will 
become increasingly useful over the next years to come.  
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Populärvetenskaplig sammanfattning 

Bakgrund 

Proteiner är cellens maskiner. Det är proteiner som utför i princip alla upp-
gifter en cell behöver utföra. Ett protein består av en kedja av sammanlän-
kade aminosyror. Det finns 20 sådana aminosyror som alla ser olika ut och 
som har olika egenskaper. Proteiner veckar sig normalt ihop till kompakta 
strukturer på ett ordnat specifikt vis. Vissa proteiner har flera veckade struk-
turer som är sammanlänkade av proteinkedjor som inte är veckat. Det finns 
aminosyror som är hydrofila och de som är hydrofoba, aminosyror som är 
hydrofila brukar finnas på proteinernas ytor och i de oveckade länkarna mel-
lan de olika strukturerade delarna av proteiner. Bland aminosyrorna som är 
hydrofila finns det de som har positiv och negativ kemisk laddning. 

För att de uppgifterna en cell har ska kunna utföras behöver proteinerna 
mötas och interagera med varandra, och dessa interaktioner är livsviktiga för 
att en cell ska fungera. Alla produktiva proteininteraktioner sker på ett ord-
nat specifikt sätt med specifika delar av proteinerna som interagerar med 
varandra. En speciell typ av interaktion som sker är mellan ett veckat protein 
och den primära aminosyrakedjan. Dessa interaktioner brukar kallas motiv-
baserade interaktioner. Ett sekvensmotiv brukar bestå av 3 till 10 aminosyra-
rester långa kedjor och vissa aminosyror i den kedjan är mer viktiga för 
bindning än andra. Dessa motiv interagerar med specifika proteiner eller 
delar av proteiner som kallas domäner. Det protein-domän jag framför allt 
har arbetat med i den här avhandlingen är PDZ domäner. PDZ domäner bin-
der till motiv i änden på proteiner. De domäner jag har använt i min forsk-
ning binder till motiv som ser ut på följande sätt: slumpmässig aminosyra-
serin/treonin- slumpmässig aminosyra-valin-leucin. Det kan också skrivas 
med enbokstavskoden för aminosyror: X-(S/T)-X-(V/L)-COO-. Det finns 
många PDZ domäner i många proteiner i en mänsklig cell och de binder 
oftast till peptider som har lite olika sammansättning på de positionerna som 
är slumpmässiga.  

Vissa aminosyror kan med hjälp av andra protein bli modifierade. Dessa 
modifieringar är oftast att man adderar en liten kemisk förening till en av 
atomerna i aminosyramolekylen. En sådan modifiering är att man kan addera 
en fosforsyra molekyl till aminosyror som har ett syre som binder en kola-
tom och ett väte. Dessa aminosyror är serin, treonin och tyrosin. Den här 
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modifieringen kallas fosforylering. Att fosforylera en aminosyra förutom att 
göra den större gör att den får en negativ kemisk laddning av -2. När detta 
sker på en aminosyra som ingår i ett motiv kan det göra så att bindningen 
antingen bryts/försvagas eller stärks. Den stärks framför allt om den finns 
aminosyror som är kemiskt positivt laddade i närheten, så som arginin och 
lysin. Det är viktigt för forskningen att ta reda på vilka proteiner som binder 
till varandra, hur och när för att bättre kunna förstå cellen och vad som hän-
der med den när den blir sjuk. Många sjukdomar som inte är infektioner 
beror i grund och botten på förändrade proteininteraktioner som kan leda till 
att celler dör eller att de ohämmat börjar föröka sig. Många mutationer som 
får celler att bli cancerceller är mutationer i proteiner som fosforylerar andra 
proteiner och gör dem hyperaktiva. Därför är det viktigt att ta reda på vad 
skillnaden blir i vilka proteiner som binder till varandra om de är fosforyle-
rade eller inte.  

Resultat 
Den metod som förenar mina artiklar i min avhandling är fagdisplay. Fager 
eller bakteriofager är virus som infekterar bakterier. I bakterierna förökar sig 
sedan viruset genom att göra många kopior av sig själv och ta sig ut genom 
bakteriens cellvägg.  

Fagerna består i princip enbart av ett proteinhölje och DNA som kodar för 
de proteinerna som fagen har. Genom att ändra i DNA sekvensen hos fagen 
kan man få den att producera modifierade protein, de modifierade proteiner-
na kan då visas på fagens yta. Det är enkelt att skapa fager med protein som 
är modifierade med olika sekvenser och på det sätter skapa sig ett ”biblio-
tek” av fager som kan bestå av miljontals olika proteinsekvenser i den modi-
fierade delen. Fagibloteken används sedan i fagdisplayförsök där man tillsät-
ter fagerna till proteiner som är fastsatta på en yta. Fager som specifikt bin-
der till proteinet kommer stanna kvar när man tvättar bort de fager som inte 
bundit. Sedan så tillsätter man bakterier för att då kan de fager som bundit 
specifikt föröka sig i bakterien. Gör man detta ett par rundor så kommer man 
att anrika fager som binder hårt och specifikt till proteinet. Vilka de är kan 
man ta reda på genom att sekvensera DNA.  

Vi använder oss i de flesta fall av fagbibliotek som innehåller sekvenser 
som motsvarar sekvenser som finns i proteiner hos människan. Vi i använder 
dem i fagdisplayselektioner för att hitta vilka proteiner de binder till, som till 
exempel PDZ domäner. I artikel två använde vi oss av ett fagbiblotek som 
innehöll peptidsekvenser från människans proteiner. Detta för att hitta vilka 
proteiner en PDZ domän som har blivit modifierad för att binda hårdare till 
ett särskilt protein från ett virus som orsakar livmoderhalscancer. Teorin var 
att eftersom proteinet hade modifierats för att binda starkare till en viss pep-
tid skulle den också bli mer exklusiv. Vi fann dock att den modifierade PDZ 
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domänen band till fler typer av proteiner än den ursprungliga domänen, och 
att den band till dessa starkare.  

