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1Abstract

ABSTRACT

The identification of novel small-molecule ligands against medically relevant proteins is a central 

challenge in pharmaceutical sciences. However, the discovery of binding compounds by con-

ventional high-throughput screening (HTS) campaigns is highly demanding in terms of time and 

resources. DNA-encoded chemical libraries (DELs) represent a selection-based ligand-identifi-

cation methodology, which addresses the need for substantially more efficient technologies than 

HTS for hit discovery programs.

DELs consist of small organic molecules, which are individually coupled to DNA tags serv-

ing as PCR-amplifiable identification bar codes. DNA-encoding facilitates a selection-based iso-

lation of binding molecules from large compound repertoires by affinity capture experiments 

against immobilized proteins of interest, in analogy to established selection methodologies like 

antibody phage display. This thesis describes the rational design and synthesis of a high-quality 

30,000-membered DEL (DEL30000 library), aiming at overcoming current methodological limi-

tations in the field.

The DEL30000 library was used to systematically investigate affinity selection protocols using 

the tumor-associated antigen human carbonic anhydrase IX (CA IX) as model target. Selection 

results suggest that experimental conditions in affinity selections critically influence selection 

results and thus the choice of compounds to be resynthesized for hit validation. The investigation 

of affinity selection protocols led to the identification of two CA IX inhibitors  based on phenyl 

sulfonamide building blocks with inhibitory constants of 74 ± 11 nM (compound A6B170) and of 

76 ± 13 nM (compound A69B151). Notably, fully assembled hit compounds exhibited up to 7-fold 

improved inhibitory constants compared to primary phenyl sulfonamide building blocks (560 ± 

130 nM for compound B151 and 230 ± 14 nM for compound B170).

A large-scale affinity screening campaign against 28 proteins of pharmaceutical interest led to 

the identification of a compound series of 2-methyl-1H-indoles, which was exclusively enriched 

in an affinity selection against the pro-inflammatory cytokine human interleukin-2 (IL-2). The 
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most potent compound (A17B284) exhibited a dissociation constant of 2.5 ± 0.3 mM against IL-2 

(Proleukin®) in fluorescence polarization assays and was able to completely inhibit IL-2-mediated 

T-cell proliferation with an IC50 of 32 ± 3 mM. The target specificity of isolated IL-2 inhibitors 

was confirmed in different in vitro assays. Both affinity selection readouts and molecular docking 

suggest that the 2-methyl-1H-indole moiety represents the structural key determinant for IL-2 

recognition.
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ZUSAMMENFASSUNG

Die meisten pharmazeutischen Wirkstoffe üben therapeutische (und unerwünschte) Effekte durch 

Interaktionen mit einem oder mehreren spezifischen Proteinen in einem Organismus  hervor. 

Die Entdeckung neuer, organischer Verbindungen, die mit medizinsch relevanten Proteinen in 

Wechselwirkung treten können, ist eine Herausforderung in den pharmazeutischen Wissenschaf-

ten. Die gegenwärtig geläufigste Strategie zur Identifikation neuer Wirkstoffe (High-through-

put screening) ist allerdings zeitaufwändig und sehr kostspielig. DNA-codierte chemische Bib-

liotheken stellen eine neuartige Methode dar, die es in effizienter Weise ermöglicht, sehr grosse 

Substanzbibliotheken simultan auf Bindungsaffinitäten gegen ein Zielprotein der Wahl zu testen. 

DNA-codierte chemische Bibliotheken umfassen eine sehr grosse Anzahl verschiedener orga-

nischer Verbindungen, die individuell an spezifische DNA-Sequenzen gekoppelt sind. Dies er-

möglicht es, die gesamte Bibliothek in Selektionsexperimenen einem immobilisierten Protein zu 

exponieren, und angereicherte Verbindungen durch Entschlüsselung ihres spezifisch DNA-codes 

zu identifizieren.

Die vorliegende Dissertation beschreibt die Synthese einer DNA-codierten chemischen Biblio-

thek, die 30’000 verschiedene Verbindungen umfasst und strenge Qualitätsanforderungen erfüllt. 

Die Bibliothek wurde systematisch in Affinitätsselektionen gegen die menschliche Carboan-

hydrase IX (CA IX) − ein Membran-gebundenes Enzym, welches in vielen Tumortypen stark 

überexprimiert ist − getestet, um den Einfluss unterschiedlicher experimenteller Bedingungen in 

Affinitätsselektionen auf Selektionsergebnisse zu prüfen. Es stellte sich heraus, dass bestimmte 

experimentelle Faktoren einen entscheidenden Einfluss auf Selektionsresultate ausüben können 

und damit auf die Wahl, welche Verbindungen detektiert und für Validierungstests resynthetisiert 

werden. Diese Experimentreihe gegen CA IX führte zur Identifikation mehrerer, starker Inhibitor-

en (Phenylsulfonamid-Derivate), die die CA IX Aktivität mit nanomolaren Inhibitionskonstanten 

hemmten (z.B.: Verbindung A6B170 mit 74 ± 11 nM und Verbindung A69B151 mit 76 ± 13 nM).



4 Zusammenfassung

Daraufhin wurde die DNA-codierte chemische Bibliothek in Selektionsexperimenten gegen wei-

tere 28 Proteine von pharmazeutischem Interesse geprüft, wobei eine Reihe von 2-Methyl-1H-

Indol-Derivaten gegen das entzündungsfördernde Zytokin Interleukin-2 (IL-2) stark und selektiv 

angereichert war. Die beste Verbindung aus dieser Reihe (A17B284) band IL-2 mit einer Dissozia-

tionskonstante von 2.5 ± 0.3 µM und hemmte die IL-2-abhängige Proliferation von T-Zellen voll-

ständig mit einer mittleren inhibitorischen Konzentration von 32 ± 3 µM. Andere Testverbindun-

gen zeigten keine Bindungsaktivität gegen IL-2, während die Verbindung A17B284 keine messbare 

Bindungsaktivität gegen Streptavidin aufwies. Ein chemoinformatisches Verfahren zeigte zudem 

auf, dass die 2-Methyl-1H-Indol-Substruktur der Verbindung A17B284 entscheidund für die Bind-

ung an IL-2 ist, was im Einklang mit den Selektionsergebnissen stand.
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1 INTRODUCTION

Most drugs are, to begin with, molecules capable of selective binding to one or more protein 

targets. The identification of novel small-molecule ligands against medically relevant proteins is 

a central challenge in pharmaceutical sciences. However, the discovery of binding compounds 

by conventional high-throughput screening (HTS) campaigns is highly demanding in terms of 

time and resources. DNA-encoded combinatorial chemistry holds promises to address the need 

for innovative technologies, which are substantially more efficient than conventional HTS for hit 

discovery programs.

This thesis describes the rational design and synthesis of a DNA-encoded chemical library aim-

ing at overcoming current methodological limitations in the field. The use of a 30,000-membered 

high-quality DEL (DEL30000 library) led to the discovery of potent and selective inhibitors of 

the tumor-associated antigen human CA IX and the pro-inflammatory cytokine human IL-2. The 

inhibitors against IL-2 were able to completely inhibit IL-2-mediated T-cell proliferation with an 

IC50 of 32 mM and featured physicochemical criteria for lead-likeness.

1.1 FACTS AND TRENDS IN DRUG DISCOVERY

The identification of novel ligands against protein targets of medicinal interest represents a cen-

tral step in the drug discovery process (see Figure 1-1). Currently, the automated HTS of very 

large chemical libraries (typically comprising up to 106 distinct compounds) constitutes the main 

source of new molecules, which may serve as starting points for hit-to-lead development. How-

ever, conventional hit discovery programs by HTS are time-consuming and require considerable 

financial investments (Drews, 2000; Posner, 2005; Mayr et al., 2009; Paul et al., 2010). The 

number of newly approved drugs (new molecular entities, NMEs) by the US Food and Drug Ad-

ministration (FDA) stagnated over the past decades, even though worldwide R&D expenditures 

increased exponentially during the same period (see Figure 1-2). As a consequence, the R&D 
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Target-to-Hit Hit-to-Lead Lead Optimization Preclinical

Phase I Phase II Phase III

IND Submission

($24) $94 ($49) $166 ($146) $414 ($62) $150

($128) $273 ($185) $319 ($235) $314 S $873

Drug discovery: 3 - 6 years

($44) $48

Drug development: 6 - 7 years NDA Submission

Cost per launch

S $1,778

Launch

Figure 1-1. Schematic overview of the costs during phases 
of drug discovery process and drug development (Paul et 
al., 2010). Novel ligand discovery technologies may help 
to drastically decrease the cost in the early drug discovery 
process. Importantly, good-quality drug candidates may 

decrease the risks of costly late-stage failures in preclini-
cal or clinical trials. IND: Investigational New Drug. NDA: 
New Drug Application Capitalized costs include interest ex-
penses until drug launch for financing activities. Numbers 
for costs are adapted from Paul et al., 2010.

Figure 1-2. The number of newly FDA approved drugs 
(NMEs and NBEs) stagnated over the past three dec-
ades (left graph) (Munos, 2009). In contrast, annual R&D 
expenditures of PhRMA member companies (blue bars, 
right graph) of pharmaceutical industries were increasing 
exponentially in the same period. The approvals of sev-
eral NBEs partially helped to level out the innovation gap 
in pharmaceutical industry. The R&D efficiency (R&D as 

% of net sales, violet line) decreased constantly and has 
reached a plateau since 1995 (Cohen, 2005).
PhRMA: Pharmaceutical Research Manufacturers of 
America. The left figure is closely adapted from Munos, 
2009. The right figure is closely adapted from Cohen, 2005.
Blue bars adapted from Vibrant Innovation, referring to 
www.phrma.org/research/publications/fact-sheets-and-pol-
icy-papers (accessed 14 February 2011). 
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efficiency (R&D costs as % of net sales) of pharmaceutical industries was decreasing constantly 

until the 2000s (see Figure 1-2, right graph). However, estimating the effective costs per NME 

is complex as the process from hit discovery to drug approval may take up to 15 years (Munos, 

2009). The causes for the decline in R&D efficiency and suggestions for overcoming the innova-

tion gap in the pharmaceutical industry are the topic of intense discussions (Macarron et al., 2011; 

Paul et al., 2010; Scannell et al., 2012).

The Innovative Gap in the Pharmaceutical Industry

S $281
(Out of pocket) (Capitalized)
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Substantial scientific progress in life sciences led to innovative biotechnologies, which have al-

lowed the discovery and development of recombinant therapeutic proteins (new biological en-

tities, NBEs). The approval of several NBEs partially helped to level out the innovation gap 

in pharmaceutical industry (Walsh, 2006). For instance, antibody phage display technology has 

made it possible to rapidly generate monoclonal antibodies against virtually any target protein of 

interest using a selection-based strategy (Smith et al., 1985; McCafferty et al., 1990; Winter et al., 

1994; Smith and Petrenko, 1997; Kehoe and Kay, 2005; Petrenko, 2008). Very large collections 

of phages, which display scFv fragments as fusion complexes on their surface can be simultane-

ously screened against a target protein of interest in affinity selection experiments. The phage 

antibody display technology was crucial for the discovery of adalimumab (Humira®) - a fully 

human monoclonal antibody against TNF-a - which achieved the $3 billion annual sales mark 

in the year 2007 (Kempeni et al. 1999; http://en.wikipedia.org/wiki/Adalimumab (accessed 8 

April 2012)). The phage display technology bears several conceptual analogues to DNA-encoded 

combinatorial chemistry, which is the topic of this thesis. DNA-encoding of compounds allows a 

selection-based interrogation of small-molecule libraries against protein targets.

1.1.1  Small-Molecule Drug Discovery

Currently, the HTS of very large chemical libraries represents one of the main sources of newly 

identified hit compounds, which enter hit-to-lead development. Industrial HTS campaigns ana-

lyze up to 105 test compounds per day, thereby relying on expensive robotic systems and sophis-

ticated laboratory equipment (Wunder et al., 2008; Mayr et al., 2009). Compound collections for 

HTS typically consist of up to 106 molecules, which are individually tested in vitro in a massively 

parallel fashion in microtiter plates (e.g., displacement assays, enzyme inhibition assays, or cellu-

lar assays). The HTS procedure is essentially a “brute-force” approach, which relies on the casual 

identification of molecules which happen to possess desired activity properties. Newly identified 

hits require further follow-up assays and time-consuming optimization of physicochemical prop-

erties (e.g., target affinity, selectivity, solubility) by medicinal chemistry (hit-to-lead develop-

ment).
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The need for alternative methodologies capable of accelerating the lead discovery process is evi-

dent, even though several NMEs have emerged from HTS programs (Bleicher et al., 2003; Macar-

ron et al., 2011). The application of computational techniques (virtual screening) can be a useful 

tool for filtering the vast chemical space for molecules, which are more probable to bind a target 

(Bajorath, 2002; Schneider, 2010). Another powerful lead generation technology is represented 

by fragment-based approaches, which assay small molecules by NMR or X-ray crystallography 

(“fragments” typically have a MW < 300 Da). Such screening methods may provide structural 

information about protein ligand interactions, thereby facilitating rational optimization of identi-

fied binders (Blundell and Patel, 2004; Erlanson et al., 2004; Rees et al., 2004; Leach et al., 2006; 

Hajduk and Greer, 2007; Erlanson et al., 2011).

DNA-encoded chemical libraries represent an emerging technology for the selection-based dis-

covery of small-molecule ligands, as presented in this thesis. In complete analogy to phage dis-

play, this approach offers an avenue to efficiently identify novel hit compounds with suitable 

physicochemical properties for hit-to-lead development.

1.1.2  The Discovery of New Biological Entities

In contrast to HTS, polypeptide display technologies (e.g., phage display) feature a selection-

based simultaneous screening of very large libraries, which allow to efficiently isolating novel 

binding specificities against virtually any target protein of interest. For instance, in antibody phage 

display technology, putative binding specificities (“phenotype”) are expressed as fusion proteins 

on the surface of bacteriophages (e.g., M13 or fd filamentous phage), which carry the correspond-

ing genetic information (“genotype”) (Figure 1-3). The bacteriophages provide a physical link-

age between displayed polypeptide structures and corresponding encoding DNA sequences. This 

structural connection allows the screening of very large biomolecule libraries (phage collections 

can reach complexities of > 1012 different library members) against an immobilized target protein 

of interest in affinity selection experiments (Figure 1-4). Binding bacteriophages can be isolated 

and eventually identified by DNA sequencing of the genetic information. This strategy allows 
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Figure 1-3. Phage-
display uses bacte-
riophages (e.g., fd 
filamentous phage) 
to provide a physical 
linkage between a re-
combinant phage coat 
particle (phenotype) 
that functions as affin-
ity structure in panning 
experiments, and its 
underlying genotype. 
For instance, rand-
omized DNA sequenc-
es encoding for scFv 
antibody fragments 
(made up of an inter-
connected variable light chain (VL) and variable heavy chain 
(VH)) are coupled to the pIII coat particle gene in recombinant 
phage vectors. Bacteriophages display scFv fragments on 
their surface as fusion complexes.

vH vL
Phenotype

(scFv fragment)

pIII coat protein

Genotype
(phage genome)

the production of monoclonal binding 

specificities towards virtually any given 

protein target in an inexpensive and reli-

able way and enables the facile recovery 

of the genetic information of the binders 

of interest. The concepts employed in 

phage display were translated into sev-

eral alternative selection-based ligand 

identification strategies, such as yeast 

display (Boder and Wittrup, 1997; Pep-

per et al. 2008), ribosome display (Hanes 

and Pluckthun, 1997), or mRNA display 

Phage antibody library

Next panning cycle

AmplificationElutionWash

Bead
Non-binding phage

Binding phage

Figure 1-4. A phage antibody library is incubated with an 
immobilized target protein of interest. After equilibration, 
non-binders are removed by washing, while binding phag-
es remain immobilized on the target protein. Binding bac-
teriophages are separately eluted and amplified by  bac-

terial infection. Then, the reconstituted phage library may 
be subjected to a second cycle of affinity selection. DNA 
sequencing of the genetic information allows the structure 
determination of binding specificities.

Affinity selection against 
an immobilized target 
protein on solid support
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(Roberts and Szostak, 1997; Wilson et al., 2001; Keefe and Szostak, 2001). However, biologi-

cal display technologies rely on biological systems employing machineries for transcription and 

translation, which confines the repertoire of chemical building blocks to proteinogenic amino 

acids. The conceptual design of a similar strategy for the discovery of small-organic molecules 

would be particularly desirable, as compounds with low molecular weight may overcome unfa-

vorable pharmacokinetic properties of proteins (e.g., no oral bioavailablity, slow extravasation 

and low cellular uptake).

1.1.3  Selection-Based Technologies in Organic Chemistry

The advent of combinatorial chemistry offered an avenue to generate compound collections of 

unprecedented size using a split-and-pool methodology (Houghten et al., 1985; Lam et al. 1991; 

Houghten et al., 1991; Liu et al., 2002). In this approach, a first set of chemical compounds 

(containing m members) is pooled in equimolar amounts and split into n aliquots. A specific re-

actant of a second set of chemical compounds (comprising n members) is added to each aliquot, 

which gives rise to m reaction products. Then, aliquots are pooled again yielding a collection of 

n x m different reaction products. This synthesis cycle may be iterated for several rounds, yield-

ing polymeric compounds (e.g., polypeptides). However, the identification of active components 

from compound mixtures is problematic as individual members lose their spatial information dur-

ing the split-and-pool synthesis. Brenner and Lerner were the first to propose the use of DNA to 

provide the information that would be lost during split-and-pool synthesis (chemical encoding).



11Analogy of Phage Display and Encoded Combinatorial Chemistry

In 1992, Brenner and Lerner described in a theoretical article the translation of the concept of link-

ing phenotype and genotype to organic chemistry. In analogy to polypeptide display technologies, 

they suggested to synthesize amino acid sequences (“phenotype”) and encoding oligonucleotides 

(“genotype”) on the same bead (Figure 1-5). In this methodology, synthetic chemical structures 

and encoding DNA be-

come physically connect-

ed and encoded chemical 

libraries can be screened 

in complete analogy to 

affinity selections used 

in phage display technol-

ogy (Figure 1-6 and Fig-

ure 1-7). Suitable DNA 

sequences, acting as bar 

codes, are flanked by PCR 

priming sites, which of-

vH vL
Phenotype

Genotype

Gly GlyMet

Bead

G

M

G

Physical linkage

G

M

G
G

M
M

G
G

M
M

GlyCACATG GGGCCCTATTCTTAGACGGTACACATGAGCTACTTCCCAAGG GlyMet

Split Pool

Phenotype

Genotype

Repeat split-and-pool synthesis cycle
Synthesis site 
for DNA codes

Synthesis site for 
nascent peptides

Construct after 3 cycles

Bead

Figure 1-5. Brenner and Lerner proposed to orthogonally 
synthesize peptide and DNA sequences on different at-
tachment sites on the same bead. Beads serve as physi-
cal linker between the nascent phenotypic and genotypic 
structures. After addition of a first amino acid, a unique 

(encoding) hexanucleotidic sequence is subsequently syn-
thesized on the same bead. Split-and-pool synthesis cycles 
can be repeated for n rounds. An exemplary DNA-encoded 
library member after three synthesis rounds is depicted on 
the bottom.

Primer site Primer site

Figure 1-6. Analo-
gy of phage display 
and DNA-encoded 
chemical libraries: 
Structural linkage 
between displayed 
chemical moieties 
(“phenotype”, e.g., 
an scFv antibody 
fragment or a trip-
eptide) and corre-
sponding encoding 
DNA (“genotype”). 
In 1992, Brenner & 
Lerner proposed to 
physically link syn-
thetic peptide sequences and specific oligonucleotide sequences on the same 
bead, in order to translate the concept of phage display to organic chemistry. 
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fers an extremely sensitive way of decoding isolated chemical structures by PCR amplification 

and DNA sequencing. The accessible repertoire of chemical building blocks becomes theoreti-

cally expanded to the realm of organic chemistry as the proposed library construction strategy 

does not rely on biological systems. The practical implementation of DNA-encoding procedures 

requires the compatibility of unprotected DNA with the covalent synthesis of the chemical entity. 

These orthogonality requirements were investigated and implemented in 1993 for the first time, 

as described in the next chapter.

Selection-Based Identification of Small-Molecule Ligands

Figure 1-7. Affinity selection experiments using DNA-
encoded chemical libraries are performed analogously to 
phage display selections. An aliquot of the DNA-encoded 
chemical library is exposed to an immobilized target protein 
of interest. After equilibration, non-binders are removed 
by washing and binding DNA-compound conjugates are 

eluted separately (e.g., by heat denaturation of the target 
protein). Recovered DNA tags are subsequently amplified 
by PCR, sequenced and decoded by computational algo-
rithms. The most abundant compounds (hits) are selected 
for resynthesis and hit validation.

DNA-encoded chemical library

AmplificationElutionWash

Bead

Decoding

AGGC ACTT

Resynthesis

Hit Validation

Non-binding conjugate

Binding conjugate

Affinity selection against 
an immobilized target 
protein on solid support
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1.2 DNA-ENCODED CHEMICAL LIBRARIES

In 1993, the theoretical concept of DNA-encoded combinatorial chemistry, first proposed by 

Brenner and Lerner was successfully translated into practice. The construction of the first DNA-

encoded chemical libraries (DELs) was performed on beads, in order to connect displayed mol-

ecules to the corresponding DNA tags, while driving chemical reactions to completion by the use 

of a molar excess of reagents. These library construction strategies allowed the selection-based 

isolation of polypeptides, which were known to recognize corresponding antibodies (Chapter 

1.2.1).  Nowadays, however, displayed chemical moieties are directly attached to the correspond-

ing DNA codes (e.g., via short polyethylene glycol linkers) in the absence of beads, which would 

otherwise limit library size and interfere with selection procedures.

Current DEL construction strategies can conveniently be classified into (A) libraries displaying 

single chemical compounds, which are combinatorially synthesized on DNA (Chapters 1.2.2 and 

1.2.3), or (B) libraries displaying small organic molecules on the extremities of two individual 

DNA-strands, which can be combinatorially assembled by DNA hybridization (Chapter 1.2.4). 

(Scheuermann et al., 2006). The first category of DEL construction strategies can be further di-

vided into those in which (A1) DNA “records” the synthesis of displayed molecules (Chapter 

1.2.2) or those in which (A2) DNA “directs” the synthesis of library members (Chapter 1.2.3). 

The use of different DEL construction strategies led to the discovery of novel ligands and inhibi-

tors against a variety of biomedically important targets (Leimbacher et al., 2012).

This thesis describes the construction and characterization of a DNA-encoded chemical library 

synthesized according to scheme A1 (Chapter 1.2.2), The library, which contained 30,000 com-

pounds, has led to the identification of a series of potent inhibitors against the tumor-associated 

antigen CA IX and the discovery of lead-like inhibitors against the pro-inflammatory cytokine 

IL-2.
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1.2.1  First Practical Implementations

In 1993, Brenner and Janda showed the feasibility of orthogonally synthesized pentapeptides and 

corresponding oligonucleotide tags on the same bead by performing five alternating synthesis 

cycles of amide-bond forming reactions and nucleoside phosphoramidite chemistry (Nielsen et 

al., 1993; Figure 1-8). The resulting DNA-encoded Leu-enkephalin pentapeptide (LFGGY) was 

shown to bind the antibody 3-E7 as efficiently as the reference peptide (Kd = 24 nM), whereas 

the bivalent Leu-enkephalin exhibited a Kd = 7 nM.  Notably, they showed that the bulky DNA 

tags were not interfering with target binding and corresponding DNA codes were amplifiable by 

standard PCR.

Independently, Gallop and co-workers showed the orthogonal synthesis of a library comprising 

823,543 (77) heptapeptides, which were connected to corresponding DNA tags on the same bead 

(Needels et al., 1993). Coding sequences were flanked by PCR priming sites for DNA amplifica-

tion. After affinity selection, beads carrying the amino acid sequence RQFKVVT were isolated 

based on their ability to bind the fluorescent monoclonal antibody D32.39, which was known to 

bind the reference peptide RQFKVVT with a Kd = 0.5 nM. The sequence of the cognate DNA 

code was revealed after FACS-based isolation and PCR amplification.

First Practical Implementations
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Figure 1-8. Orthogonal synthesis of oligonucleotide and 
peptide sequences. A chemical scaffold with orthogonal 
protecting groups (O-DMT and N-Fmoc) enabled the bidi-
rectional synthesis of oligonucleotide and peptide sequenc-

es. A cleavage site allowed releasing the DNA-encoded 
peptides from the solid support. An exemplified oligonucle-
otide-peptide conjugate after bead-release is depicted at 
the bottom (Nielsen et al., 1993).

Primer site Primer site
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Several alternative encoding strategies have been proposed during the 1990s, in order to broaden 

the scope of compound synthesis routes beyond the narrow window of DNA-compatible chemi-

cal reactions. However, the selective amplification of DNA by PCR turned out to constitute a 

crucial feature for hit detection and was found to be indispensable for statistical evaluation of 

complex DELs. Moreover, DNA molecules provide further advantages as encoding scaffolds for 

encoded chemical libraries: (i) The accessibility of DNA-processing enzymes, which perfectly 

fulfill orthogonality requirements, (ii) stringent and facile DNA purification methods such as etha-

nol precipitation or DNA purification kits, (iii) commercially available oligonucleotides, which 

can be designed by the experimenter, and last but not least (iv) the emergence of high-throughput 

DNA sequencing technologies (e.g., Roche 454 Genome Sequencer, Illumina Solexa Genome 

Analyzer), which allow to extract DNA sequence information in a massively parallel fashion.

In some cases, it is convenient to identify DNA-compatible reaction conditions, in order to get 

access to novel chemistry for library construction. Notably, the scope of chemical reactions can 

be expanded to completely water-free conditions using diethylaminoethyl (DEAE) resin for DNA 

immobilization during the synthesis of displayed chemical moieties, as shown by Harbury and 

co-workers in 2004 (Halpin et al., 2004c) and in the present thesis.
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1.2.2  DNA-Recorded Library Synthesis

The combinatorial assembly of chemical building blocks followed by enzymatic DNA-encoding 

in a split-and-pool-based fashion has been shown to be a robust method for the synthesis of DNA-

encoded chemical libraries. A schematic route for the construction of a DNA-encoded chemical 

library is depicted as Figure 1-9. Library construction protocols employing up to four rounds of 

split-and-pool synthesis using DNA polymerases or DNA ligases for enzymatic encoding have 

been reported (Clark et al., 2009; Buller et al., 2010)

DNA-encoded chemical libraries constructed by two rounds of split-and-pool synthesis typically 

comprise only several thousands of compounds, while three or more split-and-pool cycles lead to 

libraries comprising theoretically up to 109 different library members. The use of such DELs have 

yielded ligands and inhibitors against promising targets for cancer therapy, such as human CA IX, 

Bcl-xL and Aurora A kinase, or for the therapy of immune disorders, such as TNF-a or the p38 

mitogen-activated protein kinase (p38 MAP kinase). 

DNA-Recorded Library Synthesis

Figure 1-9. Schematic protocol for the construction of a 
DNA-encoded chemical library. A first set of chemical build-
ing blocks (A1-Aw) is covalently coupled to oligonucleotides, 
carrying a compound-specific coding sequences. Resulting 
oligonucleotide-compound conjugates are purified, pooled 
in equimolar amounts and split into x aliquots. A second 

set of chemical building blocks (B1-Bx) is covalently coupled 
to the nascent chemical entity and subsequently encoded.
This procedure may be iterated for a third round (using 
building blocks C1-Cy) and fourth round (using building 
blocks D1-Dz), yielding a chemical library theoretically com-
prising Aw * Bx * Cy * Dz DNA-encoded molecules.

Pool

Chemistry

Split
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Chemistry
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Our laboratory successfully employed DELs based on the combinatorial assembly of two chemi-

cal building blocks, which led to the de novo discovery of ligands against streptavidin (Mannocci 

et al., 2008; Buller et al., 2008), the pro-inflammatory immunocytokine TNF-a (Buller et al., 

2009), and the tumor-associated antigen Bcl-xL (Buller et al., 2009; Melkko et al., 2010). Notably, 

the best binder against TNF-a was able to fully block the TNF-a-mediated cell killing of murine 

L-M fibroblasts in vitro (Buller et al., 2009). Selected chemical structures are depicted in Figure 

1-10. The synthesis and use of a high-quality encoded library based on the DNA-recorded assem-

bly of two sets of chemical building blocks yielded potent inhibitors against the tumor-associated 

antigen human CA IX and against the pro-inflammatory cytokine IL-2, as shown in the present 

thesis.

Morgan and co-workers reported the synthesis of two DELs theoretically comprising 7,077,888  

and 802,160,640 library members, respectively, employing three or four synthesis cycles (as 

schematically illustrated as Figure 1-9) (Clark et al., 2009). These libraries yielded nanomolar 

inhibitors against p38 MAP kinase and Aurora A kinase (Figure 1-11). The crystal structures of 

selected compounds revealed that these ligands are complexed to ATP-binding pockets of the cor-

responding kinases.
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Figure 1-10. Selected de novo identified ligands against 
TNF-a and Bcl-xL. These ligands were isolated from DELs, 
which were combinatorially synthesized from two sets of 
chemical building blocks. A slightly modified ligand against 

TNF-a (Kd = 10 μM) was able to fully arrest TNF-a-medi-
ated cell killing of murine L-M fibroblasts in vitro (Buller et 
al., 2009)

TNF-a Kd = 20 μM

Bcl-xL Kd = 10 μM
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DELs constructed by the combinatorial assembly of more than two sets of chemical building 

blocks may generate very large libraries in terms of theoretical number of compounds (Wrenn et 

al, 2007; Buller et al., 2009; Clark et al., 2009). However, such libraries are more likely to suffer 

from technical drawbacks, including (i) poor library quality (e.g., variable reaction yields and 

thus unequal stoichiometries among library members), (ii) insufficient sampling power for library 

decoding after affinity selections (i.e., low sample sizes compared to library size), and (iii) unfa-

vorable physicochemical properties of displayed chemical moieties (e.g., MW > 500 Da, cLogP > 

5, nrotb > 10, TPSA > 140 Å2), thus offering suboptimal ligand efficiency and violating generally 

accepted criteria for lead-likeness.
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Figure 1-11. Selected de novo identified inhibitors against 
Aurora A kinase and p38 MAP kinase. These ligands were 
isolated from DELs, which were combinatorially synthe-
sized using three and four sets of chemical building blocks, 

respectively. The p38 MAP kinase inhibitor was reported 
as ethanolysis product, which was not originally included in 
the respective DEL.
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1.2.3  Directing Chemical Synthesis

The use of DNA both for encoding and directing the synthesis of displayed chemical moieties 

represents an avenue for the construction of DNA-encoded chemical libraries. DNA can direct 

the synthesis of molecules either by the enhancing the effective molarities of reactions partners on 

complementary DNA strands (DNA-templated synthesis, DTS) or by restricting reaction partners 

to spatially distinct microreactors (DNA-routing).

DNA-templated synthesis. Liu and co-workers showed that DNA heteroduplex formation may 

drastically increase effective molarities of DNA-bound reactants (illustrated as Figure 1-12) 

(Gartner et al, 2001; Gartner et al., 2002a).  Interestingly, the DNA-mediated proximity effect 

enabled the discovery of novel chemical reactions (Kanan et al., 2004; Calderone and Liu, 2005). 
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Figure 1-12. DNA-templated organic synthesis. Reactants 
are conjugated to oligonucleotides, which share a partially 
complementary sequence region. This format allows con-
ferring sequence-specific proximity to reactants upon DNA 

duplex formation. The effective molarities of the reactants 
become drastically elevated, thereby eventually allowing 
specific chemical reactions to occur highly accelerated 
(Gartner et al., 2002a).

Figure 1-13. The DNA sequence-conferred acceleration of 
product formation is carried out for DNA-bound reactants, 
which are separated by n ≤ 30 intermediate nucleotides. 

This feature allowed the sequence-directed multi-step syn-
thesis of chemical compounds and enabled the synthesis 
of DELs (Gartner et al, 2001; Gartner et al., 2002a).

n
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The sequence-specific acceleration of bimolecular reactions was shown to efficiently proceed 

for DNA-bound reactants, which were separated by up to 30 nucleotides (Figure 1-13) (Gartner 

et al, 2001; Gartner et al., 2002a, Li et al., 2004). This feature was utilized to perform chemical 

reactions in three consecutive steps, whereby a single oligonucleotide served as both as “en-

coding tag” and a “template” to direct the stepwise synthesis of organic molecules. (Gartner 

et al., 2002b). In 2004, the group of Liu reported the synthesis of 65 fumaramide macrocycles 

in the DTS format (schematically depicted as Figure 1-14). Three sub-libraries containing four 

members were combinatorially assembled, and subsequently subjected to a ring closure reaction, 

which led to a final library of 64 DNA-bound macrocycles. A nanomolar ligand against carbonic 

anhydrase serving as positive control was analogously synthesized by DTS. The DNA template of 

the positive control had a NlaIII restriction site in order to monitor qualitative enrichments upon 

affinity selection by NlaIII digestion and PAGE. The proof of principle was nicely demonstrated 

as the positive control was strongly enriched after the second round of affinity selection (Doyon 

et al., 2003; Gartner et al., 2004)

Sub-library 2

DTSSub-library 1

Sub-library 3

Ring closure
Affinity

selection

PCR

Next round

Sequencing Resynthesis

Library of
DNA templates

Figure 1-14. The DTS library construction format starts 
from library of distinct DNA templates, which both encode 
and direct the synthesis of displayed molecules. In a first 
synthesis step, a sub-library consisting of DNA-bound 
small-molecule reactants, is incubated with the DNA tem-
plate library. Sequence-specific DNA hybridization confers 
proximity of reactants resulting in DNA-directed reaction 

catalysis. The synthesis cycle can be iterated for another 
two rounds, followed by a ring closing reaction yielding a 
library of DNA-bound macrocycles. The eluted library, in 
which more active molecules are more abundant, can be 
reconstituted after affinity selections by PCR amplification 
using modified primers with terminal reactive group, which 
allows a further round of affinity selection.
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In spite of the interesting results reported by Liu and co-workers, library scaling-up and library 

diversification using the DTS strategy remains challenging. Variable overall reaction yields have 

been reported, so far ranging between 1 - 12% (Gartner et al., 2004; Kleiner et al., 2010). This 

feature negatively affects library quality.

