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1 {ǳƳƳŀǊȅ 

 

Cystic Fibrosis (CF) is one of the most common lethal hereditary diseases among 

caucasians and affects multiple organs in humans, resulting in an average life 

expectancy of about 37 years. The most abundant mutation leading to the 

symptoms of CF is the single deletion of a Phe in the sequence of an ion channel 

involved in CF (DF508-Cystic Fibrosis Conductance Regulator or DF508-CFTR) 

resulting in a reduced ability of epithelial cells to transport Cl--ions across the 

plasma membrane. This causes an osmotic imbalance, causing the airway surface 

mucus in the lung to thicken, which in turn prevents airway cilia from executing 

effective mucus clearance which leads to the symptoms of CF. Emerging chronic 

infections with bacteria like Staphylococcus aureus and Pseudomonas aeruginosa 

further reduce lung functionality, and are the main reasons for patient mortality. 

Therefore, a key therapeutic goal to reduced CF-patient morbidity and mortality 

is the restoration of sufficient mutant CFTR activity to ameliorate chronic lung 

infections.  

Different classes of therapeutic agents are being developed to address the 

folding defect ('correctors') and the gating defect ('potentiators') of DF508-CFTR, 

but 'stabilizers' that specifically address the half-life deficiency have not yet been 

identified.  

The PDZ containing proteins CAL (CFTR-Associated Ligand) and its antagonists 

NHERF1 and NHERF2 (Na+/H+ Exchanger Regulatory Factor 1/2) compete for 

CFTR binding. CAL contains one (CALP), and each NHERF protein contains two 

PDZ domains (N1P1, N1P2, N2P1 and N2P2) that control both the activity and the 

cell surface abundance of CFTR. NHERF proteins increase CFTR activity at the 

apical membrane, whereas CAL promotes its lysosomal degradation. Thus, to 

explore novel therapeutic strategies for increasing the cell-surface abundance of 

CFTR, the goal was to design a selective inhibitor of the CFTR:CAL interaction that 

does not affect the biologically relevant PDZ competitors NHERF1 and NHERF2.  

This work represents the development and execution of a unique SPOT-

synthesis approach to engineer selective peptide based inhibitors for CALP, thus 

increasing Cl--efflux across the plasmamembrane of human lung epithelial cells 
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stably expressing DF508-CFTR (CFBE-DF cells). This approach allowed us to: (I) 

identify the natural highest affinity ligand of CAL (SSR5; Ki = 21.4 ± 1.7 µM) 

among 6223 C-terminal peptides, (II) further enhance its CALP affinity beyond 

the SSR5 binding affinity, and (III) totally abolish NHERF binding. The resulting 

decamer peptide, ANSRWPTSII (iCAL36; Ki = 17.3 ± 4.3 µM), was validated by 

NMR studies to act as a competitive inhibitor of the CFTR:CALP interaction, and 

its biological functionality was ascertained by determination of Cl--efflux across 

the plasmamembrane of polarized CFBE-DF cell monolayers. Thus, iCAL36 is able 

to enhance Cl--efflux by 25 % at 500 µM, and is exhibits additive effects with the 

small molecule DF508-CFTR corrector Corr-4a. This finding was demonstrated by 

combinatorial treatments in Ussing chambers. However, mass spectrometry and 

pull down analysis revealed a single off-target effect with the PDZ domain of the 

Tax-interacting protein-1 (Tip-1 ). To address this undesired peptide binder, we 

again utilized our peptide engineering approach combined with X-ray analysis. 

The result was another CALP inhibitor, named iCAL42 (ANSRLPTSII; Ki = 10.8 ± 0.2 

µM) with single PDZ-specificity and with a positive effect on Cl--efflux. iCAL42 

was created by a single Trp-Leu substitution, and specificity was demonstrated 

by LC/MS/MS analysis combined with pull-down assays. For both peptides, cell 

internalization was initially achieved using the commercially available delivery 

ǊŜŀƎŜƴǘ .ƛƻthw¢9wϰ ŀƴŘ ŘŜƳƻƴǎǘǊŀǘŜŘ ōȅ ŦƭǳƻǊŜǎŎŜƴŎŜ ƳƛŎǊƻǎŎƻǇȅΦ IƻǿŜǾŜǊΣ 

to test if the internalization rate of our engineered peptide is sufficient for a 

therapeutic application, we coupled iCAL36 covalently to cell penetrating 

peptides (CPPs) and tested for:  (I) uptake (confocal microscopy), (II) cytotoxicity 

(CCK-8 assay), and (III) biological functionality (Ussing chamber). We were able to 

clearly demonstrate that the chosen CPPs (Penetratin and MPG) were able to 

internalize iCAL36 into CFBE cells without relevant cytotoxicity, up to a 

concentration of 100 µM. Ussing chamber experiments revealed a Cl--efflux of 

21 % (p = 0.2) at a 5-fold lower concentration (100 µM) of Penetratin-iCAL36 

compared to F*-ƛ/![ос όрлл ҡaύΥ.ƛƻthw¢9wϰΦ  ¢Ƙƛǎ ŘŜƳƻƴǎǘǊŀǘŜǎ ǘƘŜ ƛƳǇǊƻǾŜŘ 

effectiveness of therapeutic peptide delivery by this CPP.  

These results show that our engineering process of CALP inhibitors may 

provide a template that is useful for investigating the cell-biological roles and 
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therapeutic potential of other PDZ domains. Additionally, the may help to 

explore the prospect of combination approaches aimed at parallel treatment of 

the biogenesis and stability defects of the most common disease associated CFTR 

allele DF508 with the potential to attenuate the symptoms of patients with cystic 

fibrosis in future therapeutic applications. 

 

2 ½ǳǎŀƳƳŜƴŦŀǎǎǳƴƎ 

 

Mukoviszidose (Cystische Fibrose - CF) ist eine der häufigsten, tödlichen 

Erbkrankheiten unter Kaukasiern mit einer durchschnittlichen Lebenserwartung 

von ca. 37 Jahren. CF wird meist durch die Deletion eines Phenylalanins 

innerhalb eines Chloridkanales (DF508-Cystic Fibrosis Transmembrane 

Conductance Regulator; DF508-CFTR) hervorgerufen, was zu einer verminderten 

Chloridionen-Ausscheidung an der Zellmembran von Epithelzellen führt. Die 

daraus resultierende Verdickung des durch die Epithelzellen gebildeten Schleims 

(Mukus), erschwert oder verhindert dessen Abtransport durch die Zilien der 

Zellen. Die hierdurch entstehenden Infektionen mit Bakterien wie Staphylococcus 

aureus und Pseudomonas aeruginosa verringern die schon beeinträchtigte 

Lungenfunktionalität noch zunehmend, was die hohe Mortalität von CF-

Patienten bedingt.  

Ein Schwerpunkt heutiger CF-Therapien liegt in der Wiederherstellung der 

CFTR-Aktivität, um u. A. die chronischen Lungeninfektionen zu verhindern. 

Diesbezüglich wurden bereits verschiedene Therapeutika entwickelt, die 

entweder die Fehlfaltung des DF508-CFTR verhindern (Korrektoren) oder dessen 

verminderter Aktivität entgegenwirken (Potenzierer) sollen. Spezifische 

"Stabilisatoren", welche die CFTR-Halbwertszeit an der Zellmembran und somit 

deren Aktivität erhöhen können, wurden bisher noch nicht entwickelt.
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Im Kontext eben dieser "Stabilisatoren" spielen vor allem die PDZ Proteine 

CAL (CFTR-Associated Ligand) und seine Antagonisten NHERF1 und NHERF2 

(Na+/H+ Exchanger Regulatory Factor 1/2) ein große Rolle. Sie konkurrieren um 

die Bindung an den CFTR und kontrollieren sowohl den CFTR-Transport an die 

Zelloberfläche als auch dessen Aktivität. CAL enthält eine (CALP) und jede der 

NHERF Proteine zwei PDZ-Domänen (N1P1, N1P2, N2P1 und N2P2), wobei die 

NHERF Proteine die CFTR-Aktivität und Menge an der apikalen Membran 

erhöhen, während CAL dessen lysosomalen Abbau fördert. So würde die 

Entwicklung spezifischer CFTR:CAL Inhibitoren, die keine weiteren Interaktionen 

zu anderen PDZ Proteinen aufweisen, die CFTR-Menge an der Plasmamembran 

erhöhen bzw. stabilisieren. 

Die hier vorgestellte Arbeit beschreibt die Entwicklung einer neuen Strategie 

für die Entwicklung von selektiven, peptid-basierten CALP-Inhibitoren. Diese 

sollen den Cl--Ausstoß an der Plasmamembran von humanen 

Lungenepithelzellen, die den DF508-CFTR exprimieren (CFBE-DF Zellen), erhöhen. 

