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Cystic Fibrosis (CF)ase of the most commottethal 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 Ph#hé sequence of an ion channel
involved in CHDF508Cystic Fibrosis Conductance RegulatorDsi508CFTR)
resulting in a reduced ability of epithelial cells to transporti@is across the
plasma membrane. This causes an osmotic imbalancsjraathe away surface
mucusin the lung to thicken, which in turn prevents airway cilia from executing
effective mucus clearanoghich leads to the symptoms of ClEmerging chronic
infections with bacteria lik&taphylococcus aureasd Pseudomonaaeruginosa
further reduce lung functionality, and are the main reasons for patient mortality.
Therefore,a key therapeutic goal to reduced -p&tient morbidity and mortality

is the restoration of sufficienmutant 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'DEB08CFTR
but 'stabilizers' that specifically address the Hdl deficiency have not yet been
identified.

The PDZ containing proteins CAL (G&3d®ciated Ligand) and its antagonists
NHERF1 and NHERF2 *(N& Exchanger Regulatory Factor 1/2) compete for
CFTR binding. CAL contains one (CALP), and each NHERF protein contains two
PDZ domains (N1P1, N1P2, N2P1NRHE2) 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 thd-setface 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
syrthesis approach to engineer selective peptide based inhibitors for CALP, thus

increasing Gkfflux across the plasmamembrane of human lung epithelial cells
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stably expressindpF508CFTR (CFEIE cells). This approach allowed us to: (I)
identify the natural highest affinity ligand of CAL (SSR5; K..4 £ 1.7uM)
among 6223 @erminal peptides, (ll) further enhance its CALP affinity beyond
the SSR5 binding affinity, and (libxally abolish NHERF binding. The resulting
decamer peptide, ANSRWPTSII (iCAL36;1K.3 £ 4.3uM), was validated by
NMR studies to act as a competitive inhibitor of the CFTR:CALP interaction, and
its biological functionality was ascertained by deterntioa of Cl-efflux across
the plasmamembrane of polarized CHBEcell monolayers. Thus, iCAL36 is able
to enhance Clefflux by 25 % at 500 puM, and is exhibits additive effects with the
small moleculdDF508CFTR corrector Cefia. This finding was demonstrated by
combinatorial treatments in Ussing chambers. Howeweass spectrometry and
pull down analysis revealed a single-taffget effect with the PDZ domain of the
Taxinteracting proteinrl (Tipl ). To address this undesired peptide binder, we
again utilized our peptide engineering approach combined witayXandysis.
The result was another CALP inhibitor, named iICARBISRLPTSI|=KL0.8 £ 0.2
uM) with single PDZ&pecificity and with a positive effect on-€fflux. ICAL42
was created by a single Fhgu substitution, and specificity was demonstrated
by LC/MBMS analysis combined with ptdown assays. For both peptides, cell
internalization was initially achieved using the commercially available delivery
NEBII3Syd .A2thwe¢9wu YR RSY2yaidNIiSR oe@
to test if the internalization ree 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), (Il) cytotoxicity
(CCKB assay), and (lll) biological functionaljssing 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 uM. Ussing chamber experiments reveal€&l-efflux of
21% (p = 0.2)at a 5fold lower concentration (10QM) of PenetratiniCAL36
comparedtoF*A / ' [ oc opnn xauvuVY. A2t hwe¢oOwud ¢ KA A&
effectiveness of therapeutic peptide delivery by this CPP.

These results show that our engineeagirprocess of CALP inhibitors may

provide a template that is useful for investigating the ¢®dllogical 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 paraisltiment 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 Yodza I YYSY T & adzy 3

Mukoviszidose Qystische Fibrose CF) ist eine der héaufigsteriddlichen
Erbkrankheiten unter Kaukasiemit einer duchschnittlichen Lisenserwartung
von ca. 37 JahrenCF wird meist durchdie Deletion einesPhenylalanis
innerhalb eines Chloridkanales DR508Cystic  Fibrosis Transmembrane
Conductance RegulatoDF508CFTR) hervorgerufen, was zu einer verminderten
Chloridonen-Ausscheidung an der Zellmembran von Epithelzellen fibre
daraus resultierend®&/erdickung dsdurch dieEpithelzellergebildetenSchleims
(Mukus), erschwert oder verhindertdessenAbtransport durch die Ziliender
Zellen Die hierdurch entstehendelmfektionen mit Bakterien wi&taphylococcus
aureus und Pseudomonasaeruginosa verringern die schon beeintrachtigte
Lungenfunktiondtdt noch zunehmend, wasdie hohe Mortalitdt von CF
Patientenbedingt

Ein Schwerpunkt heutiger dmerapien liegt in deWiederherstellung der
CFTRAktivitat, um u. A.die chronische@ Lungennfektionen zu verhindern.
Diesbezuglichwurden bereits verschiedene Therapeutika entwickelt, die
entweder die Fehlfaltung deSF508CFTRerhindern (Korrektoren) odedessen
verminderter  Aktivitat entgegenwirken (Potenzierer) sollenSoezifische
"Stabilisatoren”, welche di€FTRHalbwertszeitan der Zellmembrarund somit

deren Aktivitat erhohen konnen, wurden bisher noch nicht entwickelt
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Im Kontext eben dieser "Stabilisatoren" spielerr alem die PDZ Proteine
CAL (CFFRssociated Ligand) und seine Antagonisten NHERF1 und NHERF2
(Na/H" Exchanger Regulatory Factor 1&In groRRe Rolle. Sieonkurrierenum
die Bindung an den CFTiRd kontrollierensowohlden CFTRransport an die
Zellobeflache als auch dssenAktivitdt. CAL enthélt eine (CALP) und jede der
NHERF Protetnzwei PDZDomanen (N1P1, N1P2, N2P1 und N2R®pei die
NHERF Proteine di€FTRAktivitdt und Menge an der apikalen Membran
erhohen wahrend CALdessen lysosomalen Abbaudrdert. So wirde die
Entwicklung spezifisch€eFTR:CAL Inhibitoredie keineweiteren Interaktionen
zu anderen PDZ Proteineaufweisen die CFTRMenge an der Plasmamembran
erhohen bzw stabilisieren.