DNA routing. In 2004, Harbury and co-workers presented the sequence-programmed construc-

tion of DELs by DNA routing (Halpin and Harbury, 2004a and 2004b). In analogy to the DTS 

strategy, a library DNA templates serves as encoding and programming infrastructure and be-

comes translated into a library of DNA-bound phenotypic compounds. 

The group of Harbury showed the feasibility of a DNA-routing machinery, consisting of series-

connected columns containing DNA anticodons, which are electrostatically immobilized on 

DEAE resin. The arrangement of immobilized DNA anticodons was able to direct individual 

library members sequence-specifically into distinct locations by DNA hybridization. After spa-

tial partition of defined DNA subsets, specific amino acids are covalently coupled to the cor-

responding DNA templates. DNA-compound-conjugates were subsequently eluted, pooled and 

split again in a sequence-controlled manner.
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Figure 1-15. De novo selected inhibitor 
against Src kinase using a 13,824-mem-
bered DEL, which has been synthe-
sized in the DTS format. The revealed 
macrocycles served as starting points 
for chemical optimization by medicinal 
chemistry.

Src kinase

IC50 = 680 nM

MW = 651 Da

Recently, the Liu group has reported the synthesis of a 

13,824-membered library, which was synthesized by DTS 

in three consecutive steps in analogy to the pilot library 

(see construction scheme in Figure 1-14) (Tse et al., 2008). 

Affinity selection experiments resulted in the de novo dis-

covery of small-molecule macrocycles capable of selec-

tive kinase inhibition. The best hit compound exhibited 

half-maximum inhibitory concentration (IC50) of 680 nM 

against Src kinase (Kleiner et al. 2010; Figure 1-15). Fur-

thermore, the potency of several second-generation macro-

cycles (including derivatives of the parent structure in Fig-

ure 1-15) exhibited IC50 values ≤ 4 nM. The authors further 

investigated the binding mode of selected Src-macrocycles 

complexes by X-ray (Georghiou et al., 2012).
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The Harbury group constructed a DNA-encoded chemical library comprising 106 synthetic N-

acylated pentapeptides according to the described DNA-routing protocol. The resulting library 

was subjected to affinity selections against the monoclonal antibody 3-E7, which was known to 

bind the Leu-enkephalin pentapeptide LFGGY with nanomolar affinity (this is the same antibody 

previously used by Brenner and Janda in 1993). DNA templates corresponding to the Leu-en-

kephalin LFGGY were strongly enriched after two rounds of library synthesis, affinity selection, 

and PCR amplification. In 2007, the same group reported the synthesis of a 108-membered DEL 

using the DNA-routing strategy (Wrenn et al., 2007). The library was subjected to affinity selec-

tions against the SH3 domain of the proto-oncogene Crk (N-CrkSH3), yielding a non-natural 

peptide (Crktoid 8,  see Figure 1-16), which exhibited a Kd value of 16 µM. Interestingly, Wrenn 

et al. reported an equivalent performance of their library compared to phage display libraries of 

comparable size (Rickles et al., 1994). However, as nowadays biopolymer libraries reach com-

plexities of ~ 1013 and routinely yield nanomolar binders, the group is currently undertaking 

efforts to produce DNA-programmed libraries with complexities of ~ 1013 (Wrenn et al., 2007).

A conceptually important difference between DTS and the DNA-routing method lies in the chron-

ological course of the library construction. While the DTS strategy relies on the coincidence of 

DNA hybridization and chemical reaction, the DNA-routing method may chronologically dissect 

these two processes. This feature may allow extending the experimental conditions for chemical 

reactions compared to the DTS strategy, which requires reaction conditions compatible with DNA 

hybridization. However, the sequential nature of DNA-routing procedures and its dependence on 

affinity purification steps on DNA resins are likely to negatively affect library quality.

N-CrkSH3

Kd = 16 μM

MW = 1094 Da

Figure 1-16. De novo identified ligand against N-CrkSH3. 
The non-natural peptide was selected from a 108-mem-

bered DEL, which has been constructed by the DNA-rout-
ing method.
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The Harbury group reported reaction yields of around 90% per reaction step, which may fulfill 

equimolarity requirements better than the DTS approach.  However, their implementation of the 

technology requires multiple reaction steps and multiple affinity capture procedures. The equimo-

larity among library members is a necessary feature of high-quality DELs, e.g., for the assignment 

of structure-activity relationships from selection readouts (see Chapter 1.5.2).

Notably, both DTS and DNA-routing approaches allow resynthesizing enriched library members 

after affinity capture experiments. This feature may enable, in principle, a second round of pan-

ning against the same target using the resynthesized library, enriched for towards antigen-binding 

structures. The opportunity to recover and amplify binders after selection bears analogy to phage 

display technology.

Another laboratory in the field, the Danish company Nuevolution holds a number of patent ap-

plication for the use of DELs (their technology is named Chemetics™). The company claims 

on their homepage in the World Wide Web (http://www.nuevolution.com/Technology/Chemet-

ics.htm) to surpass the one billion compound mark and a single person may screen 100 million 

molecules against a target in only 2-3 days. However, neither a specific library nor a functional 

implementation of their methodology has so far been reported in literature.

1.2.4  Encoded Self-Assembling Chemical (ESAC) Libraries

In 2004, our laboratory reported a different approach for the construction of large high-quality 

DNA-encoded chemical libraries, known as encoded self-assembling chemical (ESAC) libraries 

(Melkko et al., 2004). In this strategy, small organic molecules are displayed at the extremities 

of two subsets of single-stranded DNA strands, which share a constant, partially complementary 

annealing region. In the ESAC library format, chemical compounds of the first library subset 

(sub-library A) are displayed at the 5’-extremity, while chemical compounds of the second library 

subset (sub-library B) are displayed at the 3’-extremity of partially complementary strands. In-

dividual DNA-compound-conjugates can be HPLC-purified and analyzed by mass spectrometry 

and UV absorbance allowing the construction of well-characterized and pure ESAC sub-libraries. 
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The combinatorial assembly of two sub-libraries upon DNA hybridization allows the formation 

of DNA-duplex libraries displaying two neighboring small molecules, which may simultaneously 

bind to adjacent protein binding sites (see Figure 1-17). After affinity selection, enriched chemi-

cal fragments are covalently connected by a set of bifunctional linkers differing from each other 

in length and flexibility. This procedure facilitates the resynthesis of bidentate ligands, which may 

exhibit substantially increased target affinities due to the chelate effect.

Figure 1-17. In the ESAC library construction format, 
chemical moieties are covalently coupled to an extremity of 
individual encoding DNA strands. DNA-strands of the sub-
library A members (A1-Am) share a constant domain, which 
is complementary to a constant domain of the sub-library 
B conjugates (B1-Bn). The conserved annealing domains 

allow the combinatorial assembly of the two sub-libraries 
by DNA hybridization with Am x Bn library members, while 
coding DNA stretches unambiguously specify associated 
satellite compounds. Fully assembled ESAC libraries can 
be subjected to affinity selections.
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ESAC libraries are suitable for the de novo discovery of bidentate ligands, which has been shown 

by the identification of novel binders against the tumor-associated antigen matrix metalloprotein-
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Figure 1-18. De novo identified inhibitor 
against MMP-3 from an ESAC library compris-
ing 105 library members. The two selected frag-

ments were connected by a bifunctional linker. 
The depicted molecule was able to completely 
inhibit MMP-3 activity with an IC50 of 10 mM.
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1.2.5  Affinity Maturation of Known Lead Structures

Several strategies for the construction of DELs have been successfully used for the de novo dis-

covery of ligands (the main concepts are summarized in Figure 1-19).

Affinity Maturation Using DNA-Encoded Chemical Libraries
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ase-3 (MMP-3; Figure 1-18; Scheuermann et al, 2008). ESAC libraries are particularly suited for 

affinity maturation purposes as illustrated in the next chapter.

Figure 1-19. Schematic overview of the pre-
sented DEL construction schemes. Ax, By, and 

Cz indicate different sets of chemical building 
blocks, which are combinatorially assembled.

Pharmacophore
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ESAC

Figure 1-20. Schematic overview of DEL con-
struction formats employing known pharmacoph-
ores (in red) for affinity maturation purposes.

However, DELs are also suited for affinity maturation 

purposes of known lead structures as illustrated in  

Figure 1-20, which has been shown by our laboratory 

using ESAC libraries (Melkko et al., 2004; Melkko 

et al., 2007) or DNA-recorded combinatorial librar-

ies (Melkko et al., 2010). A pharmacophore building 

block can be incorporated into a DEL at a defined 

position (see Figure 1-20) for affinity maturation 

purposes. For instance, the covalent attachment of a 

phenyl sulfonamide (known to exhibit an IC50 against 



26

bovine carbonic anhydrase II of ~ 1 µM) to the extremity of a DNA-strand allowed the construc-

tion of a focused ESAC library, by pairing the sulfonamide-oligonucleotide conjugate with an 

ESAC sub-library. Affinity selection yielded a bivalent organic molecule with a 40-fold enhanced 

affinity against bovine CA II (IC50 = 25 nM) after connecting the most abundant fragment by a 

bifunctional linker to the phenyl sulfonamide moiety (Melkko et al., 2004). In a second example, 

the incorporation of a benzamidine moiety (with a known IC50 of 35 µM against trypsin) led to 

the synthesis of a focused DEL (see 

Figure 1-20, left) comprising 8,000 

benzamidine derivatives. The most 

potent inhibitor after selection-based 

affinity maturation exhibited an IC50 

of 3 nM, corresponding to a 10,000-

fold improved inhibitory potency 

compared to the primary lead struc-

ture (Figure 1-21; Mannocci et al., 

2010).
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Affinity Maturation using DNA-Encoded Chemical Libraries

Figure 1-21. The incorporation of a benzamidine moiety into a DNA-
recorded combinatorial library displaying 8,000 benzamidine deriva-
tives led to a 104-fold improved inhibitor against trypsin.



27

1.3 LIBRARY DECODING BY DNA SEQUENCING

The identification and relative quantification of preferentially enriched binding structures from 

a DEL after affinity selection experiments are normally achieved by a combination of PCR am-

plification of eluted DNA codes, DNA sequencing and computational decoding (Chapter 1.1.3, 

Figure 1-7). Modern decoding strategies rely on high-throughput sequencing technologies, such 

as the Roche 454 Genome Sequencer FLX (Margulies et al., 2005) or the Illumina Solexa Ge-

nome Analyzer (Bentley et al., 2006; Bentley et al., 2008; reviewed by Mardis, 2008). The advent 

of high-throughput DNA sequencing technologies enables the analysis of millions of DNA se-

quences before and after affinity selection experiments, which allows deep statistical evaluations 

of selection results.

1.3.1  High-Throughput Sequencing Technologies

The high demand for increased capacity of DNA sequencing for genomic purposes led to the 

advent of high-throughput sequencing technologies (Shendure et al., 2004; Service, 2006). These 

innovative methods allowed the rapid and cost-effective sequencing of DNA fragments in a mas-

sively parallel fashion (Mardis, 2008). Our group showed for the first time the applicability of 

high-throughput sequencing technologies for the deconvolution of PCR amplicons originating 

from DELs (Mannocci et al., 2008; Buller et al., 2009) by the Roche 454 Genome Sequencer.

The Roche 454 high-throughput sequencing technology relies on the emulsion-based PCR ampli-

fication and subsequent massively parallel sequencing of DNA strands (Margulies et al., 2005). 

For the compatibility with the instrument, DNA probes are flanked by specific adapter sequences 

to generate single-stranded templates (sstDNA) for 454 sequencing (Figure 1-22). Adapter frag-

ments A are captured by bead-immobilized DNA anticodons under conditions, which favor the 

attachment of one DNA template per bead. DNA-carrying beads and PCR reagents are emulsified, 

High-Throughput Sequencing Technologies
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Figure 1-22. DNA inserts (e.g., genome fragments or library 
codes of DEL) are connected to adapter sequences, which 
are compatible with the Roche 454 Genome Sequencer 
system. The resulting single-stranded DNA templates 
(sstDNA) are attached to anticodon-bearing beads by DNA 
hybridization under conditions, which favor the attachment 
of one single sstDNA per bead. Then, the beads and PCR 
reagents are emulsified  into water droplets, which consti-
tute separate PCR microreactors. After emulsion-based 
clonal DNA amplification (emPCR), the beads carry mil-
lions of identical DNA strands. The emulsion is broken and 

DNA-carrying beads are deposited into separate wells of a 
picotiterplate. Then, DNA polymerase and a second type 
of beads, which carry sulfurylase and luciferase are added 
to the wells. The addition of individual nucleotides initiates 
a reaction cascade, which is triggered by pyrophosphate 
(PPi) release upon nucleotide incorporation.  The PPi re-
lease allows the generation of ATP, which is needed for the 
enzymatic conversion of luciferin into oxyluciferin and light. 
The chemiluminescent signals are recorded by a charge-
coupled device camera. PPi: Pyrophosphate. APS: adeno-
sine 5′-phosphosulfate. ATP: adenosine triphosphate
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in order to form isolated microreactors for PCR amplification. After emulsion-based clonal ampli-

fication (emPCR), individual beads carry millions of identical DNA strands, which are deposited 

into distinct well (one bead per well) of a picotiterplate. Afterwards, enzyme-carrying beads (i.e., 

sulfurylase and luciferase) and DNA polymerase are released into each well of the picotiterplate. 

The mixture allows to generate light signals from inorganic pyrophosphate (PPi), which is re-

leased upon nucleotide incorporation by DNA polymerase (sequencing-by-synthesis, see Figure 

1-22). Individual nucleotides are consecutively delivered into the wells, thereby triggering a cas-
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cade of reactions, which generate chemiluminescent signals upon nucleotide incorporation. The 

light signals are proportional to the number of inserted nucleotides and are monitored by a charge-

coupled device (CCD) camera.

Today’s Roche 454 Genome Sequencer systems allow reading around one million DNA stretches 

of 500 - 1000 bp per picotiterplate. The trend towards longer read lengths makes this technology 

particularly suitable for genomic research. 

1.3.2  Illumina High-Throughput Sequencing

The Illumina Solexa Genome Analyzer with typical read lengths of only 60-100 bp and higher 

sequencing capacity (up to 50 million DNA sequences per flow lane), however, is nicely address-

ing the needs for high sequencing capacity of DELs as shown in this thesis. In analogy to the 

454 sequencing system, DNA probes designed for Illumina sequencing are coupled to adapter 

sequences (Figure 1-23). Individual DNA strands are kept on a solid surface by priming DNA 

anticodons upon hybridization with adapter fragment A. After strand extension, denaturation and 

removal of the original DNA strand, the adapter fragment B is allowed to form bridged structures 

upon hybridization with a complementary priming anticodon. Priming anticodons allow a local 

clonal expansion of specific DNA sequences (cluster formation). The clonally amplified, single-

stranded DNA clusters can be sequenced after cleavage and DNA denaturation. Fluorescence 

signals are recorded upon incorporation of fluorescently labeled and reversibly 3’-OH-blocked 

nucleotides by DNA polymerase. The next sequencing-by-synthesis cycle is allowed to occur 

after removal of the fluorescent dye and the 3’-OH-blocking group. The application of Illumina 

high-throughput sequencing for the decoding of DELs has been shown for the first time by our 

group (Buller et al., 2010).
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Figure 1-23. Workflow using the Illumina Solexa genome 
Analyzer for high-throughput sequencing. Analogously to 
the Roche 454 Genome Sequencer, DNA probes are cou-
pled to technology-specific adapter sites. DNA templates 
are immobilized on the slide (flow lane) by hyridizaion to 
covalently attached DNA anticodons. Afterwards, DNA 
strands are converted to the double-stranded format and 
denaturated. The second adapter sites is allowed to form 
bridged structures by annealing to a second DNA antico-
don, which is covalently attached on the slide. DNA se-

quences are likewise clonally amplified, which generates 
locally separated colonies with identical DNA sequences 
(cluster formation). The bridged structures are cleaved 
and converted to single-stranded DNA which is ready for 
sequencing. Afterwards, nucleotides bearing cleavable 
fluorescence labeled and reversible 3’OH-blocking groups 
are added. Spatially separated fluorescence signals are 
sequentially recorded. The next sequencing-by-synthesis 
cycle is allowed to occur after removal of the flourescent 
dye and the 3’-OH-blocking group. 
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1.4 LIBRARY DESIGN STRATEGIES

Until today, several DEL construction strategies have been successfully used to generate novel 

ligands against pharmaceutically relevant proteins. The design of DELs is crucial as it defines the 

quality of possible hits, which may be identified in affinity selection experiments. 

Over the past years, the library design strategies mainly aimed at increasing library complexities. 

Combinatorially synthesized DELs reached a library size > 106 different compounds (Buller et al., 

2010), approaching 109 library members (Wrenn et al., 2007, Clark et al., 2009). As combinatorial 

libraries are assembled from relatively few chemical building blocks in a modular fashion, such 

compound collections exhibit a high degree of redundancy. In order to partially countersteer the 

shortage of diversity, several different types of reactions were successfully implemented in the 

set-up of DELs. However, the combinatorial assembly of more than two building blocks is giving 

rise to large and complex molecules, which are likely to violate generally accepted criteria for 

lead-likeness (Leeson and Springthorpe, 2007)

The DEL30000 library presented in this thesis was designed considering the concepts of lead-

likeness and privileged scaffolds, thereby focusing on possible hit compounds, which may serve 

as attractive starting points for hit-to-lead development.



32 The Concept of Lead-Likeness

1.4.1  The Concept of Lead-Likeness

An empirical analysis of physicochemical characteristics of a large number of known drugs by 

Lipinski led to a common rule of thumb, known as the Lipinski rule of 5 (RO5) (Lipinski et al., 

2001). The violation of the proposed molecular properties by the RO5 (i.e., molecular weight 

(MW)  < 500 Da, octanol water partition coefficient (LogP) < 5, number of hydrogen bond accep-

tors (HAC) < 10, number of hydrogen bond donors (HD) < 5) increase the predicted risk for fail-

ure of orally available drug candidates due to unfavorable pharmacokinetic profiles. Most small-

molecular drugs obey this rule. However, notable exceptions are represented by vitamins, cardiac 

glycosides, aminoglycoside and macrolide antibacterials (O’Shea et al., 2008), or prodrugs.

Since lead structures usually gain both in molecular weight (MW + 69 Da) and lipophilicity 

(LogP + 0.4) during lead optimization (Oprea et al., 2001), Hann and Oprea formulated slightly 

adapted guidelines for drug development, i.e., MW ≤ 460 Da, LogP ≤ 4.2, HAC ≤ 9, HDO ≤ 5, 

number of free rotatable bonds (nrotb) ≤ 10 (Hann and Oprea, 2004). The topological polar sur-

face area (TPSA) of a given molecule represents a further parameter for predictive failure risks, 

whereby favorable TPSA values are ≤ 140 Å2 (Veber et al., 2002). These criteria describing speci-

fications for the size, lipophilicity, hydrophilicity, and flexibility of molecules may help to avoid 

expensive preclinical or clinical failures. In 2007,  Leeson and Springthorpe stated in their review 

about drug-like concepts more precisely: “There is ample evidence that more extreme physical 

properties and therefore more complex molecules will have concomitantly increased predicted 

risks to developability - including bioavailability, permeability, solubility, synthesis and formu-

lation - thereby decreasing chances of success through the development process” (Leeson and 

Springthorpe, 2007; this text passage is referred to Wenlock et al., 2003 and Van de Waterbeemd 

et al., 2001). The rules for lead-likeness are useful guidelines for average values of physicochemi-

cal properties, which compounds should obey when designing chemical libraries (Lumley, 2005; 

Schneider and Baringhaus, 2008).
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1.4.2  Privileged Structures and Unsuitable Chemical Groups

The concept of privileged structures suggests that certain chemical substructures have an in-

creased chance for protein binding and have been proposed as promising candidates to be in-

cluded into compound libraries (DeSimone et al., 2004; Welsch et al., 2010). Several molecular 

scaffolds and derived privileged structures occur in biologically active natural products, thereby 

suggesting an evolutionary pressure favoring the synthesis of functional chemical structures, e.g., 

indoles, purines, or coumarins (see Figure 1-24). However, privileged structures are also prefer-

entially found among synthetic drugs, such as benzodiazepines, biphenyls, or benzothiophenes 

(Welsch et al., 2010). Notably, the same privileged scaffolds are often found to bind different 

classes of protein targets (Figure 1-25; adapted from Welsch et al., 2010). The chemical building 

blocks employed in the DEL30000 library include many of different privileged structures as il-

lustrated in Figure 1-25.
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Figure 1-24. Selected molecular scaffolds and corresponding examples of privileged struc-
tures. The figure is adapted from Schneider and Baringhaus, 2008.
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building blocks used in the synthesis of the DEL30000 li-

brary. Privileged structures are found in drugs against sev-
eral classes of protein targets. The figure is adapted from 
Welsch et al., 2010.
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Figure 1-26. Selected chemical motifs, which are not suitable for drug 
design purposes. The figure is adapted from Schneider and Baring-
haus, 2008.

Reactive groups

In contrast to privileged scaffolds, there are several chemical motifs with undesirable properties 

for drug design, e.g., chemically reactive groups or structural elements, which tend to confer poor 

water solubility (see Figure 1-26). Unsuitable chemical substructures were eliminated in the se-

lection of chemical building blocks for the synthesis of the DEL30000 library.

1.4.4  Complexity and Diversity of Combinatorial Libraries

The construction of combinatorial libraries is based on the modular assembly of relatively few 

chemical building blocks. When compounds are synthesized by multiple split-and-pool cycles, 

the number of employed chemical building blocks grows linearly, while the number of theoreti-

cally synthesized molecules increases exponentially. For instance, a library based on the com-

binatorial assembly of three sets of chemical building blocks (A1-x, B1-y, C1-z) need maximally x 

+ y + z different chemical building blocks to achieve a library complexity of x × y × z library 

members. Such combinatorial libraries feature a high degree of redundancy and molecules share 

invariant parts, e.g., connection sites of assembled building blocks. For example, the integration 

of two different p-substituted phenyl sulfonamides into chemical libraries, which are (I) synthe-

sized by 400 single chemical building blocks, (II) combinatorially synthesized by two sets of 
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Figure 1-27. Schematic representation of the coverage 
of the vast chemical space by a chemical library, (I) which 
contains 400 single chemical building blocks, (II) which 
is combinatorially assembled by two sets of 100 and 300 
chemical building blocks, and (III) which is combinatori-
ally assembled by three sets of 100, 100 and 200 chemi-
cal building blocks. The chemical space is outlined as grey 
glowing circle. One out of 100 chemical building blocks is 
represented in the chemical space (designed as A, B, or 

C), while its derivatives are drawn as light glowing build-
ing blocks. In combinatorially assembled chemical libraries, 
each chemical building block is locally surrounded in the 
chemical space by structurally closely related derivatives 
(“hot spots”). For example, the inclusion of two p-substitut-
ed phenyl sulfonamides into the library format (III) results in 
at least 20,000 different p-substituted phenyl sulfonamides, 
which corresponds to 1% of the total library size.

100 and 300 chemical building blocks, or (III) combinatorially synthesized by three sets of 100, 

100, and 200 chemical building blocks, contain (I) two, (II) at least 200, or (III) at least 20,000 

p-substituted phenyl sulfonamides, which corresponds to (I) 0.5%, (II) at least 0.67%, or (III) at 

least 1.0% of the total library size. Therefore, combinatorially synthesized chemical libraries are 

assumed to cover narrow “hot spots” of structurally closely related molecules in the vast chemical 

space (schematically illustrated in Figure 1-27).

The DEL30000 library was synthesized by the combinatorial assembly of two sets of chemical 

building blocks, which share a single connection point. A proposal for the creation of combi-

natorially synthesized chemical libraries, which contain structurally more diverse molecules, is 

presented in Chapter 3 of the present thesis.
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1.5 AFFINITY SELECTION STRATEGIES

DNA-encoded chemical libraries are suitable for the selection-based identification of ligands (see 

Figure 1-7). In affinity selection experiments, an aliquot of a DEL is exposed to an immobilized 

target protein of interest. After equilibration, non-binding compounds are removed by washing, 

while binding molecules are retained onto the affinity support and can be eluted separately. Corre-

sponding DNA-codes are amplified by PCR, sequenced and decoded for hit identification. There 

are several variable parameters, which affect the performance of affinity selection experiments, 

as illustrated in Figure 1-28.

Affinity selections constitute key experiments using DELs for ligand discovery purposes as selec-

tion readouts determine the compound, which need to be submitted to resynthesis and hit valida-

tion. Therefore, both the library design and the strategy used in affinity capture experiments are 

crucial determinants for the ability to identify high-quality hit compounds. Ideally, a substantial 

fraction of non-binders are removed by washing while a substantial fraction of binder remains 

attached to the target proteins, in order to obtain favorable signal-to-noise ratios. Optimally per-

formed selection experiments eventually allow to reveal structure-activity relationships directly 

from selection readouts.

1.5.1  Experimental Parameters in Affinity Selections

Several steps in affinity capture experiments are variable and can be defined by the experimenter 

as schematically illustrated in Figure 1-28. At this stage, the influence of varying specific experi-

mental parameters in selection experiments needs to be empirically determined. However, the 

impact of some parameters (including the concentration of the target protein, the amounts of solid 

support and detergent concentration) on selection readouts may be anticipated, as shown in the 

following chapters.
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Figure 1-28. Schematic overview of an affinity selection 
experiment using the DEL30000 library. (A) An aliquot of 
the DEL30000 library and (B) additives, which may block 
unspecific interactions (e.g., Tween®-20, unspecific DNA, 
competitive ligands) are exposed to a target protein of in-
terest, which is immobilized on a solid support (e.g., on 
magnetic beads). (C) After equilibration magnetic beads, 
including bound DNA-conjugates, are pulled down and 
non-binders washed out by removal of the supernatant. 
(D) Washing cycles may be iterated for several rounds. (E) 
Remaining binder molecules are released, for instance by 
heat denaturation of the target protein. Eluted DNA codes 

can be PCR amplified and decoded as described above.
Several steps during affinity selections can be varied by 
the experimenter, including (A) the DEL and library amount, 
(B) the composition and concentrations of additives, (C) 
the choice of the targets, its mode of immobilization and 
the bead coating density, (D) the number of washing cycles 
and incubation volumes, (E) the mode of elution, e.g., by 
heat denaturation of immobilized proteins, imidazole-me-
diated release of His-tagged proteins from cobalt-coated 
beads, or releasing specific ligands by high concentrations 
of a competitive compound.
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1.5.2  Affinity Selections against Immobilized Proteins on Solid Support

Selection experiments using DELs aim at discriminating binding DNA-conjugates from DNA-

conjugates of none interest (i.e., non-binding, weakly binding, and unspecifically binding DNA-

conjugates). The affinity-based separation of binding and non-binding DNA-conjugates allows 

generating signals of binding compounds. For instance, if all copies of a putative binder remain 

bound after affinity selection, 95% of non-binding or weakly binding conjugates need to be re-

moved by washing, in order to obtain a signal of 20-fold relative enrichment, or 99% of the non-

binders have to be removed by washing to obtain a signal of 100-fold relative enrichment.

In a typical affinity selection experiment, the DEL30000 library (1 pmol, 10 nM) was exposed to 

a target protein, which was immobilized on magnetic beads in 100 µL volume. Thus, individual 

library members were initially present in 20 million copies, corresponding to sub-picomolar con-

centrations. DNA-conjugates, which bind to an immobilized target protein have an increased 

probability to re-bind neighboring proteins on the bead surface (Figure 1-29). Such re-binding 

effects are thought to allow the recovery of DNA-conjugates with moderate target affinity, which 

are initially present at sub-picomolar concentrations.  However, it is not possible to properly 

include such re-binding effects and washing cycles into single calculations. Consequently, the 

behavior of binders in affinity selections against immobilized target proteins need to be empiri-

cally determined.

In the affinity selection experiments presented in this thesis, experimental procedures were de-

signed to minimize the area of unspecific surfaces (e.g., beads, tube walls) by reducing bead 

amounts or by occupying sites of non-specific interactions using detergents or unspecific DNA. 

Such arrangements were assumed to improve the ratio of unspecific interaction sites in favor to 

specific binding sites presented by the target protein. This feature becomes particularly important 

for the identification of previously unknown interaction partners, which often exhibit dissociation 

constants in the micromolar range. However, as selection experiments are basically empirical, 

each protein was tested by several affinity selections under various conditions. 
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Figure 1-29. The characteristics of the magnetic beads used 
in affinity selection experiments in the present thesis are 
summarized on the left. The attachment of target proteins on 
solid support drastically elevates the local protein concen-
tration, which favors rebinding events of bound conjugates, 
illustrated on the right. The table on the bottom illustrates 
bead-immobilized protein amounts, exemplified by three 
target proteins used in affinity selection in the present thesis.
Two critical values were deviated from these calculations. 

First, the total surface of 1 mg beads (corresponding to 10-
20 µg of bound protein) is 31 cm2, which is more than 30-
fold the plastic surface of a test tube, in which selections 
are performed. Second, dividing the bound protein amount 
on a single bead by the volume of a bead, the protein con-
centration is approximately 1 mM. As ligands may not ac-
cess the volume of the beads, this concentration underes-
timates to local protein concentration. 
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1.5.3  Sample Size of Decoded DNA Sequences

Assuming properly performed affinity selection experiments, binding structures are eventually 

weakly (e.g., 10-fold), moderately (e.g., 30-fold), or strongly (e.g., 100-fold) enriched upon pro-

tein binding. The confidence limits of the relative frequency (rf) for a given library member at a 

given level of statistical significance (e.g., a = 0.01) is determined by the sample size according 

to Equation 1-1. The relation between sample size and the confidence limits of expected rf values 

for a given library is illustrated as Figure 1-30. The expected values for rf values of any library 

member equals its defined abundance after selection in the presented example (e.g., the expected 

rf value for a 10-fold enriched library member equals 10 (dark blue lines)). The effective rf values 

obtained from a random sample range between a lower and an upper confidential limit (light blue 

lines, exemplified for a level of significance a = 0.01), depending on the sample size. The larger 

the sample size is, the less deviate obtained rf values from expected rf values. For example, a 10-

fold enriched binder is likely to be overrepresented between 2-fold and 18-fold overrepresented, 

if the sequencing sample size equals the library size. However, if the sample size is 10-fold higher 

than the library size, 10-fold enriched library members appear are likely to be overrepresented 

between 7-fold and 13-fold overrepresented. From a statistical point of view it is convenient to 

sequence a large sample of DNA sequences after affinity selections, in order to resynthesize the 

strongest interaction partners instead of statistical outliers. Furthermore, the direct assignment 

of structure-activity-relationships from selection readouts requires both equimolarity of library 

members and sufficient sampling power, as illustrated above.

n ≥
za

2 θ (1 - θ) N

(Dθ)2 (N - 1) + za
2 θ (1 - θ) 

Equation 1-1. Minimum sample sizes (n) or confidence lim-
its (E ± Dθ)  were calculated applying the above formula, 
whereby E is the expected value, za is the z-value of the 
standard normal distribution at the level of significance a 
(za = 2.58 for a = 0.01), θ is a fraction value (“Grundgesa-
mtheitsanteilwert”)*, which was chosen θ = 0.5, in order to 

maximize the expression θ(1 - θ) to equal 0.25,  N is the 
size of the statistical population (e.g., N = 30,000), and Dθ 
is the range of uncertainty, which is directly dependent on 
the chosen sample size and vice versa. Calculated Dθ val-
ues yielded the confidence limits. * http://www.matheboard.
de/archive/17289/thread.html (accessed April, 12 2012) 
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Figure 1-30. The three graphs show the expected relative 
frequencies in selection readouts for three hypothesized 
ligands, which are weakly (10-fold), moderately (30-fold), 
and strongly (100-fold) enriched after affinity selection. The 
expected values for the relative frequencies equal 10, 30, 
and 100, respectively (dark blue lines and numbers). The 
confidence limits (light blue lines and numbers), however, 
depend on the sample size (total number of correctly as-

signed DNA codes after selection) and are calculated 
according to the formula in Equation 1-1. The larger the 
sample size, the more accurate can effective relative fre-
quencies be determined.
The three graphs suggest that not only sufficiently large 
sample sizes, but also equimolarity among library mem-
bers are necessary to detect the strongest ligands and 
eventually assign structure-activity relationships.
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1.6 IMPLEMENTATION

The decisions, which were made for the design of the DEL30000 library presented in this thesis 

were defined from a careful analysis on benefits and limitations of previously reported encoded 

libraries. The main limitations in the field were identified as (i) unsatisfactory quality controls in 

the synthesis of DELs (e.g., systematic verification of sufficiently high reaction yields in order 

to achieve equimolarity among library members), (ii) the deviation from standard rules in library 

construction, such as the concepts of lead-likeness and privileged structures, and (iii) the poorly 

documented impact of experimental conditions in affinity selection on selection readouts. The 

outlined strategy elements helped us obtaining high-quality hit compounds (suitable for hit-to-

lead development) against target proteins of pharmaceutical interest.

Library design. Chemical building blocks have been selected in order to match generally ac-

cepted physicochemical criteria for lead-likeness of displayed compounds. Chemical compounds 

containing known privileged substructures were favored in order to enhance to probability for 

protein interactions, whereas building blocks with known hydrophobic frequent hitters or reactive 

groups were ruled out. The second set of chemical building blocks was restricted to a-methylene 

carboxylic acids in order to have comparable reactions yields among fully assembled library 

members with acceptably low standard deviations. The second set of chemical building blocks 

was coupled by robust peptide chemistry on solid-phase, in order to promote efficient conversion. 

Reaction yields were thoroughly monitored by HPLC using reference standards.