Dieser auf der SPOT-Synthese basierende Ansatz erlaubte es uns: (I) den besten 

natürlichen CALP-Binder unter 6223 humanen C-terminalen Peptiden zu 

identifizieren (SSR5; Ki = 21.4 ± 1.7 µM), (II) dessen Affinität weiter zu erhöhen 

und (III) dabei die Bindung zu den NHERF-Proteinen komplett zu unterbinden. 

Das hierbei entwickelte dekamere Peptid iCAL36 (ANSRWPTSII; Ki CALP = 17.3 ± 

4.3 µM) agiert nachweislich als kompetitiver Inhibitor der CFTR:CALP Interaktion, 

was durch NMR-Analysen nachgewiesen werden konnte. In CFBE-DF Zellen führt 

iCAL36 (500 µM) zu einer Erhöhung des Cl--Ausstoßes um 25 % (Ussing Kammer, 

p = 0.0008). Eine gleichzeitig Anwendung von iCAL36 mit dem CFTR-Korrektor 

Corr-4a führt zudem zu einer entsprechenden weiteren Erhöhung des Cl--

Ausstoßes an der Zellmembran, was die Kombinierbarkeit von iCAL36 mit 

"small molecule"-Korrektoren demonstriert. 

Jedoch zeigten MS/MS Analysen sowie pull-down Bestimmungen, dass iCAL36 

noch eine weitere PDZ-Interaktion mit dem Tax-interacting protein-1 (TIP-1) 

eingeht. Mit Hilfe unserer Strategie, kombiniert mit Röntgenstrukturanalysen, 

konnte auch diese Interaktion eliminiert und ein zweiter CALP Inhibitor (iCAL42; 

ANSRLPTSII; Ki CALP = 10.8 ± 0.2 µM) mit absoluter CALP-Spezifität entwickelt 
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werden. Dieser weist einen zu iCAL36 vergleichbaren positiven Effekt auf den 

Cl--Ausstoß auf. Die zelluläre Peptidaufnahme (500 µM) wurde hierbei zunächst 

durch das kommerziell erhältliche Reagenz BioPORTERϰ realisiert. Um die Zell-

Internalisation weiter zu effektivieren, wurde unser iCAL36-Inhibitor zudem 

kovalent an zellpenetrierende Peptide (CPPs) gekoppelt und bezüglich (I) ihrer 

Aufnahme (konfokale Mikroskopie), (II) ihrer Zytotoxizität 

(Viabilitätsbestimmung) sowie (III) ihrer biologischen Funktionalität 

(Ussing-Kammer) in CFBE-DF Zellen untersucht. Hierbei konnte eindeutig 

festgestellt werden, das iCAL36 gekoppelt an Penetratin bis zu einer 

Konzentration von 100 µM ohne auftretende Zytotoxizität aufgenommen 

werden kann. Zudem zeigt der an der Zellmembran gemessene Cl--Ausstoß von 

21 % (p = 0,02) bei einer 5-fach niedrigeren Konzentration im Vergleich zum 

.ƛƻthw¢9wϰΥF* -iCAL (500 µM) System die verbesserte Effektivität der 

Internalisierung. 

Der hier vorgestellte Ansatz zur Entwicklung peptid-basierter Hemmstoffe 

kann durch seine generelle Anwendbarkeit für die zellbiologische Untersuchung 

von PDZ Domänen im therapeutischen Kontext von Nutzen sein. Zudem spiegelt 

der kombinatorische Ansatz zur parallelen Behandlung der Biogenese- und 

Stabilitätsdefekte des häufigsten CF-assoziierten CFTR Allels (DF508-CFTR 

Mutation) die Nutzbarkeit und das Potential unserer Inhibitoren wieder, die 

Symptome von CF-Patienten zukünftig schneller und besser lindern zu können. 



3   Introduction 11 

3 LƴǘǊƻŘǳŎǘƛƻƴ 

 

3.1 /ȅǎǘƛŎ ŦƛōǊƻǎƛǎ 

 

Cystic fibrosis (CF) is the most common life-threatening autosomal recessive 

disease among people of European ancestry. In airway epithelia, loss of activity 

of the cystic fibrosis transmembrane conductance regulator (CFTR), the chloride 

channel mutated in patients with CF, leads to the breakdown of mucociliary 

clearance and facilitates the establishment of persistent and ultimately fatal 

bacterial infections [1]. The ɲF508 allele, found in ~90% of patients, results in a 

CFTR-protein that fails to fold correctly in the endoplasmic reticulum (ER) (Figure 

1 A) [2, 3]. However, if the folding defect is overcome, the resulting ɲF508-CFTR 

retains chloride channel activity, although with reduced open probability (Po) 

(Figure 1 A) [4].  

 

 

Figure 1: Defects and strategies to rescue ɲF508-CFTR.  
Endogenous CAL limits ɲF508-CFTR half-life in polarized human airway epithelial cells and 
represents a potential target for CFTR 'stabilizers.' (A) ɲF508-CFTR exhibits three functional 
defects: (1) a failure to fold properly in the ER, leading to ER associated degradation (ERAD) 
όάŦƻƭŘƛƴƎέύΤ όнύ ǊŜŘǳŎŜŘ ƻǇŜƴ ǇǊƻōŀōƛƭƛǘȅ όάtƻέύ ƻŦ ɲF508-CFTR channels that are found in the 
ŀǇƛŎŀƭ ƳŜƳōǊŀƴŜΤ ŀƴŘ όоύ ŀŎŎŜƭŜǊŀǘŜŘ ōǊŜŀƪŘƻǿƴ όάǎǘŀōƛƭƛǘȅέύΦ !ōŜǊǊŀƴǘ ŦƭǳȄ ƛǎ ƘƛƎƘƭƛƎƘǘŜŘ ōȅ ǊŜŘ 
arrows. (B) Classes of therapeutic agents are being developed to address the folding defect 
('correctors') and the gating defect ('potentiators'), but 'stabilizers' that specifically address the 
half-life deficiency have not yet been identified. 

 

A B
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Since only 10-35 % of wild-type channel activity may be required for 

significant therapeutic benefit [5], our goal is the development of methods to 

increase the amount of functional ɲF508-CFTR at the apical membrane. Among 

others CF is characterized by abnormal endocrine and exocrine gland function. In 

CF, unusually thick mucus leads to chronic pulmonary disease and respiratory 

infections, insufficient pancreatic and digestive function, and abnormally 

concentrated sweat. Current treatments for CF generally focus on controlling 

infections through antibiotic therapy and promoting mucus clearance by use of 

postural drainage and chest percussion.  

 

3.2 ¢ŀǊƎŜǘƛƴƎ /C¢w 

 

hǾŜǊ ǘƘŜ Ǉŀǎǘ ǘǿŜƴǘȅ ȅŜŀǊǎΣ ΨŎƻǊǊŜŎǘƻǊΩ ŀƴŘ ΨǇƻǘŜƴǘƛŀǘƻǊΩ ŎƻƳǇƻǳƴŘǎ ƘŀǾŜ ōŜŜƴ 

identified, addressing the primary folding and gating defects of ɲF508-CFTR, 

respectively (Figure 1B) [6, 7]. Potentiator compounds like Genistein [8] that have 

been widely used in research assays and are as important as compounds, like 

CFpot-532 [7, 9], that have been developed by the pharmaceutical industry for 

clinical use. Furthermore, several classes of small molecule correctors like 

Corr-4a [6] or VRT325 [7] have been identified, and there is now a growing 

prospect that the maturation and ion-channel activity of ɲF508-CFTR can be 

pharmacologically enhanced. However, the rescued CFTR-protein is 

comparatively unstable at physiological temperatures [10-12]. Optimal restoration 

of ɲF508-CFTR function is therefore likely to require combinatorial treatment of 

each of its three defects: folding, open probability, and stability (Figure 1 A).  

¢ƻ ƛŘŜƴǘƛŦȅ ŀ ƴŜǿ Ŏƭŀǎǎ ƻŦ ΨǎǘŀōƛƭƛȊŜǊǎΩ ŜȄǘŜƴŘƛƴƎ ǘƘŜ ŀǇƛŎŀƭ-membrane half-life 

of ɲF508-CFTR, we targeted a key regulator of its post-endocytic trafficking and 

degradation: CFTR-associated ligand (CAL). CAL negatively regulates ɲF508-CFTR 

cell-surface abundance through its PDZ (PSD-95, Dlg, and ZO-1) domain [13]. 