Att hitta interaktioner som beror på fosforylering på ett systematiskt sätt i 
storskaliga försök har varit svårt. Därför är det viktigt att nya metoder växer 
fram detta syftar mitt huvudprojekt till. Vi har skapat ett fagbiblotek där vi 
har peptidsekvenser från människa som innehåller seriner och treoniner som 
kan bli fosforylaerade. Men fager kan inte producera fosforylerade aminosy-
ror så det vi gjorde var att vi tog en av de kemiskt laddade aminosyrorna, 
glutaminsyra, för att härma fosforylering. I biblioteket fanns alltså den rik-
tiga sekvensen med serin eller treonin och sekvensen med glutaminsyran. 
Med hjälp av det här fagbiblioteket kunde vi sedan utröna vilka PDZ domä-
ner i proteinerna Scribble och DLG1 som kan binda till fosforylerade pepti-
der. Resultatet från fagdisplay försöket var att Scribbles PDZ domäner gärna 
binder till fosforyleringshärmande peptider i X positionerna i motivet X-S/T-
X-V/L-COO-. Ingen av domänerna band fosforyleringshärmande peptider sär-
skilt bra i S/T eller V/L positionen. Vi använde oss av de första PDZ domä-
nen i Scribble för att undersöka närmare effekterna av fosforylering i bind-
ningsmotivet. Vi testade styrkan i bindningen av peptider som hade fosfory-
lering antingen i fosfoaminosyra-S/T-X-V/L eller X-ST-fosfoaminosyra-
V/L-COO-. Vi fann att proteinet band starkare till de fosforylerade peptiderna 
än de som inte var fosforylerade. Vi gjorde även en proteinstuktur av domä-
nen bunden till en av de fosforylerade peptiderna med en metod som heter 
NMR för att ta reda på hur proteinet band fosforylerade peptider.  Där fann 
vi ett par argininer som vi valde att kolla om de var viktiga för bindningen av 
den fosforylerade peptiden. Detta gjorde vi genom att mutera argininerna till 
en annan aminosyra och mäta bindningsstyrkan. Vi fann att mutation av en 
av argininerna försämrade bindningen till fosfopeptiden men inte den ofos-
forylerade.    

Slutsats 
Att hitta interaktioner som beror på fosforylering är viktigt för att förstå hur 
en cell fungerar och reagerar på signaler.  Vi har visat att fagdisplay med 
fosforyeleringshärmande aminosyror är ett gångbart sätt att hitta interaktion-
er som beror på fosforylering. Vi har också visat på hur vissa PDZ domäner 
kan uppnå starkare bindning till fosfopeptider. Mina resultat kommer för-
hoppningsvis ligga till grund för att fortsätta utveckla fagdisplay för att hitta 
interaktioner som beror på modifieringar av proteiner, vilket är viktigt att ta 
reda på om man ska förstå vad som händer i sjuka celler. 



 76 

Acknowledgments  

There are so many people I want to thank for making this thesis happen. 
And of course the first one I want to thank is my supervisor Ylva. Thanks 

for taking a chance on me as your first PhD student even though I wasn’t 
really a student in biochemistry. And thank you for the patience with all my 
stupid questions and the long (pause for emphasis) struggles I had to find 
reliable, consistent methods for biophysical validations. Thanks also for 
giving me an outlook to the international community, and the science per-
formed elsewhere in our field, to keep us aiming to do better research. 
Thanks also to Per my co-supervisor for accepting me to do my thesis as a 
master student in your lab. With out that opportunity I would not be here 
today. And with that I would also want to thank Greta and Emma letting me 
play a small part of the NCBD-CID project.  

Thanks to Roland and Chi without your scientific contributions to the re-
search presented in this thesis there would not be much to write about, at 
least for papers III and IV. The same thanks goes to Philip M. Kim and Clair 
Jouhyun Jeon for letting me stay in your lab in Toronto and helping us out 
with the scripts for sorting the NGS results.  

Thanks to Andreas for the collaboration in paper II and your enormous 
enthusiasm for science, data and methods.  

Thanks to the scilife drug discovery and development, biophysical scre-
ening and characterization platform and Anette, you guys were the answer to 
the struggles mentioned above. 

I also want to thank the members of the Ivarsson group both present and 
former. Caroline for sharing my office with me for the last year and for all 
the gummy bears I have stolen.  You were the organizational sunshine this 
group needed. Susanne thanks for sharing my nerdiness for PDZ domains, 
for the nice discussions about science, politics, Sweden, Denmark and skåne. 
Also thanks for the remembrance that this is just a job. Thanks to Leandro 
for always being so positive and so understanding and helpful with all of our 
questions, and “suggestions” about the sequence data. Thanks to Ali for be-
ing my first PhD colleague expanding our small group with new ideas and 
perspectives. Also thanks with all the help surrounding Cell lab work and 
western blotting. Thanks to Vikash and Cissi for showing that there is a sci-
ence career after a PhD. Thanks to my project students Louise, Erik and 
Phrita, even though nothing that we worked with made it in to this thesis it 



 77 

was always fun to work with you and I have learnt a lot from supervising 
you. Thanks to all other project students and visiting PhD students our lab 
has had over the years, Jana, Illaria, Nastasia, Deria, Lens, Lena, Marlies, 
Dimitri, Elias and the people I will undoubtedly have forgotten in this list.  

Thanks to the people that have worked in the biochemistry program, dur-
ing my time here, that has made my days more fun. Present and previous 
PhD students: Angelica, Christian, Eldar, Åsa, Huan, Emil, Erika, Dirk, 
Vladimir, Thilak, Guilia, Edward, Joana, Derar and Daniella; Postdocs and 
researchers: Nisse, Gun, Sara, Helena N, PeO, Sandra, Khyati, Mustafa; 
P.Is: Gunnar, Mikael, Doreen, Erik. Special thanks to Francoise and Johan-
na A for the help with teaching, and to Helena D for letting my supervisor 
know that this hobby of mine with being a student representative here and 
there might be worth the time I spent on it. And maybe not so much a thank 
you as a good luck to the Kamerlin group, I think you will fit grate in to this 
department.   

Thanks to the admin staff Johanna J, Eva, Lina, Mariam and Gunnar, for 
help and for all the lunch discussions when I want to speak Swedish.  

Tanks to the rest of the department, the costume parties were fun, and sor-
ry I had to bore you with endless PhD meetings.  