Die hiervorgestellteArbeit beschreibt die Entwicklgreiner neuen Strategie
fur die Entwicklung vorselektiven, peptidbasierten CALRnhibitoren Diese
sollen den CI-Aussto3 an der Plasmamembran von humanen
Lungenepithelzellendie denDF508CFTRxprimieren(CFBEDF Zeller), erh6hen
Dieserauf der SPO¥ynthese basierend@nsatz erlaubteesuns (I) denbesten
natirlichen CALBinder unter 6223 humanen -€rminalen Peptiden zu
identifizieren (SSR¥ =21.4+ 1.7 uM), (II) dessen Affinitat weiter zu erhéhen
und (lll) dabei die Bindung zu den NHEPRbtenen komplett zu unterbinden.
Dashierbei entwickelte dekamere PeptidCAL3GANSRWPTSK;CALP= 17.3 +
4.3 uM) agiert nachweislich als kompetitiver Inhibitor deFTR:CALRteraktion,
was durchNMRAnalysemachgewiesemwerden konnte.ln CFBIDF Zellen fihrt
iICAL36 (500 uM) zu einer Erhéhung désA@$stolRes un25 % (Ussing Kammer,
p = 0.0008. Eine gleichzeitig Anwendung von iCAL36 mit dem ®lefiektor
Corrda fuhrt zudem zu einer entsprechenden weiteren Erhéhung Gés
AusstofBes ander Zdlmembran, wasdie Kombinierbarkeit von iCAL36 mit
"smallmolecule*Korrektoren demonstriert

Jedoch zeigteMS/MS Analysesowiepull-down Bestimmungen, dass iCAL36
noch eine weitere PDZInteraktion mit dem Taxinteracting proteinl (TIP-1)
eingeht Mit Hilfe unserer Strategiekombiniert mit Rontgenstrukturanalysen
konnte auch diese Interaktion eliminiert unein zweiterCALP InhibitoCAL42

ANSRLPTSHK; CALP= 10.8 £ 0.2 uMmit absoluter CALFSpezifitatentwickelt
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werden Dieserweist einen zu iICA36 vergleichbaremositiven Effekt auf den
Cl-AusstoRRauf. Die zellularePeptidaufnahme (500 pM)wurde hierbeizunéchst
durch das kommerziebirhaltliche Reagenz BioPORTBERealisiert Um die Zell
Internalisation weiter zu effektivieren, wurde unser iGBdnhibitor zudem
kovalent anzellpenetrierende PeptideGPPsgekoppeltund beztglich (1) ihrer
Aufnahme (knfokale Mikroskopie), () ihrer Zytotoxizitat
(Viahlitdtsbestimmung) sowie  (Ill) ihrer biologischen  Funktionalitat
(Ussingkammer) in CFBEDF Zellen untersucht Hierbei konnte eindeutig
festgestellt werde, das ICAL36 gekoppelt an Penetratibis zu einer
Konzentration von 100 pM ohne auftretende Zytotoxizitat aufgenommen
werden kann.Zudemzeigtder an der ZellmembramemesseneCl-Ausstoldvon
21 %(p = 0,02)bei einer 5fach niedrigerenKonzentrationim Vergleich zum
. A2t hwR-igAL¥ 00 pM) Systendie verbesserte Effektivitdt der
Internalisierung.

Der hier vorgestellte Ansatz zur Entwicklung pefbigierter Hemmstoffe
kann durch seine geerelle Anwendbarkeifiir die zellbiologische Untersuchung
von PDZ Doméanem therapeutischen Kontexton Nutzen seinZudem spiegelt
der kombinatorische Ansatz zur parallelen Behandlung der Biogenasd
Stabilititsdefekte des haufigsterCFassoziierten CFTR Allels DESO8CFTR
Mutation) die Nutzbarkeit und das Potential unserer Inhibitoren wieddie

Symptome von GPatientenzukiinftigschneller und bessdindern zu kénnen



3 Introduction

11

3 LY iNRRdzOUA2Z2Y

3./ eaNARRAAA

Cystic ibrosis (CF) is the most common {ifeeatening 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 Ckeads to the breakdown of mociliary

clearance and facilitates the establishment of persistent and ultimately fatal

bacterial infectiond!. The nF508allele, found in ~90% of patientsesults in a

CFTPprotein that fails to fold correctly in the endoplasmic reticulum (ER)Ure
1 A) 23 However, if the foldig defect is overcome, the resultiftF508CFTR

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

(Figurel A) M,
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Figurel: Defects and strategies to rescyg=508CFTR.
Endogenous CAL limitsF508CFTR halffe in polarized human airway epithelial cells and
represents a potential target for CFTR 'stabilizer&)' fF508CFTR exhibits three functional

defects: (1) a failure to fold properly in the ER, leadingER associated degradation (ERAD)
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arrows. B) Classes of thapeutic 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.
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Since only 135 % of wildtype chamel activity may be required for
significant therapeutic benefit’, our goal is the developent of methods to
increase the amount of functiongFS508CFTR at the apical membram@nong
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 prission.

32 ¢ NBSCXx W3
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identified, addressing the primary folding and gating defectsnB608CFTR,
respectively Figure1B)® 7. Potentiator compounds like Genistelfl that have
been widely used in research assays are as important as compoungdkke
CFpot532 [ 9 that have been developed by the pharmaceutical industry for
clinical use. Furthermore, several classes of small molecule correctors like
Corrda ¥ or VRT325[" have been identified and there is now a growing
prospect that the maturation and ieohannel activity ofnF508CFTR can be
pharmacologically enhanced However, the rescued CFpRotein is
comparatively unstable at physiological temperatuf¥3?. Optimal restoration
of NF508CFTR function is therefore likely to tége combinatorial treatment of
each of its three defects: folding, open probability, and stabffigurel A).