However, CFTR interacts not only with CAL, but also with the Na+/H+ exchanger 

regulatory factors NHERF1 and NHERF2. These proteins counteract CAL's effect, 
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enhancing the activity and the abundance of ɲF508-CFTR at the apical 

membrane [14-16]. 

 

3.3 t5½-5ƻƳŀƛƴǎ 

 

Within a cell, the activity of an individual protein is determined not only by its 

abundance and stereochemical identity, but also by its localization to specific 

compartments and its regulatory interactions with other proteins. As a result, 

the processes of protein trafficking and assembly are carefully regulated by 

networks of partners, generally expressing combinations of modular protein-

protein interaction domains (PPIDs). With more than 200 representatives, the 

human PDZ domains ς characterized by homology to the founding members 

PSD-95, Dlg, and ZO-1 ς are among the most common PPIDs [17-19]. PDZ domains 

usually consist of approximately 90 amino acid residues that form one or two 

-hhelices ( Ah- Bh) as well as six ̡-sheets (̡ Aς̡F) [17, 20, 21]. The conserved 

elements can vary in their linking sequences but a highly conserved fold always 

remains intact (Figure 2). One characteristic element of PDZ domains is the 

GLGF-loop, a binding motif between the ̡A and ̡ B sheets whose side chains 

form a hydrophobic cavity for the C-terminal amino acid of the ligand.  

 

 

Figure 2: Structure example of the CAL PDZ domain. 
The structure of the CFTR Associated Ligand protein (CAL; GOPC) PDZ domain 

[22]
 clearly reveals 

the canonical folding consisting 6 ̡ -sheets and two hςhelices. 
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Found either singly or in tandem arrays in over 100 proteins, PDZ domains 

generally bind to the extreme C-terminal residues of their cognate partners, 

facilitating the assembly of molecular scaffolds that organize the complex 

physiological functions of highly differentiated cells. Thus, PDZ proteins are key 

elements in assembling functional protein complexes and controlling cellular 

activities. However, the multivalent structure of PDZ proteins and the sequence 

promiscuity of PDZ:target interactions have complicated efforts to decipher their 

cell biological roles or to exploit them as sites of therapeutic intervention. 

In epithelial tissues, PDZ proteins are essential for the organization of tight 

junctions between cells and for the establishment and maintenance of apical-

basolateral polarization. In particular, a cluster of epithelial PDZ proteins that 

share overlapping binding motifs regulates the apical membrane abundance and 

functional activity of the CFTR, the chloride channel mutated in CF-patients [1]. 

 

3.4 tǊƻǘŜƛƴ-tǊƻǘŜƛƴ ƛƴǘŜǊŀŎǘƛƻƴǎ - ttLǎ 

 

One way to modulate cell properties is to disrupt or change natural protein-

protein interactions (PPIs) by developing selective inhibitors of specific protein 

domains that permit an interaction to the target domain with even higher affinity 

than the naturally occurring PPI.A PPI is an interaction between two or more 

proteins that is mainly based on non-covalent interactions such as van der Waals 

forces, hydrogen bonds, and electrostatic interactions of near surface protein-

domain amino acid residues. PPIs play a key role in virtually all biological protein 

based processes like signal transduction and transport functions of the 

cytoskeleton, and have therefore been one of the main topics of life science 

research over the past years. The entirety of human protein-protein interactions 

is a network of approximately 650,000 interactions [23] and is commonly denoted 

as άinteractomeέ. 

The functional unit of a PPI is the protein-protein interaction domain (PPID), 

and the variety and complexity of PPIDs are immense. PPIDs are involved in 



3   Introduction 15 

modulating and controlling the vast majority of signal transduction pathways in 

humans. 

Consequently, the development of new biomolecules to target PPID 

interactions is of major interest, and has the potential to illuminate cellular 

functionality and new therapeutic targets. The study and modulation of PPIDs is 

very challenging, and there is a great diversity of different biochemical and 

biophysical methods involved in PPI-research. These include SPOT-Synthesis, 

yeast two-hybrid, and phage-display. 

 

3.5 {ŎǊŜŜƴƛƴƎ ttLǎ ǿƛǘƘ ǇŜǇǘƛŘŜκǇǊƻǘŜƛƴ ƭƛōǊŀǊƛŜǎ 

 

Since proteinςprotein interactions are key players to understand biological 

events there are a multitude of methods to detect them. Each of the approaches 

has its own strengths and weaknesses, especially with regard to the sensitivity 

and specificity of the method. The first challenge is always the identification of a 

suitable interaction partner for a particular protein of interest. The three 

primarily used methods for discovering PPIs are SPOT-Synthesis [24], yeast two-

hybrid system (Y2H) [25], and phage display (PD) [26]. However, combination of 

different methods can also be of great value for the identification of PPIs, e.g. by 

the combination of pull down techniques and LC/MS/MS analyses [27]. 

The Y2H approach allows the study of protein-protein or protein-peptide 

interactions in Saccharomyces cerevisiae with posttranslational modifications 

occurring in eukaryotes such as glycosylation, palmitoylation or folding by 

chaperones (Figure 3). The robustness and low costs of yeast also allows for high 

throughput screening of many interaction partners. 

However, the interaction with a particular protein takes place in the nucleus 

where transcription occurs. This can be problematic due to fact that proteins can 

behave differently in the environment where they usually occur. The appearance 

of different folding behavior, the fact that fusion proteins are overexpressed and 

may not usually occur in the same cell compartment, and the partly different 

modifications in yeast compared to other eukaryotic organisms can lead to false 
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positive results. Thus, there is a necessity for strict validation using other 

methods, such as  fluorescence resonance energy transfer (FRET), co-

immunoprecipitation, surface plasmon resonance, fluorescence spectroscopy, X-

ray analysis, or nuclear magnetic resonance (NMR) spectroscopy. 

 

 

Figure 3: Yeast two-hybrid system and Phage Display to screen PPIDs. 
(A) Yeast-two-hybrid: Transcription factors are often separated into distinct domains interacting 
with- and activating the transcription machinery. The DNA Binding Domain (DNA-BD) mostly 
contains motifs that are necessary for DNA-binding whereas the Activation Domain (AD) is 
necessary for the binding to effector proteins like the RNA-Polymerase. The genetic fusion of a 
"bait" protein to the DNA-BD as well as a "trap"(or "prey") protein to the AD allows transcription 
only if a PPI occurs. For this purpose, separate plasmids for BD and AD genes of choice are added 
to yeast. If both fusion genes are transcribed and translated into the respective proteins, then 
the transcription of the inducible gene can occur with the PPI as absolute necessity. Figure 
source:http://employees.csbsju.edu/hjakubowski/classes/ch331/bind/olbindtransciption.html 
(B) Phage display: The creation of diversity at the DNA level, e.g. by cDNA libraries is the first step 
of the general phage display cycle and is later translated into phenotypic diversity by displaying 
proteins or peptides on the phage surface. An interaction molecule coupled to a solid phase 
reflects the selection pressure (in vitro selection). After eliminating unspecific binding events by 
several washing steps the interacting phage can be eluted and amplified for further analysis. 
Figure source: Curr. Protoc. Neurosci.51:5.12.1-5.12.27. © 2010 by John Wiley & Sons, Inc. 

 

PD is another way to study PPIs for antibody selection, protein modification, 

or the investigation of signal transduction pathways. Generally, a filamentous 

phage (most often M13 phage) is used to display a peptide or protein on their 

surface by genetic fusion to one of the coat proteins (most often pIII) followed by 

transformation to Escherichia coli (E.coli). The resulting coat protein unifies the 

phenotype and the genotype, which is a very important feature of PD. Thus, a 

simultaneous polypeptide presentation on the phage surface as well as genetic 

isolation of the respective peptide or protein occurs, allowing analysis and 

amplification of the target protein (in vitro selection; Figure 3 B). Display 

techniques have allowed the preparation and characterization of many new 

A B
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human antibodies and other proteins [28]. The fact that their affinities can be 

increased by mutagenesis also reflects PD as an approach capable of engineering 

new binding partners. Several companies now offer to produce virtually any 

antigen from large, sometimes semi synthetic, PD antibody libraries. This 

demonstrates the potential for the growth of biotechnology that results in the 

production of these products once the DNA libraries are produced. 

The underlying principal of Y2H as well as of PD is the creation of diversity at 

the DNA level, e.g. by the production of cDNA libraries. This is an important fact 

distinguishing these methods from the third method suitable for screening and 

more importantly for engineering PPIs: SPOT-Synthesis. 