Selection strategies. The selection-based de novo identification of novel ligands against proteins 

of interest is a process, which depends on the presence of binders with sufficient affinity in the 

compound collection and on the modalities of affinity capture procedures. In order to enhance the 

probability of discovery for novel interaction partners, the number of test proteins has been maxi-

mized. Each protein has been tested under various selection conditions, including protein amount, 

detergent concentration and washing stringency.
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Target proteins. The present thesis shows the identification of novel inhibitors against the tumor-

associated antigen human CA IX and the pro-inflammatory cytokine human IL-2. Approximately 

200 affinity selections (including selections against streptavidin serving as positive controls, and 

selections against magnetic cobalt beads, sepharose resin, or plastic tubes serving as negative con-

trols) were performed against the following His-tagged target proteins: Thymidine phosphorylase 

(TYMP), B-cell lymphoma protein 2 alpha (BCL2), BCL2-like protein 2 (BCL2L2), Mitogen-

activated protein kinase 1 (MAPK1), Mothers against decapentaplegic homolog 3 (Smad 3), His-

tone deacetylase 1 (HDAC1), p21-activated kinase 4 (PAK4), Heat-shock protein 70 (Hsp70), 

Melanoma-associated antigens 3 and 4 (MAGEA3 and MAGEA 4), Thymidylate synthase 

(TYMS), Pyruvate kinase, muscle isoform M2 (PKM2), Protein tyrosine phosphatase type IVA 

3 (PRL-3), Aurora A kinase (AURKA), Aurora B kinase (AURKB), Parkinson disease protein 7 

(DJ-1), Cyclin-dependent kinase 4 (CDK-4), Cyclin-H (CCNH), pyruvate dehydrogenase kinase 

isozyme 1 (PDK1), Peroxisome proliferator activated receptor g (PPAR-g), Tumor-necrosis fac-

tor a (TNF-a), Interleukin-2 (IL-2), matrix metalloproteinase 3 (MMP-3), Extra domain A of 

fibronectin (EDA), B-cell lymphoma-extra large (Bcl-xL), and Bone marrow stromal cell antigen 

2 (BST-2). See List of Proteins in the Supporting Information section.

Human CA IX. Human CA IX (and the isoform CA XII) is a membrane-bound enzyme, which 

is strongly overexpressed in several tumor types associated with poor prognosis and reduced 

responsiveness to classical cancer therapies (Supuran, 2008; Neri and Supuran, 2011). Hypoxic 

parts of solid tumors typically exhibit strongly increased glycolysis rates as a result of insufficient 

blood perfusion. CA IX constitutes a crucial component of the pH regulatory system in tumor 

cells and contributes to the acidification of the extracellular space, which favors tumor invasive-

ness (McDonald et al., 2012). Human CA IX represents an attractive tumor antigen for therapeutic 

strategies, including those featuring the of use of radio-labeled antibodies, antibody-drug conju-

gates, or small organic molecules (Pouyssegur, et al. 2006; Winum et al., 2009; Lou et al., 2011; 

Neri and Supuran, 2011).
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Human IL-2. The role of IL-2 signaling and its pharmacological interruption for the treatment of 

immune diseases was extensively reviewed by Wilson and Arkin (Wilson and Arkin, 2010. Small-

molecule inhibitors of IL-2/IL-2R: Lessons learned and applied, p. 25-60; Berard et al., 1999). 

Primary references are cited as suggested by the work of Wilson and Arkin, 2010.

IL-2 is a pro-inflammatory immunocytokine of 133 amino acids (15.5 kDa), which is produced 

and secreted by T-cells and which has a central role for T-cell activation and proliferation. IL-2 

mediates its effects by binding to IL-2 receptors on the T-cell surface. IL-2 circulating levels of 

healthy individuals are very low, but may dramatically increase as a result of infection.

Recombinant IL-2 (aldesleukin, des-alanyl-1, serine-125, Proleukin®) is used for kidney cancer 

therapy to interfere with tumor growth by consolidating T-cell responses (Kintzel and Calis, 1991; 

Bukowski et al., 1997; Bien and Balcerska, 2008; Reeves and Liu, 2009). The interruption of IL-2 

signaling represents an avenue for the suppression of immune responses, which may allow treat-

ing immune diseases or graft rejections. While cytokine (and IL-2) signaling can be indirectly 

prevented by corticosteroids, cyclosporin, or rapamycin (Hardinger et al, 2004; Ponticelli 2005; 

Geissler et al., 2008; Wilson and Arkin, 2010), a specific inhibition of IL-2 signaling is confined 

to therapeutic antibodies (i.e., daclizumab (Zenapax®) and basiliximab (Simulect®)), which block 

the inducible a-subunit of the IL-2 receptor and are used for acute rejection prophylaxis (Church 

2003; Sandrini, 2005; McKeage and McCormack, 2010). However, these therapeutic antibodies 

are not suitable for long-term suppression of immune responses, regarding high production costs, 

inconvenient administration, and dosing difficulties (Hansel et al., 2010). There were several ef-

forts to find small organic molecules with a comparable performance in IL-2 signaling blockade, 

which may be used for the treatment of chronic inflammatory and autoimmune diseases (Tilley 

et al., 1997; Arkin et al., 2003; Raimundo et al., 2004). However, the role of IL-2 signaling in 

chronic inflammatory or autoimmune conditions is controversially discussed (Brennan and McI-

nnes, 2008; Chistiakov et al., 2008). The discovery of small molecules capable of disrupting 

high-affinity protein-protein interactions has been recognized as a particularly challenging goal 

for medicinal chemistry research (Arkin and Wells, 2004; Wells and McClendon, 2007; Betzi et 

al., 2009).
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2 RESULTS

This thesis describes the construction of a 30,000-membered DNA-encoded chemical library 

(DEL30000 library) based on the assembly of two sets of chemical building blocks according to 

quality criteria discussed in the introduction (i.e., equimolarity among library members, concepts 

of lead-likeness and privileged structures). Streptavidin and the tumor-associated antigen human 

CA IX were used as model targets to investigate the influence of experimental parameters in af-

finity selections on selection readouts. Favorable signal-to-noise ratios were obtained using little 

protein amounts, high detergent concentrations, and moderate washing stringency. The investiga-

tion of selection conditions led to the identification of a compound series of phenyl sulfonamides, 

which exhibited nanomolar inhibition constants against CA IX.

A protein screening campaign against (sub-)microgram amounts of 28 different target proteins of 

pharmaceutical interest revealed a compound series of 2-methyl-1H-indoles, which was strong-

ly and specifically enriched in an affinity selection experiment against human IL-2. The 2-me-

thyl-1H-indole derivative A17B284 was selectively binding against human IL-2 with a dissociation 

constant (Kd) of 2.5 µM (determined by fluorescence polarization) and was able to completely in-

hibit IL-2-mediated T-cell proliferation with an IC50 = 32 µM. The compound A17B284 was shown 

in molecular docking to bind a site on the IL-2 surface with a known propensity for binding fused 

ring structures and aromatic groups (Arkin et al., 2003).

2.1 LIBRARY CONSTRUCTION

The construction of the DEL30000 library is based on the combinatorial assembly of two sets of 

chemical building blocks. The library was designed to display lead-like chemical compounds, in 

order to allow the identification of novel ligands, which are suitable for subsequent hit-to-lead 

development.
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Figure 2-2. Selected physicochemical properties of dis-
played compounds of the DEL30000 library. Dark grey 
bars indicate library fractions, which fulfill RO5-criteria. The 
averaged values of displayed library compounds are as fol-
lows [criteria for lead-likeness in brackets]: MW = 456 ± 66 

Da [≤ 460 Da]; cLogP = 3.6 ± 1.9 [≤ 4.2]; HAC = 7.7 ± 2.2 [≤ 
9]; HD = 2.2 ± 0.9 [≤ 5]; TPSA = 103 ± 26 [≤  140 Å2]; nrotb 
= 9.1 ± 2.2 [≤ 10]. Criteria for lead-likeness were defined by 
Hann and Oprea, 2004, and by Veber et al., 2002.

Figure 2-3. Structural scaffolds of N-protected chiral amino 
acids composing the first set of chemical building blocks 
(numbers in brackets) employed in the DEL30000 library. 
Alkynylbenzenes were obtained by Sonogashira coupling, 
phenyl ethers by Mitsunobu reactions, biphenyls by Suzuki 
coupling, and the triazole derivatives by azide alkyne Hu-

isgen cycloadditions (Figure 2-4). The two sets of building 
blocks have been completed by a 5’-amino-modified oligo-
nucleotide in order to monitor the performance of the single 
fragments of the second set of chemical building blocks in 
selection experiments.

The overall synthesis workflow of the DEL30000 library is illustrated as Figure 2-1. A statistical 

analysis of selected physicochemical criteria of displayed library compounds as Figure 2-2, and 

the general chemical structures of individual library building blocks are summarized in Figure 

2-3. The first set of chemical building blocks was synthesized de novo, as described in the next 

chapter (Figure 2-4 and Figure 2-5).

[Da] [Å2]
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Figure 2-4 (Part I). Chemical reaction protocols used for 
the synthesis of the first set of chemical building blocks. N-
protected D- or L-tyrosine was modified by aryl alkyl ether 
formation to yield N-protected phenyl ethers (top). N-pro-

tected D- or L-p-iodo phenylalanine was modified by palla-
dium-catalyzed cross-coupling reactions to yield biphenyl 
derivatives (bottom). See Materials and Methods section 
for detailed information. PG: Protection group.

Synthesis of the First Set of Chemical Building Blocks
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Figure 2-4 (Part II). Chemical reaction protocols used for 
the synthesis of the first set of chemical building blocks. 
N-protected D- or L-p-iodo phenylalanine was modified 
by palladium/copper catalyzed reactions to yield alkynylb-
enzene derivatives (top). N-protected D- or L-b-alanine-

4-azido-proline was modified by copper catalyzed azide 
alkyne cycloaddition to yield N-protected 1-prolyl triazoles 
(bottom).  See Materials and Methods section for detailed 
information. PG: Protection group.
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2.1.1 Synthesis of the First Set of Chemical Building Blocks

First, 99 different N-protected amino acids were synthesized in milligram quantities by four dif-

ferent synthesis routes as summarized in Figure 2-4. The carboxylic acid group served as attach-

ment site for encoding 5’-amino-modified oligonucleotides by amide bond formation. The pro-

tected amine functions served as attachment site for the second set of chemical building blocks. 

While Suzuki- and Huisgen/Sharpless-reactions were performed in solution, Sonogashira- and 

Mitsunobu-reactions were performed on solid phase. The latter compounds have an additional 

b-Ala residue on their carboxylic acid function upon release from the resin. The amino acid 

precursors (D- or L-tyrosine, or D- or L-p-iodo-phenylalanine, respectively) were coupled to H-

b-Ala-2-ClTrt resin according to the reaction scheme in Figure 2-5. An overview of all reactants 

used for the synthesis of the first set of chemical building blocks is given in Figure 2-4.

Fully synthesized N-protected amino acids were purified by HPLC, identified by ESI-MS and 

stored in DMSO as 100 mM stock solutions. Building blocks were more precisely quantified 

before oligonucleotide coupling by UV absorbance according to the extinction coefficients of the 

corresponding protecting groups. Compounds with overall yields of 10% or more (corresponding 

to approx. 1 - 10 mg, or 2 - 20 µmol) after HPLC purification were used as first chemical building 

blocks for oligonucleotide coupling (whereby 1.25 mmol per compound was employed for cou-

O
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NH2 O

O

Cl
H
N

O

NH

R

PG

HO

O

NH

R

PG

Cleavage site

H-b-Ala-2-ClTrt resin

2) HBTU, DIPEA

1)

DMF, 16 h, 25 oC

Figure 2-5. H-b-Ala-2-ClTrt resin was used for the syn-
thesis 35 phenyl ethers and 15 alkynzlbenzenes on solid 
phase. The corresponding N-protected amino acid precur-
sors (D- and L-tyrosine, D- and L-p-iodo-phenylalanine) 
were coupled to the resin. The modified products using 

Mitsunobu- or Sonogashira-reactions were released by 
cleavage of the acid-labile linker, resulting in an additional 
b-alanine residue on the carboxylic acid function (compare 
Figure 2-4).
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pling reactions, corresponding to a 100-fold molar excess over the respective oligonucleotide). 

According to the reaction scheme described in Figure 2-4, a set of 99 different N-protected 

amino acids was synthesized in sufficient amounts for conjugation to encoding oligonucleotides 

by amide bond formation.

2.1.2 Oligonucleotide-Compound Coupling Reactions

The 99 N-protected amino acids were individually coupled by amide bond formation to 5’-ami-

no-modified oligonucleotides, which carried a unique nonanucleotidic DNA insert as coding se-

quence (Figure 2-6). Resulting oligonucleotide-compound conjugates were purified by HPLC 

(Figure 2-7), quantified by UV absorbance and identified by oligonucleotide-LC-ESI-MS (Figure 

2-8). The 99 DNA-conjugates and an additional 5’-amino-modified oligonucleotide were pooled 

in equimolar amounts (1.6 nmol each). A 5’-amino-modified oligonucleotide was integrated, in 

order to observe the performance of the isolated set of second chemical building blocks in affinity 

selection experiments. Subsequently, the DNA-conjugate pool was N-deprotected by irradiation 

at l = 366 nm (N-NVOC deprotection) and by incubation with 20% piperidine (N-Fmoc deprotec-

tion). Quality controls for N-deprotection were performed by UV absorbance. The integrity of the 

HO

O NH

O NH
NVOC

N

NH

O NH

O NH
NVOC

N

CTGTTAAGTGTGTGCAGG GGTCTTAAGTGTTCGAGGXXXXXXXXX3’ 5’

(CH 2
) 12

 - li
nker

1) S-NHS, EDC, DMSO, 20 min, 30 oC

NH2

3) Tris-HCl pH 8.0, 1 h, 30 oC

2)

    TEA/HCl pH 10.0, 16 h, 30 oC

Oligonucleotide-compound conjugate

Figure 2-6. N-protected amino acids were coupled by 
amide bond formation to 5’-amino-modified 45-meric oli-
gonucleotides, which carry a unique nonanucleotidic DNA 
insert. The reaction was mediated by EDC and S-NHS 
in DMSO/H2O 75 mM TEA/HCl pH 10 (30 oC, 16 h) and 

quenched by 30 mM Tris-HCl pH 8 (30 oC, 1 h). Result-
ing oligonucleotide-compound conjugates were purified 
by HPLC (Figure 2-7), quantified by UV absorbance, and 
characterized by oligonucleotide-LC-ESI-MS (Figure 2-8). 
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deprotected amine function was tested by coupling a hydrophilic carboxylic acid ((R)-3-carboxy-

2-hydroxy-N,N,N-trimethylpropan-1-aminium) or a hydrophobic carboxylic acid (3-(2,4-dimeth-

ylphenyl)propanoic acid) to the DNA-conjugate pool and comparing retention times in reverse 

phase HPLC of the conjugate pool before and after coupling. The 100-membered DNA-conjugate 

pool, which was coupled to 3-(2,4-dimethylphenyl)propanoic acid exhibited a prominent shift 

towards prolonged retention times compared to the DNA-conjugate pool before coupling and 

after coupling to (R)-3-carboxy-2-hydroxy-N,N,N-trimethylpropan-1-aminium. The 100 pooled 

and N-deprotected DNA-conjugates were stored at -20 oC and thawed for coupling reactions with 

individual compounds of the second set of chemical building blocks, as shown in the next chapter.
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Figure 2-7. Representative HPLC chromatogram of 
a DNA-conjugate. Unmodified 5’-(CH2)12NH2-oligonu-
cleotides typically exhibited retention times of about 
8 min, while most DNA-compound-conjugates eluted 

between 11 and 17 min. Desired fractions were col-
lected, dried under reduced pressure, and redissolved 
in H2O. The identity of DNA-conjugates was confirmed 
by oligonucleotide-LC-ESI-MS (Figure 2-8)

Typical retention time of 
unmodified oligonocleotides

Oligonucleotide-
compound conjugate

Figure 2-8. Representative oligonucleotide-LC-ESI-
MS spectrum after HPLC purification. Individual peaks 
were assigned to different charge states of DNA-con-
jugates (e.g., ten-fold negatively charged state x = 10). 

DNA-conjugates were identified by direct readouts of 
mass spectra as computational algorithms for peak de-
convolution allow high flexibility in parameter settings.
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2.1.3 DNA-Compatible Reactions on Solid-Phase

The coupling of the second set of chemical building blocks was performed on solid-phase in order 

to achieve high reaction yields and thus molarities among displayed library compounds with ac-

ceptable standard deviations. Diethylaminoethyl (DEAE) sepharose resin was used as solid sup-

port for reversible DNA adsorption. DNA-compatible reactions using DEAE sepharose resin as 

5’ 5’ 5’
O

HO

Elution

N
Et

H

Et

N
H

O NH2

A1-100

N
Et

H

Et

N
H

O Bj

A1-100

1) 1 M NaOAc pH 8.7
2) 3 M NaOAc/HOAc pH 4.7

2) EDC-HCl (1.0 Eq)
 HOAt (0.1 Eq)
 DMF:MeOH 3:2

1) 10 mM HOAc pH 5
2) TWIST column

1)

5 *

COOH activation

Bj 250 µL

Figure 2-9. The second set of chemical building blocks 
was coupled by amide bond formation to the 100-mem-
bered DNA-conjugate pool DEAE anion-exchange resin 
was used for DNA immobilization. An aliquot of the DNA-
conjugate pool (330 - 460 pmol) was adsorbed on DEAE 
resin under slightly acidic conditions (pH 5) and transferred 
to a TWIST column. The TWIST column was connected to 
a syringe on the top for the supply of reagents and washing 
solvents and to a vacuum pump on the bottom to remove 

those. Resin-bound DNA-conjugates were exposed to 500 
µL of a freshly prepared solution of 50 mM EDC-HCl (1.0 
Eq), 5 mM HOAt (0.1 Eq), and 50 mM of the respective 
methylene carboxylic acid (1.0 Eq, Bj) for 3 times 5 min, 
corresponding to an averaged flow rate of 25 μL min-1. The 
synthesis protocol was optimized in order to obtain high 
reaction yields. To this purpose, carboxylic acid building 
blocks were six times freshly activated.



56 Monitoring of Reaction Yields by HPLC
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Figure 2-10. A 5’-(CH2)12NH2-modified oligonucleo-
tide was used as reference standard for monitoring 
conversion rates.  Yields were calculated as ratios 
of the AUC of reaction products and the AUC of to-

tal DNA (i.e., starting oligonucleotide, products, and 
possible side products) referring to the 260 nm-chan-
nel of the UV detector.
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solid support for the synthesis of DELs was originally described by Harbury and co-workers (Hal-

pin and Harbury, 2004). However, the final protocol employed in the synthesis of the DEL30000 

library was modified in several points according to Figure 2-9. The sequence of the elution steps 

was critical for DNA recovery rates, which allow robust quantification by UV absorbance. While 

typically 5% of the bound DNA could be recovered from the first elution fraction using 1 M 

NaOAc pH 8.7, the second elution fraction using 3 M NaOAc/HOAc pH 4.7 yielded around 50% 

of the total DNA amounts (corresponding to approx. 100 - 200 pmol DNA). The second elution 

fraction could be directly subjected to ethanol precipitation, thereby providing a straightforward 

route for DNA purification. Subsequently, DNA-conjugates were quantified by UV absorbance. 

Enzymatic encoding by Klenow polymerization was performed using 16 pmol of the purified 

DNA-conjugates.

Most chemical reactions of the second chemical building blocks (except some structurally closely 

related compounds) were individually tested for sufficiently high reaction yields using an un-

modified 5’-(CH2)12NH2-oligonucleotide as reference standard. Conversion rates were calculated 

as ratio of the area under the curve (AUC) of the reaction product and the total AUC (including 

AUCs of the starting oligonucleotide, the product, and possible side products, see Figure 2-10).
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Figure 2-11. The influence of the amine functions 
on reaction yields was negligible compared to the 
carboxylic acids (Figure 2-12). The 3-(3,4,5-trimeth-
oxyphenyl)propanoic acid was used as test building 
block. Illustrated HPLC analyses show reaction rates 
after only two rounds of synthesis (compare Figure 
2-9). The unmodified 5’-(CH2)12NH2-oligonucleotide 

(top chromatogram) had a yield of 65%, while the 
proline modified conjugate (bottom chromatogram) 
had 94% yield. Further conjugates were tested after 
only two synthesis rounds, i.e., conjugate 22 [86% 
yield], conjugate 30 [85% yield], conjugate 59 [91% 
yield], conjugate 79 [63% yield].
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A set of preliminary experiments was performed employing two rounds of synthesis in analogy 

to the scheme in Figure 2-9. The amine functions of individual DNA-conjugates exhibited only a 

minor impact on reaction yields (Figure 2-11), while different carboxylic acids were shown to be 

associated with different conversion rates (Figure 2-12). Several synthesis strategies were consid-

ered to achieve generally high reaction yields, including protocols employing (i) a more constant 

flow of reactants (1 × 30 × 1 min), (ii) prolonged exposure times of reactants (1 × 3 × 30 min), 

and (iii) iterated activation of the carboxylic acid function by EDC-HCl and HOAt (Figure 2-13). 

The most consistent reaction yields were obtained using the third synthesis protocol, employing 

six rounds of fresh activation of the carboxylic acid function (Figure 2-9).

65%

94%

Rentention time [min]

l = 260 nm
l = 280 nm
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Figure 2-12. Different carboxylic acids had a critical 
impact on conversion rates and therefore on stoichio-
metries of displayed library compounds. Conversion 
rates were monitored in preliminary experiments after 
two synthesis rounds. Several carboxylic acids were 
efficiently coupled (top chromatograms), while others 
were not (bottom chromatograms). Therefore, synthe-
sis protocols on DEAE resin were optimized consider-

ing different strategies to achieve high reaction yields 
(Figure 2-13). Prolonged retention times of the starting 
oligonucleotide in the two bottom chromatograms are 
due to an unusual deviation in the composition of the 
liquid phase during HPLC. The 2-(2-nitrophenoxy)ace-
tic acid and the 3-(adamantan-1-yl)acetic acid were 
chosen as reference compounds for the optimization 
of the reaction protocols on DEAE resin (Figure 2-13). 
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Figure 2-13. Several synthesis strategies were con-
sidered to achieve generally high reaction yields us-
ing 2-(2-nitrophenoxy)acetic acid (left column) and 
3-(adamantan-1-yl)acetic (right column) as reference 
compounds. The reference compounds were known 
to exhibit poor reaction rates after two rounds of syn-
thesis (Figure 2-12).  Alternative synthesis protocols 

employed (i) a more constant flow of reactants (1 × 
30 × 1 min), (ii) prolonged exposure times of reactants 
(1 × 3 × 30 min), and (iii) six times iterated activation 
of the carboxylic acid function by EDC-HCl and HOAt. 
Protocols (i) and (ii) showed inconsistent results, while 
protocol (iii) led to acceptable yields. A: Absorbance.

The influence of different solvents on reaction yields was further investigated, as more than 400 

different carboxylic acids, which were tested as chemical building blocks for the construction 

of the DEL30000 library, required various dissolution strategies. Carboxylic acids, which were 

not soluble in DMF at 500 mM concentrations, were dissolved either in MeOH, MeCN, DMSO, 

A

l = 260 nm
l = 280 nm

Rentention time [min] Rentention time [min]
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Figure 2-14. The influence of the solvent used for dis-
solution of carboxylic acids, using 3-(phenylsulfonyl)
propanoic acid as test compound. The conversion rates 
were monitored in preliminary experiments after only two 
rounds of synthesis. The solvent used for the dissolu-
tion of the carboxylic acid was present to 10% in the fi-
nal reaction mix (e.g., 50 µL of the dissolved carboxylic 

acid in H2O was added to 450 µL of a reaction mix, in 
which EDC-HCl and HOAt were dissolved in DMF:MeOH 
5:4). Alternative solvents were tested as several carbox-
ylic acid building blocks were not soluble in DMF. DMF 
was the first choice, MeOH and MeCN were the second 
choice, DMSO and H2O the third choice. A: Absorbance

H2O, or solvent mixtures (Figure 2-14). Some solvents had a substantial impact on reaction rates, 

even though carboxylic acid stock solutions were diluted by a factor of 10, when mixed with the 

stock solutions of EDC-HCl and HOAt. The use of MeOH or MeCN was generally associated 

with high reaction yields, while even small amounts of DMSO or H2O led to reduced conversion 

rates. However, the adverse effect of DMSO on reaction yields was compensated in few cases 

by increasing the number of synthesis rounds. For example, 2-(1,3-dimethyl-2,6-dioxo-3,4,5,6-

tetrahydro-1H-purin-7(2H)-yl)acetic acid (a theophyllin derivative, building block B162) was only 

soluble at 170 mM concentrations in DMSO. The yield of the reaction between B162 and the refer-

ence standard after 12 rounds of activation was 62%.
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2.1.4 Coupling of the Second Set of Chemical Building Blocks

The protocols for amide-bond forming reactions on DEAE resin were optimized regarding DNA 

recovery rates and reaction yields as described above. Only 16 pmol of DNA-conjugates after 

reaction was needed for the enzymatic encoding step by Klenow polymerase, however, 50 pmol 

DNA (approx. 30 ng DNA mL-1) was needed for robust DNA quantification by UV absorbance.

In total, 613 different carboxylic acids were considered as chemical building blocks for the con-

struction of the DEL30000 library. Out of these, 184 were ruled out due to unfavorable structural 

features (e.g., structural redundancy, unsuitable physicochemical properties), 64 had individual 

incompatibilities (e.g., solubility problems), and 65 exhibited very low yields (0-40%) after six or 

more rounds of coupling to the reference oligonucleotide. Out of the 300 second chemical build-

ing blocks, which were integrated into the DEL30000 library, 41 were not tested for reaction rates 

as they were assumed to behave in a comparable way to structurally related building blocks. Ap-

proximately 20 building blocks were submitted to “ad hoc” coupling protocols (e.g., high HOAt 

concentrations, up to 12 rounds of synthesis), in order to achieve yields of more than 50%. The 

final reaction yields of the 299 chemical building blocks, which were used in the synthesis of the 

DEL30000 library are summarized in Table 2-1.

Yield # Members 

> 90% 144

75 - 90% 75

50 - 75% 36

40 - 50% 4

not tested 41

Table 2-1. The final reaction yields of individual members in the second set 
of chemical building blocks is summarized in the table. Only 40 out of 300 
compounds exhibited reaction yields of below 75%. Not tested compounds 
were considered to be not critical for sufficient reaction yields. An aliquot of 
the 100-membered DNA-conjugate pool was included, in order to monitor 
the performance of isolated compounds in the first set of chemical building 
blocks (considered as the 300th chemical building block).
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2.1.5 Enzymatic Encoding by Klenow Polymerase

Chemical building blocks with sufficiently high reaction yields were enzymatically encoded using 

partially complementary oligonucleotides, which differed from each other in a central sequence 

of 8 nucleotides. DNA strands, which encode a specific member of the second set of chemical 

building blocks, were annealed with the DNA codes of oligonucleotide-compound conjugates. 

The partially hybridized DNA fragments were converted to the double-stranded format by nu-

cleotide fill-in reactions catalyzed by the Klenow polymerase as described previously (Mannocci 

et al., 2008) (according to Figure 2-15). Selected DNA-conjugates were used in preliminary 

experiments to test polymerization protocols at room temperature for 15 - 30 min (Figure 2-16).  

In total, 315 Klenow polymerization reaction were performed (300 out of 315 products were inte-

grated in the final DEL30000 library). Quality controls were performed by PAGE for 64 randomly 

1) Klenow polymerase (5 U)

2) dNTP (33 µM)

 30 min, 25 oC

1) DNA-conjugate pool (16 pmol)

2) Coding oligonucleotide (24 pmol)

 Buffer, 15 min, 50 oC

YYYYYYYY

CTGTTAAGTGTGTGCAGG GGTCTTAAGTGTTCGAGGXXXXXXXXX

GTAGTCGGATCCGACCAC GACAATTCACACACGTCC CCAGAATTCACAAGCTCCXXXXXXXXX

YYYYYYYYCATCAGCCTAGGCTGGTG3’

5’

5’

3’

5’ 3’

3’ 5’

5’3’

3’5’

N
H

O

A1-100

Bj

N
H

O

A1-100

Bj

N
H

O

A1-100

Bj

Figure 2-15. Schematic overview of the en-
zymatic encoding step of the second chemi-
cal buildings blocks by Klenow polymerization. 
Compound-bearing DNA strands (45 N) were 
partially hybridized with DNA strands (44 N), 

which contain a unique octanucleotidic insert 
specifying the second chemical building block. 
The Klenow polymerase catalyzed nucleotide 
fill-in reactions, which yielded double-stranded 
DNA products of 71 bp in length.
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Figure 2-16. Selected DNA-conjugates were 
enzymatically encoded by Klenow polymeriza-
tion in preliminary experiments and analyzed by 
PAGE. The DNA portion of the DNA-conjugates 
(e.g., Conj 017 and Conj 092) contained 45 nu-
cleotides, while coding oligonucleotides for the 
second set of chemical building blocks (e.g., 
Code_2_178) contained 44 nucleotides. Kle-
now polymerization reactions were performed 
at 25 oC for 30 min. Four conjugates are moni-
tored after Klenow fill-in reactions using 500 µM 
or 33 µM dNTPs. The expected DNA lengths of 
encoded products were 71 bp.
Pol+: After Klenow polymerization. Conj: Con-
jugate. dNTPs: deoxynucleotide triphosphates.
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selected enzymatic reactions (except D-desthiobiotin and sulfonamide building blocks, which 

were intentionally tested). As shown in Figure 2-17, the conversion rates of most enzymatic reac-

tions were satisfactory. Products after enzymatic encoding were pooled in equimolar amounts (12 

pmol each) yielding the final DEL30000 library.
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Figure 2-17. Enzymatic encoding reactions were 
randomly chosen for quality control experiments by 
PAGE (64 out of 315 Klenow polymerization reac-
tions). Critical building blocks, which were expect-
ed to be recovered after affinity selections against 
streptavidin (i.e.,D-desthiobiotin derivatives, B096 

K233) or CA IX (i.e., phenyl sulfonamides, B151 
K236 and B170 K257) were intentionally subjected 
to quality controls by PAGE. Most enzymatic encod-
ing steps occurred with satisfactory conversion rates 
(except B126 K228, which exhibited a low conversion 
rate).
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2.1.6 Sample Preparation for Illumina High-Throughput Sequencing 

The DNA codes of eluted binding conjugates were amplified by PCR (Figure 2-19) and further 

processed, in order to insert both adapter sites for Illumina high-throughput sequencing and two 

tetranucleotidic DNA tags, which encode different selection experiments (Figure 2-18). The en-

coding of individual selections allowed the decoding of up to 50 selections in the single flow 

lane by Illumina high-throughput sequencing. Fully assembled DNA constructs were purified by 

agarose gel electrophoresis. Excised bands of the correct size (161 bp) were purified by anion-

exchange cartridges and subjected to ethanol precipitation. Purified DNA constructs were quanti-

fied by UV absorbance and eventually re-checked by agarose gel electrophoresis (Figure 2-20).

Sequencing direction

PCR**

CTGTTAAGTGTGTGCAGG XXXXXXXXX

GTAGTCGGATCCGACCAC GACAATTCACACACGTCCYYYYYYYY GGTCTTAAXXXXXXXXX

CATCAGCCTAGGCTGGTG YYYYYYYY Z1Z1Z1Z1

Z1Z1Z1Z1

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT

TCTAGCCTTCTCGCAGCACATCCCTTTCTCACATCTAGAGCCACCAGCGGCATAGTAA

CCAGAATT

Z2Z2Z2Z2CAAGCAGAAGACGGCATACGAGCTCTTCCGATCT

Z2Z2Z2Z2GTTCGTCTTCTGCCGTATGCTCGAGAAGGCTAGA

PCR*

GTAGTCGGATCCGACCAC

CATCAGCCTAGGCTGGTG

YYYYYYYY

YYYYYYYY CTGTTAAGTGTGTGCAGG XXXXXXXXX

GACAATTCACACACGTCC GGTCTTAAXXXXXXXXX

Z1Z1Z1Z1

Z1Z1Z1Z1

CCAGAATT

Z2Z2Z2Z2

Z2Z2Z2Z2

Illumina primer site Illumina primer site

Cpd Code Cpd Code Sel CodeSel Code

4 ← 112 ← 521 ← 1339 ← 2247 ← 4065 ← 4869 ← 66

3’
5’

3’

5’

5’

3’

5’
3’

3’
5’

5’
3’

3’
5’

5’
3’

3’
5’

5’
3’

3’
5’3’

5’

3’ 5’

5’ 3’

30 cycles

Restriction

10 U EcoRI
2 h, 37 oC

1 U T4 DNA ligase
16 h, 16 oC28 cycles

Figure 2-18. Eluted DNA codes after affinity selection ex-
periments were PCR amplified (PCR*) and digested by 
EcoRI. Afterwards, a pre-hybridized DNA fragment, which 
contained a specific tetranucleotidic sequence (shown in 
red, Z1Z1Z1Z1), was ligated to restriction products by the T4 
DNA ligase. Ligation products were PCR-amplified using 
primers with 5’-overhangs, whereby one primer contained 
a specific tetranucleotidic  sequence (shown in violet, 
Z2Z2Z2Z2). Individual selection experiments were speci-

fied by the combination of the two selection codes, which 
allowed the decoding of up to 50 selections in the single 
flow lane by Illumina high-throughput sequencing. Illumina 
adapter sites were introduced by the  second PCR round, 
which employed primers with 5’-overhangs (PCR**). Final 
constructs were purified by agarose gel electrophoresis. 
Excised bands were purified by anion-exchange cartridges 
and subjected to ethanol precipitation.
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Figure 2-19. PCR amplification of eluted DNA codes after 
selection experiments were tested in preliminary experiments 
using different amounts of the DEL30000 library as DNA tem-
plates, as indicated on the top of the PAGE gel. Expected DNA 
lengths after PCR* (30 cycles) equaled 71 bp and were con-
firmed by PAGE (up to 45 PCR cycles were performed, which 
allowed the amplification of only 1 ymol DNA. PCR +: After 30 
PCR cycles. PCR -: no PCR.

Figure 2-20. Illumina adapters were appended to DNA 
samples by PCR using 5’-overhang primers. Expected 
DNA lengths after PCR** equaled 161 bp. DNA sam-
ples of individual affinity selections were by agarose gel 
electrophoresis. Excised bands were purified over anion-
exchange cartridges and by ethanol precipitation. Purified 
DNA sample were quantified by UV absorbance, adjusted 
to 100 nM and eventually re-checked by agarose gel elec-
trophoresis, as described above. (Sel A - Sel E indicate 
different affinity selection experiments).
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2.1.7 Decoding Algorithms and Data Processing

DNA sequences after Illumina high-throughput sequencing were obtained as text files of several 

gigabytes. Typical sequencing files comprised approximately 50 million DNA codes, which were 

filtered by in-house computational algorithms for DNA sequences, which could unambiguously 

be assigned to a specific library member and a specific selection experiment. No sequence errors 

were tolerated within the four coding regions, whereas mutation errors were tolerated within con-

stant regions. Different levels of error tolerance within the constant regions had only a marginal 

influence on the sequencing output. Typically, 30 million DNA codes were obtained for statistical 

evaluation.