¢2 ARSY(dGATe | ySg Ofl aa -aémbrahaliadi®Af AT SN&
of NF508CFTR, weargeted a key regulator of its peshdocytic trafficking and
degradation: CFF&ssociated ligand (CAL). CAL negatively reguidtB88CFTR
celksurface abundance through its PDZ (®SDDIg, and Z€1) domain *3,
However, CFTR interacts not only with CAL, but also with tiéNexchanger
regulatory factors NHERF1 and NHERHse proteingounteract CAL's effect,
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enhancing the activity and the abundance @FS508CFTR at the apical

membrane**1,

33t 55%2YFAya

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 interactionstlv 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 representatithes
human PDZ domaing characterized by homology to the founding members
PSD95, Dig, andZO-1 ¢ are among the most common PPIBE. PDZ domains
usually consist of approximately 90 amino acid residues thah one or two
h-helices ("A-NB) as well as six-sheets (Aqi F) &7 2% 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 domainghis
GLGHoop, a binding motif between thé A andi B sheets whose side chains

form a hydrophobicavity for the @erminal amino acid of the ligand

Figure2: Structureexample of the CAPDZ domain.
The structure of the CFTR Associated Ligand protein (CAL; BDPG))mairLFZ] clearlyreveals
the canonical folding consistirgj -sheets and twd chelices.
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Found either singly oin tandem arrays in over 100 proteinBDZ domains
generally bind to the extreme -términal residues of their cognate partners,
facilitating the assembly of molecular scaffolds that organize the complex
physiological functions of highly differentiated lselThusPDZ proteis 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 effortsdamher 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
basolaeral 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 mutate@Rpatients™.
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One way to modulate cell properties is to disrupt or changeuratprotein
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 PPIRPI is an interaction between two or more
proteins that is mainly based on naovalent 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 proceses 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 yearshe entirety of human protetprotein interactions
is a network of approximately 650,0@@eractions'® andis commonlydenoted
astinteractomet.

The functional unit of a PPI is the protgimtein interaction domain (PPID)

and the variety and complexity of PPIDs are immense. PPIDs are involved in
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modulating and controlling the vast majority of signal transdutctpathways 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 clallenging, and there is a great diversity of different biochemical and
biophysical methods involved in Pfekearch. These include SRSynthesis,

yeast twehybrid, and phagalisplay.
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Since proteingprotein interactions are key players to understand biological
eventsthere 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 methadrhe first chdénge is alwaythe identification ofa
suitable interaction partner for a particular protein ofinterest. The three
primarily used methods for discovag PPIs ar&POTSynthesid?!, yeast two
hybrid system (Y2H¥, and phage display (PD¥. 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 ah@€MS/MS amlyses?”.

The Y2H approach allows the study of protenprotein or proteinpeptide
interactions in Saccharomyces cerevisiaath posttranslational modifications
occuring in eukaryotes such as glycosylation, palmitoylation or folding by
chaperonegFigure3). The robustness and low costs of yeast also allows for high
throughput screening of many interaction partners.

However, he interaction with a particular protein takes place in the nucleus
where transcription occutsThiscan be problematic due to fact that proteins can
behave differently in the environment where they usually occur. The appearance
of different folding behawr, the fact that fusion proteins are overexpressed and
may not usually occur in the same cell compartmend the partly different

modifications in yeast compared to other eukaryotic organisms can ledalge
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positive results Thus, there is a necesgitfor strict validation using other
methods, such as Idorescence resonance energy transfer (FRET), co
immunoprecipitation, surface plasmon resonance, fluorescence spectroscepy, X

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

Separate Bait-~ 0 and Trap- coupling of genotype to phenotype
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Figure3: Yeast twehybrid system and Phage Display to screen PPIDs.

(A) Yeastwo-hybrid: Transcription factors are often separated into distinct domains interacting
with- and activating the transcription machinery. The DNA Binding DorfiaABD) mostly
contains motifs that are necessary for DRikding whereas the Activation Domain (AD) is
necessary for the binding to effector proteins like the RRdymerase. The genetic fusion of a
"bait" protein to the DNABD as well as a "trap"(or fgy") 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 PPl as absolute necessity. Figure
sourcehttp://employees.csbsju.edu/hjakubowski/classes/ch331/bind/olbindtransciption.html

(B) Phage displayThe creation of diversity at the DNA level, e.g. by cDNA libraties fsst 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 pressurén(vitro selectian). After eliminating unspecific binding events by
several washing steps the interacting phage can be eluted and amplified for further analysis.
Figure sourceCurr. Protoc. Neuros&il:5.12.15.12.27. © 2010 by John Wiley & Sons, Inc.

PD is another wayotstudy PPIs for antibody selection, protein modification,
or the investigation of signal transduction pathways. Generally, a filamentous
phage (most often M13 phage) ised to display a peptide or protein on their
surface by genetic fusion to one of tkeat proteins (most often plll) followed by
transformation toEscherichia colE.col). 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 phag@face 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 allowedhe preparation and characterizatiomf many new
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human antibodies and other proteiré®. The fact that their affinities can be
increased by mutagenesis also reflects PD as an approach capable of engineering
new binding partnersSeveral companiesow offer to produce virtually any
antigen from large, sontemes semi synthetic, PD antibody libraries. This
demonstrates the potentiafor the growth of biotechnology that results in the
productionof these products once the DNA libraries are produced

The underlying principal of Y2H as well as of PD is theicneat 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: SP&yhthesis.
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The SPOT synthesis is a robust technique for parallel chemical synthesis of
peptides on membrane supportdt was first pubkhed in 1992 by Ronald
Frank®, andhas become a highly recognized method for the investigation and
engineering of protein ligands over the lasto decades. In general, spatially
addressable immobilization of putative ligands by solid phase peptd¢hesis
(SPPS) is followed by the incubation with a biological, tagged saifigiigure

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 gnetic diversity, making it suitable especially for engineering of

new peptide based ligands with desired properties.
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Figure4: Principle of SPOT synthesis on membrane supports.