 

3.6 {th¢ {ȅƴǘƘŜǎƛǎ 

 

The SPOT synthesis is a robust technique for parallel chemical synthesis of 

peptides on membrane supports. It was first published in 1992 by Ronald 

Frank [29], and has become a highly recognized method for the investigation and 

engineering of protein ligands over the last two decades. In general, spatially 

addressable immobilization of putative ligands by solid phase peptide synthesis 

(SPPS) is followed by the incubation with a biological, tagged sample [30] (Figure 

4). Therefore, SPOT synthesis is one player on the array technology field, and 

fulfils the main characteristics of an array technology. Software supported data 

read-out of the miniaturized array identifies signals or "spots" as places where 

interactions occur. As previously mentioned, SPOT synthesis is independent of 

the creation of genetic diversity, making it suitable especially for engineering of 

new peptide based ligands with desired properties. 
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Figure 4: Principle of SPOT synthesis on membrane supports. 
(A) First, a ß-alanine-linker is coupled on the solid phase, e.g. cellulose ("L" within a yellow box). 
(B) Coupling of the desired Fmoc-protected and OpfP activated amino acid (green box). The star 
reflects the side chain protection groups that are necessary to exclusively permit N-terminal 
elongation. Gray Spots indicate wet areas on the solid phase. (C) Fmoc cleavage under basic 
condition (piperidine) in order to get free amino groups for the next coupling cycle. The grey 
color shows solvent treatment of the solid phase. (D) The free amino groups are stained with 
bromophenol blue (BPB; blue dots). (E) Dried solid phase while the spots remain stained. Figure 
source: 

[30]
 

 

The possibility to directly change the capture molecule by substitutional 

analysis (single mutations) double or triple permutations, the introduction of D- 

or non natural amino acids, as well as peptoid building blocks [24, 31] within the 

peptide sequence favors the SPOT-synthesis over Y2H and PD for many 

applications. 

 

3.7 /ǊƻǎǎƛƴƎ ōƛƻƭƻƎƛŎŀƭ ƳŜƳōǊŀƴŜǎ ς tŜƴŜǘǊŀǘƛƴ ŀƴŘ atD 

 

Effective delivery of therapeutic agents into the cytosol of target cells remains 

a major obstacle in the medical field. The use of cell penetrating peptides (CPPs) 

has become one of the most important tools for the internalization of a wide 

range of molecules, including pharmaceuticals [32-34]. They are generally rich in 

basic amino acid residues, and are often derived from proteins involved in signal 

transduction. Today, due to their high potential to efficiently cross membranes 

A

B

C

D

E
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and transport cargoes, characterizing and optimizing CPPs has become a major 

goal over the last decade [34-39]. 

Despite the high number of biological applications using CPPs, there is no 

generalizable protocol for their use. As a result it is difficult to select a specific 

CPP for a distinct application. Based on our knowledge regarding CPP-uptake in 

different cell lines [40, 41], we have selected two CPPs to internalized the putative 

CAL PDZ inhibitors: MPG [42] and Penetratin [43]. 

MPG contains a C-terminal hydrophilic region consisting of a lysine rich motif 

derived from the nuclear localization sequence (NLS) of the SV40 large T antigen 

(KKKRKV), and an N-terminal hydrophobic domain from the fusion sequence of 

the HIV protein gp41 (GALFLGFLGAAGSTMGA). The hydrophilic domain is 

important for the solubility of the carrier peptide, as well as the intracellular 

trafficking and interaction with nucleic acids. The hydrophobic domain is mainly 

required for initial interactions with the plasma membrane prior to 

uptake [42, 44, 45]. 

MPG is one of the most extensively characterized CPPs. It was originally 

created for the delivery of small nucleic acids by the formation of peptide based 

nanoparticles (PBNs) through non covalent electrostatic or hydrophobic 

interactions [42].  

The use of a specific mechanism of cellular uptake of PBNs depends on their 

ability to form stable nanoparticles with the cargoes, their structural 

polymorphism, and on their interaction with membrane components. Most PBNs 

enter the cell independent of endosomal events, and were used with a large 

variety of different cell types and animal models [46, 47]. 

Penetratin is a CPP derived from the homeodomain of Drosophila 

Antennapedia homoeprotein [48]. It was extensively investigated by Alain 

Prochiantz and colleagues, and it was found to be a peptide with the ability to 

form different structures depending on its environment which should also be 

true for almost all CPPs investigated later. Thus, the lipid interaction of 

Penetratin seems to be a reciprocal process affecting both partners. For 

example, in the presence of anionic phospholipids, the peptide exhibits a coiled 

structure, but becomes disordered in an aqueous environment. Depending on 
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concentration, Penetratin tends to adopt an h-helical [43] (peptide/lipid ratio: 

1/325) or anti-parallel ß-sheet conformation (peptide/lipid ratio 1/10) [49, 50]. The 

heterogenic nature of Penetratin is not only shown by its dependence on 

concentration, but also on pH and temperature, as well as the presence of tags. 

In contrast to MPG, the cargoes were mostly covalently bound to Penetratin, 

showing their different uptake mechanisms. 

The behavior of CPPs depends on the used cell line [40]. This means it is 

necessary to analyze each selected CPP in the desired disease related cell type. 

New insight into the trafficking of CPPs with their cargoes into human bronchial 

epithelial cell lines will provide essential information to develop new tools for 

biological approaches, as well as for the treatment cystic fibrosis.  

Today, the number of CPPs that reach clinical trials is constantly growing, and 

the applications are pervasive. Their potential of application extends over a wide 

variety of diseases including keloid scarring, myocardial infarction, pain, hearing 

loss, stroke, and cancer [51]. 
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4 hōƧŜŎǘƛǾŜǎ ŀƴŘ {ǘǊŀǘŜƎȅ 

 

PDZ domains are highly conserved throughout all domains of life: from bacteria 

to humans [52]. Consistent with their structural homology, PDZ domains exhibit 

overlapping recognition sequences, meaning that a given partner typically can 

interact with multiple domains. Eight years ago, a general and efficient 

procedure for profiling PDZ-peptide interactions was proposed. The specificity 

and selectivity covering the complete PDZ-ligand sequence space were evaluated 

by combining SPOT synthesis and Kd prediction [53]. As predicted, there was 

substantial overlap of ligand sequences among the three PDZ domains analyzed 

(AF6, ERBIN and SNA1). Additionally, all of these peptide sequences bound with 

Kd values between 50- 100 M˃. Although recent studies have revealed 

encouraging diversity among PDZ sequence preferences [54, 55], it is not yet 

possible to predict a peptide inhibitor for a single PDZ domain while the target 

may have overlapping recognition motifs with other PDZ domains.  

Therefore, the synthesis of selective peptide based inhibitors for a unique PDZ 

domain and its biochemical characterization are main objectives of this work. 

Due to the fact that PDZ domains have a well-defined binding pocket, they are 

promising targets for drug discovery. A suitable system to address this question 

is the intracellular trafficking of CFTR in the context of CF. CFTR is mainly 

regulated via three PDZ domain containing proteins (CAL, NHERF1 and NHERF2). 

The PDZ containing proteins CAL (also called GOPC) [1, 56] and its antagonists 

NHERF1 and NHERF2 [1, 57] compete for the binding to CFTR. CAL contains one 

PDZ domain (CALP), and each NHERF protein has two (N1P1, N1P2, N2P1 and 

N2P2). Through these domains, CAL NHERF1, and NHERF2 control both the 

activity and the cell surface abundance of CFTR. NHERF family members increase 

CFTR activity at the apical membrane, whereas CAL promotes its lysosomal 

degradation. Thus, to explore novel therapeutic strategies for increasing the cell-

surface abundance of CFTR, the goal was to design a selective inhibitor of the 

CFTR:CAL interaction that does not affect the biologically relevant PDZ 

competitors NHERF1 and NHERF2 [1, 57]. 
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Figure 5: An iterative approach for engineering selective PDZ inhibitors. 
Upper panel: Inverted HumLib arrays of human C-terminal sequences were incubated with 
individual PDZ domains, and immunoblotted with antibody to detect bound PDZ protein as a 
function of peptide sequence. Top binding sequences were aligned (motifs), and arrays of 
individual side-chain substitutions were synthesized (validation) to establish C-terminal sequence 
motifs with affinity for the target, but not the counter-target domains. Candidate peptides were 
synthesized and tested via FP inhibition assay for binding to all five domains. Lower panel: Once a 
selective C-terminal sequence was established for positions P-3 to P0, combinatorial libraries 
were prepared, adding all possible combinations of the next two N-terminal amino acids to the 
core sequence. After PDZ domain incubation, pairs of amino acids were selected for further 
analysis based on strong binding to the CAL PDZ domain and weak or reduced binding to the 
NHERF domains. FP inhibition was used to validate the solid-state binding data, and once a 
residue pair was added to the core sequence, the pairwise N-terminal extension process was 
iterated. 