Tack till alla vänner inom Uppsala studentkår och Ett teknat spex som för-
gyllt min fritid som doktorand. Tack till mina vänner, Elin, Minas, Desirée, 
Axel, Lars, Martin, Ella och Einar.  

Ett extra stort tack till min familj Pappa, Hannes & Carro, Hilda, Mathias & 
Filip och Jakob, för att ni stått ut med mig och även fast ni inte förstår vad 
jag gör, varit positiva och stöttande i mina studier och forskning. Tack även 
till bonus personerna I familjen Carina, Jonathan, Simon och David, ni har 
varit ett välkommet tillskott till vår annars ganska lilla familj.   

Jag vill också rikta ett tack till alla fantastiska lärare jag haft som elev och 
student, hade det inte varit för eran entusiasm för min frågvishet hade jag 
nog aldrig tagit mig hit.   

程念彭, 考考, Ethan, 我爱你。我会永远记得我们第一次见面 

Till sist vill jag tacka dig mamma, jag är så ledsen att du aldrig fick uppleva 
den här dagen. Jag är så stolt och så tacksam för allt du givit mig. Även att 
det står på flera ställen i det här tacket att den här avhandlingen aldrig hade 
blivit av utan dem stämmer det There are so many people I want to thank for 
making this thesis happen. 
 
Best,  
Gustav Sundell  



 78 

References 

1. Aebersold, R. et al. How many human proteoforms are there? Nat. Chem. Biol. 
14, 206–214 (2018). 

2. Pawson, T. & Scott, J. D. Signaling Through Scaffold, Anchoring, and Adaptor 
Proteins. Science 278, 2075–2080 (1997). 

3. Kuntz, I. D. Protein folding. J. Am. Chem. Soc. 94, 4009–4012 (1972). 
4. Wruck, F., Katranidis, A., Nierhaus, K. H., Büldt, G. & Hegner, M. Translation 

and folding of single proteins in real time. Proc. Natl. Acad. Sci. 114, E4399–
E4407 (2017). 

5. Kendrew, J. C. et al. A Three-Dimensional Model of the Myoglobin Molecule 
Obtained by X-Ray Analysis. Nature 181, 662–666 (1958). 

6. Wright, P. E. & Dyson, H. J. Intrinsically unstructured proteins: re-assessing the 
protein structure-function paradigm. J. Mol. Biol. 293, 321–331 (1999). 

7. Dunker, A. K. et al. Protein disorder and the evolution of molecular recognition: 
theory, predictions and observations. Pac. Symp. Biocomput. Pac. Symp. Bio-
comput. 473–484 (1998). 

8. Garner, null, Cannon,  null, Romero,  null, Obradovic,  null & Dunker,  null. 
Predicting Disordered Regions from Amino Acid Sequence: Common Themes 
Despite Differing Structural Characterization. Genome Inform. Workshop Ge-
nome Inform. 9, 201–213 (1998). 

9. Weinreb, P. H., Zhen, W., Poon, A. W., Conway, K. A. & Lansbury, P. T. 
NACP, A Protein Implicated in Alzheimer’s Disease and Learning, Is Natively 
Unfolded. Biochemistry 35, 13709–13715 (1996). 

10. Uversky, V. N. The intrinsic disorder alphabet. III. Dual personality of serine. 
Intrinsically Disord. Proteins 3, (2015). 

11. Uversky, V. N., Gillespie, J. R. & Fink, A. L. Why are “natively unfolded” 
proteins unstructured under physiologic conditions? Proteins Struct. Funct. Bio-
informa. 41, 415–427 

12. Fukuchi, S., Hosoda, K., Homma, K., Gojobori, T. & Nishikawa, K. Binary 
classification of protein molecules into intrinsically disordered and ordered 
segments. BMC Struct. Biol. 11, 29 (2011). 

13. Brown, C. J. et al. Evolutionary rate heterogeneity in proteins with long disor-
dered regions. J. Mol. Evol. 55, 104–110 (2002). 

14. Berezovsky, I. N., Guarnera, E. & Zheng, Z. Basic units of protein structure, 
folding, and function. Prog. Biophys. Mol. Biol. 128, 85–99 (2017). 

15. Richardson, J. S. The anatomy and taxonomy of protein structure. Adv. Protein 
Chem. 34, 167–339 (1981). 

16. Jin, J. et al. Eukaryotic Protein Domains as Functional Units of Cellular Evolu-
tion. Sci. Signal. 2, ra76–ra76 (2009). 

17. Perutz, M. F. Structure of hemoglobin. Brookhaven Symp. Biol. 13, 165–183 
(1960). 



 79 

18. Northrop, J. H. The inactivation of trypsin : II. the equilibrium between trypsin 
and the inhibiting substance formed by its action on proteins. J. Gen. Physiol. 4, 
245–260 (1922). 

19. Ehrlich, P. Experimentelle Untersuchungen über Immunität. I. Ueber Ricin. 
DMW - Dtsch. Med. Wochenschr. 17, 976–979 (1891). 

20. Duncan, C. D. S. & Mata, J. Widespread Cotranslational Formation of Protein 
Complexes. PLOS Genet. 7, e1002398 (2011). 

21. Wells, J. N., Bergendahl, L. T. & Marsh, J. A. Co-translational assembly of 
protein complexes. Biochem. Soc. Trans. 43, 1221–1226 (2015). 

22. Levy, E. D., Pereira-Leal, J. B., Chothia, C. & Teichmann, S. A. 3D Complex: 
A Structural Classification of Protein Complexes. PLoS Comput. Biol. 2, 
(2006). 

23. Levy, E. D., Erba, E. B., Robinson, C. V. & Teichmann, S. A. Assembly re-
flects evolution of protein complexes. Nature 453, 1262–1265 (2008). 

24. Tompa, P., Davey, N. E., Gibson, T. J. & Babu, M. M. A Million Peptide Mo-
tifs for the Molecular Biologist. Mol. Cell 55, 161–169 (2014). 

25. Chica, C., Diella, F. & Gibson, T. J. Evidence for the Concerted Evolution be-
tween Short Linear Protein Motifs and Their Flanking Regions. PLOS ONE 4, 
e6052 (2009). 