(A) First, a Balaninelinker is coupled on the $§d phase, e.g. cellulose ("L" within a yellow box).
(B) Coupling of the desired Fmgcotected and OpfP activated amino acid (green box). The star
reflects the side chain protection groups that are necessary to exclusively perteitrihal
elongation. Gay Spots indicate wet areas on the solid phas®.Kmoc cleavage under basic
condition piperidine) in order to get free amino groups for the next coupling cycle. greg
color shows solvent treatment of the solid phasB) The free amino groups are stad with
bromop[glot]anol blue (BPB; blue dotslp) Dried solid phase while the spots remain stain€igiure
source:

The possibility to directly change the capture molecule by substitutional
analysis (single mutimns) double or triple permutations, the introduction of D
or non natural amino acids, as well as peptoid buildiharks* ¥ within the
peptide sequence favors the SR&yhthesis over Y2H and PDr many

applications
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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 mostnportant tools for the internalization of a wide
range of molecules, including pharmaceuticdfé*. 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
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and transport cargoes, characterizing and optimizing CPPs has become a major
goal over the last decad& 7.

Despite the high numdr 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 applicatioBased on our knowledgeegarding CPRBptake in
different cell lined*” Y we have selected two CPPs to internalized the putative
CAL PDZ inhibitors: MP8 and Penetratif®.

MPG contains a-@rminal hydrophilic region consisting of a lysine rich motif
derived from the nuclear localization sequence (NLS) of the SV40 larggén
(KKKRY), and an Merminal hydrophobic domain from the fusion sequence of
the HIV protein gp4l (GALFLGFLGAAGSTMGA). The hydrophilic domain is
important for the solubility of the carrier peptide, as well as the intracellular
trafficking and interaction with nuelc 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
createdfor the delivery of small nucleic acids by the formation of peptide based
nanoparticles (PBNs) mbugh non covalent electrostatic or hydrophobic
interactionst*?,

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 theinteraction with membrane components. Most PBNs
enter the cell independent of endosomal events, and were used with a large
variety of different cell types and animalodels!®: 4"}

Penetratin is a CPPderived fom the homeodomain of Drosophila
Antennapedia homoeproteini*®. It was extensively investigated by Alain
Prochiantz and colleagueand it was foud to be a peptidewith the ability to
form different structuresdepending on its environment which shouddso be
true for almost all CPPs investigated later. Thus, the lipid interaction of
Penetratin seems to be a reciprocal process affecting both pastneor
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 anhelical **! (peptide/lipid ratio:
1/325) or antiparallel Bsheet conformation (peptide/lipid ratio 1/23*% °* The
heterogenic nature of Penetratin is not only shown by its dependence on
concentration, butalso 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 celll4theThis 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 gdor
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 ofdiseags including keloid scarring, myocardial infarction, pain, hearing

loss, strokeand canceP.
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PDZ domains are highly conserved throughout all domains of life: from bacteria
to humans®2. 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 PD@eptide interactions was proposed he specificity

and selectivity covering the complete RIgand sequence spaaeere evaluated

by combining SPOT synthesis andpkediction %, As predicted, there was
substantial overlap of ligand sequences among the three PDZ domainseahalyz
(AF6, ERBIN and SNAL1). Additionally, all of these peptide sequences bound with
Kq¢ values between 50 100 >M. Although recent studies have revealed
encouraging diversity among PDZ sequence preferefées”, it is not yet
possible to predict a peptide inhibitor for a single PDZ domain while the target
may have ovedpping 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 wefined 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, NHERMNHHERF2).

The PDZ containing proteins Cfllso called GORE": %% and its antagonists
NHERF1 and NHERE3S" compete for the binding to CFTRAL contains one

PDZ dmain (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 CANIRERF family members increase
CFTR activity at the apical membrane, vdas 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 biologicallgvaet PDZ
competitors NHERF1 and NHERF2!
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Figure5: An iterative approach for engineering selective PDZ inhibitors.

Upper panel: Inverted HumLib arrays of humasefninal sequence 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 sidechain substitutions were synthesized |{@ation) to establish @erminal sequence

motifs with affinity for the target, but not the countaarget domains. Candidate peptides were
synthesized and tested via FP inhibition assay for binding to all five domains. Lower panel: Once a
selective @erminal sequence was established for position8 B PO, combinatorial libraries

were prepared, adding all possible combinations of the next twershinal amino acids to the

core sequence. After PDZ domain incubation, pairs of amino acids were selectadtlfie@r
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-saliel binding data, and once a
residue pair was added to the core sequence, the pairwigeridinal extension process was
iterated.

Here, a strategy for the parallel evolution of ibior affinity and selectivity by
optimizing binding determinants distributed along the length of a decameric
sequence is presented. The geneggdproach®® involvesthe synthess of a
variety of different celluloséoound peptide libraries witthe method of inverted
peptides (see materials and methods sectibased on SPOT technolddl ¢ a
simple and robust technique for the parallel synthesis of up to 6000 peptides
with free Gtermini on planar surfaces (spot diameter In@m) BY. Promising

peptide extensions or sequence modifications are identifiatdd fluorescence
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polarization EP assay$ are later used to determine binding constantsP also
allows us to examine the relative affinity for all five PDZ domagtesvant 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 g@Hirgets are observed, we will then iterate the SPOT
synthesis approachtoRIGSt 2L A/ ! [ 2F GaSO2yR 3ISYSNI {A

Few peptides are able to freely cross biological membranes. Therefore,
therapeutic peptides are generally administered in association wigll c
penetrating peptides (CPPdjor drugs targeted to function within the cytls
their successful localization must be evaluated side by side with its biological
functionality. The final goal of this Pkbesis will be the validation of an
intracellular delivery and drug efficacy strategy by measurement eéffliix
post-treatment of polarized CFBBF508 cells with CREAL conjugates. Since
CPPs has been shown to deliver different cargoes including peptides inte cells
without disrupting cell integrity such an approach seems to be promising for a

future therapeutical developmen
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NHERF1 (SwissProt accession #014745; N1P1; residues 1 139; N1P2; residues
133234) and NHERF2 (SwissProt accession #Q15599; N2P1; residues 1 151;
N2P2 residues 14330) constructs were subaied as described previouslljs?].