 

Here, a strategy for the parallel evolution of inhibitor affinity and selectivity by 

optimizing binding determinants distributed along the length of a decameric 

sequence is presented. The general approach [58] involves the synthesis of a 

variety of different cellulose-bound peptide libraries with the method of inverted 

peptides (see materials and methods section) based on SPOT technology [24] ς a 

simple and robust technique for the parallel synthesis of up to 6000 peptides 

with free C-termini on planar surfaces (spot diameter 1.2 mm) [31]. Promising 

peptide extensions or sequence modifications are identified, and fluorescence 
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polarization (FP) assays [59] are later used to determine binding constants. FP also 

allows us to examine the relative affinity for all five PDZ domains relevant to 

CFTR trafficking. Each modification is then evaluated for its contribution to the 

affinity with regards to CAL, and to the loss of affinity for the NHERF PDZ 

domains. 

We employed this general strategy to develop CAL PDZ inhibitors (iCAL) on a 

time scale relevant to industrial drug target discovery. "First generation" iCAL 

peptides will be validated by affinity capture, followed by Western blot or 

LC/MS/MS analyses. If off-targets are observed, we will then iterate the SPOT 

synthesis approach to dŜǾŜƭƻǇ ƛ/![ ƻŦ άǎŜŎƻƴŘ ƎŜƴŜǊŀǘƛƻƴέΦ 

Few peptides are able to freely cross biological membranes. Therefore, 

therapeutic peptides are generally administered in association with cell 

penetrating peptides (CPPs). For drugs targeted to function within the cytosol, 

their successful localization must be evaluated side by side with its biological 

functionality. The final goal of this PhD-thesis will be the validation of an 

intracellular delivery and drug efficacy strategy by measurement of Cl--efflux 

post-treatment of polarized CFBE-DF508 cells with CPP-iCAL conjugates. Since 

CPPs has been shown to deliver different cargoes including peptides into cells - 

without disrupting cell integrity - such an approach seems to be promising for a 

future therapeutical development. 
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5 aŀǘŜǊƛŀƭǎ ŀƴŘ ƳŜǘƘƻŘǎ 

 

5.1 tǊƻǘŜƛƴ 9ȄǇǊŜǎǎƛƻƴ ŀƴŘ tǳǊƛŦƛŎŀǘƛƻƴ 

 

NHERF1 (SwissProt accession #O14745; N1P1; residues 1 139; N1P2; residues 

133-234) and NHERF2 (SwissProt accession #Q15599; N2P1; residues 1 151; 

N2P2 residues 143-230) constructs were subcloned as described previously [13]. 

The vectors encoding the wild-type CAL PDZ domain (SwissProt accession 

#Q9HD26-2; CALP; residues 278-362) have also been described previously [59]. All 

constructs were verified by DNA sequencing at the Dartmouth Molecular Biology 

Core Facility. All PDZ constructs were expressed, harvested, and lysed. The 

lysates were clarified as previously described [13], except that NHERF1 and 

NHERF2 PDZ domains were expressed in Rosetta 2 (DE3) cells (Novagen). 

Immobilized metal-affinity and size-exclusion chromatographic (SEC) purification 

of the PDZ domains of NHERF1, NHERF2 and CAL was performed essentially as 

previously described for CALP [13, 59]. Proteins were concentrated using Amicon 

Ultra-15 5000 MWCO (NHERF1 and NHERF2 PDZ domains) or YM-3 concentrators 

(CAL PDZ domain constructs) (Millipore). Following concentration, proteins were 

dialyzed into storage buffer: 25-50 mM NaH2PO4, pH 7.4 (N1P1, N1P2, and 

N2P1), 25 mM Tris, pH 7.5 (N2P2) or 25 mM Tris, pH 8.5 (CAL PDZ). 

TIP-1 (accession # O14907) was expressed and purified similarly except that an 

N-terminal 10-His tag was used with a modified HRV-3C protease recognition 

sequence (LEVLFQ*G) upstream of the full-length protein sequence. Following 

TIP-1 purification via immobilized metal-affinity chromatography, the protein 

was applied to a Superdex S75 gel filtration column (GE Healthcare) and eluted in 

50 mM Tris pH 8.5, 150 mM NaCl, 0.1 mM TCEP, 0.02 % NaN3. Human rhinovirus 

3C protease (Novagen) was added to the pooled protein fractions at a 1:30 mass 

ratio and incubated at 4 °C for 48 hr. Following cleavage the protein was passed 

through a 1mL HisTrapHP column (GE Healthcare) equilibrated in 20 mM 

imidazole, 25 mM Tris pH 8.5, 150 mM NaCl, 0.1 mM TCEP, 0.02 % NaN3. The 

protein was further purified on a Superdex S75 column as described above. 
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Following gel filtration the protein was dialyzed into gel filtration buffer with 5 % 

glycerol. Thermal stability of all constructs was confirmed at temperatures 

previously used for in vitro binding measurements [59]. 

 

Table 1: PDZ domains 

PDZ domain amino acids # 
molecular weight  

(g /  mol) 
protein name /  

UniProt ID ʶ ό[ϊƳƻƭ
-1
·cm

-1
) 

N1P1 162 17556.6 NHERF1 / O14745 3105 

N1P2 208 23128.5 NHERF1 / O14745 1615 

N2P1 173 19591.9 NHERF2 / Q15599 12615 

N2P2 160 17671.6 NHERF2 / Q15599 3105 

CALP 131 14632.2 CAL / Q9HD26 2980 

TIP-1 143 16081.2 TIP-1 / O14907 8480 

Calculŀǘƛƻƴ ƻŦ ʶ ǿŀǎ ŘƻƴŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ tǊƻǘtŀǊŀƳ ǘƻƻƭ ƻŦ ǘƘŜ 9ȄǇŀǎȅ website. 

 

 

Sequence of N1P1 

MGHHHHHHHH HHSSGHIEGR HMMSADAAAG APLPRLCCLE KGPNGYGFHL 

HGEKGKLGQY IRLVEPGSPA EKAGLLAGDR LVEVNGENVE KETHQQVVSR 

IRAALNAVRL LVVDPETDEQ LQKLGVQVRE ELLRAQEAPG QAEPPAAAEV 

QGAGNENEPR EA 

 

Sequence of N1P2 

MGHHHHHHHH HHSSGHIEGR HMNENEPREA DKSHPEQREL RPRLCTMKKG 

PSGYGFNLHS DKSKPGQFIR SVDPDSPAEA SGLRAQDRIV EVNGVCMEGK 

QHGDVVSAIR AGGDETKLLV VDRETDEFFK KCRVIPSQEH LNGPLPVPFT NGEIQKENSR 

EALAEAALES PRPALVRSAS SDTSEELNSQ GDPKETAAAK FERQHMDS  

 

Sequence of N2P1 

MGHHHHHHHH HHSSGHIEGR HMMAAPEPLR PRLCRLVRGE QGYGFHLHGE 

KGRRGQFIRR VEPGSPAEAA ALRAGDRLVE VNGVNVEGET HHQVVQRIKA 

VEGQTRLLVV DQETDEELRR RQLTCTEEMA QRGLPPAHDP WEPKPDWAHT 

GSHSSEAGKK DVSGPLRELR PRL  
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Sequence of N2P2 

MGHHHHHHHH HHSSGHIEGR HMPLRELRPR LCHLRKGPQG YGFNLHSDKS 

RPGQYIRSVD PGSPAARSGL RAQDRLIEVN GQNVEGLRHA EVVASIKARE 

DEARLLVVDP ETDEHFKRLR VTPTEEHVEG PLPSPVTNGT SPAQLNGGSA CSSRSDLPGS  

 

Sequence of CAL 

MGHHHHHHHH HHSSGHIEGR HMENLYFQGI RKVLLLKEDH EGLGISITGG 

KEHGVPILIS EIHPGQPADR CGGLHVGDAI LAVNGVNLRD TKHKEAVTIL SQQRGEIEFE 

VVYVDPKETA AAKFERQHMD S 

 

Sequence of TIP-1 

MGHHHHHHHH HHLEVLFQGM SYIPGQPVTA VVQRVEIHKL RQGENLILGF 

SIGGGIDQDP SQNPFSEDKT DKGIYVTRVS EGGPAEIAGL QIGDKIMQVN 

GWDMTMVTHD QARKRLTKRS EEVVRLLVTR QSLQKAVQQS MLS 

 

All proteins contain the about 80 amino acids long PDZ domains (grey) flanked by 

parts of the native protein (white). The histidin-tag is shown in yellow. 