26. Edwards, R. J., Davey, N. E. & Shields, D. C. SLiMFinder: A Probabilistic 
Method for Identifying Over-Represented, Convergently Evolved, Short Linear 
Motifs in Proteins. PLOS ONE 2, e967 (2007). 

27. Davey, N. E. et al. Attributes of short linear motifs. Mol. Biosyst. 8, 268–281 
(2011). 

28. Puntervoll, P. et al. ELM server: A new resource for investigating short func-
tional sites in modular eukaryotic proteins. Nucleic Acids Res. 31, 3625–3630 
(2003). 

29. Davey, N. E., Cyert, M. S. & Moses, A. M. Short linear motifs - ex nihilo evo-
lution of protein regulation. Cell Commun. Signal. CCS 13, 43 (2015). 

30. Dinkel, H. & Sticht, H. A computational strategy for the prediction of functional 
linear peptide motifs in proteins. Bioinformatics 23, 3297–3303 (2007). 

31. Diella, F. et al. Understanding eukaryotic linear motifs and their role in cell 
signaling and regulation. Front. Biosci. J. Virtual Libr. 13, 6580–6603 (2008). 

32. Haslam, N. J. & Shields, D. C. Peptide-Binding Domains: Are Limp Hand-
shakes Safest? Sci Signal 5, pe40–pe40 (2012). 

33. Houtman, J. C. D. et al. Oligomerization of signaling complexes by the mul-
tipoint binding of GRB2 to both LAT and SOS1. Nat. Struct. Mol. Biol. 13, 
798–805 (2006). 

34. Gouw, M. et al. The eukaryotic linear motif resource – 2018 update. Nucleic 
Acids Res. 46, D428–D434 (2018). 

35. Uyar, B., Weatheritt, R. J., Dinkel, H., Davey, N. E. & Gibson, T. J. Proteome-
wide analysis of human disease mutations in short linear motifs: neglected play-
ers in cancer? Mol. Biosyst. 10, 2626–2642 (2014). 

36. Davey, N. E., Travé, G. & Gibson, T. J. How viruses hijack cell regulation. 
Trends Biochem. Sci. 36, 159–169 (2011). 

37. Nørregaard Jensen, O. Modification-specific proteomics: characterization of 
post-translational modifications by mass spectrometry. Curr. Opin. Chem. Biol. 
8, 33–41 (2004). 

38. Darling, A. L. & Uversky, V. N. Intrinsic Disorder and Posttranslational Modi-
fications: The Darker Side of the Biological Dark Matter. Front. Genet. 9, 
(2018). 



 80 

39. Deribe, Y. L., Pawson, T. & Dikic, I. Post-translational modifications in signal 
integration. Nat. Struct. Mol. Biol. 17, 666–672 (2010). 

40. Mann, M. & Jensen, O. N. Proteomic analysis of post-translational modifica-
tions. Nat. Biotechnol. 21, 255–261 (2003). 

41. Furukawa, Y. et al. Demonstration of the phosphorylation-dependent interaction 
of tryptophan hydroxylase with the 14-3-3 protein. Biochem. Biophys. Res. 
Commun. 194, 144–149 (1993). 

42. Lee, C. W., Ferreon, J. C., Ferreon, A. C. M., Arai, M. & Wright, P. E. Graded 
enhancement of p53 binding to CREB-binding protein (CBP) by multisite 
phosphorylation. Proc. Natl. Acad. Sci. 107, 19290–19295 (2010). 

43. Sun, Q., Jackson, R. A., Ng, C., Guy, G. R. & Sivaraman, J. Additional Ser-
ine/Threonine Phosphorylation Reduces Binding Affinity but Preserves Inter-
face Topography of Substrate Proteins to the c-Cbl TKB Domain. PLOS ONE 5, 
e12819 (2010). 

44. Beltrao, P. et al. Systematic functional prioritization of protein posttranslational 
modifications. Cell 150, 413–425 (2012). 

45. Hornbeck, P. V. et al. PhosphoSitePlus, 2014: mutations, PTMs and recalibra-
tions. Nucleic Acids Res. 43, D512-520 (2015). 

46. Sacco, F., Perfetto, L., Castagnoli, L. & Cesareni, G. The human phosphatase 
interactome: An intricate family portrait. Febs Lett. 586, 2732–2739 (2012). 

47. Dephoure, N. et al. A quantitative atlas of mitotic phosphorylation. Proc. Natl. 
Acad. Sci. 105, 10762–10767 (2008). 

48. Lara, R., Seckl, M. J. & Pardo, O. E. The p90 RSK Family Members: Common 
Functions and Isoform Specificity. Cancer Res. 73, 5301–5308 (2013). 

49. Krebs, E. G. & Fischer, E. H. The phosphorylase b to a converting enzyme of 
rabbit skeletal muscle. Biochim. Biophys. Acta 20, 150–157 (1956). 

50. Barford, D., Hu, S. H. & Johnson, L. N. Structural mechanism for glycogen 
phosphorylase control by phosphorylation and AMP. J. Mol. Biol. 218, 233–260 
(1991). 

51. Sever, R. & Brugge, J. S. Signal Transduction in Cancer. Cold Spring Harb. 
Perspect. Med. 5, a006098 (2015). 

52. Langeberg, L. K. & Scott, J. D. Signalling scaffolds and local organization of 
cellular behaviour. Nat. Rev. Mol. Cell Biol. 16, 232–244 (2015). 

53. Pawson, T. Non-catalytic domains of cytoplasmic protein-tyrosine kinases: 
regulatory elements in signal transduction. Oncogene 3, 491–495 (1988). 

54. Wendler, P. A. & Boschelli, F. Src homology 2 domain deletion mutants of 
p60v-src do not phosphorylate cellular proteins of 120-150 kDa. Oncogene 4, 
231–236 (1989). 

55. Zhou, S. et al. SH2 domains recognize specific phosphopeptide sequences. Cell 
72, 767–778 (1993). 

56. Gould, C. M. et al. ELM: the status of the 2010 eukaryotic linear motif re-
source. Nucleic Acids Res. 38, D167–D180 (2010). 