Assigned sequence counts were further processed in order to reveal net library bias before and 

after selection. First, assigned sequence counts were standardized, i.e. the expected value for 

each sequence equaled 100% (assigned sequence counts divided by the sample size of a spe-

cific selection and multiplied by the library size). Afterwards, standardized sequence counts were 

baseline-subtracted, i.e. each specific coding sequence was divided by the corresponding stand-
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2.1.8 Library Characterization by DNA Sequencing

Among the second set of chemical building blocks, a D-desthiobiotin moiety was integrated 

as positive control at position B96. The dissociation constant of the fluorescein-conjugate of D-

desthiobiotin building block (Figure 2-21) was confirmed by fluorescence polarization (Figure 

2-22).

ardized sequence count observed in the unscreened library (sample size of the unscreened library: 

4,936,215; average count: 164.5 = 100% (standardized); quantile at 90%: q(90%) = 188%, quantile 

at 10%: q(10%) = 33%. The minimum denominator value equaled 50% in order to avoid false posi-

tive signals upon data processing). Sequence counts were again standardized to expected values 

of 100%. The resulting relative sequence frequencies, termed rf, were assumed to reflect the net 

bias for each library member.

The D-desthiobiotin was coupled to the DNA-conjugate pool (Chapter 2.1.4) approximately six 

months before enzymatic encoding and affinity selections, in order to simulate the synthesis of a 

randomly chosen library member. In contrast, quality control strategies, which spike the library 

by a separately integrated positive control after library construction, allow only to examine selec-

tion and decoding processes, but not the process of library construction.

Kd < 5 nM

O

N
H

N
H

H
N

O

D-desthiobiotnFluorescein

Figure 2-21. Fluorescein-conjugate of D-desthiobiotin. The 
synthesis of fluorescein-labeled compound derivatives is 
described in the section materials and methods (Chapter 

4.8.2). The yellow star indicates fluorescein derivatives of 
corresponding compounds.
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Figure 2-22. Fluorescence polarization measure-
ments of D-desthiobiotin against streptavidin. The dis-
sociation constant was determined < 5 nM (below the 
constant concentration of the fluorescein-conjugate in 
the fluorescence polarization assay)

In affinity selection readouts, indi-

vidual library compounds are unam-

biguously identified as elements in 

the x-y plane by the values of code A 

and B (corresponding to the identity of 

chemical building blocks), while their 

relative frequencies (rf values, normal-

ized counts of the corresponding DNA 

sequence) are displayed on the z axis. 

Sequencing results before and after af-

finity selections against streptavidin 

were employed for further characteriza-

tion of the DEL30000 library. The DNA 

codes of the DEL30000 library before 

selection were sequenced with a suffi-

ciently large sample size to determine relative abundances of individual library members. The 

sample size (N) of the baseline equaled 4,936,215, which is 164.5 times larger compared to the 

DEL30000 library size (compare Figure 2-23). According to Equation 1-1, a member with an rf 

value of 100% in the random sample has an abundance in the statistical population of 100 ± 20% 

at a level of significance a = 0.01. Likewise, a quantile(90%) member with an rf value 188% in the 

random sample has an abundance in the statistical population of 188 ± 28%, and a quantile(10%) 

member with an rf value of 33% in the random sample has an abundance in the statistical popu-

lation of 33 ± 12%. The rf values of the DNA codes in the DEL30000 library before selection 

served for baseline subtraction (according to Chapter 2.1.7), in order to obtain the net library bias 

after affinity selection experiments.
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Library after screening (Streptavidin) 

Average
Max
Rank 10
Min
Quantile(90%)

Quantile(75%)

Median
Quantile(25%)

Quantile(10%)

Library before screening (Baseline)

100%
590%
450%

0%
188%
130%

85%
54%
33%

165
966
737

0
309
215
140

88
54

N = 4,936,215 Counts rf

#(0) 148

N = 561,384

Average
Max
Rank 2
Rank 10
Rank 90
Rank 100
Rank 101
Rank 200

100%
37600%
36200%
31800%

6050%
4430%
1410%

300%

19
14,312
13,446

9,779
1386

640
319

58

#(0) 9,577

Counts rf

Figure 2-23. Library decoding profiles before and after af-
finity selection against streptavidin. Histogram plots repre-
sent the 30,000 library members in the x-y plane and the 
corresponding normalized relative frequencies (rf) after 
selection on the z axis. The expected value for normalized 
relative frequencies of library members before selection 
equals 1. The numbers of analyzed sequences (N) are in-
dicated.

The library characterization before selection was used for 
data processing of affinity selection protocols (baseline 
subtraction). The codes B126 and B272 showed very few 
counts, suggesting erroneous DNA codes (as seen in Fig-
ure 2-17). Max = Code with the maximum count. Min = 
Code with the minimum count. #(0) = Number of sequenc-
es, which exhibited an rf value of 0.

rf

rf

A1-100

B1-300

A1-100

B1-300

Affinity selection experiments against streptavidin showed a prominent stripe of signals belong-

ing to the DEL30000 library code B96, which corresponded to library members containing the 

D-desthiobiotin moiety. All 100 library members with code B96 were strongly enriched as a result 

of the selection, suggesting that the D-desthiobiotin moiety was successfully coupled to each of 

the 100 compounds in the first set of chemical building blocks. In the example presented in Fig-

ure 2-23, D-desthiobiotin derivatives were enriched by at least a factor of 44 (rank 100). A more 

precise analysis of affinity selections against streptavidin is presented in the next chapter. 
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2.2 INVESTIGATION OF AFFINITY SELECTION PROTOCOLS

A systematic analysis of selection conditions (e.g., protein amount, washing stringency, detergent 

concentration, and protein immobilization strategy) was performed using human CA IX as model 

target, because little was known at the beginning of the project about the impact of experimental 

conditions on affinity capture results. The findings presented in this thesis suggest that experi-

mental conditions in affinity selections critically influence selection results and thus the avenue 

of compound resynthesis and hit validation. Favorable signal-to-noise ratios in selection readouts 

were observed using low amounts of immobilized protein, high detergent concentrations and 

moderate washing stringency in selection experiments. 

2.2.1 Affinity selections against Streptavidin

Several affinity selections against streptavidin were performed in order to validate the overall 

selection process (i.e., library construction, affinity selection, and computational decoding). For 

this reason, a D-desthiobiotin moiety was integrated in the second set of chemical building blocks 

(at position B96) the DEL30000 library. D-desthiobiotin was known to bind streptavidin with a 

Kd value of < 5 nM (Dumelin et al., 2006), which was confirmed by testing the corresponding 

fluorescein-conjugate by fluorescence polarization (Figure 2-22). Four affinity selections against 

streptavidin were performed using different amounts of immobilized streptavidin (ranging from 

1 mg to 1 ng) under constant washing conditions (4 rounds of washing). A prominent stripe of 

signals at position B96 belonging to D-desthiobiotin derivatives was detected for all four selec-

tions as shown in Figure 2-24. The profile of the rf values of D-desthiobiotin derivatives showed 

a consistent behavior of structurally related compounds (Figure 2-25). All 33 proline derivatives 

of D-desthiobiotin were underrepresented in all four selections against streptavidin. This char-

acteristic behavior of compounds based on a proline scaffold was only observed in selections 

against streptavidin. The decoding profiles for panning reactions using quantities of immobilized 

streptavidin ranging from 1 µg to 1 ng were very similar, providing additional evidence for the 

robustness of the selection results.
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Figure 2-24. Selections against immobilized streptavidin 
using varying protein amounts (1 µg - 1 ng) and constant 
washing conditions. Histogram plots represent the 30,000 
library members in the x-y plane and the corresponding 
normalized relative frequencies (rf) after selection on the 
z axis. The expected value for normalized relative frequen-

cies of library members before selection equals 1. The 
numbers of analyzed sequences (N) and the number of 
library members with zero counts (#(0)) are indicated. As 
expected, prominent stripes were detected at position B96 
corresponding to the 100 D-desthiobiotin derivatives, which 
were included in the DEL30000 library.
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Figure 2-25. The corresponding profiles 
of the rf values D-destiobiotin derivatives 
exhibited a consistent behavior of struc-
turally related compounds. Library mem-
bers, in which the D-desthiobiotin moiety 
was coupled to a proline scaffold (dark 

blue bars) were consistently underrep-
resentated compared to other deriva-
tives (light blue bars). A D-desthiobiotin 
moiety was coupled to a 5’-(CH2)12NH2-
oligonucleotide by amide bond formation 
(position A98).
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Figure 2-26. A second set of affinity selection experiments 
against immobilized streptavidin showed the influence of a 
second panning round on selection results. Thereby, eluted 
DNA conjugates after a first round of selection were ex-
posed to immobilized streptavidin in a second panning cy-
cle. Histogram plots represent the 30,000 library members 
in the x-y plane and the corresponding normalized relative 

frequencies (rf) after selection on the z axis. The expected 
value for normalized relative frequencies of library mem-
bers before selection equals 1. The numbers of analyzed 
sequences (N) and the number of library members with 
zero counts (#(0)) are indicated. The second panning cycle 
led to an increased discriminating among D-desthiobiotin 
derivatives (Figure 2-27).
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Figure 2-27. A second round of affinity 
selection against streptavidin showed 
an increased discrimination among D-
desthiobiotin derivatives. Again, structur-
ally related molecules showed a consist-

ent behavior. D-desthiobiotin moieties, 
which were coupled to proline scaffolds 
(dark blue  were almost eliminated after 
the second round of affinity selection.
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In a second set of experiments, the eluted DNA conjugates were re-exposed to immobilized 

streptavidin, in order to perform a second round of affinity selection. The resulting decoding 

profiles exhibited an increased discrimination among library members with code B96, compared 

to the first round of selection (Figure 2-26 and Figure 2-27). The preferential loss of compounds 

with code A chemical moieties corresponding to proline derivatives carrying a triazole substituent 

obtained by azide alkyne cycloaddition, reflected a similar behavior of structurally related com-

pounds in selection experiments. 

2.2.2 Affinity Selections against Human CA IX

The D-desthiobiotin-streptavidin test system does not adequately reflect affinity selection set-

tings for the de novo identification of ligands, because newly identified binders typically exhibit 

Kd values in the micromolar range. Further investigations of affinity selection protocols were 

performed using the tumor-associated antigen human CA IX. Two phenyl sulfonamide building 

blocks, which were known to bind carbonic anhydrase with Kd values of approximately 1 mM, 

were integrated into the DEL30000 library at positions B151 and B170. The phenyl sulfonamide-CA 

IX test system reflects a more appropriate situation for the selection-based identification of novel 

ligands, typically exhibit Kd values in the micromolar range. As illustrated in Figure 2-28, even 

minor modifications in affinity selection protocols may critically influence selection readouts. The 

two illustrated selection fingerprints originate from CA IX selections, which differed in CA IX 

amounts by a factor of 20, and in detergent concentrations by a factor of 10, while six washing 

cycles were employed in both cases. Importantly, under favorable selection conditions all 200 

phenyl sulfonamide derivatives within the DEL30000 library were enriched (at least by a factor 

of 8) as a result of affinity selection, suggesting that both phenyl sulfonamides were coupled to 

each of the constituents of the first set of chemical building blocks.
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CA IX (2 mg) 
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Figure 2-28. Illustrated affinity selections against CA IX 
were performed under constant washing conditions. Selec-
tion readouts shown in the top histogram were obtained 
using 40 mg of immobilized CA IX and a concentration of 
0.01% Tween®-20 in the washing buffer. The selection read-
out in the bottom histogram was obtained using 2 mg of im-
mobilized CA IX and a concentration of 0.1% Tween®-20 in 
the washing buffer. Histograms plots represent the 30,000 
library members in the x-y plane and the corresponding 

normalized relative frequencies (rf) after selection on the 
z axis. The expected value for normalized relative frequen-
cies of library members before selection equals 1. The 
numbers of analyzed sequences (N) is indicated.
Two stripes of signals were observed at positions B151 and 
B170, which belonged to two phenyl sulfonamide building 
blocks in the DEL30000 library. Max = Code with the maxi-
mum count. #(0) = Number of sequences, which exhibited 
an rf value of 0.

Average
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Rank 2
Rank 3
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Rank 300
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A systematically presented overview of how the three experimental parameters (i.e., protein 

amount, detergent concentration, and washing stringency) influence selection readouts is illus-

trated in Figure 2-29. Protein amounts of immobilized CA IX ranged between 8 µg and 200 ng, 

and detergent concentrations ranged from 0.01% to 0.1% Tween®-20, and two washing modes 

were applied (i.e., six washing cycles with 100 µL washing buffer, and eight washing cycles with 

200 µL washing buffer).
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2.3 HIT VALIDATION OF CA IX INHIBITORS

Two different phenyl sulfonamide building blocks were integrated into the DEL30000 library and 

successfully recovered with different efficiency in distinct affinity selection experiments (an ex-

ample in given in Figure 2-30). Selected phenyl sulfonamide derivatives were resynthesized and 

tested in inhibition assays against human CA IX. The most potent inhibitors (A6B170 and A69B151) 

exhibited inhibitory constants of 74 ± 11 nM and 76 ± 13 nM. The results from the enzyme inhibi-

tion assays were confirmed by displacement measurements by fluorescence polarization.

rf

A1-100

B1-300

A6B170

A69B151

NH

O
SO

N
H

O
SO2NH2HO

O

NH

O
O

HO

H
N

O
SO2NH2

CF3

Figure 2-30. Representative CA IX selection 
readout. Two strongly enriched library members 
(compounds A6B170 and A69B151) were chosen for 

resynthesis and hit validation by enzyme inhibition 
assays and displacement assays by fluorescence 
polarization.
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40 min, 60 oC

H2N

SO2NH2

S

OO O O

S
N
H

O
SO2NH2

HOAcetone B170

Figure 2-31. Thiodiglycolic anhydride (2.0 Eq) and sulfa-
nilamide (1.0 Eq) were dissolved in acetone. The reaction 
mixture was heated to 60 °C for 40 min under stirring. Af-

terwards, the reaction was cooled on ice and the white pre-
cipitate was filtered off.

2.3.1 Resynthesis of Selected Compounds

Some of the most enriched phenyl sulfonamide derivatives in affinity selections against CA IX 

were synthesized according to the reaction schemes provided as Figures 2-31 to Figures 2-37. 

More detailed information for compound synthesis is described in the section materials and meth-

ods. The generally most enriched phenyl sulfonamide A6B170 was synthesized in three steps. First, 

the building block B170 was synthesized de novo according to the reaction scheme provided as 

Figure 2-31 (Stravs, 2011).

2) HATU, DIPEA, DMF

 3 h, 25 oCNH2
O

O

OH

NH
O

O

OH

O
S

N
H

SO2NH2
O

O

S
N
H

O
SO2NH2

HO1)

3) HCl aq., work-up

Building block B170 was coupled to the methyl ester of (S)- or (R)-tyrosine by amide bond forma-

tion (Figure 2-32). Afterwards, aryl alkyl ether formation was performed either using primary 

alcohols (Mitsunobu reaction conditions, Figure 2-33) or primary bromides (Figure 2-34). The 

methyl ester was eventually hydrolysed under acidic conditions.

Figure 2-32. H-L-Tyr-OMe or H-D-Tyr-OMe (1.0 Eq), B170 
(1.0 Eq), and HATU (1.3 Eq) were dissolved in DMF.  DIPEA 
(5.0 Eq) was added to the reaction mixture and stirred for 3 
h at 25 °C. After reaction quenching with 100 mM HCl, the 
product was extracted five times in EtOAc, washed with 

saturated NaCl solution, dried over MgSO4, filtered off and 
dried under reduced pressure. Resulting products (H-L-
Tyr-B170-OMe or H-D-Tyr-B170-OMe) were yielded as white 
solids.

*
*
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1) PPh3, THF, R−OH, 15 min

2) DEAD, 16 h, 25 oC

3) HCl, 100 min, 60 oC

1) DMSO, NaOH (15%), 80 oC

2) R−Br, 2 h, 80 oC

3) HCl aq., work-up

NH
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O
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O
S

N
H

SO2NH2
O

Figure 2-33. H-L-Tyr-B170-OMe or H-D-Tyr-B170-OMe (1.0 
Eq) was dissolved in THF. The primary alcohol (2.5 Eq) 
and PPh3 (3.0 Eq) were added to the reaction mixture und 
stirred for 15 min at 25 °C. DEAD (3.0 Eq) was added to the 

reaction vessel and stirred overnight at 25 °C. The methyl 
ester was hydrolysed by HCl for 100 min at 60 °C. The 
product was purified by HPLC and evaporated to dryness 
under reduced pressure.
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O
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H

SO2NH2
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R

NH
O
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OH

O
S

N
H

SO2NH2
O

Figure 2-34. H-L-Tyr-B170-OMe or H-D-Tyr-B170-OMe (1.0 
Eq) was dissolved in DMSO. NaOH (15%) NaOH in H2O 
(2.2 Eq) was added and the mixture was heated to 80 °C. 
The alkyl bromide (1.0 Eq) was added and the mixture was 
stirred for 2 h at 80 °C. The reaction was cooled to 25 oC 

and HCl was added. The mixture was dried under reduced 
pressure was purified by HPLC. The retention time of the 
product was compared to the reference compound ob-
tained by Mitsunobu coupling.

Phenyl sulfonamides based on the building block B151 were synthesized from (S)- or (R)-p-iodo-

phenylalanine. First, carboxylic acid functions were methylated yielding H-p-I-L-Phe-OMe or 

H-p-I-D-Phe-OMe (Figure 2-35). Resulting methyl esters were coupled to B151 by amide bond 

formation (Figure 2-36). Aryl iodide groups of resulting compounds were reacted with aryl bo-

ronic acids, using palladium as catalyst (Suzuki cross-coupling reactions) (Figure 2-37). 

1) SOCl2, MeOH

 30 min, 0 oC

2) H-p-I-Phe-OH

16 h, 25 oC
NH2

O

O

I

NH2
HO

O

I

Figure 2-35. MeOH was cooled to 0°C and SOCl2 (2.2 Eq) 
was added. The mixture was stirred for 30 min at 0 °C. 
Then, (S)- or (R)-p-iodo-phenylalanine (1.0 Eq) was added 

to the reaction mixture. The ice-bath was removed and the 
reaction was stirred overnight at 25 °C. The crude was re-
crystallized and a white solid was recovered.

**

* *

**
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1) 

2) Pd, K2CO3

 DME:EtOH:H2O 1:1:1

µW, 30 min, 100 oC
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H
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R
R
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O

H
N

SO2NH2
O

Figure 2-37. Palladium-catalyzed Cross-Coupling Reac-
tions. H-p-I-L-Phe-B151-OMe or H-p-I-D-Phe-B151-OMe (1.0 
Eq), the respective phenyl boronic acid (1.5 Eq), K2CO3 
(5.0 Eq), and a catalytic amount of polymer-bound palla-
dium were dissolved in DME:EtOH:H2O 1:1:1. The reaction 
mixture was transferred into a microwave reactor tube, and 

heated to 100 °C for 30 min. During these reaction condi-
tions a hydrolysis of the methyl ester was observed yielding 
free carboxylic acids as products. Reactions were filtered 
through cotton and subsequently over Millex®-FG 0.2 µm 
for fine particle removal, purified by HPLC and evaporated 
to dryness under reduced pressure.

2) HATU, DIPEA, DMF

3 h, 25 oC

O

HO

H
N

O
SO2NH2

1)

NH
O

O

I

O

H
N

SO2NH2
O

NH2
O

O

I

Figure 2-36. H-p-I-L-Phe-OMe or H-p-I-D-Phe-OMe (1.0 
Eq), B151 (1.1 Eq), and HATU (1.3 Eq) were dissolved in 
DMF. DIPEA (5.0 Eq) was added to the reaction mixture 
and stirred for 3 h at 25 °C. After reaction quenching with 

HCl, the product was extracted in EtOAc and dried over 
Na2SO4. Corresponding products (H-p-I-L-Phe-B151-OMe 
or H-p-I-D-Phe-B151-OMe) were precipitated in 5% MeOH 
in CH2Cl2.

*

*

**

2.3.2 Validation of the Enzymatic Activity of CA IX

Enzyme inhibition assays were performed using the chromogenic substrate p-nitrophenyl acetate 

(pNPA). CA IX catalyzes the hydrolysis of pNPA into the chromophoric product p-nitrophenol 

(pNP). The accumulation of pNP over time allows to monitor enzymatic activity of CA IX. In-

hibitory constants of test compounds were most accurately determined, when the concentration 

of catalytically active CA IX was known. Therefore, CA IX concentrations were first determined 

by UV absorbance and then confirmed in enzyme activity assays by incubation of different con-

centrations of acetazolamide (a known low-nanomolar inhibitor of CA IX) with constant enzyme 

concentrations. For instance, 500 nM acetazolamide was expected to reduce the catalytic activity 

of 1 mM CA IX by 50% (Figure 2-38). Catalytically active fractions of CA IX, which were used 

in enzyme inhibition assays equaled 100%, as summarized in Figure 2-39. 



79Validation of the Enzymatic Activity of CA IX

The pNPA hydrolysis assay was optimized towards low CA IX concentrations for the measure-

ment of inhibitory constants. CA IX concentrations of 100 nM were sufficient, when enzymatic 

reactions were observed over 2.5 hours. Notably, higher pH values drastically increased back-

ground hydrolysis rates of pNPA, while lower pH values decreased enzymatic activity. The most 

favorable ratio between CA IX activity and background hydrolysis rates was observed at pH 7.4. 

Further technical details are provided in the Materials and Methods section.
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Figure 2-38. CA IX catalyses the hydrolysis of 
the chromogenic substrate p-nitrophenyl acetate 
(pNPA) into p-nitrophenol (pNP). The catalytically 
active fraction of human CA IX was determined by 
UV absorbance and enzymatic activity assays using 
different concentrations of acetazolamide (Acz) and 
constant concentrations of CA IX. The pNP accumu-
lation was monitored over time by measurements of 
the absorbance at l = 360 nm and corresponding 

slopes were calculated. Four different CA IX batch-
es were diluted to 1 mM and incubated with differ-
ent concentrations of Acz. Slopes of the pNP were 
calculated. The background hydrolysis rate (CA IX-
independent pNPA hydrolysis) was 5-fold lower than 
the hydrolysis rate of the assay with 500 nM Acz. 
The slopes were expressed as percentage of the 
maximum CA IX activity (%vmax). Active enzyme frac-
tions were deviated from the tables in Figure 2-39.

1 µM CA IX

Determination of the enzymatically active CA IX concentration

Time [s]

Time [s]
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[Acz] %(vmax ) B1 %(vmax ) B2 %(vmax ) B3 %(vmax ) B4 %(vmax ) ø

0 nM 100 100 100 100 100
500 nM 54 44 57 43 50
300 nM 64 57 77 65 66
200 nM 82 73 88 75 80

[Acz] %(vmax ) 

0 nM 100

500 nM 2

250 nM 41

125 nM 66

Figure 2-39. Four different batches of CA IX (B1-B4) were  
tested for the catalytically active enzyme fraction according 
to the experiments illustrated in Figure 2-38. The slopes 
are expressed as percentage of the maximum CA IX ac-
tivity. The results summarized in the left table show that 
100% the CA IX concentration, which was determined by 

UV absorbance is catalytically active, as for instance 500 
nM Acz was able to block 50% of the enzymatic activity of 
1 mM CA IX. For comparison, the right table shows a CA IX 
batch, which contained only a fraction of 50% catalytically 
active enzyme regarding the apparent enzyme concentra-
tion determined by UV absorbance.

2.3.3 Determination of Inhibitory Constants against CA IX

Potencies of CA IX inhibitors were determined by a colorimetric CA IX esterase activity assay 

using pNPA as chromogenic substrate. CA IX catalyzes the substrate hydrolysis to HOAc and 

pNP, which was measured by absorbance at l = 360 nm. Dilution series of inhibitor molecules 

with final concentrations ranging from 100 µM to 100 pM were tested for inhibition against final 

concentrations of 100 nM CA IX.

pNP accumulation was measured in intervals of 45 s for 2.5 h. The vmax values were obtained by 

linear fitting of increasing OD360 signals over time. The background hydrolysis rate was subse-

quently subtracted and standardized CA IX activities (vmax was set 100%, the pNPA background 

hydrolysis to 0%), were plotted as a function of the inhibitor concentration and fitted applying the 

formula vmax = a * 0.5 * { - ([I] - [E] + KI) + sqrt {([I] - [E] + KI)
2 + (4 * [E] - KI)}} with estima-

tion parameters a = 1e9; [E] = 1e-7; KI = 1e-7, where a is a proportionality constant, [I] is the fi-

nal inhibitor concentration, [E] is the final CA IX concentration, and KI is the inhibitory constant.

The KI values of selected compounds are summarized in Figure 2-40. As indicated by selection 

readouts, the first chemical building blocks contributed to increased enzyme inhibition poten-
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Figure 2-40. The first chemical building blocks con-
tributed to improved inhibitory constants for both pri-
mary phenyl sulfonamide compounds. The compound 
A6B170 showed a 3-fold higher inhibition potency than 

B170, while A70B151 exhibited a 7-fold stronger inhibitory 
effect. Notably, the (S)-enantiomer of A70B151 exhibited 
a 10-fold weaker inhibition than the (R)-enantiomer.
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CA IX inhibition assay

Inihibitor concentration [M]

CA IX inhibition assay
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cies in comparison to both of the original phenyl sulfonamides, B151 and B170 (Figure 2-40). A 

slight tendency was observed for (R)-enantiomeric derivatives of B151 to be overrepresented in 

affinity selection readout over corresponding (S)-enantiomers. The effect was investigated using 

five pairs of enantiomeric B151 derivatives. However, a relationship between stereochemistry and 

improved inhibition potencies could only be shown for bulky substituents and requires further 

investigation (Figure 2-41 and Figure 2-42).
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Figure 2-42. The (S)- and (R)-enantiomers iodo-precursors of investigated B151 derivatives 
(shown above) exhibited a 6-fold difference in their KI values for CA IX inhibition.

B151

75

125

HO

H
N

O
SO2NH2

O

(S)

CF3

Cl

Cl

KI = 130 ± 27 nM

F

F

(S)

KI = 76 ± 13 nM

(R)

(S)

KI = 900 ± 110 nMKI = 220 ± 39 nM

KI = 160 ± 29 nM

F

F

(R)

CF3

KI = 200 ± 42 nM

(S)

Cl

Cl

(R)

KI = 83 ± 16 nM

(R)

KI = 170 ± 37 nM

KI = 560 ± 130 nM

100

50

25

0

75

125

100

50

25

0
10-6 10-510-710-810-9 10-4 10-6 10-510-710-810-9 10-4 10-6 10-510-710-810-9 10-4 10-6 10-510-710-810-9

75

125

100

50

25

0

C
A 

IX
 a

ct
iv

ity
 [%

]
C

A 
IX

 a
ct

iv
ity

 [%
]

C
A 

IX
 a

ct
iv

ity
 [%

]

B151

NH

O
O

HO

H
N

O
SO2NH2

R

Figure 2-41. Resynthesized sulfonamides were tested 
in enzyme activity assays using the colorimetric sub-
strate pNPA. Most biphenyl derivatives of the primary 
phenyl sulfonamide building block (B151) exhibited an 
improved inhibitory constant (KI). However, the (S)-en-

antiomer of the 3,4-dichlorophenyl derivative exhibited 
a worse KI than B151 and a 10-fold higher KI than the 
corresponding (R)-enantiomer. A trend towards worse 
KI values for (S)-enantiomers with bulky substituents is 
also observed for the iodo-precursors (Figure 2-42).
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Figure 2-43. Displacement assays by fluorescence po-
larization were performed in order to confirm KI values ob-
tained from enzyme inhibition assays. A fluorescein-labeled 
derivative of acetazolamide (Kd = 6.1 ± 0.6 nM) was used 

as fluorescent tracer. KI values were determined from IC50 
values using the equation derived by Nikolovska-Coleska 
(Equation 2-1; Nikolovska-Coleska et al., 2004).

Displacement assays by fluorescence polarization

Concentration of the test compounds [M]

10-4

2.3.4 Displacement Assays by Fluorescence Polarization

The inhibitory constants of the same compounds (see Figure 2-41), which were tested in CA IX 

inhibition assays, were confirmed by displacement assays using fluorescence polarization (Figure 

2-43). Thereby, a fluorescein-conjugate of acetazolamide (Figure 2-44) with a dissociation con-

stant of 6.1 nM  ± 0.6 nM (as previously measured by Stravs, 2011) was used as fluorescent tracer.

10-9
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IC50

Nikolovska-Coleska equation

KI =

1 +
[F(T)]50%

Kd(T)

[P]0

Kd(T)

+

Equation 2-1. Inhibitory constants (KI) were determined from IC50 
values using the equation derived by Nikolovska-Coleska KI = IC50 
/ (1 + [F(T)]50% / Kd(T) + [P]0 / Kd(T)), where the KI of a competitive test 
compound is expressed as a function of the concentration of the free 
competitive ligand at 50% inhibition IC50, the concentration of the free 
fluorescein-labeled tracer at 50% inhibition [F(T)]50%, the concentration 
of the free protein at 0% inhibition [P]0, and the dissociation constant 
of the protein-tracer complex Kd(T) (Nikolovska-Coleska et al., 2004).

Inhibitory constants (KI) were determined from IC50 values using the equation derived by 

Nikolovska-Coleska (Equation 2-1) (Nikolovska-Coleska et al., 2004). The KI value of B151 de-

termined by the displacement assay was measured 350 ± 90 nM (compared to 560 nM in the CA 

IX inhibition assay), and the KI value of A6B170 was determined to 68 ± 19 nM (compared to 74 

nM in the CA IX inhibition assay). Inhibitory constants obtained from displacement assays were 

generally in good agreement with the KI values measured by enzyme inhibition assays.
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Kd = 6.1 ± 0.6 nM

Fluorescein PEG - linker Acetazolamide

Figure 2-44. The dissociation constant of the fluorescein-acetazolamide-conjugate 
(6.1 ± 0.6 nM) used as tracer in displacement assays was determined by fluorescence 
polarization (Stravs, 2011).
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2.4 SELECTION-BASED LIGAND DISCOVERY

The investigation of how experimental parameters influence affinity selection results showed 

that (i) very low protein amounts entail favorable signal-to-noise ratios and (ii) that variation in 

selection conditions may result in drastically different selection fingerprints. These findings led 

to an affinity screening campaign against 28 different protein targets under varying experimental 

conditions. Selection readouts exhibited either (i) an equal distribution of library members (simi-

lar to the baseline), (ii) a random overrepresentation of structurally unrelated library members, 

(iii) a consistent overrepresentation of structurally related compounds, which were enriched in 

unrelated selections, or (iv) a consistent overrepresentation of structurally related compounds in 

target-specific selections. The latter selection readouts were considered as most promising for 

compound resynthesis and hit validation. The most promising selection readout was a selection 

against human IL-2, in which 2-methyl-1H-indole derivatives were strongly and selectively en-

riched. The best 2-methyl-1H-indole derivative (A17B284) revealed in an affinity selection against 

IL-2, exhibited a dissociation constant Kd of 2.5 mM and was able to completely inhibit IL-2-me-

diated T-cell proliferation with an IC50 of 32 mM.  The compound A17B284 was shown in molecular 

docking to bind a site on the IL-2 surface with a known propensity for binding fused ring struc-

tures and aromatic groups (Arkin et al., 2003).

2.4.1 Target Proteins and Selection Conditions

An affinity screening campaign was performed against 28 different target proteins (summarized 

in Chapter 1.6) from commercial suppliers under varying selection conditions. As selection con-

ditions were designed after selections against streptavidin, half of the selections were performed 

under stringent washing conditions as driving force for the removal of unspecific binding struc-

tures. As shown in the investigation of selection conditions against CA IX, harsh washing condi-

tions may exhibit adverse effects on signal-to-noise ratios. Furthermore, selection experiments 

were exclusively performed under moderate detergent concentrations. The application of selec-

tion conditions with higher detergent concentrations and milder washing conditions are favored 
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for future affinity selection campaign. However, each protein was investigated in three different 

experimental settings under moderate washing.

2.4.2 Selection Encoding Strategy

The DNA codes of eluted conjugates were amplified by PCR and converted into a format com-

patible for Illumina sequencing (Chapter 2.1.6, Figure 2-18). Individual affinity selection ex-

periments were encoded by the specific combination of two tetranucleotidic DNA tags, which 

allowed the decoding of up to 50 selections in the single flow lane by Illumina high-throughput 

sequencing (Figure 2-18). Selections against streptavidin and CA IX were included in each flow 

lane at with randomly chosen selection codes, in order to set control points for correct selection 

assignment (Figure 2-45). In an affinity screening campaign against 28 different protein targets, 

sequences corresponding to three second chemical building blocks (corresponding to 1% of the 

library) were observed to be overrepresented in approximately 20% of the selection experiments, 
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Figure 2-45. Each rectangle represents a combination 
of two different tetranucleotidic selection codes (1-9 and 
A-G), which encode distinct selection experiments. All se-
lections within a rectangle were pooled and sequenced in 
a single flow lane by Illumina high-throughput sequencing. 
Selections against streptavidin (which were sequenced in 

advance obtaining known selection readouts) and CA IX 
were randomly integrated into each of the four samples, 
which were sequenced in distinct flow lanes, in order to set 
control points for correct selection assignment. Selection 
code combinations, which do not encode for any selection 
experiment were expected to yield no decoding results.
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including in selections against uncoated magnetic beads. Derivatives of these three chemical 

building blocks (i.e.,  B74, a 2,3-dihydrobenzofuran derivative, B162, a theophyllin derivative, and 

B96, a D-desthiobiotin derivative) were neglected in the evaluation of selection results. The over-

representation of B96 derivatives was mainly confined to one out of four flow lanes, and might 

have arisen from unspecific selection encoding. The overrepresentation of B74 and B162 derivatives 

was observed in approximately 20% of the selection experiments and was not confined to a single 

flow lane. These unspecific signals might have arisen from unspecific “stickyness” of displayed 

compounds. Sequence counts were again standardized after removal of unspecifically enriched 

sequence codes (finally reported rf values). The applied data processing strategy avoids false 

positive results best possible to our knowledge.

2.4.3 Affinity Selection Results

Affinity selection results against 28 different target proteins showed that high concentrations of 

immobilized target protein (and concomitantly large bead amounts) generally led to non-discrim-

inating selection decoding profiles (similar to the baseline). This general trend was also observed 

in CA IX selections, where even two-digit nanomolar binders exhibited relatively weak signals. 