The vectors encoding the wilgpe CAL PDZ domain (SwissProt accession
#QIHD2&; CALP; residues 2882) have also been described previousiy Al
constructs were verified by DNA sequencing at thetidauth Molecular Biology

Core Facility. All PDZ constructs were expressed, haryeatatl lysed. The
lysates were clarified as previously describéd, except that NHERF1 and
NHERF2 PDZ domains were expressedRasgetta 2 (DE3) cells (Novagen).
Immobilized metakffinity and sizeexclusion chromatographic (SEC) purification

of the PDZ domains of NHERF1, NHERF2 and CAL was performed essentially as
previously described for CAE® % Proteins were concentrated using Amicon
Ultra-15 5000 MWCO (NHERF1 and NHERF2 PDZ domains} @ow&&ntrators

(CAL PDZ domain constructs) (Millipore). Following concentration, proteins were
dialyzed into storage buffer: 250 mM NaHPQ, pH 7.4 (N1P1, N1P2, and
N2P1), 25 mM Tris, pH 7.5 (N2P2) or 25 mM Tris, pH 8.5 (CAL PDZ).

TIR1 (accession # 014907) was expressed and purified similarly except that an
N-terminal 10-His tag was used with a modified YABC protease recognition
sequence (MALFQ*G) upstream of the fdéngth protein sequence. Following

TIR1 purification via immobilized metalffinity 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 NaCll mM TCEP, 0.08NaNs. Human rhinovirus

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

ratio and incubated at 4C for 48 . Following cleavage the protein was passed
through a 1mL HisTrapHP column (GE Healthcare) legidd in 20 mM
imidazole,25 mM Tris pH 8.5, 150 mM NacCl, 0.1 mM TCEP,%.RaN;. 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 filtratiouffer with 5%
glycerd. Thermal stability of &lconstructs was confirmed atemperatures

previouslyused forin vitrobinding measurementS®.

Tablel: PDZ domains

molecular weight protein name /

PDZ domain amino acids # (g/ mol) UniProt ID ¥ 6 [licnV'R
N1P1 162 17556.6 NHERF1 /01474 3105
N1P2 208 23128.5 NHERF1 /01474 1615
N2P1 173 19591.9 NHERF2 / Q1559! 12615
N2P2 160 17671.6 NHERF2 / Q1559! 3105
CALP 131 14632.2 CAL/ Q9HD26 2980
TIR1 143 16081.2 TIR1 / 014907 8480
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Sequence of N1P1

MGHHHHHHHH HHSSGHIEGR MBMDAAAG APLURERCLE KGPNGYGFHL
HGEKGKLGQY IRLVEPGSPA EKAGLLAGDR LVEVNGENVE KETHQQVVSR
IRAALNAVRL LVVDPEQ LQKLGVQVRE ELLRAQEAPG QARPPAAA
QGAGNENEPR EA

Sequence of N1P2

MGHHHHHHHH HHSSGHIEGR NENEPREA DKSHPEQRELLCRRKKG
PSGYGFNLHS DKSKPGQFIR SVDPDSPAEA SGLRAQDRIV  EVNGVCMEGK
QHGDVVSAIR AGGDETKLLVNDHHEK KCRVIPSQEH LNGPLPVPFT NGEIQKENSR
EALAEAALES PRPALVRSAS SDTSEELNSQ GDBREJAMBR F

Sequence of N2P1

MGHHHHHHHH HHSSGHIEGR MAMPEPLR PBEBRLVRGE QGYGFHLHGE
KGRRGQFIRR VEPGSPAEAA ALRAGDRLVE VNGVNVEGET HHQVVQRIKA
VEGQTRLLVV B{OPEELRR RQLTCTEEMA QRGLPPAHDP WEPKPDWAHT
GSHSSEAGKK DVSGPLRELR PRL
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Sequencef N2P2

MGHHHHHHHH HHSSGHREGHMPLRELRP LCHLRKGPQG YGFNLHSDKS
RPGQYIRSVD PGSPAARSGL RAQDRLIEVN GONVEGLRHA  EVVASIKARE
DEARLLVVIH DEHFKRLR VTPTEEHVEG PLPSPVTNGT SPAQLNGGSA CSSRSDLPGS

Sequencef CAL

MGHHHHHHHH HHSSGHIEGR EMIMFQGI KNLLLKEDH EGLGISITGG
KEHGVPILIS EIHPGQPADR GM@BIAH LAVNGVNLRD TKHKEAVTIL SQQRGEIEFE
VVYDPKETA AAKFERQHMD S

Sequence of TP

MGHHHHHHHH HHLEVLFQG SYIPGQPVTAVVQRVEIHKL RQGENLILGF
SIGGGIDQDP  SQNPFSEDKT DKGIYVTRVS EGGPAEIAGL QIGDKIMQVN
GWDMTMVTHD QARKRLTKRS EEVVRISMIRAYQQS MLS

All proteins catain theabout80 amino acidlong PDZ domaingiey) flanked by

parts of the native protein (white)lhe histidintag is shown iryellow.
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Native, fluoresceinated and biotinylated peptides were synthesized by the
Molecular Libraries and Recognition Group as reported previod&ly
(CharitéBerlin).

In detail, the peptides used for the binding studies were automatically
synthezisedSyro Il, MultiSynTech) using the Fmoc standard protocol. Reptid
with a Gterminal carboxyl group were generated using TentaGel SdaHiBnoc
(Rapp Polymere) and with at€minal carboxyamide group using TentaGel S
Ram resin (Rapp Polymere). For standard synthesis-Bm0¢i were used with
the following sidechain potections: E, D(OtBu); § T, Y-(tBu); K, W-(Boc); N,

Q-, H(Trt); R(Pbf) (Novabiochem; Bachen(},6)-carboxyfluoresceinH*-, Fluka)
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coupling was achieved using 1 equiv-hydlroxybenzotriazole (HOBt) and 1
equiv. diisopropylcarbodiimide (DIC) astivators, as reported iff”. The crude
peptides were purified to > 95 % by preparatitégh-performance liquid
chromatography (HPL®Vaters) and their identity was determined by analytical
reversed phas¢dPLC (Waters) andMALDI TOF nfatrix-assisted laser
desorption/ionization- time of flight) mass spectrometry (LaserTec BenchTopll,
PerSeptive Biosystems).