57. Tinti, M. et al. The SH2 domain interaction landscape. Cell Rep. 3, 1293–1305 
(2013). 

58. Knudsen, B. S., Feller, S. M. & Hanafusa, H. Four proline-rich sequences of the 
guanine-nucleotide exchange factor C3G bind with unique specificity to the first 
Src homology 3 domain of Crk. J. Biol. Chem. 269, 32781–32787 (1994). 

59. Kärkkäinen, S. et al. Identification of preferred protein interactions by phage‐
display of the human Src homology‐3 proteome. EMBO Rep. 7, 186–191 
(2006). 

60. Xin, X. et al. SH3 interactome conserves general function over specific form. 
Mol. Syst. Biol. 9, 652 (2013). 



 81 

61. Woods, D. F. & Bryant, P. J. ZO-1, DlgA and PSD-95/SAP90: homologous 
proteins in tight, septate and synaptic cell junctions. Mech. Dev. 44, 85–89 
(1993). 

62. Cho, K.-O., Hunt, C. A. & Kennedy, M. B. The rat brain postsynaptic density 
fraction contains a homolog of the drosophila discs-large tumor suppressor pro-
tein. Neuron 9, 929–942 (1992). 

63. Ponting, C. P. & Phillips, C. DHR domains in syntrophins, neuronal NO syn-
thases and other intracellular proteins. Trends Biochem. Sci. 20, 102–103 
(1995). 

64. Kennedy, M. B. Origin of PDZ (DHR, GLGF) domains. Trends Biochem. Sci. 
20, 350 (1995). 

65. Wang, C. K., Pan, L., Chen, J. & Zhang, M. Extensions of PDZ domains as 
important structural and functional elements. Protein Cell 1, 737–751 (2010). 

66. Hu, F. et al. Structural basis for the interaction between the Golgi reassembly-
stacking protein GRASP65 and the Golgi matrix protein GM130. J. Biol. Chem. 
290, 26373–26382 (2015). 

67. Truschel, S. T. et al. Structure of the membrane-tethering GRASP domain re-
veals a unique PDZ ligand interaction that mediates Golgi biogenesis., Structure 
of the Membrane-tethering GRASP Domain Reveals a Unique PDZ Ligand In-
teraction That Mediates Golgi Biogenesis. J. Biol. Chem. J. Biol. Chem. 286, 
286, 20125, 20125–20129 (2011). 

68. Doyle, D. A. et al. Crystal Structures of a Complexed and Peptide-Free Mem-
brane Protein–Binding Domain: Molecular Basis of Peptide Recognition by 
PDZ. Cell 85, 1067–1076 (1996). 

69. Kim, E., Niethammer, M., Rothschild, A., Jan, Y. N. & Sheng, M. Clustering of 
Shaker-type K+ channels by interaction with a family of membrane-associated 
guanylate kinases. Nature 378, 85–88 (1995). 

70. Ivarsson, Y. Plasticity of PDZ domains in ligand recognition and signaling. 
FEBS Lett. 586, 2638–2647 (2012). 

71. Saras, J. & Heldin, C. H. PDZ domains bind carboxy-terminal sequences of 
target proteins. Trends Biochem. Sci. 21, 455–458 (1996). 

72. Songyang, Z. et al. Recognition of Unique Carboxyl-Terminal Motifs by Dis-
tinct PDZ Domains. Science 275, 73–77 (1997). 

73. Daniels, D. L., Cohen, A. R., Anderson, J. M. & Brünger, A. T. Crystal struc-
ture of the hCASK PDZ domain reveals the structural basis of class II PDZ do-
main target recognition. Nat. Struct. Mol. Biol. 5, 317–325 (1998). 

74. Garrido-Urbani, S. et al. Proteomic peptide phage display uncovers novel inter-
actions of the PDZ1-2 supramodule of syntenin. FEBS Lett. 590, 3–12 (2016). 

75. Stricker, N. L. et al. PDZ domain of neuronal nitric oxide synthase recognizes 
novel C-terminal peptide sequences. Nat. Biotechnol. 15, 336–342 (1997). 

76. Stiffler, M. A. et al. PDZ Domain Binding Selectivity Is Optimized Across the 
Mouse Proteome. Science 317, 364–369 (2007). 

77. Tonikian, R. et al. A Specificity Map for the PDZ Domain Family. PLOS Biol. 
6, e239 (2008). 

78. Parker, L. L., Backstrom, J. R., Sanders-Bush, E. & Shieh, B.-H. Agonist-
induced Phosphorylation of the Serotonin 5-HT2C Receptor Regulates Its Inter-
action with Multiple PDZ Protein 1. J. Biol. Chem. 278, 21576–21583 (2003). 

79. Sharma, S. C., Rupasinghe, C. N., Parisien, R. B. & Spaller, M. R. Design, 
Synthesis, and Evaluation of Linear and Cyclic Peptide Ligands for PDZ10 of 
the Multi-PDZ Domain Protein MUPP1. Biochemistry 46, 12709–12720 (2007). 



 82 

80. Chung, H. J., Huang, Y. H., Lau, L.-F. & Huganir, R. L. Regulation of the 
NMDA Receptor Complex and Trafficking by Activity-Dependent Phosphory-
lation of the NR2B Subunit PDZ Ligand. J. Neurosci. 24, 10248–10259 (2004). 

81. Sanz-Clemente, A., Gray, J. A., Ogilvie, K. A., Nicoll, R. A. & Roche, K. W. 
Activated CaMKII Couples GluN2B and Casein Kinase 2 to Control Synaptic 
NMDA Receptors. Cell Rep. 3, 607–614 (2013). 

82. Boisguerin, P. et al. Characterization of a Putative Phosphorylation Switch: 
Adaptation of SPOT Synthesis to Analyze PDZ Domain Regulation Mecha-
nisms. ChemBioChem 8, 2302–2307 (2007). 

83. Pangon, L. et al. The PDZ-binding motif of MCC is phosphorylated at position 
− 1 and controls lamellipodia formation in colon epithelial cells. Biochim. Bio-
phys. Acta BBA - Mol. Cell Res. 1823, 1058–1067 (2012). 

84. Hegedüs, T. et al. C-terminal phosphorylation of MRP2 modulates its interac-
tion with PDZ proteins. Biochem. Biophys. Res. Commun. 302, 454–461 (2003). 