This tendency is illustrated as Figure 2-46, which shows decoding results after affinity selection 

against CA IX, p21 activated kinase 4 (PAK4), TNF-a, DJ-1 protein, and human IL-2. Decoding 

results obtained from selections using (sub-)microgram amounts of proteins exhibited specific 

abundance profiles and are illustrated in more detail as Figure 2-47 to 2-50. There were several 

candidates for hit validation, however, one selection against IL-2 was particularly promising due 

to several reason. First, a continuous stripe of signals belonging to 2-methyl-1H-indole deriva-

tives was exclusively observed in the illustrated IL-2 selection (Figure 2-51). A consistent behav-

ior of structurally related compounds was also observed in affinity selections against streptavidin 

and CA IX. Second, IL-2 is a rather simple protein consisting of 133 amino acids, of proven fold-

ing stability. Third, a close derivative of human IL-2 (aldesleukin, des-alanyl-1, serine-125, Pro-

leukin®), is approved as therapeutic agent for the treatment of renal cell cancer and thus available 

in large and pure amounts. Fourth, a structurally different indole glyoxylate has been reported to 

bind human IL-2 (Arkin et al., 2003).



88 Illustrative Examples of Selection Readouts

rf

B1-300

A1-100

N
#(0)

=
=

109,462
3,276

CA IX (40 μg)
(7.2 µM) 

rf

B1-300

A1-100

N
#(0)

=
=

612,400
13,438CA IX (200 ng)

(36 nM) 

rf

B1-300

A1-100

N
#(0)

=
=

777,016
225

IL-2 (7.5 μg)
(3.7 µM) 

rf

B1-300

A1-100

N
#(0)

=
=

166,953
10,931

IL-2 (75 ng)
(37 nM) 

rf

B1-300

A1-100

N
#(0)

=
=

506,810
223

PAK4 (13 μg)
(2.0 µM) 

rf

B1-300

A1-100

N
#(0)

=
=

380,841
1,250

PAK4 (1 μg)
(150 nM) 

rf

B1-300

A1-100

N
#(0)

=
=

533,832
355

TNF-a (1.3 μg)
(570 nM) 

rf

B1-300

A1-100

N
#(0)

=
=

161,942
4,632

TNF-a (130 ng)
(57 nM) 

rf

B1-300

A1-100

N
#(0)

=
=

247,835
2,003

DJ-1 (13 μg)
(5.2 µM) 

rf

B1-300

A1-100

N
#(0)

=
=

146,508
17,448

DJ-1 (100 ng)
(40 nM) 

Figure 2-46. Illustrative examples of selection readouts 
using higher (left histograms) and lower (right histograms) 

protein amounts. The use of (sub-)microgram amounts of 
target protein led to specific decoding profiles.
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Figure 2-48. Illustrative decoding profile after selection 
against TNF-a. Derivatives of 2-(6-chloropyridin-3-yl)acetic 
acid (building block B137) and 2-(2,3-dichloro-4-(2-methyl-
enebutanoyl)phenoxy)acetic acid (Ethacrynic acid, B146) 

were moderately enriched in selection readouts against 
TNF-a. However, some of these structures were also en-
riched (in lower extents) in some unrelated selection ex-
periments.
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Figure 2-47. The selection readout against PAK4 showed 
a prominent stripe belonging to derivatives of 2-(2-chloro-
4-fluorophenyl)acetic acid (building block B84). The high 
and consistent enrichment of B84 moiety was not observed 
in unrelated selections. Interestingly, B84 derivatives were 
also enriched in selections against PAK4 using higher (3 

µg) and lower (0.1 µg) protein amounts in lower extent. 
However, no signals at position B84 were detected in selec-
tions against the same protein target provided by a different 
supplier. Therefore, hit validation against PAK4 was a sec-
ond choice due to these inconsistent selection readouts.
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Figure 2-50. The decoding profile of an affinity selection 
against human IL-2 showed a consistent enrichment of 
structurally related compounds corresponding to a 2-me-
thyl-1H-indole moiety (building block B284, 3-(2-methyl-1H-
indol-1-yl)propanoic acid. Notably, these compound series 

was exclusively enriched against IL-2 (Figure 2-52). The 
consistent decoding readout and further reasons described 
above led to the conclusion that IL-2 represents the target 
protein of choice for compound resynthesis and hit valida-
tion.

Figure 2-49. The decoding profile of an affinity selection 
against DJ-1 showed some strongly enriched compounds 
belonging to building block B197 (2-(3-oxo-3,4-dihydro-2H-
benzo[b][1,4]oxazin-2-yl)acetic acid). Notably, rf values of 

compounds A67B197 and A68B198 were on rank 1 and 2. How-
ever, the decoding fingerprint of this selection was quite 
inhomogeneous (no consistent behavior of structurally 
similar compounds).
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rf

B284

A1-100 Selection experiment

Figure 2-51. Library decoding profiles of 2-methyl-1H-in-
dole derivatives in 170 affinity selection experiments us-
ing His-tagged proteins. The histogram plot represents the 
hundred 2-methyl-1H-indole derivatives on the x axis, all 
170 affinity selection experiments on the y axis and the cor-
responding normalized relative frequencies (rf) after affintiy 
selections on the z axis. The expected value for normalized 

relative frequencies of library members before selection 
equals 1. Importantly, the selected 2-methyl-1H-indole moi-
ety exclusively found in an IL-2 selection (selection #114)  
and was not enriched in any of the other 170 selections, 
which were performed with the DEL30000 library against 
28 different target proteins under various experimental con-
ditions.

#114Selection

2.5 HIT VALIDATION OF IL-2 INHIBITORS

Selected N-substituted 2-methyl-1H-indole derivatives were resynthesized and conjugated to 

fluorescein in order to determine the dissociation constants by fluorescence polarization. Com-

pounds A17B284 and A15B284 exhibited Kd values of 2.5 ± 0.3 µM and 4.2 ± 0.7 µM. The same com-

pounds without fluorescein label were tested for inhibition of IL-2-mediated T-cell proliferation, 

where compounds exhibited IC50 values of 71 ± 9 µM and 32 ± 3 µM. The compounds A17B284 and 

A15B284 were further investigated for target specificity (Chapter 2.6). Both the affinity selection 

readout and molecular docking by computational algorithms suggest that the 2-methyl-1H-indole 

moiety represents the structural key determinants for IL-2 recognition (Figure 2-50 and Figure 

2-59, see Chapter 2.7.
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1) HOBt, HBTU, DMF

2) DIPEA

3) H-p-I-D-Phe-OH
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Figure 2-52. Compound B284 (1.0 Eq), HOBt (1.1 Eq), and 
HBTU (0.9 Eq) were dissolved in DMF and stirred for 5 min 
at 25 °C. Then, DIPEA (4.0 Eq) was added to the reaction 
mixture and stirred for 15 min at 25 °C. (R)-p-iodo-pheny-

lalanine (1.1 Eq) was added and stirred for 2 h at 25 °C. 
Afterwards, the reaction mixture was acidified and purified 
by HPLC yielding pure H-p-I-D-Phe-B284-OH.

1) HC≡C−R, dioxane, 

 30 min, 25 oC

2) CuI, Pd(PPh3)2Cl2 NH
HO

O
O N

R

TEA, 16 h, 40 oC

NH
HO
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Figure 2-53. H-p-I-D-Phe-B284-OH (1.0 Eq), the respec-
tive alkyne (3.0 Eq), TEA, and catalytic amounts CuI and 
Pd(PPh3)2Cl2 were dissolved in DMF and stirred overnight 

at 40 °C. TEA was evaporated under reduced pressure, 
the crude was purified by HPLC and the product was lyo-
philized.

2.5.1 Resynthesis of Hit Compounds against IL-2

Selected 2-methyl-1H-indole derivatives were resynthesized for affinity measurements and for bi-

ological testing. Building block B284 (3-(2-methyl-1H-indol-1-yl)propanoic acid) was coupled to 

(R)-p-iodo-phenylalanine by amide bond formation (Figure 2-52). Then, terminal alkynes were 

reacted with aryl iodides by palladium/copper-catalyzed reactions (Sonogashira reactions, Figure 

2-53; see Materials and Methods section for more detailed information in Chapter 4.7.3).

The synthesis of fluorescein-conjugates is described in the Materials and Methods section (Chap-

ter 4.8.2). The fluorescein-label was attached by amide bond formation to the carboxylic acid 

function (the same functional group was used for the attachment of DNA codes). Fluorescein-

labeled compounds are marked by a yellow star.
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Figure 2-54. Fluorescene polarization assays using a con-
stant concentration (500 nM) of the fluorescein-conjugates 
of compounds A17B284 and A15B284 and increasing concen-
trations of IL-2 (Proleukin®). The ligands exhibited Kd values 
of 2.5 ± 0.3 µM and 4.2 ± 0.7 µM. Specificity tests showed 
that fluorescein-conjugates of D-desthiobiotin and phenyl 

sulfonamides did not show any binding activity against IL-2, 
while the fluorescein-conjugates of compounds A17B284 and 
A15B284 did not exhibit any binding activity against streptavi-
din (Figure 2-57). Target affinities of fluorescently labeled 
ligands were determined by fluorescence polarization. 
Fluo = fluorescein.

Fluo

Fluo

A17B284

A15B284

Fluorescence Polarization

Kd = 2.5 ± 0.3 µM

Kd = 4.2 ± 0.7 µM

2.5.2 Determination of Dissociation Constants by Fluorescence Polarization

Dissociation constants (Kd) against human IL-2 (Proleukin®) for two of the most enriched com-

pounds (A17B284 and A15B284) were determined by fluorescence polarization. The ligands exhibited 

Kd values of 2.5 ± 0.3 µM and 4.2 ± 0.7 µM (Figure 2-54). A fluorescein-derivative of the primary 

2-methyl-1H-indole moiety exhibited a Kd value of > 60 µM, confirming that the first chemical 

building blocks contributed to IL-2 recognition.
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2.5.3 T-Cell Proliferation Assays

The 2-methyl-1H-indole derivatives A17B284 and A15B284 exhibited a complete and selective inhibi-

tion of IL-2-mediated T-cell proliferation with IC50 values of 32 ± 3 µM and 71 ± 9 µM (Figure 

2-55). T-cell proliferation assays were performed by incubating different concentrations of test 

compounds, constant concentrations of IL-2 (Proleukin®, 10 pM) and T-cells (25,000 cells per 

well) for 48 h. Afterwards, MTS (which is converted to a colored product by reductase enzymes 

of viable cells) was added to each well and incubated typically for 4 h at 37 °C. Absorbance sig-

nals at l = 490 nm are directly proportional to the number of viable cells and thus to T-cell pro-

liferation rates (Figure 2-56). The same compounds did not exhibit any cytotoxicity to primary 

fibroblast cell cultures up to 128 µM concentration.

A17B284

A15B284

Figure 2-55. Compounds A17B284 and A15B284 exhibited IC50 
values in IL-2-mediated T-cell proliferation assays of 32 ± 3 
µM and 71 ± 9 µM. Experiments were performed using 10 

pM IL-2 (Proleukin®) and relative T-cell growth rates were 
determined by a MTS-based colorimetric assay. 

IC50 = 32 ± 3 µM

IC50 = 71 ± 9 µM
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Figure 2-56. IC50 values of A17B284 were determined 
after incubation with the cell staining agent MTS for 
2 - 5 h. Obtained values were expressed as absolute 
values of absorbance at 490 nm (left graph) and as 

standardized T-cell growth rates (right graph). Different 
incubation times with MTS or standardization of T-cell 
growth rates did not alter IC50 values.

IC50 = 32 ± 3 µM

2.6 SPECIFICITY ANALYSIS OF IDENTIFIED HIT COMPOUNDS

Selected hit compounds were tested in different in vitro assays for target efficacy (as described 

above) and target specificity. Individual test compounds were synthesized as fluorescein conju-

gates and incubated with different concentrations of streptavidin or IL-2 (Proleukin®) in order 

to analyse binding specificities. Fluorescein-labeled compounds, which were not enriched in af-

finity selections against corresponding protein targets, did not exhibit any binding activity in 

fluorescence polarization (Figure 2-57). Notably, A17B284 and A15B284 did not show any binding 

activity against up to 50 mM streptavidin, while none of the fluorescein-conjugates of the four test 

Absorbance signals at l = 490 nm were measured repeatedly after different incubation times (af-

ter 2 - 5 hours) with MTS (Figure 2-56). Corresponding IC50 values of A17B284 remained constant, 

which is illustrated by standardized values of absorbance (relative T-cell growth rates).
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compounds exhibited any binding activity against IL-2 (Proleukin®) up to 60 mM (Figure 2-57). 

Analogously, test compounds did not exhibit any unexpected activity in CA IX inhibition assays 

(compound A15B284 exhibited a KI value of ~ 100 mM) or T-cell proliferation experiments (com-
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Figure 2-57. Fluorescein-conjugates of compounds 
A17B284, A15B284, B151 and B170 exhibited Kd values of > 
100 µM against streptavidin. Fluorescein-conjugates of 

compounds A53B96, B96, B151 and B170 did not exhibit any 
binding activity against IL-2 (Proleukin®).
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Figure 2-58. Compounds A6B170, A69B151, B151, B170 and 
B96 did not exhibit any detectable activity in T-cell pro-
liferation assays. Compound A53B96 exhibited an IC50 

value of > 400 µM. Compounds A17B284, A53B96 and B96 
did not show any CA IX inhibition up to 100 µM, while 
compound A15B284 exhibited a KI value of ~ 100 µM.
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pound A53B96 exhibited an IC50 value of > 400 mM) (Figure 2-58). The specificity analysis of hit 

compounds was consistent with the results obtained from affinity selection results. 
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2.7 MOLECULAR DOCKING OF IL-2 INHIBITORS

In order to gain insight about the binding mode on the IL-2 surface, all hundred 2-methyl-1H-

indole derivatives enriched in the corresponding library selection were submitted to a computa-

tional docking procedure, based on the experimental crystal structure of IL-2 (Protein Data Bank 

entry name 1M48; Arkin et al., 2003) and on molecular docking using GOLD (Version 5.1) (Jones 

et al., 1995). The 2-methyl-1H-indole moieties of 67 out of 100 compounds were positioned in 

a hydrophobic groove between Arg38 and Leu72 (Figure 2-59), an IL-2 site with a strong pro-

PDB entry name: 1M48

Arg38

Leu72

Tyr45DNA / Fluo

PDB entry name: 1M48

Arg38

Leu72

Phe42

Phe42

Tyr45

A17B284

A15B284
DNA / Fluo

IL-2

IL-2

Figure 2-59. Predicted docking poses of compounds 
A17B284 (top) and A15B284 (bottom) at the surface of human 
IL-2. Left: Protein surface representations of IL-2 (Protein 
Data Bank entry name: 1M48, Arkin et al., 2003). Inter-
face binding pockets are represented by blue-shaded dots 
(darker color indicates greater buriedness). Ligand docking 
poses occupy both pockets. Specific interactions between 
small-molecule ligands and IL-2 are shown on the right. 

Orange: hydrogen-bond; blue: cation-p interaction; yellow: 
CH-p interaction. The interactions were determined using 
MOE Version 2010.10 and depicted by PyMOL Version 
1.2r2 Mac. Docking poses were provided by Geppert and 
Schneider. The amide bonds of the backbone are contrib-
uting to IL-2 binding.  Consistently, the ethylamine linker 
representing the attachment site for the DNA barcode or 
the fluorescein label projects towards the solvent. 
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Figure 2-60. Superimposed docking poses of 57 out of 67 positioned 2-me-
thyl-1H-indole derivatives show the respective indole moieties being oriented 
likewise with the methyl group pointing towards the IL-2 surface.

pensity for binding aromatic or fused ring structures (Arkin et al., 2003). Interestingly, Wells and 

co-workers had previously identified a structurally different indole glyoxylate substructure from 

a tethering fragment library of approximately 7,000 compounds and solved the X-ray structure of 

IL-2 with the tethered fragment (Arkin et al., 2003). The N-substituted 2-methyl-1H-indole ring 

system of A17B284 and A15B284 is positioned in the same hydrophobic groove by molecular docking 

(Figure 2-59), forming a cation-p interaction with Arg38 and three CH-p interactions with Leu72. 

The ethylene spacer between the 2-methyl-1H-indole moiety and the peptide backbone of the 

ligands allowed hydrogen-bond interactions to be assigned to both carbonyl groups with Arg38 

as well as between the amide nitrogen and the hydroxyl side chain of Thr41. The ligands were 

docked around Phe42 and Leu72, a hydrophobic binding hot spot in the contact patch of IL-2 

and its alpha receptor unit (Rickert et al., 2005). For only 10 compounds the docking algorithm 

positioned the 2-methyl-1H-indole moiety in a pocket between Phe42 and Tyr45. Superimposed 

docking poses of 57 out of 67 positioned 2-methyl-1H-indole derivatives show the respective 

indole moieties being oriented likewise with the methyl group pointing towards the IL-2 surface 

(Figure 2-60). Consistently, the ethylamine linker representing the attachment site for the DNA 

barcode or the fluorescein label projects towards the solvent. 
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3 DISCUSSION

The identification of novel small-molecule ligands against medically relevant proteins is a central 

challenge in pharmaceutical sciences. However, the discovery of binding compounds by conven-

tional HTS campaigns is highly demanding in terms of time and resources. DNA-encoded chemi-

cal libraries represent a selection-based ligand-identification methodology, which addresses the 

need for substantially more efficient technologies than HTS for hit discovery programs.

The advent of next-generation sequencing technologies allowed to perform affinity selections 

using DNA-encoded combinatorial libraries (DELs) comprising millions of DNA-encoded com-

pounds (Wrenn et al., 2007; Clark et al., 2009; Buller et al., 2010). Over the past years, several 

academic and industrial laboratories reported the identification of novel biologically active mole-

cules against pharmaceutically relevant proteins, including tumor-associated antigens (Melkko et 

al., 2004; Wrenn et al., 2007; Scheuermann et al., 2008; Buller et al., 2009; Melkko et al., 2010), 

kinases (Clark et al., 2009; Kleiner et al., 2010), and immunocytokines (Buller et al., 2009).

The discovery of high-quality ligands from DNA-encoded chemical libraries against target pro-

teins of interest depends on several factors, including library design, both the quality of the library 

and of targets proteins, experimental conditions in affinity selections, and sufficiently large sam-

ple sizes of decoded DNA sequences. 

The DEL30000 library was designed and synthesized according to criteria for high-quality librar-

ies as presented in the introduction. The quality requirements were extensively validated by in-

process controls during library synthesis and by selection readouts of the final library before and 

after panning experiments against streptavidin and human CA IX. Subsequently, the DEL30000 

library was tested in a large-scale affinity screening campaign against 28 different targets under 

variable selection conditions as the identification of novel ligands against pharmaceutically rel-

evant proteins is mainly a stochastic process.
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The statistical evaluation of 120 million DNA codes after selection experiments revealed a com-

pound series of novel lead-like IL-2 inhibitors, which were structurally based on a 2-methyl-1H-

indole moiety. The most potent compound (A17B284) exhibited a dissociation constant of 2.5 ± 

0.3 mM against IL-2 (Proleukin®) in fluorescence polarization assays and was able to completely 

inhibit IL-2-mediated T-cell proliferation with an IC50 of 32 ± 3 mM. The compound A17B284 ex-

hibited satisfactory ligand efficiency (Hopkins et al., 2004; Reynolds et al., 2008) and featured 

suitable characteristics for hit-to-lead development (Hann and Oprea, 2004; Veber et al., 2002) 

(Figure 3-1).

3.1 CONCEPTS OF LIBRARY DESIGN

The choice of chemical building blocks used for the construction of DELs constitutes a key deter-

minant for the quality of the resulting ligands a. DELs consist of combinatorially assembled sets 

of chemical building blocks, which preferably feature privileged scaffolds and broad structural 

diversity, and do not contain unspecific frequent hitters or reactive groups. The physicochemical 

properties of fully assembled chemical compounds should preferentially fulfill generally accepted 

criteria for lead-likeness. The synthesis of high-quality DELs requires the use of complete and 

DNA-compatible chemical reactions, in order to ensure equimolarity among displayed chemical 

moieties and to preserve the integrity of encoding DNA tags. These basic requirements facilitate 

the selection-based identification of high-quality hit compounds, which are suitable for hit-to-lead 

development programs. The DEL30000 library was designed to display chemical moieties, which 

were in agreement with standard concepts used in drug design (e.g., the concepts of lead-likeness 

and privileged structures), in order to increase the probability to yield high-quality hit compounds.

The combinatorial assembly of three of more sets of chemical building blocks allows the con-

struction the DELs with exponentially increased library size. However, hit compounds isolated 

from such libraries are more likely to violate generally accepted criteria for lead-likeness, which 

in turn entails increased predicted risks of developability and their compatibility with chemical 

optimization procedures (Leeson and Springthorpe, 2007). Furthermore, very complex combina-

torial libraries contain library members with high structural redundancy and it is difficult to fulfill 
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basic criteria for library quality (e.g. purity, reaction yields, equimolarity of compounds).

3.2 AFFINITY SELECTION PROTOCOLS

High-throughput sequencing of the DEL30000 library before and after affinity selections against 

streptavidin enabled comprehensive quality controls concerning the library synthesis. All 100 

D-desthiobiotin derivatives, which were included in the DEL30000 library were reproducibly 

recovered after affinity selections against streptavidin. Similarly, in selection experiments against 

human CA IX under favorable selection conditions, all 200 phenyl sulfonamide derivatives were 

strongly enriched as a result of affinity selection. These selection readouts confirmed both that 

amide bond forming reactions during library synthesis occurred reliably and that the DEL30000 

library features a certain degree of redundancy.

Prior to this thesis, little was known about how experimental conditions influence the performance 

of DELs in biopanning reactions. The DEL30000 library was used to investigate affinity selec-

tion protocols using human CA IX as model target. The findings suggest that certain experimental 

conditions (e.g., amounts of target protein and detergent concentration) in affinity selections criti-

cally influence selection results and thus the avenue of compound resynthesis and hit validation.

The signal generation of binding structures in affinity capture experiments is achieved by elimi-

nating structures of none interest (i.e., non-binding, weakly binding, and unspecifically binding 

structures). The total area of unspecific surfaces (e.g., beads, tube walls) can be minimized by re-

ducing bead amounts or by occupying sites of non-specific interactions using detergents or unspe-

cific DNA. Such arrangements were assumed to improve the ratio of unspecific interaction sites 

in favor to specific binding sites presented by the target protein. Favorable signal-to-noise ratios 

in selection readouts were observed using low amounts of immobilized protein, high detergent 

concentrations and moderate washing stringency in selection experiments. The systematic inves-

tigation of affinity selection protocols led to the identification of two CA IX inhibitors  based on 

phenyl sulfonamide building blocks with inhibitory constants of 74 ± 11 nM (compound A6B170) 

and of 76 ± 13 nM (compound A69B151). Notably, fully assembled hit compounds exhibited up to 

7-fold improved inhibitory constants compared to primary phenyl sulfonamide building blocks 
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(560 ± 130 nM for compound B151 and 230 ± 14 nM for compound B170). These observations were 

in agreement with rf values of corresponding compounds in most selections against CA IX.

3.3 DISCOVERY OF LEAD-LIKE IL-2 INHIBITORS

A large-scale affinity screening campaign against 28 proteins of pharmaceutical interest led to 

the identification of a compound series of 2-methyl-1H-indoles, which were exclusively enriched 

in an affinity selection against human IL-2. The most potent compound (A17B284) exhibited a 

dissociation constant of 2.5 ± 0.3 mM against IL-2 (Proleukin®) in fluorescence polarization as-
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Figure 3-1. The physicochemical properties of compound 
A17B284 obey generally accepted rules for lead-likeness 
(Hann and Oprea, 2004; Veber et al., 2002) and exhibits 
acceptable values for ligand efficiency. The ligand effi-
ciency reflects the binding energy per non-hydrogen atom 
(NHA) at T = 300 K according to the displayed equations 
(Hopkins et al., 2004; Reynolds et al., 2008). The com-
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says and was able to completely inhibit IL-2-mediated T-cell proliferation with an IC50 of 32 ± 3 

mM. The target specificity of isolated IL-2 inhibitors was confirmed in different in vitro assays. 

Notably, the compound A17B284 fulfilled physicochemical criteria for high-quality hit compounds 

and represents an attractive starting point for hit-to-lead development (Figure 3-1). The com-

pound A17B284 is readily synthesizeable in a modular format using three structural components, 

i.e., (R)-p-iodo-phenylalanine, pent-1-yne, and 3-(2-methyl-1H-indol-1-yl)propanoic acid. The 

broad commercial availability of individual components and derivatives eventually facilitates 

structural optimization by medicinal chemistry. Both affinity selection readouts and molecular 

docking suggest that the 2-methyl-1H-indole moiety represents the structural key determinant for 

IL-2 recognition.

Both antibody-based and small-molecule inhibitors against the a-subunit of the IL-2 receptor 

(IL-2Ra) were considered as possible agents for suppressing IL-2-mediated immune responses 

(Tilley et al., 1997; Raimundo et al., 2004; Waal et al., 2005; Wilson and Arkin, 2010). The IL-2 

signaling pathway has been recognized as route for molecular intervention to prevent allograft 

rejection (Kirkman et al., 1985; reviewed by Masri, 2003). 

IL-2-mediated immune responses can be prevented indirectly by corticosteroids, cyclosporin, or 

rapamycin (Hardinger et al, 2004; Ponticelli 2005; Geissler et al., 2008; Wilson and Arkin, 2010). 

However, a specific blockade of IL-2 signaling is confined to therapeutic antibodies against the 

inducible IL-2Ra (i.e., daclizumab (Zenapax®) and basiliximab (Simulect®)). These antibodies 

are approved for acute rejection prophylaxis (Church 2003; Sandrini, 2005; McKeage and Mc-

Cormack, 2010), but are not suitable for long-term prevention of allograft rejection due to incon-

venient administration and dosing difficulties (Hansel et al., 2010). Furthermore, the blockade of 

the IL-2/IL-2Ra signaling axis is probably secondary for long-term graft rejection prophylaxis 

(Wilson and Arkin, 2010). The therapeutic potential of blocking IL-2 signaling pathways for the 

treatment of chronic inflammatory and autoimmune diseases is currently investigated using anti-

IL2Ra antibodies (Martin, 2008; Yeh et al., 2008; Kim, 2009; Wilson and Arkin, 2010).

The strongest small-molecule inhibitor of IL-2 (SP4206, MW = 662 Da) reported so far was de-

veloped by Sunesis Pharmaceuticals and exhibited an IC50 of 60 nM (Raimundo et al., 2004; Waal 
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et al., 2005). However, the development after pharmacokinetic testing was stopped due to con-

cerns about the clinical value of IL-2Ra inhibitors unfortunately before the compound SP4206 

was tested for in vivo activity (Wilson et al. 2010).

However, the identification of novel IL-2-inhibitors suggests that DELs are in principle capable of 

yielding high-quality small-molecule inhibitors against virtually any protein of interest, including 

molecules, which disrupt high-affinity protein-protein interactions.

3.4 COMPLEXITY AND DIVERSITY OF COMBINATORIAL LIBRARIES

The DEL30000 library was combinatorially synthesized of two sets of chemical building blocks, 

which were linked by a single connection point. The employment of three or more set of chemi-

cal building blocks leads to an exponential increase of the number of library members, however, 

such compound collections exhibit a high degree of structural redundancy and suffer from several 

technical limitations as described above.

Combinatorially assembled DELs may more broadly cover the vast chemical space, if individ-

ual elements are connected by multiple and variable connection points using very small organic 

fragments (Figure 3-2). Very small chemical fragments may allow synthesizing highly modular 

chemical moieties without using large and structurally invariant building blocks (e.g., building 

blocks with MW > 200 Da), thereby reducing structural redundancy (Figure 3-2). The proposed 

library construction strategy requires extensive investigations of synthesis routes, in order to ad-

dress quality criteria for DELs as presented in this thesis.

3.5 CONCLUSIONS AND OUTLOOK

This thesis aimed at overcoming key technical limitations in the field of DNA-encoded chemical 

libraries. The construction of a high-quality DEL, the systematic investigation of affinity selec-

tion protocols, and a large-scale affinity screening campaign facilitated the discovery of potent 

and selective IL-2 inhibitors, which provide attractive starting points for hit-to-lead development. 

The number of sequence tags read for each affinity selection ranged between 105 and 106. The 
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Extension of privileged scaffolds

Figure 3-2. Schematic library design by multiple synthe-
sis steps using very small chemical fragments. A privileged 
scaffold with three functional groups, which allow orthogo-
nal chemical synthesis, may serve as starting point. Privi-
leged scaffolds may be extended by small chemical frag-
ments in one or two consecutive steps (e.g., cyclohexanes 
with three functional groups, 80 - 150 Da). In one or two 
final steps, remaining functional groups may be modified 

by very small organic fragments (0-60 Da). The proposed 
library construction strategy eventually allows synthesizing 
chemical moieties with little structural similarity as repeti-
tive structural elements consist of very small fragments. 
Such a library synthesis strategy requires three or more 
different types of chemical reactions, which are DNA-com-
patible and suitable for orthogonal synthesis.

Modification with common side chains
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affinity screening campaign based on the evaluation of 120 millions unambiguously assigned 

DNA codes after selection for sequencing costs of CHF 7,000. In principle, the same library 

construction strategy could be performed with a larger number of building blocks, reaching ~106 

compounds (i.e., a library size which is compatible with suitable sampling of DNA codes, using 

high-throughput sequencing technologies).
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The construction of functional and chemically diverse libraries will require the exploration of 

robust DNA-compatible chemical reactions. For this purpose, library synthesis on solid-phase 

appears to be particularly attractive, as it allows to drive chemical reactions to completion and to 

expand the scope of DNA-compatible chemical reactions to water-free conditions.

This thesis shows substantial methodological progress in the field of DNA-encoded chemical li-

braries and suggests that this technology is rapidly evolving towards a reliable and cost-effective 

tool for small-molecule ligand discovery. However, there are plenty of opportunities to further 

improve the performance of DELs for hit discovery purposes. The implementation of (i) concepts 

for drug design, (ii) the creation of high-quality DELs with increased complexity and diver-

sity, (iii) the application of sophisticated affinity selection protocols, and (iv) the availability of 

high-quality target proteins will help to exhaust the full potential of DNA-encoded combinatorial 

chemistry.
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4 MATERIALS AND METHODS

4.1 MATERIALS AND CHEMICALS

4.1.1  Materials

Cartridges. SpinX columns were purchased from Corning-Costar (Acton, MA, USA). Ion-

exchange cartridges for DNA purification were provided by Qiagen GmbH (Hilden, Germany; 

QIAquick PCR Purification Kit, Cat. No. 28106, QIAquick Nucleotide Removal Kit, Cat. No. 

28306, QIAquick Gel Extraction Kit, Cat. No. 28706). Millex®-FG 0.2 µm filter units for fine 

particle removal were purchased from Millipore (Cat. No. SLFGR04NL, Billerica, MA, USA). 

Empty Synthesis Columns-TWIST for the coupling of the second chemical building block on 

solid-phase was provided by Glen Research (VA, USA, Empty Synthesis Columns-TWIST 40 

nm, 0.2 µm or 1 µm, Cat. No. 20-0030-00).

PAGE. Native polyacrylamide gels (20% TBE, Cat. No. EC63152) and denaturing polyacryla-

mide gels (TBE-Urea, Cat. No. EC68852) were provided by Invitrogen (NY, USA). Loading buff-

ers (Novex® TBE-Urea Sample Buffer (2x), Cat. No. LC6876) and DNA staining agents SYBR® 

Green I and SYBR® Green II were provided by Invitrogen (NY, USA).

Microtiter plates. Transparent 384 well microtiter plates for CA IX activity assays were provided 

by Nunc (Roskilde, Denmark, Cat. No. 464718). Black 384 well microtiter plates for fluorescence 

polarization measurements were provided from Sigma-Aldrich (Buchs, Switzerland, Greiner 

polypropylene 384 well plates, Cat. No. M1811).
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4.1.2 Beads and Resins

Both H-b-Ala-2-ClTrt resin for the solid-phase synthesis of the first set of chemical building 

blocks and O-Bis-(aminoethyl)ethylene glycol trityl resin (substitution 0.57 mmol/g, for the syn-

thesis of fluorescein conjugates) were purchased from Novabiochem (Hohenbrunn, Germany, 

Cat. No. 8.56142.0005 and No. 01-64-0235).

DEAE sepharose resin for ionic DNA immobilization for the coupling of the second set of chemi-

cal building blocks on solid-phase was provided by GE Healthcare Bio-Sciences AB (Uppsala, 

Sweden, Cat. No. 17-0709-01).

Streptavidin-coupled magnetic Dynabeads® (Dynabeads® MyOne™ Streptavidin C1, Cat. No. 

65001) and cobalt magnetic Dynabeads® (Dynabeads® His-Tag Isolation & Pulldown, Cat. No. 

10103D) were purchased by Invitrogen (NY, USA). CNBr-activated sepharose resin for covalent 

protein coupling was provided by GE Healthcare (Little Chalfont, UK).

4.1.3  Chemical Compounds

Chemical compounds for the synthesis of the first set of chemical building blocks (i.e. primary 

or secondary alcohols, terminal alkynes, and phenyl boronic acids) or serving as second chemi-

cal building blocks were purchased from Sigma-Aldrich-Fluka (Buchs, Switzerland), Maybridge 

(Cornwall, UK), Matrix Scientific (Columbia, SC, USA), ChemBridge (San Diego, CA, USA), 

Acros (Geel, Belgium), ABCR (Karlsruhe, Germany), VWR (Leicestershire, England), Alfa Ae-

sar (Karlsruhe, Germany), or Bachem (Bubendorf, Switzerland).

4.1.4 Oligonucleotides and Enzymes

Enzymes and appropriate buffers were provided from New England Biolabs (Ipswich, MA, USA) 

or Roche Applied Science (Basel, Switzerland): Klenow polymerase enzyme (New England Bio-

labs, Cat. No. M0210L, Klenow polymerase buffer Cat. No. B7002S), Taq Polymerase (Roche 

Applied Sciences, Cat. No. 11146173001, PCR buffer Cat. No. Cat. No. 11271318001, dNTP Cat. 
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No. 11969064001), EcoRI (Roche Applied Sciences, Cat. No. 11175084001, EcoRI buffer, Cat. 