 

5.2 tǊƻǘŜƛƴ ŀƴŘ ǇŜǇǘƛŘŜ ōƛƴŘƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ 

 

Native, fluoresceinated and biotinylated peptides were synthesized by the 

Molecular Libraries and Recognition Group as reported previously [40] 

(Charité-Berlin). 

In detail, the peptides used for the binding studies were automatically 

synthezised (Syro II, MultiSynTech) using the Fmoc standard protocol. Peptides 

with a C-terminal carboxyl group were generated using TentaGel S PHB-aa-Fmoc 

(Rapp Polymere) and with a C-terminal carboxyamide group using TentaGel S 

Ram resin (Rapp Polymere). For standard synthesis Fmoc-aa-OH were used with 

the following side-chain protections: E-, D-(OtBu); S-, T-, Y-(tBu); K-, W-(Boc); N-, 

Q-, H-(Trt); R-(Pbf) (Novabiochem; Bachem). (5,6)-carboxyfluorescein (F*-, Fluka) 



5   Materials and methods 27 

coupling was achieved using 1 equiv. N-hydroxybenzotriazole (HOBt) and 1 

equiv. di-isopropylcarbodiimide (DIC) as activators, as reported in [60]. The crude 

peptides were purified to > 95 % by preparative high-performance liquid 

chromatography (HPLC; Waters) and their identity was determined by analytical 

reversed phase-HPLC (Waters) and MALDI TOF (matrix-assisted laser 

desorption/ionization - time of flight) mass spectrometry (LaserTec BenchTopII, 

PerSeptive Biosystems). 

Bƛƻǘƛƴ όάBTέύ ǿŀǎ b-terminally coupled via a WrFKK linker sequence (lower-

case = D-amino acid). These peptides were synthesized by the Tufts University 

Core Facility, Yale Keck Biotechnology Resource. 

 

5.3 {ȅƴǘƘŜǎƛǎ ŀƴŘ ƛƴŎǳōŀǘƛƻƴ ƻŦ ǇŜǇǘƛŘŜ ƭƛōǊŀǊƛŜǎΦ 

 

All peptide libraries were generated by a MultiPep SPOTrobot (INTAVIS 

Bioanalytical Instruments AG, Software LISA, in-house software). As reported 

previously, all peptide libraries were prepared using an optimized method for 

generating inverted peptides [61] and incubated with all five PDZ domains. All 

amino acids that have been used for SPOT-sythesis were purchased from Merck, 

BACHEM, or PerSeptive Biosystems GmbH.  

Library definition: 6223HumLib = 6223 C-termini (11 mers) of human proteins; 

SubAna = substitutional analyses [each residue of the ligand was substituted by 

20 L-amino acids]; ProLibs = profile library [permutation of the four C-terminal 

ligand positions based on a limited amino acid set]; CombLib = combinatorial 

library of the type B1-B2-(X)n [B1 and B2 are the positions which will be 

ǇŜǊƳǳǘŜŘ ŀƴŘ ά·έ ǊŜǇǊŜǎŜƴǘǎ ǎŜǉǳŜƴŎŜ ǎǇŜŎƛŦƛŎ amino acids which were held 

constant].  

Peptide array binding studies were incubated as previously reported [59]. 

Briefly, membranes were incubated with polyhistidine-tagged PDZ domain (10-

20 g˃/mL) in blocking buffer overnight at 4 °C. His-tagged PDZ domains were 

detected using a mouse anti-polyHis antibody (Sigma; 1:2,600 in blocking buffer, 
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2 hr at RT) followed by horseradish-peroxidase conjugated anti-mouse antibody 

(Calbiochem; 1:2,000 in blocking buffer, 1 hr at RT). 

 

5.4 CƭǳƻǊŜǎŎŜƴŎŜ ŀƴƛǎƻǘǊƻǇȅ ōƛƴŘƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎ  

 

Fluorescence polarization data were measured on a Spectramax M1000 

microplate reader (Molecular Devices) at 24 °C. For Kd measurements with a 

given fluorescently labeled peptide, a stock solution of protein was incubated for 

10-30 min at room temperature in FP buffer (storage buffer, supplemented to a 

final concentration of 0.1 mg/mL bovine IgG (Sigma) and 0.5 Mm Thesit (Fluka) 

containing 30 nM fluorescent peptide). The pre-equilibrated protein:reporter 

peptide mixture was then serially diluted into FP buffer containing 30 nM 

fluorescent peptide and allowed to incubate for 10 min. 40 L˃ aliquots were 

transferred to HE low-volume, black 96-well plates (Molecular Devices). 

Fluorescence polarization was determined at an excitation wavelength of 485 nm 

and an emission wavelength of 525 nm as depicted in ref. [59]. For competition 

experiments, a single stock solution was prepared in FP buffer containing fixed 

concentrations of both fluorescently labeled reporter peptide and protein. This 

mixture was allowed to equilibrate for 20-60 min at RT. Unlabelled competitor 

peptide was dissolved and serially diluted in DMSO (Fluka). Each serial dilution 

was aliquoted at 1/20 final volume, to which was added 19/20 volume of the 

protein:reporter mixture. The final reporter peptide concentration was 30 nM 

and the final protein concentration was 0.25 Kd - 3.0 Kd, depending on the 

measurement. Plates were mixed by vibration, centrifuged and allowed to 

incubate for an additional 15 min at 24 °C in the microplate reader before 

measurement. For weakly interacting peptides, Ki values were estimated as 

follows: theoretical fluorescence anisotropy values were calculated for inhibitor 

Ki based on the known reporter:peptide fluorescence anisotropy (FPPL), free 

reporter anisotropy (FPL), and the known Kd of the reporter:peptide complex. 

The estimated Ki value was increased until the theoretical fluorescence 

anisotropy value (with assumed equal variance) at the 1 mM concentration 

significantly increased (p < 0.05) above experimental fluorescence anisotropy. 
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5.5 baw ǎǘǳŘƛŜǎ 

 

Isotopically labeled 15N- or 15N,13C-CAL (UniProt accession number Q9HD26-2) 

was prepared using published protocols [59, 62], and dialyzed into 10 mM D11-Tris 

pH 7.8, 150 mM NaCl, 0.02 % NaN3, 0.1 mM TCEP. NMR experiments were 

conducted at 25 °C on a Bruker 600 MHz spectrometer, equipped with a TCI 

cryogenic probe. CALP (480 M˃) backbone assignment was achieved through 

two-dimensional 1H-15N HSQC an three-dimensional HNCA, HN(CO)CA, HNCACB, 

and CBCA(CO)NH experiments. 78 of 82 (95 %) backbone amides from the CALP 

core PDZ domain were successfully assigned. A peptide-bound assignment was 

performed similarly with 470 ˃M 15N,13CCALP and 810 M˃ (F*-WrFKK-iCAL36) 

using 1H,15N HSQC, HNCA, HN(CO)CA, and HNCACB experiments. iCAL36 

(ANSRWPTSII) 1H,15N HSQC backbone crosspeaks were assigned by comparison 

with the CALP apo and F*-WrFKK-iCAL36 spectra. Labeled crosspeaks exhibited a 

normalized chemical shift offset ɲ җ лΦмрΣ where ɲ = [(ɲ1H)2 + (ɲ15N/6)2]1/2. 

Protein surface depictions of CAL (PDB ID 2DC2 [22] were prepared using 

PYMOL [63].  

 

5.6 tǳƭƭ-Řƻǿƴ ŀǎǎŀȅǎ 

 

Native ŀƴŘ ōƛƻǘƛƴȅƭŀǘŜŘ ǇŜǇǘƛŘŜǎ ǿŜǊŜ ŎƻƳƳŜǊŎƛŀƭƭȅ ǎȅƴǘƘŜǎƛȊŜŘΦ .ƛƻǘƛƴ όάBTέύ 

was N-terminally coupled via a WrFKK linker sequence. The control peptide SCR 

(SPTINSAIWR) represents a scrambled version of the iCAL36 sequence. 

Streptavidin paramagnetic beads (Promega) were incubated with buffer (control) 

or N-terminally biotinylated peptides corresponding to the CFTR and SSR5 C-

termini and iCAL36 and washed to remove unbound peptide. CFBE41o- cells [64] 

cells stably expressing ɲF508-CFTR under the control of a cytomegalovirus 

promoter [65] (CFBE-ɲF cells) were cultured to confluence, serum starved for 

24 hr, and lysed at 4 °C. Clarified supernatants were pooled and incubated with 

peptide-treated beads. Following washing, bound proteins were eluted on ice 

with buffer (control) or with 0.5 mM peptide inhibitor or 0.5 mM scrambled 
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peptide in 2.5 % DMSO. Proteins were resolved by SDS-PAGE and analyzed by 

Western blotting. 