85. Shepherd, T. R. et al. The Tiam1 PDZ Domain Couples to Syndecan1 and Pro-
motes Cell–Matrix Adhesion. J. Mol. Biol. 398, 730–746 (2010). 

86. Liu, X., Shepherd, T. R., Murray, A. M., Xu, Z. & Fuentes, E. J. The Structure 
of the Tiam1 PDZ Domain/ Phospho-Syndecan1 Complex Reveals a Ligand 
Conformation that Modulates Protein Dynamics. Structure 21, 342–354 (2013). 

87. Clairfeuille, T. et al. A molecular code for endosomal recycling of phosphory-
lated cargos by the SNX27–retromer complex. Nat. Struct. Mol. Biol. 23, 921–
932 (2016). 

88. Gógl, G. et al. Dynamic control of RSK complexes by phosphoswitch-based 
regulation. FEBS J. 285, 46–71 (2018). 

89. Blikstad, C. & Ivarsson, Y. High-throughput methods for identification of pro-
tein-protein interactions involving short linear motifs. Cell Commun. Signal. 13, 
38 (2015). 

90. Rolland, T. et al. A Proteome-Scale Map of the Human Interactome Network. 
Cell 159, 1212–1226 (2014). 

91. Gingras, A.-C., Gstaiger, M., Raught, B. & Aebersold, R. Analysis of protein 
complexes using mass spectrometry. Nat. Rev. Mol. Cell Biol. 8, 645–654 
(2007). 

92. Huttlin, E. L. et al. The BioPlex Network: A Systematic Exploration of the 
Human Interactome. Cell 162, 425–440 (2015). 

93. Hein, M. Y. et al. A Human Interactome in Three Quantitative Dimensions 
Organized by Stoichiometries and Abundances. Cell 163, 712–723 (2015). 

94. Wan, C. et al. Panorama of ancient metazoan macromolecular complexes. Na-
ture 525, 339–344 (2015). 

95. Mellacheruvu, D. et al. The CRAPome: a contaminant repository for affinity 
purification–mass spectrometry data. Nat. Methods 10, 730–736 (2013). 

96. Rajagopala, S. V. Mapping the Protein-Protein Interactome Networks Using 
Yeast Two-Hybrid Screens. Adv. Exp. Med. Biol. 883, 187–214 (2015). 

97. Luck, K., Sheynkman, G. M., Zhang, I. & Vidal, M. Proteome-Scale Human 
Interactomics. Trends Biochem. Sci. 42, 342–354 (2017). 

98. Roux, K. J., Kim, D. I. & Burke, B. BioID: a screen for protein-protein interac-
tions. Curr. Protoc. Protein Sci. 74, Unit 19.23. (2013). 

99. Carmona, S. J. et al. Towards High-throughput Immunomics for Infectious 
Diseases: Use of Next-generation Peptide Microarrays for Rapid Discovery and 
Mapping of Antigenic Determinants. Mol. Cell. Proteomics MCP 14, 1871–
1884 (2015). 

100. Filippakopoulos, P. et al. Histone Recognition and Large-Scale Structural Anal-
ysis of the Human Bromodomain Family. Cell 149, 214–231 (2012). 



 83 

101. Yang, M., Wu, Z. & Fields, S. Protein-peptide interactions analyzed with the 
yeast two-hybrid system. Nucleic Acids Res. 23, 1152–1156 (1995). 

102. Belotti, E. et al. The human PDZome: a gateway to PSD95-Disc large-zonula 
occludens (PDZ)-mediated functions. Mol. Cell. Proteomics MCP 12, 2587–
2603 (2013). 

103. Shoemaker, B. A. & Panchenko, A. R. Deciphering protein-protein interactions. 
Part I. Experimental techniques and databases. PLoS Comput. Biol. 3, e42 
(2007). 

104. Rosenfeld, L., Heyne, M., Shifman, J. M. & Papo, N. Protein Engineering by 
Combined Computational and In Vitro Evolution Approaches. Trends Biochem. 
Sci. 41, 421–433 (2016). 

105. Sundell, G. N. & Ivarsson, Y. Interaction analysis through proteomic phage 
display. BioMed Res. Int. 2014, 176172 (2014). 

106. Smith, G. P. Filamentous fusion phage: novel expression vectors that display 
cloned antigens on the virion surface. Science 228, 1315–1317 (1985). 

107. Marvin, D. A., Symmons, M. F. & Straus, S. K. Structure and assembly of fila-
mentous bacteriophages. Prog. Biophys. Mol. Biol. 114, 80–122 (2014). 

108. Dueñas, M. & Borrebaeck, C. A. Novel helper phage design: intergenic region 
affects the assembly of bacteriophages and the size of antibody libraries. FEMS 
Microbiol. Lett. 125, 317–321 (1995). 

109. Sidhu, S. S., Lowman, H. B., Cunningham, B. C. & Wells, J. A. [21] Phage 
display for selection of novel binding peptides. in Methods in Enzymology (ed. 
Jeremy Thorner, S. D. E. and J. N. A.) Volume 328, 333-IN5 (Academic Press, 
2000). 

110. Rajan, S. & Sidhu, S. S. Chapter 1 - Simplified Synthetic Antibody Libraries. in 
Methods in Enzymology (ed. K. Dane Wittrup and Gregory L. Verdine) Volume 
502, 3–23 (Academic Press, 2012). 

111. Derda, R. et al. Diversity of Phage-Displayed Libraries of Peptides during Pan-
ning and Amplification. Molecules 16, 1776–1803 (2011). 

112. Leung, I., Jarvik, N. & Sidhu, S. S. A Highly Diverse and Functional Naïve 
Ubiquitin Variant Library for Generation of Intracellular Affinity Reagents. J. 
Mol. Biol. 429, 115–127 (2017). 

113. Kaneko, T. et al. Superbinder SH2 Domains Act as Antagonists of Cell Signal-
ing. Sci Signal 5, ra68–ra68 (2012). 

114. Nilsson, M. T. I., Mossing, M. C. & Widersten, M. Functional expression and 
affinity selection of single-chain Cro by phage display: isolation of novel DNA-
binding proteins. Protein Eng. 13, 519–526 (2000). 