No. 11417991001), T4 DNA ligase (Roche Applied Sciences, Cat. No. 10481220001, T4 DNA 

ligase buffer, Cat. No. 11243292001).

HPLC grade lyophilized oligonucleotides were purchased either from IBA GmbH (Göttingen, 

Germany) or Sigma-Aldrich (Buchs, Switzerland).

4.1.5 Target Proteins

Recombinant, His-tagged human CA IX catalytic domain was expressed as described previously 

(Ahlskog et al., 2009). Recombinant, His-tagged human IL-2 was provided by ProSpec (Ness-

Ziona, Israel, Cat. No. CYT-666, Lot 910PIL2H07). Further recombinant, His-tagged human pro-

tein targets were purchased from ProSpec (Ness-Ziona, Israel) or ATGen (Gyeonggi-do, South 

Korea, see Appendix “List of Proteins”). Lyophilized streptavidin was obtained from BIOPSA 

(Milano, Italy, Cat. No. S002-6).

4.1.6 Cell Lines and Reagents

Murine CTLL-2 cells for T-cell proliferation assays and murine L-M fibroblasts for cyto-toxicity 

assays were purchased from American Type Culture Collection (ATCC, Manassas, VA, Cat. No. 

TIB-214) (Corti et al., 1994; Carnemolla et al, 2002; Halin et al., 2003). Murine CTLL-2 cells 

were cultured in RPMI 1640 medium (Gibco, Invitrogen) containing 10% FCS (Invitrogen) and 

2 mM L-glutamine (Lonza), 1 mM sodium pyruvate (Gibco, Invitrogen), 50 µM b-mercaptoeth-

anol (Gibco, Invitrogen), supplemented with an antibiotic/antimycotic mixture (Invitrogen) and 

20 IU/mL of recombinant human IL-2 [desalanyl-1, serine-125] (aldesleukin, Novartis, Basel, 

Switzerland, Proleukin®, Lot AA4493BAL) at 37 °C and 5% CO2. Murine L-M fibroblasts were 

cultured in DMEM (Gibco, Invitrogen, Cat. No. 41965) containing 10% FCS, supplemented with 

an antibiotic/antimycotic mixture (Invitrogen) at 37 °C and 5% CO2. MTS was provided by Pro-

mega (Madison, WI, USA, CellTiter 96® Aqueous One Solution Cell Proliferation Assay, Cat. 

No. G3580).
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4.2 GENERAL METHODS

4.2.1 HPLC Analyses and Purifications

HPLC purification of chemical compounds, including N-protected amino acids serving as first 

chemical building blocks were performed on a Waters 2795 Alliance HT system equipped either 

with a Synergi Polar-RP18 column (4 µm, 10 x 150 mm, Phenomenex, Torrance CA, USA) or with 

an XTerra Prep RP18 column (5 µm, 10 x 150 mm) connected to a Waters 2996  Photodiode Ar-

ray Detector employing linear gradients from 10% to 100% MeCN 0.1% TFA over 22 min using 

a flow rate of 4.0 mL min-1. Desired fractions were dried using a rotational vacuum concentrator 

(ALPHA-RVC IR, Christ GmbH, Osterode, Germany).

HPLC purifications of oligonucleotide-conjugates were performed on a Waters 2695 Alliance HT 

system equipped with an XTerra RP18 column (5 µm, 10 x 150 mm) connected to a Waters 2487 

Dual l Absorbance UV/Vis Detector employing linear gradients from 10% to 50% MeCN in 100 

mM TEAA buffer (pH 7.0) over 24 min using a flow rate of 4.0 mL min-1. Desired fractions were 

dried by a rotational vacuum concentrator, and redissolved in 100 µL H2O. Concentrations were 

determined by OD260 measurements using a NanoDrop instrument (ND-1000 UV-Vis Spectro-

photometer, Thermo Scientific, DE, USA).

In-process quality controls of yields and purities of amide-bond forming reactions with methylene 

carboxylic acids serving as second chemical building blocks were determined by AUC analysis of 

HPLC chromatograms referring to the 280 nm-channel.

4.2.2 Mass Spectrometry and NMR

ESI-MS spectra for synthesized chemical compounds were obtained using a Waters Quattro Mi-

cro mass spectrometer (Waters, Milford, MA, USA). 1H NMR spectra were recorded on a Bruker 

400 Avance instrument (Bruker, Ettlingen, Germany).

HPLC, Mass Spectrometry, and NMR
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Oligonucleotide-LC-ESI-MS were performed on a Waters Quattro Micro mass spectro-meter 

connected to an XBridge OST RP18 column (2.5 µm, 4.6 x 50 mm) using 500 pmol of the respec-

tive oligonucleotide-conjugate. A linear gradient from 0% to 50% MeOH over 1 min was applied 

using desalting buffer (400 mM HFIP, 5 mM TEA, 50% MeOH). Mass spectra were recorded 

from 700 to 2000 m/z and eventually deconvoluted by using MaxEnt software (Waters).

4.2.3 Ethanol Precipitation of DNA

DNA ethanol precipitation was performed by adding 10% (v/v) of 3 M AcOH/NaOAc buffer (pH 

4.7) and 300% (v/v) of ethanol relative to the volume of the DNA sample. After 2 h incubation 

at -20 °C, DNA samples were centrifuged in a table-top centrifuge for 20 min (13,200 rpm) at 4 

°C. After removal of the supernatant, pellets were washed with 500 µL of EtOH 85% (v/v) and 

centrifuged for 20 min (13,200 rpm) at 4 °C. Pellets were dried under reduced pressure and redis-

solved in H2O or an adequate buffer.

4.2.4 Polyacrylamide Gel Electrophoresis (PAGE)

PAGE was performed either using 20% TBE native polyacrylamide gels or 15% TBE-Urea de-

naturing polyacrylamide gels applying 200 V and 32 mA for 70 min. Samples (6 µL) were mixed 

with 6 µL Novex® TBE-Urea Sample Buffer (2x) before loading. Afterwards, gels were stained 

using either by SYBR® Green I or SYBR® Green II (1.5 µL in 15 mL TBE buffer) for 15 min at 

25 °C under moderate shaking. DNA was stained using Ethidium bromide (EtBr) and detected by 

UV transillumination using a Diana III Chemiluminescent Detection System (Rawtest).
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4.3 SYNTHESIS OF THE FIRST SET OF CHEMICAL BUILDING BLOCKS

4.3.1 General Remarks

N-protected amino acids, which exhibited an overall yield of approximately 10% or more (1 - 10 

mg, 2 - 20 µmol) after HPLC purification were selected as first chemical building blocks, whereby 

1.25 µmol was (approx. 100-fold molar excess over the respective oligonucleotide in subsequent 

coupling reactions) afforded for oligonucleotide coupling.

N-protected amino acids were identified by ESI-MS (expected m/z values were calculated by 

ChemBioDraw Ultra 11.0) and stored as 100 mM stock solutions in DMSO. The N-protected 

amino acids used for oligonucleotide coupling reactions were more precisely quantified by UV 

absorbance according to the extinction coefficients of respective protecting group:

 N-NVOC-protected compounds: eNVOC (l = 345 nm)  =  6,800 M-1 cm-1

 N-Fmoc-protected compounds:  eFmoc(l = 299 nm)  =  7,800 M-1 cm-1

All compounds serving as first chemical building blocks were purified and characterized with a 

protected amino function. Compounds, which were synthesized on solid-phase, additionally have 

a b-Ala residue on their carboxylic acid function upon resin release.

4.3.2 Synthesis of Azido Derivatives

NaN3 (1 g, 15 mmol, Fluka, Cat. No. 71290) was dissolved in H2O:CH2Cl2 1:2 (6.0 mL) and 

cooled on ice for 20 min. Triflyl anhydride (500 µL, 3.0 mmol, Sigma-Aldrich, Cat. No. 176176) 

was added slowly and the reaction mixture was stirred for 2 h. Then, the mixture was transferred 

to a separatory funnel, the CH2Cl2 phase collected and the aqueous was extracted twice with 

CH2Cl2. The organic fractions containing the triflyl azide were pooled, washed once with satu-

rated Na2CO3 and used without further purification (Lechner, 2012).

Preparation of N3-Gly-OH. H-Gly-OH (112 mg, 1.5 mmol, 1.0 Eq), K2CO3 (300 mg, 2.25 mmol, 

Synthesis of the First Set of Chemical Building Blocks
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1.5 Eq) and CuSO4 • 5 H2O (3.8 mg, 15 μmol) were dissolved in 15 mL H2O:MeOH 1:2. Then, 8 

mL of the triflyl azide in CH2Cl2 (approx. 3.0 mmol, 2.0 Eq) was added to the reaction mixture and 

stirred overnight at 25 °C. Then, organic solvents were removed under reduced pressure and the 

aqueous phase was diluted with 25 mL H2O. The solution was acidified to pH 6 with HCl, further 

diluted with 25 mL PBS (250 mM, pH 6.2) and extracted four times with EtOAc. The aqueous 

phase was then acidified to pH 2 with HCl and extracted another three times with EtOAc. The 

organic fractions were pooled, dried over MgSO4 and filtered off. The organic phase was dried in 

vacuo to yield the N3-Gly-OH as pale rosy oil (Lechner, 2012).

 N3-Gly-OH 2-azidoacetic acid C2H3N3O2

  Expected m/z: 100.02 ESI-MS m/z 99.88 [M-H]-

 N2-Fmoc-L-DAP-OH (S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)- C18H18N2O4
  3-aminopropanoic acid
  (Bachem, Cat. No. B-2385)

N3-Gly-OH was activated by EDC and NHS for 30 min at 30 °C. The resulting mixture was 

added to N2-Fmoc-L-DAP-OH in dioxane:H2O 1:1 at pH 9.0 and stirred overnight at 25 °C. The 

product was purified by HPLC and desired fractions were evaporated to dryness yielding pure 

N2-Fmoc-N3-N3-Gly-L-DAP-OH (N3-N3-Gly-L-DAP-OH). The synthesis of 4-azidoprolines 

was performed with minor modifications as described previously (Gomez-Vidal et al., 2001; Kim 

et al., 2006)

 N3-N3-Gly-L-DAP-OH (S)-2-((9H-fluoren-9-yl)methoxy)carbonylamino- C20H19N5O5
  3-(2-azidoacetamido)propanoic acid
  Expected m/z: 409.14 ESI-MS m/z 408.87 [M+H]+
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4.3.3 Amine Protection Reactions

Commercially available, chiral amino acids served as starting compounds for the synthesis of the 

first set of chemical building blocks. They compounds were protected on their amine function and 

eventually immobilized on resin for further modifications by chemical reactions described below.

 H-p-I-L-Phe-OH  (S)-2-amino-3-(4-iodophenyl)propanoic acid (Fluka, Cat. No. 93829)

 H-p-I-D-Phe-OH  (R)-2-amino-3-(4-iodophenyl)propanoic acid  (Bachem, Cat. No. F-2165)

 H-L-Tyr-OH  (S)-2-amino-3-(4-hydroxyphenyl)propanoic acid (Bachem, Cat. No. F-1670)

 H-D-Tyr-OH  (R)-2-amino-3-(4-hydroxyphenyl)propanoic acid (Bachem, Cat. No. F-1665)

 H-trans-Hyp-OH  (2S,4R)-4-Hydroxypyrrolidine-2-carboxylic acid (Bachem, Cat. No. F-1655)

 H-cis-Hyp-OH  (2S,4S)-4-Hydroxypyrrolidine-2-carboxylic acid (Bachem, Cat. No. F-1025)

The respective amino acid (0.96 mmol, 1.0 Eq) was dissolved in DMF (25 mL). DIPEA (435 µL , 

2.5 mmol, 2.6 Eq) was added to the reaction mixture. The solution was cooled to 0 °C and Fmoc-

Cl (323 mg, 1.25 mmol, 1.3 Eq; Fluka, Cat. No. 23186) or NVOC-Cl (343 mg, 1.25 mmol, 1.3 

Eq; Fluka, Cat. No. 23245) was added and stirred for 1 h. Afterwards, the ice bath was removed 

and the reaction mixture was stirred overnight at 25 °C. The reaction was quenched with 100 mL 

H2O, extracted 5 times with EtOAc and dried under reduced pressure.

 NVOC-L-Tyr-OH (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonyl- C19H20N2O9
  amino)-3-(4-ethoxyphenyl)propanamido)propanoic acid
  Expected m/z: 420.12 ESI-MS m/z 420.84 [M+H]+

 NVOC-D-Tyr-OH (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonyl- C19H20N2O9
  amino)-3-(4-ethoxyphenyl)propanamido)propanoic acid
  Expected m/z: 420.12 ESI-MS m/z 420.87 [M+H]+

Amine Protection Reactions
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 NVOC-p-I-L-Phe-OH (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonyl- C19H19IN2O8
  amino)-3-(4-iodophenyl)propanamido)propanoic acid
  Expected m/z: 531.02 ESI-MS m/z 530.79 [M+H]+

 NVOC-p-I-D-Phe-OH (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonyl- C19H19IN2O8
  amino)-3-(4-iodophenyl)propanamido)propanoic acid
  Expected m/z: 531.02 ESI-MS m/z 530.79 [M+H]+

 Fmoc-p-I-D-Phe-OH (S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3- C24H20INO4
  (4-iodophenyl)propanoic acid 
  Expected m/z: 514.04 ESI-MS m/z 513.70 [M+H]+

 NVOC-p-I-L-Phe-b-Ala (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonyl- C22H24IN3O9
  amino)-3-(4-iodophenyl)propanamido)propanoic acid
  Expected m/z: 602.06 ESI-MS m/z 601.88 [M+H]+

 NVOC-p-I-D-Phe-b-Ala (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonyl- C22H24IN3O9
  amino)-3-(4-iodophenyl)propanamido)propanoic acid
  Expected m/z: 602.06 ESI-MS m/z 601.92 [M+H]+

 Fmoc-cis-N3-Pro-OH (2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-azi- C20H18N4O4
  dopyrrolidine-2-carboxylic acid
  Expected m/z: 379.13 ESI-MS m/z 378.95 [M+H]+

 Fmoc-trans-N3-Pro-OH (2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-azi- C20H18N4O4 
  dopyrrolidine-2-carboxylic acid
  Expected m/z: 379.13 ESI-MS m/z 378.93 [M+H]+

 Fmoc-cis-N3-Pro-b-Ala 3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4- C23H23N5O5
  azidopyrrolidine-2-carboxamido)propanoic acid
  Expected m/z: 450.17 ESI-MS m/z 449.98 [M+H]+

 Fmoc-trans-N3-Pro-b-Ala 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4- C23H23N5O5
  azidopyrrolidine-2-carboxamido)propanoic acid
  Expected m/z: 450.17 ESI-MS m/z 449.98 [M+H]+ 
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4.3.4 Resin Preparation for Solid-Phase Synthesis

H-b-Ala-2-ClTrt resin (800 mg, 0.58 mmol substitution capacity, 1.0 Eq) was added to a solution 

of the respective N-protected amino acid NVOC-L-Tyr-OH or NVOC-D-Tyr-OH (370 mg, 0.87 

mmol, 1.5 Eq) or NVOC-p-I-L-Phe-OH or NVOC-p-I-D-Phe-OH, (460 mg, 0.87 mmol, 1.5 Eq) 

in dry DMF (20 mL) and slowly stirred for 30 min at 25 °C. Afterwards, HBTU (660 mg, 1.74 

mmol, 3.0 Eq) was dissolved in dry DMF (20 mL) and added to the first solution. Then, DIPEA 

(1.0 mL, 5.8 mmol, 10 Eq) was added to the reaction vessel and slowly stirred overnight at 25 

°C. The reaction mixture was transferred into a polypropylene filter syringe, washed 5 times with 

DMF, twice with CH2Cl2, and dried in an exsiccator.

4.3.5 Aryl Alkyl Ether Formation (Mitsunobu Reaction)

PPh3 (66 mg, 250 µmol, 1.0 Eq) was dissolved in dry THF (500 µL), added to resin-bound NVOC-

L-Tyr-OH or NVOC-D-Tyr-OH (50 mg, 35 µmol, 0.14 Eq) and stirred for 30 min at 25 °C un-

der an argon atmosphere and light protection. The respective primary or secondary alcohol (500 

µmol, 2.0 Eq) was dissolved in dry THF (500 µL), added to the reaction mixture and stirred for 

30 min at 25 °C. Afterwards, DEAD (46 µL, 290 µmol, 1.2 Eq) was added to the reaction vessel 

and stirred overnight at 25 °C. Then, the reaction mixture was transferred into a polypropylene 

filter syringe, washed 5 times with DMF and twice with CH2Cl2 and released by resin cleavage 

using 2% TFA in CH2Cl2 for 1 h 25 °C. The crude product was filtered over Millex®-FG 0.2 µm 

for fine particle removal, purified by HPLC and desired fractions were evaporated to dryness 

yielding pure aM1- aM35.

 aM1 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-ethoxy- C24H29N3O10
  phenyl)propanamido)propanoic acid

  Expected m/z: 520.19 ESI-MS m/z 519.90 [M+H]+

 aM2 (S)-3-(3-(4-(3-(tert-butoxycarbonylamino)propoxy)phenyl)-2-((4,5-dimeth- C30H40N4O12
  oxy-2-nitrobenzyloxy)carbonylamino)propanamido)propanoic acid

  Expected m/z: 649.88 ESI-MS m/z 649.09 [M+H]+

Aryl Alkyl Ether Formation (Mitsunobu Reaction)
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 aM3 3-((2S)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(oct-1- C30H37N3O10
  yn-3-yloxy)phenyl)propanamido)propanoic acid

  Expected m/z: 600.25 ESI-MS m/z 599.99 [M+H]+

 aM4 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-isobutoxy- C26H33N3O10
  phenyl)propanamido)propanoic acid

  Expected m/z: 548.22 ESI-MS m/z 547.91 [M+H]+

 aM5  (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(tetrahyd- C27H33N3O11
  ro-2H-pyran-4-yloxy)phenyl)propanamido)propanoic acid

  Expected m/z: 576.21 ESI-MS m/z 575.99 [M+H]+

 aM6 (S)-3-(3-(4-(cyclopentyloxy)phenyl)-2-((4,5-dimethoxy-2-nitrobenzyloxy)- C27H33N3O10
  carbonylamino)propanamido)propanoic acid

  Expected m/z: 560.22 ESI-MS m/z 559.90 [M+H]+

 aM7 (S)-3-(3-(4-(benzyloxy)phenyl)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbo- C29H31N3O10
  nylamino)propanamido)propanoic acid

  Expected m/z: 582.20 ESI-MS m/z 581.91 [M+H]+

 aM8 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(thiophen- C27H29N3O10S
  2-ylmethoxy)phenyl)propanamido)propanoic acid    

  Expected m/z: 588.16 ESI-MS m/z 587.93 [M+H]+

 aM9 (S)-3-(3-(4-(cyclopropylmethoxy)phenyl)-2-((4,5-dimethoxy-2-nitrobenzyl- C26H31N3O10
  oxy)carbonylamino)propanamido)propanoic acid

  Expected m/z: 546.20 ESI-MS m/z 545.92 [M+H]+

 aM10 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(pentyl- C27H35N3O10
  oxy)phenyl)propanamido)propanoic acid

  Expected m/z: 562.23 ESI-MS m/z 561.99 [M+H]+

 aM11  (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-isobutoxy- C26H33N3O10
  phenyl)propanamido)propanoic acid

  Expected m/z: 548.22 ESI-MS m/z 548.15 [M+H]+

 aM12 (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(tetrahy- C27H33N3O11
  dro-2H-pyran-4-yloxy)phenyl)propanamido)propanoic acid

  Expected m/z: 576.21 ESI-MS m/z 575.91 [M+H]+

 aM13  (R)-3-(3-(4-(cyclopentyloxy)phenyl)-2-((4,5-dimethoxy-2-nitrobenzyloxy)- C27H33N3O10
  carbonylamino)propanamido)propanoic acid

  Expected m/z: 560.22 ESI-MS m/z 559.96 [M+H]+

 aM14 3-((2S)-3-(4-(decahydronaphthalen-2-yloxy)phenyl)-2-((4,5-dimethoxy-2- C32H41N3O10
  nitrobenzyloxy)carbonylamino)propanamido)propanoic acid

  Expected m/z: 628.28 ESI-MS m/z 628.03 [M+H]+
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 aM15 (S)-3-(3-(4-(4-tert-butylcyclohexyloxy)phenyl)-2-((4,5-dimethoxy-2-nitro- C32H43N3O10
  benzyloxy)carbonylamino)propanamido)propanoic acid    

  Expected m/z: 630.29 ESI-MS m/z 630.06 [M+H]+

 aM16 (R)-3-(3-(4-(benzyloxy)phenyl)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carb- C29H31N3O10
  onylamino)propanamido)propanoic acid

  Expected m/z: 582.20 ESI-MS m/z 581.96 [M+H]+

 aM17 3-((S)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-((S)-tetra- C26H31N3O11
  hydrofuran-3-yloxy)phenyl)propanamido)propanoic acid

  Expected m/z: 562.20 ESI-MS m/z 563.09 [M+H]+

 aM18 (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-isopro- C25H31N3O10
  poxyphenyl)propanamido)-propanoic acid 

  Expected m/z: 534.20 ESI-MS m/z 533.93 [M+H]+

 aM19 (R)-3-(3-(4-(cyclopropylmethoxy)phenyl)-2-((4,5-dimethoxy-2-nitrobenzyl- C26H31N3O10
  oxy)carbonylamino)propanamido)propanoic acid

  Expected m/z: 546.20 ESI-MS m/z 545.94 [M+H]+

 aM20 (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(pentyl- C27H35N3O10
  oxy)phenyl)propanamido)propanoic acid

  Expected m/z: 562.23 ESI-MS m/z 561.98 [M+H]+ 

 aM21 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(2-mor- C28H36N4O11
  pholinoethoxy)phenyl)propanamido)propanoic acid

  Expected m/z: 605.24 ESI-MS m/z 604.94 [M+H]+

 aM22 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-((1-ethyl- C29H37N3O10
  cyclobutyl)methoxy)phenyl)propanamido)propanoic acid    

  Expected m/z: 590.25 ESI-MS m/z 589.92 [M+H]+

 aM23 3-((R)-3-(4-((1R,2R,4S)-bicyclo[2.2.1]heptan-2-yloxy)phenyl)-2-((4,5-di- C29H35N3O10
  methoxy-2-nitrobenzyloxy)carbonylamino)propanamido)propanoic acid

  Expected m/z: 586.23 ESI-MS m/z 586.20 [M+H]+

  
 aM24 (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(2-mor- C28H36N4O11
  pholinoethoxy)phenyl)propanamido)propanoic acid

  Expected m/z: 605.24 ESI-MS m/z 604.97 [M+H]+

 aM25 (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-((1-ethyl- C29H37N3O10
  cyclobutyl)methoxy)phenyl)propanamido)propanoic acid

  Expected m/z: 590.25 ESI-MS m/z 589.95 [M+H]+

 aM26 (R)-3-(3-(4-(2-chloro-4-fluorobenzyloxy)phenyl)-2-((4,5-dimethoxy-2-nitro- C29H29ClFN3O10
  benzyloxy)carbonylamino)propanamido)propanoic acid

  Expected m/z: 634.15 ESI-MS m/z 633.90 [M+H]+

Aryl Alkyl Ether Formation (Mitsunobu Reaction)
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 aM27 (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(2-isopro- C27H35N3O11
  poxyethoxy)phenyl)propanamido)propanoic acid

  Expected m/z: 578.23 ESI-MS m/z 577.94 [M+H]+

 aM28 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(2-isopro- C27H35N3O11
  poxyethoxy)phenyl)propanamido)propanoic acid

  Expected m/z: 578.23 ESI-MS m/z 578.33 [M+H]+

 aM29 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-isoprop- C25H31N3O10
  oxyphenyl)propanamido)propanoic acid

  Expected mass: 534.20 ESI-MS m/z 534.89 [M+H]+

 aM30 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(2-(pyri- C29H32N4O10
  din-2-yl)ethoxy)phenyl)propanamido)propanoic acid

  Expected m/z: 597.21 ESI-MS m/z 597.41 [M+H]+

 aM31 3-((R)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-((S)-tetra- C26H31N3O11
  hydrofuran-3-yloxy)phenyl)propanamido)propanoic acid

  Expected m/z: 562.20 ESI-MS m/z 562.99 [M+H]+

 aM32 (R)-3-(3-(4-(cyclohexylmethoxy)phenyl)-2-((4,5-dimethoxy-2-nitrobenzyl- C29H37N3O10
  oxy)carbonylamino)propanamido)propanoic acid

  Expected m/z: 588.25 ESI-MS m/z 588.40 [M+H]+

 aM33 (R)-3-(3-(4-(3-(tert-butoxycarbonylamino)propoxy)phenyl)-2-((4,5-di-meth- C30H40N4O12
  oxy-2-nitrobenzyloxy)carbonylamino)propanamido)propanoic acid

  Expected m/z: 649.96 ESI-MS m/z 649.96 [M+H]+

 aM34 3-((2R)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(3,7-di- C32H43N3O10
  methyloct-6-enyloxy)phenyl)propanamido)propanoic acid

  Expected m/z: 630.29 ESI-MS m/z 630.48 [M+H]+

 aM35 (S)-3-(3-(4-(2-chloro-4-fluorobenzyloxy)phenyl)-2-((4,5-dimethoxy-2-nitro- C29H29ClFN3O10 
  bezyloxy)carbonylamino)propanamido)propanoic acid

  Expected m/z: 634.15 ESI-MS m/z 634.35 [M+H]+
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4.3.6 Palladium/Copper-Catalyzed Sonogashira Reactions

Resin-bound NVOC-p-I-L-Phe-OH or NVOC-p-I-D-Phe-OH (50 mg, 35 µmol, 1.0 Eq) was sus-

pended in dry dioxane (600 µL) and stirred for 30 min at 25 °C under an argon atmosphere and 

light protection. The respective alkyne (210 µmol, 6.0 Eq) was dissolved in dry dioxane (300 

µL) and added to the reaction vessel. After 15 min of stirring CuI (1.3 mg, 7.0 µmol, 0.2 Eq), 

Pd(PPh3)2Cl2 (2.6 mg, 3.5 µmol, 0.1 Eq) and TEA (300 µL) were added to the reaction mixture 

and stirred overnight at 25 °C.

Then, the reaction mixture was transferred into a polypropylene filter syringe, washed 5 times 

with DMF and twice with CH2Cl2 and released by resin-cleavage using 2% TFA in CH2Cl2 for 1 h 

25 °C. The crude product was filtered over Millex®-FG 0.2 µm for fine particle removal, purified 

by HPLC and desired fractions were evaporated to dryness yielding pure aSo1- aSo15.

 aSo1  (S)-3-(2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-(4-(3-phenyl- C36H32N2O5 
  prop-1-ynyl)phenyl)propanamido)propanoic acid

  Expected m/z: 573.23 ESI-MS m/z 573.00 [M+H]+

 aSo2  (R)-3-(2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-(4-((1-cyclo- C34H32N2O5 
  pentenyl)ethynyl)phenyl)propanamido)propanoic acid

  Expected m/z: 548.23 ESI-MS m/z 548.93 [M+H]+

 aSo3 (R,E)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(3- C29H33N3O9
  ethylpent-3-en-1-ynyl)phenyl)propanamido)propanoic acid 

  Expected m/z: 567.22 ESI-MS m/z 567.96 [M+H]+

 aSo4 (R)-3-(2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-(4-((2-(trifluo- C36H29F3N2O5
  romethyl)phenyl)ethynyl)phenyl)propanamido)propanoic acid 

  Expected m/z: 627.20 ESI-MS m/z 626.98 [M+H]+

 aSo5 (R)-3-(2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-(4-(pent-1-yn- C32H32N2O5
  yl)phenyl)propanamido)propanoic acid 

  Expected m/z: 525.23 ESI-MS m/z 524.99 [M+H]+

 aSo6 (S)-3-(3-(4-(cyclohexenylethynyl)phenyl)-2-((4,5-dimethoxy-2-nitro- C30H33N3O9
  benzyloxy)carbonylamino)propanamido)propanoic acid 

  Expected m/z: 579.22 ESI-MS m/z 579.95 [M+H]+

Palladium/Copper-Catalyzed Sonogashira Reactions
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 aSo7 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(3-(di- C27H32N4O9 
  methylamino)prop-1-ynyl)phenyl)propanamido)propanoic acid 

  Expected m/z: 557.22 ESI-MS m/z 556.96 [M+H]+

 aSo8  (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(pyr- C29H28N4O9
  idin-3-ylethynyl)phenyl)propanamido)propanoic acid 

  Expected m/z: 577.19 ESI-MS m/z 576.90 [M+H]+

 aSo9 (R)-3-(3-(4-(3-(diethylamino)prop-1-ynyl)phenyl)-2-((4,5-dimethoxy- C29H36N4O9
  2-nitrobenzyloxy)carbonylamino)propanamido)propanoic acid 

  Expected m/z: 585.25 ESI-MS m/z 584.96 [M+H]+

 aSo10 (R)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-((1- C29H36N4O9
  methyl-1H-imidazol-5-yl)ethynyl)phenyl)propanamido)propanoic acid 

  Expected m/z: 580.20 ESI-MS m/z 579.93 [M+H]+

 aSo11 3-((2S)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4- C30H36F3N3O10
  (4,4,4-trifluoro-3-hydroxy-3-phenylbut-1-ynyl)phenyl)propanamido)-
  propanoic acid 

  Expected m/z: 674.19 ESI-MS m/z 673.94 [M+H]+

 aSo12 (S)-3-(3-(4-(3-(diethylamino)prop-1-ynyl)phenyl)-2-((4,5-dimethoxy- C29H36N4O9
  2-nitro-benzyloxy)carbonylamino)propanamido)propanoic acid 

  Expected m/z: 585.25 ESI-MS m/z 584.96 [M+H]+

 aSo13 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-((1- C29H36N4O9
  methyl-1H-imidazol-5-yl)ethynyl)phenyl)propanamido)propanoic acid 

  Expected m/z: 580.20 ESI-MS m/z 579.93 [M+H]+

 aSo14 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-((2- C31H28F3N3O9 
  (trifluoromethyl)phenyl)ethynyl)phenyl)propanamido)propanoic acid 

  Expected m/z: 644.18 ESI-MS m/z 643.91 [M+H]+

 aSo15 (S)-3-(2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4-(thio- C28H27N3O9S
  phen-2-ylethynyl)phenyl)propanamido)propanoic acid 

  Expected m/z: 582.15 ESI-MS m/z 581.90 [M+H]+
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4.3.7 Palladium-Catalyzed Cross-Coupling Reactions (Suzuki Coupling)

NVOC-p-I-L-Phe-OH or NVOC-p-I-D-Phe-OH (10 mg, 24 µmol, 1.0 Eq) was dissolved in THF 

(500 µL). The respective phenyl boronic acid (40 µmol, 1.7 Eq) was dissolved in THF (500 µL) 

and added to the first solution. Afterwards, a catalytic amount of polymer-bound palladium (Pal-

ladium anchored homogenous catalyst, FibreCat™ 1001, Alfa Aesar, Cat. No. DL0245, 8.0 mg) 

and 2 M K2CO3 (90 µL, 180 µmol, 7.5 Eq) were added to the reaction vessel and heated to 75 °C 

overnight under reflux. The reaction mixture was centrifuged, the supernatant was filtered over 

Millex®-FG 0.2 µm for fine particle removal, purified by HPLC and desired fractions were evapo-

rated to dryness yielding pure aSuz1- aSuz12.

 aSuz1 (S)-3-(2’,4’-difluorobiphenyl-4-yl)-2-((4,5-dimethoxy-2-nitrobenzyloxy)- C25H22F2N2O8
  carbonylamino)propanoic acid 

  Expected m/z: 516.13 ESI-MS m/z 516.80 [M+H]+

 aSuz2 (S)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4’-(trifluoro- C26H23F3N2O8
  methyl)biphenyl-4-yl)propanoic acid

  Expected m/z: 549.14 ESI-MS m/z 548.89 [M+H]+

 aSuz3 (S)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(3’-(trifluoro- C26H23F3N2O8
  methyl)biphenyl-4-yl)propanoic acid 

  Expected m/z: 549.14 ESI-MS m/z 548.78 [M+H]+

 aSuz4  (R)-3-(4’-acetylbiphenyl-4-yl)-2-((4,5-dimethoxy-2-nitrobenzyloxy)car- C27H26N2O9
  bonylamino)propanoic acid 

  Expected m/z: 523.16 ESI-MS m/z 522.91 [M+H]+

 aSuz5 (S)-3-(4’-acetylbiphenyl-4-yl)-2-((4,5-dimethoxy-2-nitrobenzyloxy)car- C27H26N2O9
  bonylamino)propanoic acid 

  Expected m/z: 523.16 ESI-MS m/z 522.78 [M+H]+

 aSuz6 (R)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4’-methoxy- C26H26N2O9
  biphenyl-4-yl)propanoic acid

  Expected m/z: 511.16 ESI-MS m/z 510.83 [M+H]+

 aSuz7 (R)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4’-(methyl- C26H26N2O8S
  thio)biphenyl-4-yl)propanoic acid 

  Expected m/z: 527.14 ESI-MS m/z 526.83 [M+H]+

Palladium-Catalyzed Cross-Coupling Reactions (Suzuki Coupling)



125Palladium-Catalyzed Cross-Coupling Reactions (Suzuki Coupling)

 aSuz8 (R)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4’-fluorobi- C25H23FN2O8
  phenyl-4-yl)propanoic acid 

  Expected m/z: 499.14 ESI-MS m/z 499.07 [M+H]+

 aSuz9 (R)-3-(2’,4’-difluorobiphenyl-4-yl)-2-((4,5-dimethoxy-2-nitrobenzyloxy)- C25H22F2N2O8
  carbonylamino)propanoic acid 

  Expected m/z: 516.13 ESI-MS m/z 517.02 [M+H]+

 aSuz10  (R)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(4’-(trifluo- C26H23F3N2O8
  romethyl)biphenyl-4-yl)propanoic acid

  Expected m/z: 549.14 ESI-MS m/z 549.02 [M+H]+

 aSuz11 (R)-2-((4,5-dimethoxy-2-nitrobenzyloxy)carbonylamino)-3-(3’-(trifluo- C26H23F3N2O8
  romethyl)biphenyl-4-yl)propanoic acid 

  Expected m/z: 549.08 ESI-MS m/z 548.78 [M+H]+

 aSuz12 (R)-3-(3’,4’-dichlorobiphenyl-4-yl)-2-((4,5-dimethoxy-2-nitro)-benzyl- C25H22Cl2N2O8
  oxycarbonylamino)propanoic acid 

  Expected m/z: 549.08 ESI-MS m/z 548.97 [M+H]+
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4.3.8 Azide Alkyne Cycloaddition using Huisgen/Sharpless Conditions

Fmoc-cis-N3-Pro-b-Ala or Fmoc-trans-N3-Pro-b-Ala (10 mg, 22 µmol, 1.0 Eq) was dissolved in 

degassed t-BuOH:H2O 2:1 (720 µL) and added to the respective alkyne (33 µmol, 1.5 Eq) under 

an argon atmosphere. Afterwards, 45 mM TBTA (44 µL, 2.2 µmol, 0.1 Eq, Sigma-Aldrich, Cat. 