BA 2 (0 BTY 0 0O é-feréninably coupled via a WrFKK linker sequence (lewer
case = Eamino acid). These peptides were synthesized by the Tufts University

Core Facility, Yale Keck Biotechnology Resource.
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All pepgide libraries were generated by a MultiPep SPOTrobot (INTAVIS
Bioanalytical Instruments AG, Software LISAhonse software). As reported
previously, all peptide libraries were prepared using an optimized method for
generating inverted peptide$Y and incubated with all five PDZ domairs|
amino acids that have been used for SP@thesis were purchased from Merck,
BACHEM, or PerSeptive Biosystems GmbH.

Library definition: 6223HumLib = 6223eZmini (11 mers) of human proteins;
SubAna = substitutional analyses [each residue of the ligand was substituted by
20 Lamino acids]; RiLibs = profile library [permutation of the fourt€minal
ligand positions based on a limited amino acid set]; CombLib = combinatorial
library of the type BB2(X)n [B1 and B2 are the positions which will be
LISNXY dzi SR YR a- ¢é NI LINER Sigidé whick Bdjedn8ly’ OS & LJX
constant].

Peptide array binding studies were incubated as previously repoféd
Briefly, membranes were incubated with poigtidinetagged PDZ domain (10
20 >g/mL) in blocking buffer overnight at 4C. Higagged PDZ domains were
detected using a mouse artblyHis antibody (Sigma; 1600 in blocking buffer,
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2 hr at RT) followed by horseradigieroxidase conjugated anthouse antibody
(Calbiochem; 1:200 inblocking buffer, 1 lnat RT).

54 Cf dz2NB A0Sy O0S yAaz2zdNRLRE O6AYyRAYd

Fluorescence polarization data were measured on a Spectramax M21000
microplate reader (Molecular Devices) at 28. For Kmeasurements with a
given fluorescentlyabeledpeptide,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 prquilibrated protein:reporter
peptide mixture was then serially diluted into FP buffer containing 30 nM
fluorescent peptide and allowed to incubate for 10 min. A0 aliquots were
transferred to HE lowolume, black 9&vell plates (Molecular Devices).
Fluorescene polarization was determined at an excitation wavelength of 485 nm
and an emission wavelength of 525 nm as depicted in'¥&f.For competition
experiments, a single stock solution was prepared in FP buffer containing fixed
concentratons of both fluorescently lalded reporter peptide and protein. This
mixture was allowed to equilibrate for 280 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 voluméef
protein:reporter mixture. The final reporter peptide concentration was 30 nM
and the final protein concentration was 0.2% K3.0 K, depending on the
measurement. Plates were mixed by vibration, centrifuged and allowed to
incubate for an additionall5 min at 24 °C in the microplate reader before
measurement. For weakly interacting peptides, vidlues were estimated as
follows: theoretical fluorescence anisotropy values were calculated for inhibitor
K based on the known reporter:peptide fluorescenaaisotropy (FPPL), free
reporter anisotropy (FPL), and the knowgp &€ the reporter:peptide complex.
The estimated Kvalue was increased until the theoretical fluorescence
anisotropy value (with assumed equal variance) at the 1 mM concentration

significanly increased (p < 0.05) above experimental fluorescence anisatropy

¢

~
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Isotopically labked °N- or *°N;'*GCAL (UniProt accession number Q9HRP6
was prepared using published protocds ®2 and dalyzed into 10 mM D2Tris
pH 7.8, 150 mM NaCl, 0.0% Nal$, 0.1 mM TCEP. NMR experiments were
conducted at 25 °©n a Bruker 600 MHz spectrometer, equipped with a TCI
cryogenic probe. CALP (480/1) backbone assignment was achieved through
two-dimensional'H-"°N HSQC an thredimensional HNCA, HN(CO)CA, HNCACB,
and CBCA(CO)NH experimen®.of 82 (% %) backbone amides from the CALP
core PDZ domain were successfasigned. A peptidbound assignment was
performed similarly with 470>M >N, "> CCALP and &1>M (F*WrFKKCAL36)
using *H™N HSQC, HNCA, HN(CO)CA, and HNCACB experiments. iCAL36
(ANSRWPTSH) N HSQC backbone crosspeaks were assigned by comparison
with the CALP apo arfer-WrFKKICAL36 spectra. Laled crosspeaks exhibited a
normalized chential shift offsetn x 1 @kepeh = [*HF + (°N/6)7 M2
Protein surface depictions of CAL (PDB ID 2B&2avere prepared using
PYMOL®,

56 t d&R2gy | aal éa

Nativel YR o0A20AyefliSR LISLIWARSaE ¢SBEO O2YYSN
was Nterminally coupled via a WrFKK linker sequence. The control peptide SCR
(SPTINSAIWR) represents a scrambled version of the ICAL36 sequence.
Streptavidin paramagnetic beads (Progag were incubated with buffer (control)

or Nterminally biotinylated peptides corresponding to the CFTR and SSR5 C

termini and iCAL36 and washed to remove unbound peptide. CFBEdiig®”

cells stably expressingF508CFTRunder the control of a cytomegalovirus

promoter °° (CFBEF cells) were cultured to confluence, serwstarved for

24 hr, and lysed at 4C. 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 SESE and analyzed by
Western blotting.

57/ St tf OdzZ { dzNB

Cace2 cells wee a generous gift from Prof. Dr. Theuring (Center for
Cardiovascular ResearchCharité Berlin). Cells were maintainedDMEM High
Glucose (4 g/lL), with Lglutamine without phenolred (PAA) completed by 1:100
MEM non essential amino acids (100%AA), 1100 penicillin / septomycin
(100x; PAA) and 2% fetal bovine serum (Biochrom AG) (Gaamedium). Cells
were grown at37 °C in 36 CQ All cells used in experiments were between
passage 10 and 70.