115. Geyer, C. R., McCafferty, J., Dübel, S., Bradbury, A. R. M. & Sidhu, S. S. 
Recombinant antibodies and in vitro selection technologies. Methods Mol. Biol. 
Clifton NJ 901, 11–32 (2012). 

116. Held, H. A. & Sidhu, S. S. Comprehensive Mutational Analysis of the M13 
Major Coat Protein: Improved Scaffolds for C-terminal Phage Display. J. Mol. 
Biol. 340, 587–597 (2004). 

117. Georgieva, Y. & Konthur, Z. Design and screening of M13 phage display 
cDNA libraries. Mol. Basel Switz. 16, 1667–1681 (2011). 

118. Jacobsson, K. & Frykberg, L. Gene VIII-based, phage-display vectors for selec-
tion against complex mixtures of ligands. BioTechniques 24, 294–301 (1998). 

119. Li, W. ORF phage display to identify cellular proteins with different functions. 
Methods San Diego Calif 58, 2–9 (2012). 

120. Ivarsson, Y. et al. Large-scale interaction profiling of PDZ domains through 
proteomic peptide-phage display using human and viral phage peptidomes. 
Proc. Natl. Acad. Sci. 111, 2542–2547 (2014). 



 84 

121. Davey, N. E. et al. Discovery of short linear motif-mediated interactions 
through phage display of intrinsically disordered regions of the human proteo-
me. FEBS J. 284, 485–498 (2017). 

122. Wu, C.-G. et al. PP2A-B′ holoenzyme substrate recognition, regulation and role 
in cytokinesis. Cell Discov. 3, 17027 (2017). 

123. Panni, S. et al. Combining peptide recognition specificity and context infor-
mation for the prediction of the 14-3-3-mediated interactome in S. cerevisiae 
and H. sapiens. PROTEOMICS 11, 128–143 (2011). 

124. Yaffe, M. B. et al. The Structural Basis for 14-3-3:Phosphopeptide Binding 
Specificity. Cell 91, 961–971 (1997). 

125. Liu, L. et al. Comparison of next-generation sequencing systems. J. Biomed. 
Biotechnol. 2012, 251364 (2012). 

126. Glenn, T. C. Field guide to next-generation DNA sequencers. Mol. Ecol. Re-
sour. 11, 759–769 

127. Matochko, W. L. et al. Deep sequencing analysis of phage libraries using Illu-
mina platform. Methods San Diego Calif 58, 47–55 (2012). 

128. Ludwig, C. Diffusion zwischen ungleich erwärmten Orten gleich zusammeng-
esetzter Lösung. (Aus der KK Hof-und Staatsdruckerei, in Commission bei W. 
Braumüller, Buchhändler des KK Hofes und der K. Akademie der Wissenschaf-
ten, 1856). 

129. Wienken, C. J., Baaske, P., Rothbauer, U., Braun, D. & Duhr, S. Protein-
binding assays in biological liquids using microscale thermophoresis. Nat. 
Commun. 1, 100 (2010). 

130. Jerabek-Willemsen, M., Wienken, C. J., Braun, D., Baaske, P. & Duhr, S. Mo-
lecular Interaction Studies Using Microscale Thermophoresis. Assay Drug Dev. 
Technol. 9, 342–353 (2011). 

131. Pierce, M. M., Raman, C. S. & Nall, B. T. Isothermal Titration Calorimetry of 
Protein–Protein Interactions. Methods 19, 213–221 (1999). 

132. Wüthrich, K. The way to NMR structures of proteins. Nature Structural & Mo-
lecular Biology (2001). doi:10.1038/nsb1101-923 

133. Williamson, M. P., Havel, T. F. & Wüthrich, K. Solution conformation of pro-
teinase inhibitor IIA from bull seminal plasma by 1H nuclear magnetic reso-
nance and distance geometry. J. Mol. Biol. 182, 295–315 (1985). 

134. Franceschini, S. et al. Molecular basis for the impaired function of the natural 
F112L sorcin mutant: X-ray crystal structure, calcium affinity, and interaction 
with annexin VII and the ryanodine receptor. FASEB J. 22, 295–306 (2007). 

135. Karlsson, O. A. et al. Design of a PDZbody, a bivalent binder of the E6 protein 
from human papillomavirus. Sci. Rep. 5, 9382 (2015). 

136. Moews, P. C. & Kretsinger, R. H. Terbium replacement of calcium in carp 
muscle calcium-binding parvalbumin: An X-ray crystallographic study. J. Mol. 
Biol. 91, 229–232 (1975). 

137. Xie, X., Dwyer, M. D., Swenson, L., Parker, M. H. & Botfield, M. C. Crystal 
structure of calcium-free human sorcin: A member of the penta-EF-hand protein 
family. Protein Sci. Publ. Protein Soc. 10, 2419 (2001). 

138. Clapham, D. E. Calcium Signaling. Cell 131, 1047–1058 (2007). 
139. Colotti, G. et al. Sorcin, a Calcium Binding Protein Involved in the Multidrug 

Resistance Mechanisms in Cancer Cells. Molecules 19, 13976–13989 (2014). 
140. Luck, K. & Travé, G. Phage display can select over-hydrophobic sequences that 

may impair prediction of natural domain–peptide interactions. Bioinformatics 
27, 899–902 (2011). 

141. Bzhalava, D., Eklund, C. & Dillner, J. International standardization and classifi-
cation of human papillomavirus types. Virology 476, 341–344 (2015). 



 85 

142. Vincentelli, R. et al. Quantifying domain-ligand affinities and specificities by 
high-throughput holdup assay. Nat. Methods 12, 787–793 (2015). 

143. Waterhouse, A. et al. SWISS-MODEL: homology modelling of protein struc-
tures and complexes. Nucleic Acids Res. 46, W296–W303 (2018). 

144. Ernst, A. et al. Coevolution of PDZ domain–ligand interactions analyzed by 
high-throughput phage display and deep sequencing. Mol. Biosyst. 6, 1782–
1790 (2010). 

145. Ducommun, B. et al. cdc2 phosphorylation is required for its interaction with 
cyclin. EMBO J. 10, 3311–3319 (1991). 