 

5.7 /Ŝƭƭ ŎǳƭǘǳǊŜ 

 

Caco-2 cells were a generous gift from Prof. Dr. Theuring (Center for 

Cardiovascular Research ς Charité Berlin). Cells were maintained in DMEM High 

Glucose (4.5 g/L), with L-glutamine without phenolred (PAA) completed by 1:100 

MEM non essential amino acids (100x; PAA), 1:100 penicillin / streptomycin 

(100x; PAA) and 20 % fetal bovine serum (Biochrom AG) (Caco-2 medium). Cells 

were grown at 37 °C in 5 % CO2. All cells used in experiments were between 

passages 10 and 70. 

CFBE-ɲF cells were a generous gift of Dr. J.P. Clancy (University of Alabama, 

Birmingham). Cells were maintained in MEM with 2 mM L-glutamine, 10 % fetal 

bovine serum (FBS), 50 units/mL ǇŜƴƛŎƛƭƭƛƴ ό{ƛƎƳŀύΣ рл ˃g/mL streptomycin 

(Sigma), 2 ˃ g/mL ǇǳǊƻƳȅŎƛƴ όLƴǾƛǘǊƻƎŜƴύΣ ŀƴŘ р ˃g/ml plasmocin (Invivogen) 

(ɲF-medium). Cells were grown at 37 °C in 5 % CO2. Cells were switched to MEM 

with only penicillin and streptomycin 24 hr before experiments. All cells used in 

experiments were between passages 12 and 25. 

 

5.8 LƳƳǳƴƻǎǘŀƛƴƛƴƎ ŀƴŘ ƳƛŎǊƻǎŎƻǇȅ 

 

CFBE-ҟF confocal microscopy: Confocal images were acquired with a Nikon 

TE2000 swept field confocal microscope equipped with a QuantEM:512SC 

EMCCD camera (Photometrics, Tucson, AZ) and a 100× (N.A. 1.49) oil-immersion 

objective at 25 °C. The red Draq5 fluorescence was excited with a 638 nm diode 

laser. The green (5,6) carboxyfluorescein fluorescence was excited with the 

488 nm laser line of a diode laser. The system was run in sequential scanning 

mode, where only one laser was active at a time, to avoid spectral overlap. The 

emission of FITC was recorded using a 525/50 nm filter. For Draq5, the emission 

was recorded using a 700/75 nm filter. The images were analyzed using the 
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Nikon NIS-Element software. All measurements of peptide uptake were 

performed with living, non-fixed cells grown in a coverlips (MakTek). Cells were 

seeded at a density of 1 × 155/well 3 days before the experiment and cultured in 

ɲF-medium. Prior to Microscopy, cells were washed twice with 1 ml PBS followed 

by a 3.5 hr incubation with 1 mL peptide solutƛƻƴǎ ƛƴ ɲC-medium without FBS 

(5 µM). After peptide incubation, cells were washed three times with ɲF-medium 

without FBS. Nuclei were stained by adding 1 mL prediluted (1:1,000 in ɲF-

medium without FBS) Draq5 dye (Cell signaling) for 3 min at 37 °C. 

CFBE-ҟF fluorescence microscopy: CFBE ɲF508 cells were seeded at 105 cells 

per coverslip (MatTek) and 6 days later treated with PBS, BioPORT9wϰ ǊŜŀƎŜƴǘ 

(Sigma) and DMSO, BioPORTERϰ and peptide, or CPP and peptide as described 

for Ussing chamber experiments. The immunostaining protocol was described by 

Swiatecka-Urban et al. [12] except that Alexa 568 goat anti-rabbit antibody was 

used. 

 

5.9 /ŜƭƭǳƭŀǊ ǳǇǘŀƪŜ 

 

Caco-2 cell layers were seeded (6 × 104) and subsequently cultivated for 14 days 

in 6 well plates (Falcon) until they were differentiated. Cells were cautiously 

rinsed twice with 1 mL PBS to completely remove the medium. One mL of a 

peptide solution in Caco-2 medium without FBS was applied for 3.5 hr at 37 °C, 

5 % CO2. Afterwards, 1 mL PBS was added and cells were transferred to a 2 mL 

reaction tube (Eppendorf) followed by a centrifugation step for 10 min at 4 °C 

and 4,000 RPM. The cells were trypsinated for 10 min at 37 °C with 300 L˃ 

trypsin (0.05 % trypsin /0.02 % EDTA (w/v) solution (Biochrom AG). Then, cells 

were washed with 1 mL PBS buffer, and centrifuged at 4000 RPM at 4 °C for 10 

min (2x). Lysis and BCA assay was performed as described previously [40]. 
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5.10 /Ŝƭƭ Ǿƛŀōƛƭƛǘȅ ŀǎǎŀȅ 

 

Caco-2: 

млл ˃l containing 6 × 104 cells were seeded in 96-well microtiter plates (Falcon) 

and cultivated overnight. One day (80 % confluence), three days (100 % 

confluence) or 14 days (differentiated) after cultivation, cells were rinsed twice 

with PBS, and subseqǳŜƴǘƭȅΣ млл ˃L Caco-2 medium without FBS was added.  

¢ƘŜƴΣ мл ˃L of different peptide solution concentrations were applied, and cells 

were incubated for 3.5 hr at 37 °C. Subsequent addition of 50 µL Caco-2 medium 

with 20 % FBS was followed by an incubation overnight at 37 °C and 5 % CO2. The 

next day, 10 ˃L of CCK-8 solution (Fluka) was added for 4 hr, and cell viability was 

determined by measuring the absorbance of each sample due to the formazan 

product at 570 nm using a microplate reader (FLUOstar Optima). 

CFBE cells: 

млл ˃l containing 1 × 105 cells were seeded in 96-well microtiter plates (Falcon) 

and cultivated 5 days until they have reached confluence. Afterwards, cells were 

rinsed twice with ɲF-mediumΣ ŀƴŘ ǎǳōǎŜǉǳŜƴǘƭȅΣ млл ˃L ɲF-medium without FBS 

waǎ ŀŘŘŜŘΦ ¢ƘŜƴΣ мл ˃L of different peptide solution concentrations were 

applied, and cells were incubated for 3.5 hr at 37 °C. Subsequent addition of 

50 µl ɲF-medium with 10 % FBS was followed by an incubation overnight at 37 °C 

and 5 % CO2. The next day, 1л ˃L of CCK-8 solution (Dojindo) was added for 4 hr, 

and cell viability was determined by measuring the absorbance of each sample 

due to the formazan product at 570 nm using a microplate reader (BioTek 

Synergy). 
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5.11 ¦ǎǎƛƴƎ ŎƘŀƳōŜǊ ŎƘƭƻǊƛŘŜ ŜŦŦƭǳȄ ŜȄǇŜǊƛƳŜƴǘǎ 

 

Ussing chamber measurements were performed 12 days after seeding CFBE 

ɲF508 cell ƳƻƴƻƭŀȅŜǊǎ ƻƴ мн ƳƳ {ƴŀǇǿŜƭƭϰ ό/ƻǊƴƛƴƎύ ŦƛƭǘŜǊ ǎǳǇǇƻǊǘǎ ǿƛǘƘ ŀ 

density of 1 x 105 cells. Peptide delivery was performed either by BioPORTERϰ 

(Sigma) reagent or cell penetrating peptides covalently bound to inhibitor 

peptides of the CAL PDZ domain. In case of the BioPORTERϰ delivery the peptide 

inhibitors were dissolved in DMSO, diluted in PBS to 1.25 mM, and then 100 ˃L 

of diluted peptide was added to lyophilize BioPORTERϰ. 150 ˃ l MEM was added 

to reaction tubes. CFBE-ɲF polarized monolayers were treated apically with the 

resulting 500 ˃ M iCAL36 solution for 3.5 hr and washed to remove non-

internalized peptide. Depending on experimental design, 20 g˃/mL 

cycloheximide (CHX) was applied for the final 2 h or at the completion (0 hr 

baseline) of peptide treatment, after which the cells were washed. CPP-iCAL36 

delivery was realized by dissolving the peptide in DMSO and adding it to 250 µL 

MEM followed by apical treatment of CFBE-ҟC cells with the peptide solution for 

3.5 hr. The DMSO concentration did not exceed 0.03 % in peptide-only 

treatments or 0.14 % in combined treatments with corr-4a. Short circuit current 

(ISC) measurements were performed as described [13], except that all 

measurements were performed at 37 °C. In general, 50 µM amiloride (Sigma) 

was initially applied apically to inhibit epithelial sodium channel (ENaC) activity. 