No. 678937) in 720 µL degassed t-BuOH:H2O 2:1 and 50 mM CuSO4 (44 µL, 2.0 µmol, 0.09 Eq) 

was added to the reaction vessel. Then, 50 mM TCEP (66 µL, 3.3 µmol, 0.15 Eq, Sigma-Aldrich, 

Cat. No. C4706) in degassed H2O and 1 M NaHCO3 (110 µL, 110 µmol, 5.0 Eq) in degassed H2O 

were added to the reaction mixture and stirred overnight at 25 °C.

The reaction mixture was neutralized by adding 1 M HCl (110 µL), filtered over Millex®-FG 0.2 

µm for fine particle removal, purified by HPLC and desired fractions were evaporated to dryness 

yielding pure aC1- aC33.

 aC1  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(1-hydroxycyclohexyl)- C31H35N5O6
  1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 574.26 ESI-MS m/z 573.97 [M+H]+ m/z 556.01 [M-OH]+

 aC2  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(1-hydroxycyclopent- C30H33N5O6
  yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 560.24 ESI-MS m/z 560.07 [M+H]+ m/z 542.08 [M-OH]+

 aC3 3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(hydroxy(phenyl)meth- C32H31N5O6
  yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 582.23 ESI-MS m/z 581.99 [M+H]+ m/z 564.00 [M-OH]+

 aC4 3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-tosyl-1H-1,2,3-triazol- C32H31N5O7S
  1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 630.19 ESI-MS m/z 629.97 [M+H]+

 aC5  3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(1-hydroxycyclohexyl)- C31H35N5O6
  1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 574.26 ESI-MS m/z 574.43 [M+H]+

 aC6  3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(cyclopentylmethyl)- C31H35N5O5
  1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 558.26 ESI-MS m/z 558.04 [M+H]+

Azide Alkyne Cycloaddition using Huisgen/Sharpless Conditions
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 aC7 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(1-hydroxycyclopent- C30H33N5O6
  yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 560.24 ESI-MS m/z 559.97 [M+H]+ m/z 541.98 [M-OH]+

 aC8 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(2,2,2-trifluoro-1-hydro- C33H30F3N5O6
  xy-1-phenylethyl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 650.21 ESI-MS m/z 649.99 [M+H]+

 aC9  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((dimethylamino)meth- C28H32N6O5
  yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 533.24 ESI-MS m/z 533.22 [M+H]+

 aC10  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(2,2,2-trifluoro-1-hydro- C33H30F3N5O6
  xy-1-phenylethyl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic
  acid 

  Expected m/z: 650.21 ESI-MS m/z 650.19 [M+H]+

 aC11  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((R)-1-hydroxyhexyl)- C31H37N5O6 
  1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 576.27 ESI-MS m/z 576.24 [M+H]+ m/z 558.23 [M-OH]+

 aC12  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(3-hydroxypentan-3-yl)- C30H35N5O6
  1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 562.26 ESI-MS m/z 562.25 [M+H]+ m/z 544.20 [M-OH]+

 aC13  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(2-hydroxybut-3-en-2- C29H31N5O6
  yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid  

  Expected m/z: 546.23 ESI-MS m/z 546.17 [M+H]+ m/z 528.18 [M-OH]+

 aC14  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(2-hydroxy-4-methyl- C31H37N5O6
  pentan-2-yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)-
  propanoic acid 

  Expected m/z: 576.27 ESI-MS m/z 558.23 [M-OH]+

 aC15  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(2-hydroxybutan-2-yl)- C29H33N5O6
  1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 548.24 ESI-MS m/z 548.97 [M+H]+ m/z 530.99 [M-OH]+

 aC16 3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(ethoxycarbonyl)-1H- C28H29N5O7
  1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 548.21 ESI-MS m/z 548.93 [M+H]+

 aC17  3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(hydroxy(phenyl)meth- C32H31N5O6
  yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 582.23 ESI-MS m/z 582.39 [M+H]+ m/z 564.40 [M-OH]+

 aC18  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-benzyl-1H-1,2,3-triazol- C32H31N5O5
  1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 566.23 ESI-MS m/z 566.96 [M+H]+
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 aC19  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-propyl-1H-1,2,3-triazol- C28H31N5O5
  1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 518.23 ESI-MS m/z 518.95 [M+H]+

 aC20 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-benzyl-1H-1,2,3-triazol- C32H31N5O5
  1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 566.23 ESI-MS m/z 566.98 [M+H]+

 aC21  3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-tosyl-1H-1,2,3-triazol- C32H31N5O7S
  1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 630.19 ESI-MS m/z 630.37 [M+H]+

 aC22  3-((2S,4S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(cyclopentyl-methyl)- C31H35N5O5
  1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 558.26 ESI-MS m/z 559.03 [M+H]+

 aC23  3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(2-hydroxybut-3-en-2- C29H31N5O6
  yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 546.23 ESI-MS m/z 546.98 [M+H]+

 aC24  3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(1-methyl-1H-imidazol- C29H31N5O6
  5-yl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 556.22 ESI-MS m/z 556.98 [M+H]+

 aC25  3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((benzyl(methyl)amino)- C34H36N6O5
  methyl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 609.27 ESI-MS m/z 609.45 [M+H]+

 aC26 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(2-hydroxybutan-2-yl)- C29H33N5O6
  1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 548.24 ESI-MS m/z 548.35 [M+H]+ m/z 531.27 [M-OH]+

 aC27 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-((diethylamino)methyl)- C30H36N6O5
  1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 561.27 ESI-MS m/z 561.42 [M+H]+

 aC28 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(pyridin-3-yl)-1H-1,2,3- C30H28N6O5
  triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid  

  Expected m/z: 553.21 ESI-MS m/z 553.34 [M+H]+

 aC29 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(3,5-bis(trifluorometh- C33H27F6N5O5
  yl)phenyl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 688.19 ESI-MS m/z 688.39 [M+H]+

 aC30 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(3-(trifluoromethyl)- C32H28F3N5O5
  phenyl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 620.20 ESI-MS m/z 620.38 [M+H]+

Azide Alkyne Cycloaddition using Huisgen/Sharpless Conditions
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 aC31  3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(4-(dimethylamino)- C33H34N6O5
  phenyl)-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 595.26 ESI-MS m/z 595.42 [M+H]+

 aC32 3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(thiophen-3-yl)-1H- C29H27N5O5S 
  1,2,3-triazol-1-yl)-pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 558.17 ESI-MS m/z 558.30 [M+H]+

 aC33  3-((2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-(4-(ethoxycarbonyl)-1H- C28H29N5O7
  1,2,3-triazol-1-yl)-pyrrolidine-2-carboxamido)propanoic acid 

  Expected m/z: 548.21 ESI-MS m/z 548.92 [M+H]+

Four further compounds were synthesized in complete analogy using N2-Fmoc-N3-N3-Gly-L-

DAP-OH (10 mg, 21 µmol, 0.94 Eq) as starting azide reactant. Subsequent HPLC purification 

yielded pure aCL1-aCL4.

 aCL1  (S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-(2-(4-(ethoxycarbon- C25H25N5O7
  yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoic acid 

  Expected m/z: 508.18 ESI-MS m/z 507.89 [M+H]+

 aCL2 (S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-(2-(4-propyl-1H-1,2,3- C25H27N5O5 
  triazol-1-yl)acetamido)propanoic acid 

  Expected m/z: 478.20 ESI-MS m/z 477.91 [M+H]+

 aCL3 (2S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-(2-(4-(2,2,2-trifluoro- C30H26F3N5O6
  1-hydroxy-1-phenylethyl)-1H-1,2,3-triazol-1-yl)acetamido)propanoic acid 

  Expected m/z: 610.18 ESI-MS m/z 610.94 [M+H]+

 aCL4  (S)-2-(((9H-fluoren-9-yl)methoxy)carbonylamino)-3-(2-(4-(cyclopentyl- C28H31N5O5
  methyl)-1H-1,2,3-triazol-1-yl)acetamido)propanoic acid 

  Expected m/z: 518.23 ESI-MS m/z 518.95 [M+H]+
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4.4 SYNTHESIS OF THE DEL30000 LIBRARY

4.4.1 Oligonucleotide-Compound Coupling Reactions

N-protected amino acids serving as first chemical building blocks were dissolved in DMSO and 

quantified by UV absorbance according to their protecting group:

 N-NVOC-protected compounds: eNVOC (l = 345 nm)  =  6,800 M-1 cm-1

 N-Fmoc-protected compounds:  eFmoc(l = 299 nm)  =  7,800 M-1 cm-1

The respective N-NVOC- or N-Fmoc-protected amino acid (1.25 µmol, 1.0 Eq, dissolved in 

DMSO) was diluted with DMSO to a reaction volume of 230 µL and activated with S-NHS (10 µL 

of a 330 mM stock solution in DMSO:H2O 2:1, 3.3 µmol, 2.7 Eq) and EDC (12 µL of a 100 mM 

stock solution in DMSO, 1.20 µmol, 0.96 Eq) for 20 min at 30 °C. Afterwards, 500 mM aqueous 

TEA/HCl buffer pH 10.0 (50 µL) and 30 µL of a 500 µM stock solution (15 nmol) of the corre-

sponding 5’-amino-modified oligonucleotide (5’-H2N-(CH2)12- GGA GCT TGT GAA TTC TGG 

NNN NNN NNN GGA CGT GTG TGA ATT GTC-3’, whereby NNN NNN NNN unambiguously 

identified the corresponding N-protected amino acid compound) were added to the reaction mix-

ture and stirred overnight at 30 °C. Residual activated species were quenched by adding 500 mM 

aqueous Tris-HCl pH 8.0 (20 µL) and stirring the reaction mixture for 1 h at 30 °C. Afterwards, 

100 mM TEAA pH 7.0 (500 µL) was added and the reactions were subsequently purified by 

HPLC. Product-containing fractions were dried under reduced pressure, redissolved in H2O (100 

µL), quantified by UV absorbance (NanoDrop ND-1000), and characterized by oligonucleotide-

LC-ESI-MS as described above. LC-ESI-MS data of HPLC-purified oligonucleotide-compound 

conjugates are summarized in Supplementary Table 2. Observed oligonucleotide-conjugate 

masses were within 0.05% of expected masses, i.e. ≤ 6 Da. The quenching of the oligonucleo-

tide coupling reaction eventually resulted in partial deprotection of N-Fmoc-protected building 

blocks; therefore, 26 oligonucleotide-compound conjugates were purified and identified in the 

N-Fmoc-deprotected state.

Oligonucleotide-Compound Coupling Reactions
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4.4.2 Sub-Library Pooling and N-Deprotection

Successfully synthesized oligonucleotide-compound conjugates were pooled in equimolar 

amounts (1.6 nmol of each conjugate) to generate a 100-membered DNA-encoded sub-library in a 

final volume of 4.8 mL (totally 160 nmol oligonucleotide-compound conjugates, final concentra-

tion 33 µM). The pooled sub-library was equally distributed into three 10 mL round-bottom flasks 

(1.6 mL per flask), which were irradiated by UV light (l = 366 nm) for 90 min at 4 °C for NVOC 

deprotection. Afterwards, piperidine (400 µL) was added to each round-bottom flask (resulting 

in 20% final piperidine concentration) and incubated for 60 min at 25 °C for Fmoc-deprotection. 

Piperidine was removed by rotary evaporation (Rotavapor R-134, Büchi, Switzerland). Then, 

H2O (3.0 mL) was added to each round-bottom flask. The three fractions were pooled and stored 

in 6 aliquots at -20 °C.

Quality controls for efficient N-deprotection were performed by UV measurements (Cary 300 

Bio UV-Vis spectrophotometer, Varian AG, Zug, Switzerland) from l = 500 nm to l= 250 nm. 

Furthermore, amide bond forming reactions were performed using aliquots of the sub-library and 

different carboxylic acids in order to assure the functionality of deprotected amine groups. HPLC 

analyses before and after reaction showed expected shifts in the retention times. 

4.4.3 Coupling of the Second Set of Chemical Building Blocks

The coupling of the second set of chemical building blocks (methylene carboxylic acids) to ali-

quots of the 100-membered oligonucleotide-compound conjugate sub-library by amide bond for-

mation was performed on solid-phase by a modified protocol originally described by Harbury and 

co-workers (Halpin and Harbury, 2004). Thereby, DEAE anion exchange resin was used for DNA 

immobilization.
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DEAE sepharose resin (100 µL) was transferred to a SpinX column and washed twice with H2O 

(400 µL) and twice with 10 mM HOAc pH 5 (400 µL). The DEAE-resin was resuspended in 200 

µL 10 mM HOAc pH 5 and an aliquot of the DNA-conjugate sub-library (360 pmol) was then 

added and immobilized on the resin by incubation for 15 min. The slurry was transferred to an 

empty Glen Research column and washed with 10 mM HOAc (1 mL) and twice with MeOH (1 

mL).

Resin-bound DNA-conjugates were exposed to 500 µL of a freshly prepared solution of 50 mM 

EDC-HCl (1.0 Eq), 5 mM HOAt (0.1 Eq), and 50 mM of the respective methylene carboxylic acid 

(1.0 Eq) in DMF:MeOH 3:2 for 20 min at a flow rate of 25 μL min-1. The methylene carboxylic 

acid was six times freshly activated with EDC-HCl and therefore exposed in total for 2 h at a flow 

rate of 25 μL min-1 to the resin-bound DNA-conjugates.

Afterwards, columns were washed three times with MeOH (1 mL) and once with 10 mM HOAc 

(1 mL). The DEAE resin slurry was resuspended in 10 mM HOAc (400 µL), transferred to a 

SpinX column and centrifuged for 1 min at 6,000 rpm. Then, the DEAE resin slurry was resus-

pended in 1 M NaOAc buffer pH 8.7 (400 µL), incubated for 2 min and shortly centrifuged at 

13,200 rpm, which yielded an elution fraction usually containing 5% of the DNA-conjugates. Af-

terwards, the DEAE resin slurry was resuspended in 3 M NaOAc/HOAc buffer pH 4.7 (200 µL), 

incubated for 2 min and centrifuged for 1 min at 13,200 rpm, which yielded an elution fraction 

usually containing 50% of the DNA-conjugates. EtOH (1.8 mL) was added to the second elution 

fraction and incubated overnight at -20 °C. Then, the sample was centrifuged for 20 min (13,200 

rpm) at 4 °C, the resulting DNA pellet was washed with 85% EtOH (500 µL) and centrifuged 

for 20 min (13,200 rpm) at 4 °C. The sample was dried after removal of the supernatant with a 

rotational vacuum concentrator, redissolved in H2O (50 µL) and quantified by UV absorbance.

Test coupling reactions were performed under identical reaction conditions using a model single-

stranded 45-meric 5’-amino modified oligonucleotide. The reaction yields of individual methyl-

ene carboxylic acids were investigated separately as the carboxylic acid reactants were shown to 

critically influence conversion rates rather than the amine functionalities.

Coupling of the Second Set of Chemical Building Blocks
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4.4.4 Enzymatic Encoding by Klenow Polymerase

An aliquot of the modified DNA-conjugate sub-library (16 pmol, 1.0 Eq) and the respective par-

tially complementary 44-mer oligonucleotide (24 pmol, 1.5 Eq, 5’-GTA GTC GGA TCC GAC 

CAC NNNN NNNN GAC AAT TCA CAC ACG TCC-3’, whereby NNNN NNNN unambiguously 

identified the corresponding methylene carboxylic acid) were dissolved in Klenow polymerase 

buffer to a final volume of 44 µL. The reaction mixture was incubated for 10 min at 50 °C and 

let cool to RT for the partial hybridization of the respective DNA strands. Afterwards, 33 µM 

dNTP (5 µL, 160 pmol, 10 Eq each) and 5 U Klenow polymerase were added and the reaction 

mixture was incubated for 30 min at 25 °C. Reactions were purified by ion-exchange cartridges 

and eluted with QE buffer (50 µL, 10 mM Tris-Cl pH 8.5). Then, 64 Klenow-polymerase reac-

tions were analyzed by denaturing PAGE, stained by SYBR® Green II staining and concentrations 

were monitored by UV absorbance. Then, 20 Klenow polymerase reactions were pooled (20 µL 

of each reaction) into 15 sub-pools, which were again separately analyzed by denaturing PAGE 

and UV absorbance as described above. Finally, 120 µL of each sub-pool was pooled to generate 

the 30,000-membered library (DEL30000 library) to a final oligonucleotide concentration of 360 

nM. The DEL30000 library aliquots were stored at -20 °C.

4.5 AFFINITY SELECTION EXPERIMENTS

4.5.1 Affinity Selection against Streptavidin

Dynabeads® MyOne™ Streptavidin C1 (240 µL, 10 mg/mL) were transferred into a tube, which 

was placed on a magnet. The supernatant was removed by aspiration with a pipette and the mag-

netic beads were washed three times with 300 µL B&W buffer A (5 mM Tris-HCl, 0.5 mM EDTA, 

1 M NaCl, pH 7.5) and once with 300 µL PBS pH 7.4 / 0.01% Tween®-20. The magnetic beads 

were resuspended in 240 µL PBS pH 7.4 / 0.01% Tween®-20. Dilution series were generated to a 
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final volume of 100 µL ranging from a bead density of 1 mg/mL (BBC 250 pmol, 2.5 µM; ssBC 

50 pmol, 500 nM, 50 Eq) to 1 µg/mL (BBC 250 fmol, 2.5 nM; ssBC 50 fmol, 500 pM, 0.05 Eq). 

Then, 2.8 µL 360 nM DEL30000 library (1 pmol, 10 nM final concentration, corresponding to 33 

amol (330 fM) for each individual library member) was incubated with streptavidin-coated mag-

netic beads and periodically mixed for 1 h at 25 °C. After equilibration, the beads were washed 

four times with 100 µL PBS pH 7.4 / 0.01% Tween®-20 (after incubation of 30 min at 25 °C for 

each washing cycle) by placing the tube on a magnet for 1 min and aspiration of the supernatant 

with a pipette. Afterwards, the beads were washed once with 150 µL H2O, resuspended in 100 µL 

H2O and incubated for 20 min at 85 °C for DNA release by streptavidin denaturation. The tubes 

were again placed on a magnet and the supernatant was collected by aspiration with a pipette.

Streptavidin selections involving two panning rounds were performed in the same manner, ex-

cept that only two washing cycles were performed with 100 µL PBS pH 7.4 / 0.01% Tween®-20. 

Binding conjugates were released as described above. A portion of the eluted DNA (50 µL out of 

100 µL) was amplified by PCR, while 40 µL of the eluate was re-exposed to fresh streptavidin 

beads for a second panning round. The beads were washed twice with 100 µL PBS pH 7.4 / 0.01% 

Tween®-20 and eluted as described above.

After selection experiments, the coding DNA of the oligonucleotide-compound conjugates was 

amplified by PCR (DNA denaturation for 2 min at 94 °C; 45 cycles of 20 s at 94 °C, 40 s at 54 

°C, 1 min at 72 °C; 6 min at 72 °C) using 24 µL of the eluate as DNA template, 8.5 µM of prim-

ers (forward primer: 5’- GGA GCT TGT GAA TTC TGG -3’, backward primer: 5’- GTA GTC 

CGA TCC GAC CAC -3’), 4 x 2 mM dNTP, 1.25 U Taq Polymerase and PCR buffer. After PCR, 

corresponding samples were pooled and purified by ion-exchange cartridges and eluted with QE 

buffer (50 µL).

Affinity Selection Experiments against Streptavidin
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4.5.2 Affinity Selections against Human CA IX

Cobalt magnetic Dynabeads® His-Tag Isolation & Pulldown (50 µL, 40 mg beads / mL, 2 mg) 

were transferred to a tube and placed on a magnet. The supernatant was removed by aspiration 

with a pipette. Afterwards, 20 µL of 36 µM His-tagged human CA IX (720 pmol, 40 µg) was 

dissolved in 680 µL B&W buffer B (50 mM Na-Phosphate, 300 mM NaCl, 0.01% Tween®-20, 

pH 8.0), incubated with the cobalt magnetic beads and periodically mixed for 10 min at 25 °C. 

Then, CA IX-coated beads were washed four times with 300 µL B&W buffer B and resuspended 

in 97 µL PD buffer (3.25 mM Na-Phosphate, 70 mM NaCl, 0.01 % Tween®-20, pH 7.4). The re-

sulting suspension served as sample for selections or as stock suspension for dilution series. CA 

IX-coated bead dilutions were generated to a final volume of 100 µL ranging from a bead density 

of 20 mg/mL (corresponding to 40 µg immobilized human CA IX, 720 pmol, 7.2 µM, 720 Eq) to 

a bead density of 100 µg/mL (corresponding to 200 ng immobilized human CA IX, 3.6 pmol, 36 

nM, 3.6 Eq). Coating densities remained constant (20 µg CA IX / 1 mg cobalt magnetic beads. 

Afterwards, 2.8 µL 360 nM DEL30000 library (1 pmol, 10 nM final concentration, correspond-

ing to 33 amol (330 fM) for each individual library member) was incubated with CA IX-coated 

magnetic beads and periodically mixed for 1 h at 25 °C.

After equilibration, the beads were washed six times with 100 µL PD buffer (after incubation of 

30 min at 25 °C for each washing cycle) by placing the tube on a magnet for 1 min and aspira-

tion of the supernatant with a pipette. Alternative washing protocols employed higher detergent 

concentrations (six washing cycles with 100 µL PBS pH 7.4 / 0.1% Tween®-20) and with higher 

washing frequency (eight washing cycles with 200 µL PD buffer).

After the last washing cycle the beads were resuspended in HE buffer (100 µL, 50 mM Na-Phos-

phate, 300 mM NaCl, 300 mM imidazole, 0.01 Tween®-20 pH 8.0) and incubated for 20 min at 

25 °C for CA IX delivery, including bound DNA conjugates. The tubes were placed on a magnet 

and the supernatant was collected by aspiration with a pipette.

After selection experiments, the coding DNA of the oligonucleotide-compound conjugates was 

amplified by PCR (DNA denaturation for 2 min at 94 °C; 4 cycles of 40 s at 94 °C, 40 s at 54 °C, 
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40 s at 72 °C; 30 cycles of 40 s at 94 °C, 30 s at 64 °C, 30 s 72 °C; 7 min at 72 °C) using 1 µL 

of the eluate as a template, 10 µM of primers (forward primer: 5’- GCC TCC CTC GCG CCA 

TCA GGG AGC TTG TGA ATT CTG G -3’, backward primer: 5’- GCC TTG CCA GCC CGC 

TCA GGT AGT CGG ATC CGA CCA C -3’), 4 x 2 mM dNTP, 1.25 U Taq Polymerase and PCR  

buffer. After PCR, corresponding samples were pooled, purified by ion-exchange cartridges and 

eluted with QE buffer (50 µL).

4.5.3 Affinity Selections against Human IL-2

Cobalt magnetic Dynabeads® His-Tag Isolation & Pulldown (22 µL, 40 mg/mL, 0.9 mg) were 

transferred to a tube, which was placed on a magnet for supernatant removal by aspiration with 

a pipette. Afterwards, 43 µL His-tagged human IL-2 (0.237 mg/mL, 500 pmol, 10 µg) was dis-

solved in 680 µL B&W buffer B, incubated with the cobalt magnetic beads and periodically 

mixed for 10 min at 25 °C. IL-2-coated beads were washed four times with 300 µL B&W buffer 

B. The IL-2-coated magnetic beads were resuspended in 130 µL PD buffer serving as stock sus-

pension for dilution series. IL-2-coated bead dilutions were generated to a final volume of 100 

µL ranging from a bead density of 6.4 mg/mL (corresponding to 7.5 µg immobilized human IL-2, 

310 pmol, 3.1 µM, 310 Eq) to a bead density of 64 µg/mL (corresponding to 75 ng immobilized 

human IL-2, 3.1 pmol, 31 nM, 3.1 Eq). Coating densities remained constant (12 µg IL-2 / 1 mg 

cobalt magnetic beads. Afterwards, 2.8 µL of 360 nM DEL30000 library (1 pmol, 10 nM final 

concentration, corresponding to 33 amol (330 fM) for each individual library member) was added 

to the IL-2 coated magnetic beads and incubated and periodically mixed for 1 h at 25 °C.

After equilibration, the beads were washed six times with 100 µL PD buffer (after incubation of 

30 min at 25 °C for each washing cycle) by placing the tube on a magnet for 1 min and aspira-

tion of the supernatant with a pipette. Elution and amplification of binding DNA conjugates was 

performed as described for CA IX.

Affinity Selection Experiments against Human CA IX
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4.5.4 Affinity Selections on CNBr-Resin

CNBr-activated sepharose resin (10 mg) was swollen in 1 mM HCl (500 µL), alternatingly washed 

with 1 mM HCl and coupling buffer (100 mM NaHCO3, 500 mM NaCl, pH 8.3) and resuspended 

in 200 µL PBS. Then, 9.8 µM CA IX (180 µL, 102 µg, dissolved in 50 mM Tris, 1 mM ZnSO4, pH 

7.4) was added to the CNBr resin slurry and incubated overnight at 4 °C. The slurry was washed 

with 100 mM Tris-HCl 500 mM NaCl pH 8.5 (500 µL) and incubated in the same buffer for 2 h 

at 0 °C. Afterwards, the slurry was alternatingly washed with 100 mM Tris-HCl 500 mM NaCl 

pH 8.5 and 100 mM NaOAc/HOAc, 500 mM NaCl pH 4.5, and finally washed with PBS. The 

resin was resuspended in 100 µL PBS resulting in a stock solution of CNBr-bound CA IX (100 µg 

CA IX / 10 mg CNBr resin). Quality controls were performed by PAGE in order to monitor co-

valent protein attachment to the CNBr-activated sepharose resin. Three different selections were 

performed using 50 µL (50 µg CA IX, 880 pmol, 8.8 µM), 5 µL (5 µg CA IX, 88 pmol, 880 nM) 

and 1 µL (1 µg CA IX, 18 pmol, 180 nM) of the CNBr-bound CA IX. The resin-bound CA IX was 

suspended to a final volume of 95 µL PBS, followed by the addition of 2 µL of 10 mg/mL herring 

sperm DNA (0.2 mg/mL final concentration, Invitrogen, Cat. No. 15634-017) and 2.8 µL 360 nM 

DEL30000 library (1 pmol, 10 nM, corresponding to 33 amol (330 fM) for each individual library 

member). The reaction was incubated and periodically mixed for 1 h at 25 °C. 

After equilibration the mixture was transferred to SpinX column, washed four times with 400 µL 

PBS by centrifugation. The resin was resuspended in 100 µL H2O. The coding DNA strands of 

the oligonucleotide-compound conjugates were then amplified by PCR (50 µL final volume per 

PCR tube, DNA denaturation for 2 min at 94 °C; 4 cycles of 40 s at 94 °C, 40 s at 54 °C, 40 s at 

72 °C; 30 cycles of 40 s at 94 °C, 30 s at 64 °C, 30 s 72 °C; 7 min at 72 °C) using 20 µL of the 

resuspended resin as a template, 10 µM of primers (forward primer: 5’- GCC TCC CTC GCG 

CCA TCA GGG AGC TTG TGA ATT CTG G -3’, backward primer: 5’- GCC TTG CCA GCC 

CGC TCA GGT AGT CGG ATC CGA CCA C -3’), 4 x 2 mM dNTP, 1.25 U Taq Polymerase and 

PCR Buffer. After PCR, corresponding samples were pooled, purified by ion-exchange cartridges 

and eluted in QE buffer (50 µL).
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4.6 ILLUMINA HIGH-THROUGHPUT SEQUENCING

4.6.1 Selection Encoding and Sample Preparation

For Illumina high-throughput sequencing the PCR-amplified coding DNA tags were flanked by 

the Illumina adapter sites (5’- AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC 

CTA CAC GAC GCT CTT CCG ATC T – Insert Sequence – AGA TCG GAA GAG CTC GTA 

TGC CGT CTT CTG CTT G -3’, oligonucleotide sequences © Illumina, Inc.), which are neces-

sary for template immobilization on the flow lane and sequencing initialization using the standard 

Illumina genome sequencing primer (5’- ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA 

TCT -3’, oligonucleotide sequence © Illumina, Inc.).

The flanking sites were introduced in a two step procedure in analogy to the genomic sample 

preparation for Illumina sequencing. A first flanking site was attached by restriction of a unique 

EcoRI restriction site at the 5’-end of the DNA-tags and subsequent ligation of the respective 

tetranucleotidic DNA sequence. The fully assembled flanking sites were constructed by PCR 

amplification employing primers with 5’-overhangs containing the respective tetranucleotidic se-

quences. The introduction of two tetranucleotidic selection codes allowed the decoding of several 

different selections in a single Illumina flow lane.

EcoRI restriction was performed using 6 µL (approx. 1 - 5 pmol, depending on the selection) of 

the purified PCR products and 10 U EcoRI in a final volume of 20 µL of the appropriate buffer. 

The reaction mixture was incubated for 2 h at 37 °C, purified by ion-exchange cartridges and 

eluted in QE buffer (50 µL). Purified EcoRI restriction products (25 µL, approx. 0.5 – 2.5 pmol, 

depending on the selection) were ligated to 14 pmol (approx. 10 Eq) of a partially double-stranded 

DNA fragment consisting of 5’- ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT 

NNNN -3’ and 5’- [Phos] - AATT NNNN AGAT CGG AAG AGC -3’ (whereby NNNN encodes 

the PCR products of the corresponding selection). Enzymatic ligations were performed using T4 

DNA ligase (1 U) in a final volume of 50 µL of the appropriate buffer overnight at 16 °C. Ligation 

products were purified by ion-exchange cartridges and eluted in QE buffer (50 µL)

Illumina High-Throughput Sequencing
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Purified ligation products (1 µL, approx. 10 - 50 fmol) served as templates for PCR-mediated 

introduction of Illumina adapter sites. PCR amplification (two samples per selection of 50 µL 

final volume, DNA denaturation for 3 min at 94 °C; 28 cycles of 1 min at 94 °C, 1 min at 67 °C, 

20 s at 72 °C; 5 min at 72 °C) was performed using 10 µM of primers (primer used for the Illumi-

na genomic sample preparation, oligonucleotide se-quence © Illumina, Inc: 5’- AAT GAT ACG 

GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT CCG ATC T -3’; 

backward primer: 5’- CAA GCA GAA GAC GGC ATA CGA GCT CTT CCG ATCT NNNN GTA 

GTC GGA TCC GAC CAC -3’, whereby NNNN encodes  the PCR products of the corresponding 

selection), 4 x 2 mM dNTP, 1.25 U Taq Polymerase and PCR Buffer. DNA samples were purified 

after PCR by agarose gel electrophoresis (2% agarose, 100 V, 60 mA, 25 min) using EtBr as DNA 

staining agent. Bands of expected DNA length (161 bp) were excised, purified by ion-exchange 

cartridges, eluted in 50 µL QE buffer, and subjected to ethanol precipitation by adding 7.5 µL of 

3 M NaOAc/HOAc buffer pH 4.7 and 200 µL EtOH. The samples were incubated overnight at 

-20 °C and centrifuged for 20 min (13,200 rpm) at 4 °C. The resulting DNA pellet was washed 

with 85% EtOH (500 µL) and centrifuged for 20 min (13,200 rpm) at 4 °C. The supernatant was 

removed, the sample was dried with a rotational vacuum concentrator, redissolved in QE buffer 

(15 µL) and quantified by UV absorbance. Samples were adjusted to 100 nM DNA concentration 

and pooled accordingly for Illumina sequencing.

The resulting DNA constructs corresponded to the general sequence of 5’- AAT GAT ACG GCG 

ACC ACC GAG ATC TAC ACT CTT TCC CTA CAC GAC GCT CTT CCG ATC T – Insert Se-

quence – AGA TCG GAA GAG CTC GTA TGC CGT CTT CTG CTT G -3’. The Insert Sequence 

consists of four variable elements (denoted as N1, N2, N3, and N4) 5’- N3N3N3N3 AAT TCT GG 

N1N1N1 N1N1N1 N1N1N1 GGA CGT GTG TGA ATT GTC N2N2N2N2 N2N2N2N2 GTG GTC GGA 

TCC GAC TAC N4N4N4N4 -3’, whereby N1 and N2 unambiguously encode displayed library com-

pounds, and N3 and N4 unambiguously identify a specific selection experiment.
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4.6.2 Illumina Sequencing

DNA quality controls and concentration determinations were performed with an Agilent 2100 

Bioanalyzer and a NanoDrop 3300 fluorospectrometer. DNA samples were loaded at a concentra-

tion of 7 pM in respective flow lanes of the Illumina flow cell for cluster generation. Sequncing 

was performed by the Genome Analyzer 2x following the manufacturer’s protocols using Cluster 

Generation Kit v2 and SBS Sequencing Kit v3 (Buller et al., 2010).

4.6.3 Computational Decoding and Data Evualation

The assignment of DNA codes to sequencing output files obtained from high-throughput sequenc-

ing were performed by an in-house program written in C++. The decoding software was adapted 

by integrating multi-threading and optimizing memory access. The algorithm itself was left un-

changed. The source code of the different versions is available by request to the programmer 

(stravsm@student.ethz.ch). The source code was compiled using the open-source compiler g++ 

(version 4.4.1), either without optimization flags or with the -O3 flag. The operating system used 

for compilation and execution was Ubuntu Linux (kernel version 2.6.31-22-generic). Compila-

tion and execution took place on a machine with 8 Intel® Code ™ i7 920 CPUs (2.67 GHz) and 

12 GB RAM. The command line utility time was used for performance tests in combination with 

piped input to substitute keyboard interaction. The correctness of the output was verified by us-

ing MD5 checksums and by comparing the resulting code lists with the results using the original 

software (Stravs, 2011).