146. Thorsness, P. E. & Koshland, D. E. Inactivation of isocitrate dehydrogenase by 
phosphorylation is mediated by the negative charge of the phosphate. J. Biol. 
Chem. 262, 10422–10425 (1987). 

147. Zegzouti, H., Anthony, R. G., Jahchan, N., Bögre, L. & Christensen, S. K. 
Phosphorylation and activation of PINOID by the phospholipid signaling kinase 
3-phosphoinositide-dependent protein kinase 1 (PDK1) in Arabidopsis. Proc. 
Natl. Acad. Sci. U. S. A. 103, 6404–6409 (2006). 

148. Hunter, T. Why nature chose phosphate to modify proteins. Phil Trans R Soc B 
367, 2513–2516 (2012). 

149. Pearlman, S. M., Serber, Z. & Ferrell, J. E. A Mechanism for the Evolution of 
Phosphorylation Sites. Cell 147, 934–946 (2011). 

150. Liu, X. & Fuentes, E. J. Emerging Themes in PDZ Domain Signaling: Struc-
ture, Function, and Inhibition. in International Review of Cell and Molecular 
Biology (Academic Press, 2018). doi:10.1016/bs.ircmb.2018.05.013 

151. Dinkel, H. et al. Phospho.ELM: a database of phosphorylation sites—update 
2011. Nucleic Acids Res. 39, D261–D267 (2011). 

152. Blom, N., Sicheritz-Pontén, T., Gupta, R., Gammeltoft, S. & Brunak, S. Predic-
tion of post-translational glycosylation and phosphorylation of proteins from the 
amino acid sequence. Proteomics 4, 1633–1649 (2004). 

153. Krumpe, L. R. H. et al. T7 lytic phage-displayed peptide libraries exhibit less 
sequence bias than M13 filamentous phage-displayed peptide libraries. PRO-
TEOMICS 6, 4210–4222 (2006). 

154. Su, W.-H., Mruk, D. D., Wong, E. W. P., Lui, W.-Y. & Cheng, C. Y. Polarity 
Protein Complex Scribble/Lgl/Dlg and Epithelial Cell Barriers. Adv. Exp. Med. 
Biol. 763, 149–170 (2012). 

155. El-Haou, S. et al. Kv4 potassium channels form a tripartite complex with the 
anchoring protein SAP97 and CaMKII in cardiac myocytes. Circ. Res. 104, 
758–769 (2009). 

156. Ishidate, T., Matsumine, A., Toyoshima, K. & Akiyama, T. The APC-hDLG 
complex negatively regulates cell cycle progression from the G0/G1 to S phase. 
Oncogene 19, 365–372 (2000). 

157. Nagasaka, K. et al. Human homolog of Drosophila tumor suppressor Scribble 
negatively regulates cell-cycle progression from G1 to S phase by localizing at 
the basolateral membrane in epithelial cells. Cancer Sci. 97, 1217–1225 (2006). 

158. Qin, Y., Capaldo, C., Gumbiner, B. M. & Macara, I. G. The mammalian Scrib-
ble polarity protein regulates epithelial cell adhesion and migration through E-
cadherin. J. Cell Biol. 171, 1061–1071 (2005). 

159. Dente, L. et al. Modified phage peptide libraries as a tool to study specificity of 
phosphorylation and recognition of tyrosine containing peptides11Edited by J. 
Karn. J. Mol. Biol. 269, 694–703 (1997). 

160. Wälchli, S. et al. Probing Protein-tyrosine Phosphatase Substrate Specificity 
Using a Phosphotyrosine-containing Phage Library. J. Biol. Chem. 279, 311–
318 (2004). 



 86 

161. Rodi, D. J., Soares, A. S. & Makowski, L. Quantitative Assessment of Peptide 
Sequence Diversity in M13 Combinatorial Peptide Phage Display Libraries. J. 
Mol. Biol. 322, 1039–1052 (2002). 

162. Wang, L., Xie, J. & Schultz, P. G. Expanding the genetic code. Annu. Rev. Bio-
phys. Biomol. Struct. 35, 225–249 (2006). 

163. Liu, C. C. et al. Protein evolution with an expanded genetic code. Proc. Natl. 
Acad. Sci. 105, 17688–17693 (2008). 

164. Rogerson, D. T. et al. Efficient genetic encoding of phosphoserine and its non-
hydrolyzable analog. Nat. Chem. Biol. 11, 496–503 (2015). 

165. Thomas, G. M., Rumbaugh, G. R., Harrar, D. B. & Huganir, R. L. Ribosomal 
S6 kinase 2 interacts with and phosphorylates PDZ domain-containing proteins 
and regulates AMPA receptor transmission. Proc. Natl. Acad. Sci. 102, 15006–
15011 (2005). 

 
 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1716

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-359434

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2018


	Abstract
	List of Papers
	List of papers not included in this thesis
	Contents
	Abbreviations
	Introduction
	Proteins and intrinsic protein disorder
	Protein-protein interactions
	Posttranslational modifications and phosphorylation
	Scaffold proteins and peptide binding protein domains
	PDZ domains
	PDZ domains bind C-terminal motifs in proteins
	Phosphorylation of PDZ binding motifs

	Discovering novel protein-protein interactions
	Proteome-wide protein-protein interaction discovery
	Experimental methods for finding PPIs based on linear binding-motifs
	Phage display
	Discovering interactions regulated by phosphorylation
	Next-generation sequencing in relation to large-scale protein-protein interaction discovery

	Biophysical validations of protein peptide interactions
	Isothermal titration calorimetry
	Protein NMR for structure determination
	Defining specificity and selectivity in terms of differences in affinity and binding-motifs


	Present investigations
	Paper I Finding binding motifs of the calcium activated protein Sorcin using combinatorial peptide-phage display
	Paper II Exploring the specificity of a PDZ domain engineered for high affinity interaction with the viral oncoprotein E6
	Paper III & IV Proteome-wide analysis of phospho-regulated PDZ domain interactions
	Part A Method development and validation
	Part B structural details of PDZ phosphopeptide binding paper III and IV
	Part C Expanding the phosphomimetic ProP-PD to more PDZ domains.


	Concluding remarks
	Populärvetenskaplig sammanfattning
	Bakgrund
	Resultat
	Slutsats


	Acknowledgments
	References