CFBEF cells were a generous gift of DIP.JClancyUniversity of Alabama,
Birmingham). Cells were maintained in MEM with 2 miglutamine, 1% fetal
bovine serum (FBS), 50 unitdmJSy A OA f f A Yy g/mL{skeptdftydin> p n
(Sigma), 2g/mL LJdzZN2 Y& OA Yy O Ly Odginil NEsmAdsiy dvogény R p
(nFmedium). Cells wergrown at 37 °C in % CQ. Cells were switched to MEM
with only penicillin and streptomycin 24 before experiments. All cells used in

experiments were between passages 12 and 25.

z
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CEBEKF confocal microscop Confocal images were acquired with a Nikon

TE2000 swept field confocal microscope equipped with a QuantEM:512SC
EMCCD camera (Photometrics, Tucson, AZ) and a 100x @@yoillimmersion
objective at 25 °C. The rddrag5fluorescence was excited with 638 nm diode
laser. The green(5,6) carboxyfluorescein fluorescence was excited with the
488nm 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
emissio of FITC was recorded using a 525/50 nm filter. For Drag5, the emission

was recorded using a 700/75 nm filter. The images were analyzed using the
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Nikon NISElement software. All measurements of peptide uptake were
performed with living, norfixed cells gswn in a coverlip (MakTek). Cells were
seeded at a density of 1 x Jvell 3 days before the experiment and cultured in
nFmedium Prior to Microscopy, cells were washed twice with 1 ml PBS followed
by a 35 hr incubation with 1 nh peptide soluA 2 y a -medium wighout FBS
(5 uM). After peptide incubation, cells were washed three times wiimedium
without FBS.Nuclei wee stained by adding 1 Imprediluted (1:1000 in pF~
medium without FBEDraq5 dye (Cell signaling) for 3 min at 37 °C.

CFBEF fluorescence microscop¥CFBEhF508 cells were seeded at’l€ells
per coverslip (Mafek) and 6 days later treated with PBS, BB® wu NB I ISy i
(Sigma) and DMS@®joPORTERand peptide or CPP and peptidas described

for Ussing chamber experiments. The immunostaining protocol was described by
SwiateckaJrban et all*? except that Alexa 58 goat antirabbit antibody was

used.

59 / St f dafi b NS dz

Cace2 celllayers were seeded (6 x 9)Gand subsequently cultivated for 14 days
in 6 well plates (Falcon) until they were differentiated. Cells were cautiously
rinsed twice with InmL PBS to completgl remove the medium. One loof a
peptide solution in Cac@ medium without FBS was applied for 3.6at 37 °C,
5% CQ. Afterwards, ImL PBS was added and cells were transferred to al2 m
reaction tube (Eppendorf) followed by a centrifugation step formid at 4 °C
and 4000RPM The cells were trypsinated for 10 min at 37 °C with 300
trypsin (0.05% trypsin /0.020 BDTA (w/v) solution (Biochrom AGThen, cells
were washed with InL PBS buffer, and centrifuged at 40B®Mat 4 °C for 10
min (2x). Lysis and BCA assay was performed as described pre¥fbusly
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Cacez:

M n A comtaining 6x 10 cells were seeded in 98ell microtiter plates (Falcon)
and cultivated overnight. One day (8% confluence), three days (100 %
confluence) or 14 days (differentiated) after cultivation, cells were rinsed twice
with PBS, and subségS y i f & Eace2 madiurm without FBS was added.

¢ K Sy 31 ofwlifferent peptide solution concentrations were applied, and cells
were incubated for 3.51hat 37°C. Subsequent addition of pll Cace?2 medium

with 20% FBS was followed by an incubatomernight at 37C and 5 % GOrhe

next day, 10>L of CCK3 solution (Flukayvas added for 4 ) 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

CEBE cells:

M 1 A containing 1 x 10cells were seeded in 9&ell microtiter plates (Falcon)
and cultivated 5 days until they have reached confluence. Afterwards, cells were
rinsed twice withhnFmedium® I Y R & dzo & SlpRefediunivithdut FBS n >
wad | RRSR® L¢oK Giffeent peptide >solution concentrations were
applied, and cells were incubated for 3.5 & 37 °C. Subsequent addition of

50 pl nFFmediumwith 10 % FBS was followed by an incubation overnight 8C37
and 5% CQ. The next day, A Lof CCIK3 solution (Dojindo) was added for 4,h

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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Ussing chamber measurements were perform&d days after seedingCFBE
NF508 celly2 y 2t F @ SNE 2y ™MH YY {ylILWSttn o0/ 2NJ
density of 1 x 10cells.Peptide delivery was performed either by BioPORTER
(Sigma)reagent or cell penetrang peptides covalently bound to inhibitor
peptides of the CAL PDZ domain. In case of the BioPQRIiE&®ery the peptide
inhibitors were dissolved in DMSO, diluted in R83.25 mM, and then 106L

of diluted peptide was added to lyophilize BioPORA.EERO > MEM was added

to reaction tubes. CFBH polarized monolayers were treated eglly with the
resulting 500>M iCAL36solution for 3.5 hr and washed to remove nen
internalized peptide. Depending on experimental design20 >g/mL
cycloheximide CHX was applied for the final 2 h or at the completion (G h
baseline) of peptide treatment, after which the cells were washeBRCAL36
deliverywas realized bylissolving the peptide in DMSO aaddingit to 250 (L
MEMfollowed by apical treatmentf CFBE& Cellswith the peptide solution for
3.5 Ir. The DMSO concentration did naxceed 0.8 % in peptideonly
treatments or 0.14% in combined treatments with coda. Short circuit current
(s measurements were performed as describétf, except that all
measurements were performed at 3T.In general 50 uM amiloride (Sigma)
was initially applied apically to inhibépithelial sodium channdENaC) activity.
Isc was stimulated with 20 mM forskolifSigma)added to the apical and
basolateral bath solution to increase cellular cAMP levels followed bgnig0
genistein(Sigma)added only to the apical bath solution to increase the open
LINR 6 I 0 A f A-GFFR @l Ehanmel®pce maximal activation was achieved,
CFTRspecific chloride efflux was computed as thg d¢urrent change J{lsg
following application of CFTR’2which reversibly inhibits CFTIR; Resistances
were monitored throughout each experiment to ensure monolayer integrity. For
small molecule corrector experiments>®&1 corr-4A or DMSO was added to cells

24 hr before experiments.
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CFBE cHsl were transfected using 200 nM siCAL (siGOPC3, Qiagen) or control
SiNEG (Qiagen) as describéd. Seven days posttransfection, cells were
switched to 27°C, and 8.2 Ir later, complete medium was replaced Wit EM.
Following 24h low temperature rescue, MEM was replacetith 37 °C MEM
containing 2Qug/mL CHX (Sigma). At t = 0 h and t =r2 @FTR surface
biotinylationswere performed as describédf. CAL and CFTR wetetected in
whole-cell lysates (WCL) and biotinylatédctions as describefi®. R-actin was

used as a loading control.