ISC was stimulated with 20 mM forskolin (Sigma) added to the apical and 

basolateral bath solution to increase cellular cAMP levels followed by 50 mM 

genistein (Sigma) added only to the apical bath solution to increase the open 

ǇǊƻōŀōƛƭƛǘȅ ƻŦ ɲCрлу-CFTR Cl channels. Once maximal activation was achieved, 

CFTR-specific chloride efflux was computed as the ISC current change (ɲISC) 

following application of CFTRinh172 which reversibly inhibits CFTR ISC. Resistances 

were monitored throughout each experiment to ensure monolayer integrity. For 

small molecule corrector experiments, 3 M˃ corr-4A or DMSO was added to cells 

24 hr before experiments.  
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5.12 /C¢w ǎǘŀōƛƭƛǘȅ ŀǎǎŀȅ 

 

CFBE cells were transfected using 200 nM siCAL (siGOPC3, Qiagen) or control 

siNEG (Qiagen) as described [13]. Seven days post-transfection, cells were 

switched to 27 °C, and 8-12 hr later, complete medium was replaced with MEM. 

Following >24 h low temperature rescue, MEM was replaced with 37 °C MEM 

containing 20 µg/mL CHX (Sigma). At t = 0 h and t = 2 hr, CFTR surface 

biotinylations were performed as described [13]. CAL and CFTR were detected in 

whole-cell lysates (WCL) and biotinylated fractions as described [66]. ß-actin was 

used as a loading control. 

 

5.13 {ǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎƛǎ 

 

Values are reported as mean ± SD except for Ussing chamber experiments where 

ƳŜŀƴ ҕ {9a ƛǎ ǊŜǇƻǊǘŜŘΦ {ǘǳŘŜƴǘΩǎ ƻƴŜ-tailed t-test was used for peptide 

selectivity profiles by fluorescence anisotropy in addition to CFTR stability assays. 

{ǘǳŘŜƴǘΩǎ ƻƴŜ-tailed paired t-test was used for analysis of Ussing chamber 

experiments to account for current drifts during the course of the experiments. 

The magnitude of the currents reproducibly became smaller as a function of 

experiment length.  
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6 wŜǎǳƭǘǎ 

 

6.1 9ƴƎƛƴŜŜǊƛƴƎ άŦƛǊǎǘ ƎŜƴŜǊŀǘƛƻƴέ ǇŜǇǘƛŘŜ ƛƴƘƛōƛǘƻǊǎ 

 

This project was initiated with the synthesis of a peptide library containing 6223 

different peptide sequences representing the C-termini of human proteins (6223-

HumLib) [59, 61]. For each PDZ domain involved in the regulation of CFTR (CALP, 

N1P1, N1P2, N2P1, and N2P2) a 6223-HumLib was synthesized and peptide:PDZ 

interactions were revealed by immunoblotting (see materials and methods 

section). Beside new interaction partners such as the somastotatin receptor type 

5 (SSR5) [59], published interactions could be detected, thereby demonstrating 

the robustness of our method. For example, known N1P1 binding partners such 

as the platelet-derived growth factor [67], 2̡-adrenergic receptor [68], CFTR [68], 

and the N2P2 partner ̡-catenin [69] were all found (see appendix Tables A2- A6).  

 

6.1.1 Engineering the four C-terminal positions 

 

The 80 best binding sequences of the respective 6223-Humlib incubations 

determined by evaluation of spot intensities were analyzed using the WebLogo 

algorithm [70], revealing clear C-terminal binding motifs (Figure 6). Consistent 

with their shared affinity for the CFTR C-terminus, the resulting consensus motifs 

are very similar, especially for ligand positions 0 (P0: ligand positions are 

numbered in reverse from the C-terminal ligand residue, which is denoted as 0) 

and P-2 requiring Leu and Ser/Thr, respectively. We also found distinctions in the 

alternative side-chain preferences at P0, with CAL sequences containing Ile or Val, 

and NHERF sequences containing Phe. A similar N1P1 binding motif 

corresponding to Xxx-Ser/Thr-Arg-Phe was reported by Joo and Pei [71]. 

Generally, it appears that CALP only tolerates aliphatic-hydrophobic amino acids 

whereas the NHERF domains prefer Leu and aromatic-hydrophobic amino acids 

at these positions. 
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Figure 6: Consensus motifs of the five PDZ domains involved in CFTR binding. 

(A): Five 6223-HumLibs were generated by the method of inverted peptides (SPOT synthesis), 
each containing 6223 human C-terminal peptides, which were incubated with the CAL and the 
four NHERF PDZ domains, respectively. The most frequent amino acids were plotted for the four 
C-terminal residues using WebLogo (http://weblogo.berkeley.edu/) analysis of the 80 best 
binding sequences. (B): Substitutional analyses (SubAna) of the C-terminal SSR5 sequence 
demonstrate the interaction determinants of the CALP and the NHERF PDZ domains. (C): FP 
measurements comparing SSR56 (MQTSKL) with iCAL066 (MQTSKI) and with iCAL056 (MQTSII) 
clearly revealed that I at P

0
 does not disturb the interaction with CALP, but increases the Ki-values 

of the NHERF PDZ domains. Values shown are mean ± SD, n=3. 

 

To investigate the context dependence of the amino-acid preferences, we 

performed substitutional analyses (SubAna) on a series of peptides from the 80 

best 6223-HumLib-peptides. This selection included the C-terminus of the 

somatostatin receptor type 5 (SSR510), which has the highest known affinity for 
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CALP [59]. SubAnas are single-substitution peptide libraries in which each residue 

of a given ligand is sequentially replaced by each of the 20 gene-encoded L-

amino acids. SubAnas are suitable peptide libraries to determine key positions of 

the ligand for a given protein or protein domain. The SubAnas confirm the 

difference in the amino-acid preferences at P0 between the five PDZ domains 

(Figure 6 B). Taken together, CALP shows a clear tolerance for Ile at P0 as shown 

in the SubAna of SSR5 (Figure 6 B), as well as with other ligands (Figure 7). In 

contrast, NHERF PDZ domains show weak or absent binding for Ile at these 

positions (Figure 6 B). As determined by FP measurements, the single P0 Leu/Ile 

substitution generates a ~7-fold increase in the selectivity index for CALP 

compared to the NHERF PDZ domains (from 0.4 for SSR56 to 2.7 for iCAL056) 

(Table 2). SubAna data also reveal a modest preference of CALP for Ile at P-1 

(Figure 6 B, red circles in Figure 7). With the double substitution at P0 and P-1 we 

increase the selectivity index ~25-fold (from SSR56 to iCAL066, Table 2). 

Although the motif and SubAna data on P-2 and P-3 were ambiguous, previous 

FP measurements had shown that the Thr-Ser sequence provided ~5-fold more 

selectivity versus N1P2 compared to the Ser-Thr sequence (data not shown).  
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Figure 7: SubAna incubations of different C-termini with the PDZ domains of the CAL, NHERF1 
and NHERF2 protein. 
(CALP) The SubAna of the breakpoint cluster region protein (BCR), the vasoactive intestinal 
polypeptide receptor 2 (VIPR2) and the microtubulin-associated protein 4 (MAP4) were 
incubated with CALP 
(N1P1) The SubAnas of the alpha-type platelet-derived growth factor receptor (PGFRA), the 
cystatin-B (CYTB) and the keratin, type I cuticular Ha8 (KRT38) were incubated with N1P1. 
(N1P2) The SubAnas of the beta-type platelet derived growth factor receptor (PGFRB), the P2Y 
purinoceptor 1 (P2RY1) and the P2Y purinoceptor 2 (P2RY2) were incubated with N1P2. 
(N2P1) The SubAnas of PGFRB, CYTB and the voltage-dependent L-type calcium channel subunit 
alpha-1D (CAC1D) were incubated with N2P1. 
(N2P2) The SubAnas of PGFRB, P2RY2 and CAC1D were incubated with N2P2. 
Amino acid substitutions to Ile on P

-1
 are mostly not tolerated by the NHERF PDZ domains. Each 

residue of the ligand was substituted by 20 naturally occurring L-amino acid residues. The 
resulting peptides were generated by SPOT synthesis of inverted peptides. All spots in the left-
hand columns are identical and represent the wild-type (wt) peptide. All other spots are single 
substitution analogues, with the rows defining the sequence position that is substituted and the 
columns defining the amino acid used as a replacement. 

 

  
















































































































