513{ (I G AAIPADE X & |

Values are reported as mean + SD except for Ussing chamber experiwigere

YSFY B {9a Aa NB LJiNG 3R dvas {usedzfob peptides 2y S
selectivity profiles by fluorescence anisotropy in addition to CFTR stability assays.

{ G dzR S y dafedl paRed $test was used for analysis of Ussing chamber
experimentsto 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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Thisproject was initiated wi the synthesis of a peptide library containing 6223
different peptide sequences representing thaegZmini of human proteing6223
HumLib)®® ®Y For each PDZ domain involved in the degon of CFTRCALP,
N1P1, N1P2, N2P1, and N2R2§223HumLib was synthesized and peptide:PDZ
interactions were revealed bymmunoblotting (see materials and gthods
section) Beside new interaction partners such as the somastotatin receptor type
5 (SSR5%%, publishedinteractionscould be detected thereby demonstrating
the robustness of our methad~or example, known N1P1 binding partners such
as the plateletderived growth factor®” i 2-adrenergic receptof®®, CFTR®!,

andthe N2P2 partnet -catenin®® were all found (see appendiTables A2A6).

6.1.1 Engineeing the four Gterminal positions

The 80 best binding sequences of the respective @2a@lib incubations
determined by evaluation a$pot intensities were analyzed using the WebLogo
algorithm "%, revealing clear @rminal binding motifs Figure 6). Consistent
with their shared affinity for the CFTR&minus, the resulting consensusotifs
are very similar, especially for ligand positions §: (lIgand positions are
numbered in reverse from the-terminal ligand residue, which is denoted as 0)
and P? requiring Leu and Ser/Thr, respectivélye also found distinctions in the
alternative sidechain preferences at%Pwith CAL sequences containing lle or Val,
and NHERF sequences containing Phe. A similar N1P1 binding motif
corresponding to Xx-Ser/TheArgPhe was reported by Joo and P&
Generally, it appears that CAbRly toleratesaliphatichydrophobic amio acids
whereas the NHERF domaipiefer Leu and aromatithydrophobic amino acids

at these positions.

LJS
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Figure6: Consensus motifs of the five PDZ domains involved in CFTR binding.

(A): Five 6223HumLibs were generated by the meith of inverted peptides (SPOT synthesis),
each containing 6223 humant€minal peptides, which were incubated with the CAL and the
four NHERF PDZ domains, respectively. The most frequent amino acids were plotted for the four
Gterminal residues using Webgo (http://weblogo.berkeley.edu/)analysis of the 80 best
binding sequences. B): Substitutional analyses (SubAna) of thdefninal SSR5 sequence
demonstrate the interaction determinants of the CALP and the NHERF PDZ dorGrifd (
measurements comparg SSR5(MQTSKL) with iICALOEMQTSKI) and with iCALOBVIQTSII)
clearly revealed that | at’Rloes not disturb the interaction with CALP, but increases thelkies

of the NHERF PDZ domains. Values shown are meam3D,

To investigate the contextependence of the aminacid preferences, we
performed substitutional analyses (SubAna) on a series of peptides from the 80
best 6223HumLibpeptides This selectionincluded the Gterminus of the
somatostatin receptor type 5 (SSR5which has the highegtnown affinity for
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CALP*’l. SubAnas are singgibstitution peptide libraries in which each residue
of a given ligand is sequentially replaced by each of the 20-geoeded L
amino acids. SubAnas are suitable peptide libraries to determine key positions of
the ligand for a gien protein or protein domain. The SubAnas confirm the
difference in the aminacid preferences at %between the five PDZ domains
(Figure6 B). Taken together, CALP shemavclear tolerance for lle at’Ras shown
in the SubAna of SSRBiqure6 B), as well as with other ligands (Figure 7). In
contrast, NHERF PDZ domains show weak or absent binding for lle at these
positions Figure6 B). As determined by FP measurements, the singleeB/lle
substitution generates a ~fold increase in the selectivity index for CALP
compared to the NHERF PDZ domains (from 0.4 forgS8R57 for iCALQOYH
(Table2). SubAna data alsceveal a modest preference of CALP for lle &t P
(Figure6 B, red circles iffigure7). With the double substitution at’Rand P* we
increase theselectivity index ~2%old (from SSRH0 iCALOg, Table2).

Although the motif and SubAna data off &d P° were ambiguous, previous
FP measurements had shown that the -Bar sequence provided -6ld more

sekectivity versus N1P2 compared to the Sdar sequence (data not shown).
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Figure7: SubAna incubations of different-@rmini with the PDZ domains othe CAL, NHERF1
and NHERF2 protein

(CALP)The SubAna ofhe breakpoint cluter region protein (BCR), the vasoactive intestinal
polypeptide receptor 2 (VIPR2) and the microtubtdssociated protein 4 (MAP4) were
incubated with CALP

(N1P1)The SubAnas of the alpitgpe plateletderived growth factor receptor (PGFRA), the
cystatinB (CYTB) and the keratin, type | cuticular Ha8 (KRT38) were incubated with N1P1.
(N1P2)The SubAnas of the betgipe 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 volégpgadent type calcium channel subunit
alphalD (CAC1D) were incubated with N2P1.

(N2P2)The SubAnas of PGFRB, P2RY2 and CAC1D were incubated with N2P2.

Amino acid substitutions to Ile ori'Rre mostlynot tolerated by the NHERF PDZ domains. Each
residue of the ligand was substituted by 20 naturally occurriFgmino acid residues. The
resulting peptides were generated by SPOT synthesis of inverted peptides. All spots in-the left
hand columns are iderdal and represent the wiltiype (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.
























































































































































































