No sequence errors were tolerated within the four coding regions (N1, N2, N3 and N4), whereas 

mutation errors were tolerated within constant regions. Different levels of error tolerance within 

the constant regions had only a marginal influence on the sequencing output.

The assigned sequence counts were further processed in order to reveal net library bias before 

and after selection. First, assigned sequence counts were standardized, i.e. the expected value 

for each sequence equaled 100% (assigned sequence counts divided by the sample size of a spe-

cific selection and multiplied by the library size). Afterwards, standardized sequence counts were 

Computational Decoding and Data Evualation
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baseline-subtracted, i.e. each specific coding sequence was divided by the corresponding stand-

ardized sequence count observed in the unscreened library (sample size of the unscreened library: 

4,936,215; average count: 164.5 = 100% (standardized); quantile at 90%: q(90%) = 188%, quantile 

at 10%: q(10%) = 33%. The minimum denominator value equaled 50% in order to avoid false 

positive signals upon data processing). Furthermore, sequences corresponding to three second 

chemical building blocks (corresponding to 1% of the library) were observed to tend to be over-

represented in selection experiments, including in selections against uncoated magnetic beads. In 

order to exclude unspecific frequent hitters, these three chemical building blocks were neglected 

in the evaluation of selection results. After baseline subtraction and exclusion of false positive 

signals, sequence counts were again standardized to expected values of 100%. The resulting rela-

tive sequence frequencies, termed rf, were assumed to reflect the net bias for each library member.

In an affinity screening campaign against 28 different protein targets, sequences corresponding 

to three second chemical building blocks (corresponding to 1% of the library) were observed 

to be overrepresented in approximately 20% of the selection experiments, including in selec-

tions against uncoated magnetic beads. Derivatives of these three chemical building blocks (i.e.,  

B74, a 2,3-dihydrobenzofuran derivative, B162, a theophyllin derivative, and B96, a D-desthiobiotin 

derivative) were neglected in the evaluation of selection results. The overrepresentation of B96 

derivatives was mainly confined to one out of four flow lanes, and might have arisen from un-

specific selection encoding. The overrepresentation of B74 and B162 derivatives was observed in 

approximately 20% of the selection experiments and was not confined to a single flow lane. These 

unspecific signals might have arisen from unspecific “stickyness” of displayed compounds. Se-

quence counts were again standardized after removal of unspecifically enriched sequence codes 

(finally reported rf values). The applied data processing strategy avoids false positive results best 

possible to our knowledge.

The specificity analysis of a specific compound X for a certain selection Y was performed by the 

relative frequency of the compound X in selection Y divided by the averaged relative frequencies 

of compound X of the all other selections (except selection Y, involving totally 164 selections per-

formed under comparable selection conditions). Resulting values exceeding 100% indicate com-

pounds, which are overrepresented in a certain selection compared to the remaining selections.
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4.7 COMPOUND RESYNTHESIS

4.7.1 Building Block Resynthesis

Thiodiglycolic anhydride (1.05 g, 8 mmol, 2.0 Eq, Sigma-Aldrich, Cat. No. AMS001508) and 

sulfanilamide (670 mg, 4 mmol, 1.0 Eq, Sigma-Aldrich, Cat. No. S9251) were dissolved under an 

argon atmosphere in acetone (10 mL) in a 100 mL two-neck round-bottom flask connected to a 

Dimroth cooler. The reaction mixture was heated to 60 °C for 40 min under stirring. Afterwards, 

the reaction was cooled on ice and the white precipitate was filtered off and washed with ice-cold 

acetone (Stravs, 2011). The white filter cake was collected and lyophilized yielding pure B170. 

HPLC chromatograms and ESI-MS spectra of the product were very similar with the spectra of 

commercially available B170 (Sigma Aldrich Rare Chemicals, R435082).

 B170  2-(2-oxo-2-(4-sulfamoylphenylamino)ethylthio)acetic acid  C10H12N2O5S2

  Expected m/z: 305.34 ESI-MS m/z 305.75 [M+H]+

 B151 4-oxo-4-(4-sulfamoylphenylamino)butanoic acid C10H12N2O5S

  (Sigma Aldrich Rare Chemicals, Cat. No. S355488)

 B284 3-(2-methyl-1H-indol-1-yl)propanoic acid C12H13NO2

  (ChemBridge, Cat. No. 4014943)

4.7.2 Resynthesis of Phenyl Sulfonamide Derivatives

Methyl ester formation. MeOH (15 mL) was cooled in an ice-bath to 0°C in a 25 mL round-

bottom flask. Then, SOCl2 (320 µL, 520 mg, 4.4 mmol, 2.2 Eq) was added and stirred for 30 min 

at 0 °C. Afterwards, H-p-I-L-Phe-OH or H-p-I-D-Phe-OH (580 mg, 2.0 mmol, 1.0 Eq) was added 

to the reaction mixture. The ice-bath was removed and the reaction was stirred overnight at 25 

°C. The crude was recrystallized from 2.5 mL MeOH and 7 mL Et2O. A white solid (H-p-I-L-Phe-

OMe or H-p-I-D-Phe-OMe) was recovered.

Resynthesis of Phenyl Sulfonamide Derivatives
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 H-p-I-L-Phe-OMe  (S)-methyl-2-amino-3-(4-iodophenyl)propanoate  C10H12INO2

  Expected m/z: 305.99 ESI-MS m/z 305.63 [M+H]+

 H-p-I-D-Phe-OMe (R)-methyl-2-amino-3-(4-iodophenyl)propanoate  C10H12INO2

  Expected m/z: 305.99 ESI-MS m/z 305.68 [M+H]+

 H-L-Tyr-OMe HCl (S)-methyl-2-amino-3-(4-hydroxyphenyl)propanoate HCl C10H14ClNO3

  (Bachem, Cat. No. E-2555)

 H-D-Tyr-OMe HCl (R)-methyl-2-amino-3-(4-hydroxyphenyl)propanoate HCl C10H14ClNO3

  (Bachem, Cat. No. F-2175)

 

Amide bond formation. H-p-I-L-Phe-OMe or H-p-I-D-Phe-OMe (490 mg, 1.6 mmol, 1.0 Eq), 

B151 (480 mg, 1.75 mmol, 1.1 Eq), and HATU (790 mg, 2.1 mmol, 1.3 Eq) were placed into a 250 

mL round-bottom flask and dissolved in DMF (80 mL).  Afterwards, DIPEA (1.4 mL, 8.0 mmol, 

5.0 Eq) was added to the reaction mixture and vigorously stirred for 3 h at 25 °C. After reaction 

quenching with 100 mM HCl (100 mL), the product was extracted five times in 200 mL EtOAc 

and dried over Na2SO4. The corresponding product B151-p-I-L-Phe-OMe or B151-p-I-D-Phe-OMe 

was precipitated in 5% MeOH in CH2Cl2.

 B151-p-I-L-Phe-OMe  (S)-methyl-3-(4-iodophenyl)-2-(4-oxo-4-(4-sulfamo- C20H22IN3O6S
  ylphenylamino)butan-amido)propanoate

  Expected m/z: 560.03 ESI-MS m/z 559.70 [M+H]+

 B151-p-I-D-Phe-OMe  (R)-methyl-3-(4-iodophenyl)-2-(4-oxo-4-(4-sulfamo- C20H22IN3O6S
  ylphenylamino)butan-amido)propanoate

  Expected m/z: 560.03 ESI-MS m/z 559.63 [M+H]+

Palladium-Catalyzed Cross-Coupling Reactions (Suzuki). B151-p-I-L-Phe-OMe or B151-p-I-D-

Phe-OMe (25 mg, 46 µmol, 1.0 Eq), the respective phenyl boronic acid (70 µmol, 1.5 Eq), K2CO3 

(32 mg, 230 µmol, 5.0 Eq), and a catalytic amount of polymer-bound palladium (8 mg, Palladium 

anchored homogenous catalyst, FibreCat™ 1001, Alfa Aesar, Cat. No. DL0245) were dissolved 

in DME:EtOH:H2O 1:1:1 (3.0 mL). The reaction mixture was transferred into a microwave reac-

tor tube, sealed with a pressure cap, placed into an Initiator™ Microwave Synthesizer (Biotage 

AB, USA) and heated to 100 °C for 30 min. During these reaction conditions a hydrolysis of the 

methyl ester was observed yielding the free carboxylic acid as product. Reactions were filtered 
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through cotton and subsequently over Millex®-FG 0.2 µm for fine particle removal, purified by 

HPLC and evaporated to dryness under reduced pressure yielding pure B151Suz1-B151Suz9.

 B151Suz1 (S)-3-(biphenyl-4-yl)-2-(4-oxo-4-(4-sulfamoylphenylamino)butan- C25H23N3O6S
  amido)propanoic acid 

  Expected m/z: 496.15 ESI-MS m/z 495.81 [M+H]+

 B151Suz2 (S)-3-(2’,4’-difluorobiphenyl-4-yl)-2-(4-oxo-4-(4-sulfamoylphenyl- C25H23F2N3O6S
  amino)butanamido)propanoic acid (A53B151)

  Expected m/z: 532.13 ESI-MS m/z 531.77 [M+H]+

 B151Suz3 (S)-3-(3’,4’-dichlorobiphenyl-4-yl)-2-(4-oxo-4-(4-sulfamoylphenyl- C25H23Cl2N3O6S
  amino)butanamido)propanoic acid

  Expected m/z: 564.07 ESI-MS m/z 563.79 [M+H]+

 B151Suz4 (S)-2-(4-oxo-4-(4-sulfamoylphenylamino)butanamido)-3-(3’-(trifluo- C26H24F3N3O6S
  romethyl)biphenyl-4-yl)propanoic acid (A55B151)

  Expected m/z: 564.13 ESI-MS m/z 563.81 [M+H]+

 B151Suz5 (R)-3-(biphenyl-4-yl)-2-(4-oxo-4-(4-sulfamoylphenylamino)butan- C25H25N3O6S
  amido)propanoic acid

  Expected m/z: 496.15 ESI-MS m/z 495.82 [M+H]+

 B151Suz6  (R)-3-(2’,4’-difluorobiphenyl-4-yl)-2-(4-oxo-4-(4-sulfamoylphenyl- C25H23F2N3O6S
  amino)butanamido)propanoic acid (A67B151)

  Expected m/z: 532.13 ESI-MS m/z 531.81 [M+H]+

 B151Suz7 (R)-3-(3’,4’-dichlorobiphenyl-4-yl)-2-(4-oxo-4-(4-sulfamoylphenyl- C25H23Cl2N3O6S
  amino)butanamido)propanoic acid (A70B151)

  Expected m/z: 564.07 ESI-MS m/z 563.77 [M+H]+

 B151Suz8 (R)-2-(4-oxo-4-(4-sulfamoylphenylamino)butanamido)-3-(3’-(trifluo- C26H24F3N3O6S
  romethyl)biphenyl-4-yl)propanoic acid (A69B151)

  Expected m/z: 564.13 ESI-MS m/z 563.92 [M+H]+

 B151Suz9 (R)-2-(4-oxo-4-(4-sulfamoylphenylamino)butanamido)-3-(4’-(trifluo- C26H24F3N3O6S
  romethyl)biphenyl-4-yl)propanoic acid (A68B151)

  Expected m/z: 564.13 ESI-MS m/z 563.71 [M+H]+ 

Resynthesis of Phenyl Sulfonamide Derivatives
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Amide bond formation. H-L-Tyr-OMe-HCl or H-D-Tyr-OMe-HCl (120 mg, 500 µmol, 1.0 Eq), 

B170 (150 mg, 500 µmol, 1.0 Eq), and HATU (240 mg, 650 µmol, 1.3 Eq) were placed into a 100 

mL round-bottom flask and dissolved in 20 mL DMF.  Afterwards, DIPEA (430 µL, 2.5 mmol, 

5.0 Eq) was added to the reaction mixture and vigorously stirred for 3 h at 25 °C. After reaction 

quenching with 100 mM HCl (25 mL), the product was extracted five times in EtOAc, washed 

with with saturated NaCl solution, dried over MgSO4, filtered off and dried under reduced pres-

sure. The resulting products B170-L-Tyr-OMe and B170-D-Tyr-OMe were triturated with CH2Cl2 to 

yield the product as white solid.

 B170-L-Tyr-OMe (S)-methyl-3-(4-hydroxyphenyl)-2-(2-(2-oxo-2-(4-sulfa- C20H23N3O7S2
  moylphenylamino)ethylthio)acetamido)propanoate

  Expected m/z: 482.10 ESI-MS m/z 482.89 [M+H]+

 B170-D-Tyr-OMe  (R)-methyl-3-(4-hydroxyphenyl)-2-(2-(2-oxo-2-(4-sulfa- C20H23N3O7S2
  moylphenylamino)ethylthio)acetamido)propanoate

  Expected m/z: 482.10 ESI-MS m/z 482.91 [M+H]+

Aryl alkyl ether formation (Mitsunobu reaction). B170-L-Tyr-OMe or B170-D-Tyr-OMe (15 mg, 

30 µmol, 1.0 Eq) was dissolved in  dry THF (500 µL) in a glass vial under an argon atmosphere. 

The respective primary or secondary alcohol (75 µmol, 2.5 Eq, e.g. EtOH) and PPh3 (24 mg, 90 

µmol, 3.0 Eq, separately dissolved in 100 µL dry THF) and added to the reaction mixture und 

stirred for 15 min at 25 °C. Afterwards, DEAD (15 µL, 90 µmol, 3.0 Eq) was added to the reac-

tion vessel and stirred overnight at 25 °C. The crude mixture was evaporated to dryness in vacuo, 

redissolved in H2O:dioxane 3:5 (800 µL) and directly used for the next reaction step
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Methyl ester hydrolysis. After the aryl alkyl ether synthesis, 5 M HCl (200 µL) was added to the 

crude product yielding a solution of 1.0 mL H2O:dioxane 1:1. The reaction mixture was stirred for 

100 min at 60 °C and then cooled to 25 °C. The product was purified by HPLC and evaporated to 

dryness under reduced pressure yielding pure B170-L-Tyr(Et)-OH.

 B170-L-Tyr(Et)-OH (S)-3-(4-ethoxyphenyl)-2-(2-(2-oxo-2-(4-sulfamoyl- C21H25N3O7S2
  phenylamino)ethylthio)acetamido)propanoic acid

  Expected m/z: 496.11 ESI-MS m/z 496.91 [M+H]+

Aryl alkyl ether synthesis using alkyl bromides.  B170-L-Tyr-OMe or B170-D-Tyr-OMe (19 mg, 

40 µmol, 1.0 Eq) was dissolved in DMSO (160 µL). Then, 15% NaOH in H2O (24 µL, 88 µmol, 

2.2 Eq) was added under stirring and the reaction mixture was heated to 80 °C in an oil bath. The 

appropriate alkyl bromide (40 µmol, 1.0 Eq, dissolved in DMSO, e.g. isobutylbromide) was add-

ed and the mixture was stirred for 2 h at 80 °C. The reaction was cooled to RT and 100 mM HCl 

(300 µL) was added. The mixture was dried under reduced pressure, redissolved in dioxane (800 

µL) and the product was purified by HPLC. The retention time of the product was compared to the 

reference compound obtained by Mitsunobu coupling. Desired fractions were collected and lyo-

philized yielding pure B170-L-Tyr(iBu)-OH or B170-D-Tyr(iBu)-OH, respectively (Stravs, 2011).

 B170-L-Tyr(iBu)-OH (S)-3-(4-isobutoxyphenyl)-2-(2-(2-oxo-2-(4-sulfamoyl- C23H29N3O7S2
  phenylamino)ethylthio)acetamido)propanoic acid

  Expected m/z: 524.14 ESI-MS m/z  525.06 [M+H]+

 B170-D-Tyr(iBu)-OH (R)-3-(4-isobutoxyphenyl)-2-(2-(2-oxo-2-(4-sulfamoyl- C23H29N3O7S2
  phenylamino)ethylthio)acetamido)propanoic acid

  Expected m/z: 524.14 ESI-MS m/z 525.02 [M+H]+

Resynthesis of Phenyl Sulfonamide Derivatives
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4.7.3 Resynthesis of 2-methyl-1H-indole Derivatives

Amide bond formation. Compound B284 (95 mg, 470 µmol, 1.0 Eq), HOBt (70 mg, 510 µmol, 

1.1 Eq), and HBTU (160 mg, 430 µmol, 0.9 Eq) were dissolved in DMF (20 mL) and stirred for 5 

min at 25 °C. Then, DIPEA (60 µL, 330 µmol, 1.9 mmol, 4.0 Eq) was added to the reaction mix-

ture and stirred for 15 min at 25 °C. The unprotected H-p-I-D-Phe-OH (150 mg, 510 µmol, 1.1 

Eq) was added and stirred for at least 2 h at 25 °C. Afterwards, the reaction mixture was acidified 

and purified by HPLC yielding pure B284-p-I-D-Phe-OH.

 B284-p-I-D-Phe-OH (R)-3-(4-iodophenyl)-2-(3-(2-methyl-1H-indol-1-yl)- C21H21IN2O3
  propanamido)propanoic acid

  Expected m/z: 477.06 ESI-MS m/z 476.76 [M+H]+

Palladium/Copper-Catalyzed Sonogashira Reactions. B284-p-I-D-Phe-OH (15 mg, 31 µmol, 

1.0 Eq), the respective alkyne (95 µmol, 3.0 Eq, e.g. pent-1-yne), TEA (100 µL), and catalytic 

amounts CuI (1.3 mg, 7.0 µmol, 0.2 Eq), and Pd(PPh3)2Cl2 (2.6 mg, 3.5 µmol, 0.1 Eq) were dis-

solved in DMF (1.0 mL) and stirred overnight at 40 °C. TEA was evaporated under reduced pres-

sure, the crude was purified by HPLC and the product was lyophilized yielding pure B284Son1 and 

B284Son2.  

 B284Son1 (R)-2-(3-(2-methyl-1H-indol-1-yl)propanamido)-3-(4-(pent-1-ynyl)- C26H28N2O3
  phenyl)propanoic acid (A17B284)

  Expected m/z: 417.21 ESI-MS m/z 416.92 [M+H]+

 B284Son2 (R)-3-(4-(3-ethyl-3-hydroxypent-1-ynyl)phenyl)-2-(3-(2-methyl-1H- C28H30N2O3
  indol-1-yl)propan-amido)propanoic acid (A15-PreB284)

  Expected m/z: 461.24 ESI-MS m/z 460.99 [M+H]+
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4.8 HIT VALIDATION

4.8.1 CA IX Inhibition Assays

The potency of CA IX inhibitors was determined by a colorimetric kinetic CA IX esterase activ-

ity assay using pNPA (Fluka, Buchs, Switzerland, Cat. No. 46021) as chromogenic substrate 

(Verpoorte et al., 1967). CA IX catalyzes the substrate hydrolysis to HOAc and pNP, which was 

measured by absorbance at l = 360 nm using a Tecan GENios Microplate Reader. Experiments 

were performed in a final volume of 60 µL per well using transparent 384 well plates. Dilution 

series of inhibitor molecules with final concentrations ranging from 100 µM to 100 pM (dissolved 

in 50 mM Tris, 1 mM ZnSO4, pH 7.4) were tested for inhibition against a final concentration of 

100 nM CA IX (dissolved in the same buffer as the inhibitors).

The respective solutions of the test compounds (10 µL, 6-fold final concentrations) and 10 µL 

of 600 nM CA IX were added to 30 µL H2O. pNPA (10 µL, 6 mM stock solution in H2O:MeCN 

15:1 resulting in a final pNPA concentration of 1 mM) was added immediately prior to the meas-

urement. Importantly, background hydrolysis of the pNPA could be reduced using a final buffer 

consisting of 17 mM Tris, 330 µM ZnSO4, pH 7.4, 1% MeCN. Absorbance was measured in in-

tervals of 45 s for 2.5 h. The vmax values were obtained by linear fitting of increasing OD360 signals 

over time. The background hydrolysis rate was subsequently subtracted and standardized CA IX 

activities (vmax was set 100%, the pNPA background hydrolysis to 0%), were plotted as a function 

of the inhibitor concentration and fitted using KaleidaGraph V4.0 (Synergy Software) applying 

the formula vmax = a * 0.5 * { - ([I] - [E] + KI) + sqrt {([I] - [E] + KI)
2 + (4 * [E] - KI)}} with 

estimation parameters a = 1e9; [E] = 1e-7; KI = 1e-7, where a is a proportionality constant, [I] 

is the final inhibitor concentration, [E] is the final CA IX concentration, and KI is the inhibitory 

constant.

CA IX Inhibition Assays
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4.8.2 Synthesis of Fluorescein-Labeled Compound Derivatives

O-Bis-(aminoethyl)ethylene glycol trityl resin (58 mg, 33 µmol, 1.0 Eq, substitution 0.57 mmol/g) 

was transferred into a polypropylene syringe. The respective carboxylic acid compound (100 

µmol, 3.0 Eq), HOBt (27 mg, 200 µmol, 6.0 Eq), and HBTU (88 mg, 233 µmol, 7.0 Eq) were 

individually dissolved in dry DMF (500 µL), mixed, drawn into the syringe and incubated for 5 

min at 25 °C under moderate shaking. Then, DIPEA (70 µL, 400 µmol, 12 Eq) was added to the 

suspension and the syringe was incubated under shaking for at least 2 h at 37 °C. Afterwards, the 

solution phase was discarded and the resin was washed 5 times with 2 mL DMF and twice with 

2 mL CH2Cl2. The resulting product was cleaved from the resin by incubation with 2 mL of 2% 

TFA in CH2Cl2 for 1 h at 25 °C. The resin cleavage under acidic conditions eventually resulted in 

an elimination reaction of A15PreB284. The CH2Cl2 fractions were collected, dried under reduced 

pressure and redissolved in 500 µL DMF. Intermediate products (AxBy/PEG) were identified by 

ESI-MS.

 A15B284/PEG (E)-N-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-3-(4-(3-ethylpent-3-en-1-yn- C34H44N4O4
  yl)phenyl)-2-(3-(2-methyl-1H-indol-1-yl)propanamido)propanamide

  Expected m/z: 573.34 ESI-MS m/z 573.32 [M+H]+

 A17B284/PEG  N-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-2-(3-(2-methyl-1H-indol-1-yl)- C32H42N4O4
  propanamido)-3-(4-(pent-1-ynyl)phenyl)propanamide

  Expected m/z: 547.70 ESI-MS m/z 547.13 [M+H]+

Then, 14 µL DIPEA (80 µmol, 2.4 Eq, or adjusted to basic pH) was added to 250 µL of the crude 

aminotriethyleneglycol compound (0.5 Eq, 16 µmol calcd.) under stirring at 25 °C. FITC (13 

mg, 33 µmol, 1.0 Eq) was dissolved in DMF (250 µL), added to the reaction mixture and stirred 

overnight at 25 °C. Then, the solution was slightly acidified with 5% TFA in H2O and purified by 

HPLC. Desired fractions were lyophilized yielding pure AxBy/Fluo. The product was redissolved in 

DMSO, characterized by ESI-MS and quantified by UV absorbance of a dilution of 1:100 in PBS 

(e(Fluorescein, l = 495 nm) = 72,000 M-1 cm-1).
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 B96/Fluo N-(2-(2-(2-(3-(3’,6’-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9’- C37H43N5O9S
  xanthene]-4-yl)thioureido)ethoxy)ethoxy)ethyl)-6-((4R,5S)-5-
  methyl-2-oxoimidazolidin-4-yl)hexanamide

  Expected m/z: 734.83 ESI-MS m/z 735.29 [M+H]+ m/z 368.51 [M+2H]2+

 A53B96/Fluo N-((13S)-14-(2’,4’-difluorobiphenyl-4-yl)-1-(1-(4-hydroxy-2-(3-hyd- C52H54F2N6O10S
  roxyphenoxy)phenyl)-3-oxo-1,3-dihydroisobenzofuran-4-ylamino)-
  12-oxo-1-thioxo-5,8-dioxa-2,11-diazatetradecan-13-yl)-6-((4R,5S)-
  5-methyl-2-oxoimidazolidin-4-yl)hexanamide

  Expected m/z: 994.10 ESI-MS m/z 993.66 [M+H]+

 A53B166/Fluo (3R)-N-((13S)-14-(2’,4’-difluorobiphenyl-4-yl)-1-(1-(4-hydroxy-2- C52H48F2N4O9S
  (3-hydroxyphenoxy)phenyl)-3-oxo-1,3-dihydroisobenzofuran-4-yl-
  amino)-12-oxo-1-thioxo-5,8-dioxa-2,11-diazatetradecan-13-yl)-3-
  phenylbutanamide

  Expected m/z: 944.02 ESI-MS m/z 943.36 [M+H]+

 B151/Fluo N1-(2-(2-(2-(3-(3’,6’-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9’- C37H37N5O11S2
  xanthene]-4-yl)thioureido)ethoxy)ethoxy)ethyl)-N4-(4-sulfamoyl-
  phenyl)succinamide

  Expected m/z: 792.85 ESI-MS m/z 793.38 [M+H]+

 B170/Fluo  N-(2-(2-(2-(3-(3’,6’-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9’- C37H37N5O11S3
  xanthene]-4-yl)thioureido)ethoxy)ethoxy)ethyl)-2-(2-oxo-2-(4-sul-
  famoylphenylamino)ethylthio)acetamide

  Expected m/z: 824.91 ESI-MS m/z 825.33 [M+H]+

 BAczSu/Fluo N1-(2-(2-(2-(3-(3’,6’-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9’- C33H33N7O11S3
  xanthene]-4-yl)thioureido)ethoxy)ethoxy)ethyl)-N4-(5-sulfamoyl-
  1,3,4-thiadiazol-2-yl)succinamide

  Expected m/z: 800.85 ESI-MS m/z 799.86 [M+H]+

 A15B284/Fluo (E)-N-(2-(2-(2-(3-(3’,6’-dihydroxy-3-oxo-3H-spiro[isobenzofuran- C55H55N5O9S
  1,9’-xanthene]-4-yl)thioureido)ethoxy)ethoxy)ethyl)-3-(4-(3-ethyl-
  pent-3-en-1-ynyl)phenyl)-2-(3-(2-methyl-1H-indol-1-yl)propanam-
  ido)propanamide

  Expected m/z: 962.37 ESI-MS m/z 962.50 [M+H]+

 A17B284/Fluo N-(2-(2-(2-(3-(3’,6’-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9’- C55H55N5O9S
  xanthene]-4-yl)thioureido)ethoxy)ethoxy)ethyl)-2-(3-(2-methyl-1H-
  indol-1-yl)propanamido)-3-(4-(pent-1-ynyl)phenyl)propanamide

  Expected m/z: 937.08 ESI-MS m/z 937.44 [M+H]+

Synthesis of Fluorescein-Labeled Compound Derivatives
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4.8.3  Fluorescence Polarization Assays

In a final volume of 30 µL per well, adapted final concentrations of fluorescein conjugates (5 nM 

of BAczSu/Fluo against CA IX; 5 nM of B96/Fluo and 50 nM of A53B96/Fluo against streptavidin; 500 nM of 

B151/Fluo, B170/Fluo, A15B284/Fluo, and  A17B284/Fluo, respectively, against streptavidin; 500 nM of B151/Fluo, 

B170/Fluo, B96/Fluo, A53B96/Fluo, A15B284/Fluo, and  A17B284/Fluo, respectively, against IL-2) were incubated 

with increasing final concentrations of streptavidin (from 3 nM to 50 µM), CA IX (from 120 pM 

to 2 µM), or IL-2 (from 3 nM to 60 µM) in PBS pH 7.4 for 15 min at 25 °C. Fluorescence polari-

zation was determined with a TECAN Polarion instrument F129002 (lex = 485 nm, lem = 535 nm) 

by the average of at least 20 consecutive measurements over 30 min. The response was obtained 

as mP (milli-Polarization level) and signals were plotted as a function of the protein concentra-

tion. The signals were standardized eventually for direct comparability of different ligands. Data 

points were fitted using KaleidaGraph V4.0 applying the formula FP = (b - a) * 0.5 * {[P] + 

[Fluo]0 + Kd - sqrt {([P] + [Fluo]0 + Kd)
2 - 4 * [P] * [Fluo]0}}, where FP is the observed fluores-

cence polarization as mP units, a and b are proportionality constants, [P] is the protein concentra-

tion, [Fluo]0 is the concentration of the fluorescein conjugate, and Kd is the dissociation constant.

4.8.4  Displacement Assays by Fluorescence Polarization

In a final volume of 50 µL per well, 6 nM BAczSu/Fluo (a fluorescently labeled acetazolamide deriva-

tive) and 12 nM CA IX were incubated for 15 min with a serial dilution of unlabeled competitive 

ligands (from 2 nM to 28 µM) in CA IX buffer (1 mM ZnSO4, 50 mM Tris, pH 7.4). Fluorescence 

polarization was determined with a TECAN Polarion instrument F129002 (lex = 485 nm, lem = 

535 nm) by the average of at least 60 consecutive measurements over several hours. When re-

sponse signals were observed to be constant (usually after 1 h) we assumed an equilibrated state 

suitable for the determination of the half-maximal displacement concentration (IC50) of test com-

pounds. The averaged response signals after equilibration were plotted as a function of the con-

centration of the competitive ligand and fitted to the sigmoidal curve using KaleidaGraph V4.0 

applying the formula FP = a * (b - a) * [Lc] / (IC50 + [Lc]), where FP is the observed fluorescence 
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polarization as mP units, a and b are proportionality constants, [Lc] is the concentration of the 

competitive ligand, and IC50 is the half-maximal displacement concentration.

The inhibitory constant (KI) was determined from the IC50 value using the equation derived by 

Nikolovska-Coleska KI = IC50 / (1 + [F(T)]50% / Kd(T) + [P]0 / Kd(T)), where the KI of a competitive test 

compound is expressed as a function of the concentration of the free competitive ligand at 50% 

inhibition IC50, the concentration of the free fluorescein-labeled tracer at 50% inhibition [F(T)]50%, 

the concentration of the free protein at 0% inhibition [P]0, and the dissociation constant of the 

protein-tracer complex Kd(T).

The Kd(T) for the fluorescein-labeled tracer (BAczSu/Fluo) against CA IX was determined by fluores-

cence polarization (6.1 ± 0.6 nM) (Stravs, 2011). The initial protein concentration [P]0 is defined 

by the experimenter and  [F(T)]50% and  can be derived from the law of mass action. The equation 

was solved using an algorithm provided by Nikolovska-Coleska et al. on the World Wide Web 

[URL: http://sw16.im.med.umich.edu/software/calc_ki/] (Nikolovska-Coleska et al., 2004).

4.8.5 T-Cell Proliferation Assays

Murine CTLL-2 cells were harvested (centrifugation for 5 min at 1,000 rpm) and washed three 

times with 20 mL RPMI 1640 complete medium (centrifugation for 5 min at 1,000 rpm). The 

number of viable cells was determined by adding 0.1% trypan blue (50 µL) in PBS (Invitrogen) 

to 50 µL of the cell suspension for staining. The cell density was adjusted to 500,000 cells / mL 

in RPMI 1640 complete medium.

Proleukin® and selected test compounds (stored as 100 mM stocks in DMSO) were dissolved in 

RPMI 1640 complete medium and serially diluted with RPMI 1640 complete medium 2% DMSO 

(resulting in a final concentration of 0.5% DMSO in each well). Experiments were performed in 

a final volume of 100 µL per well using transparent 96 well plates. The test compounds (25 µL) 

with final concentrations ranging from 512 µM to 1 µM were incubated with 25 µL Proleukin® 

with a final concentration of 2.5 IU / mL (10 pM) for 15 min at 25 °C. Afterwards, freshly washed 

CTLL-2 cells (50 µL, 500,000 cells / mL) were added to each well (resulting in an initial cell 

number of 25,000 cells per well). The plate was incubated at 37 °C and 5% CO2 for 48 h. 

T-Cell Proliferation Assays
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Afterwards, MTS (20 µL) was added to each well and incubated at 37 °C and 5% CO2 for 4 h. 

Plates were read at l = 490 nm by a VersaMax microplate reader (Molecular Devices).

Response signals were obtained as OD490 values (absorbance at at l = 490 nm) and standard-

ized to relative T-cell growth rate regarding positive and negative controls (assays performed in 

parallel omitting either the test compound or Proleukin®, respectively). The OD490 values (cor-

responding to relative T-cell growth rates) were plotted as a function of the concentration of test 

compounds and fitted using KaleidaGraph V4.0 applying the formula OD490 =  a + (b - a) / {1 + 

([C] / IC50)
A}, where OD490 is the observed response signal, a is the OD490 signal for 0% relative 

T cell growth rate, b is the OD490 signal for 100% relative T-cell growth rate, [C] is the concentra-

tion of the test compound, IC50 is the half maximal growth rate inhibitory concentration, and A is 

an exponent relating the sigmoidal shape of the curve.

Murine L-M fibroblasts were seeded in transparent 96 well plates at 20,000 cells per well in 100 

µL DMEM complete medium. Test compounds (stored as 100 mM stocks in DMSO) were dis-

solved in DMEM complete medium and serially diluted with DMEM complete medium 2.5% 

DMSO (resulting in a final concentration of 0.5% DMSO in a final volume of 125 µL per well). 

Test compounds were added to final concentrations ranging from 512 µM to 32 µM. The plate 

was incubated at 37 °C and 5% CO2 for 24 h. Afterwards, MTS (20 µL) was added to each well 

and incubated for 1 h at 37 °C and 5% CO2. Plates were read at l = 490 nm by a VersaMax mi-

croplate reader (Molecular Devices).
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4.9 MOLECULAR DOCKING

Potential interface pockets were detected using the software PocketPicker (Weisel et al, 2007). 

The selected compounds (A15B284 and A17B284), whereby the linker to the DNA tag or to the flu-

orescein moiety, respectively, was modeled using an ethylamine linker replacing the hydroxyl 

function) were docked to the IL-2 interface using GOLD Version 5.1 and the GOLD scoring func-

tion (Jones et al., 1995). We first tested the ability of GOLD to re-dock a known ligand (Tilley et 

al., 1997; Rickert et al., 2005) of IL-2 (Protein Data Bank entry name 1M48, Arkin et al., 2003) 

to the docking center Phe42. Re-docking resulted in a ligand pose with an RMSD of 0.9 Å2 to the 

crystal structure and a GOLD score of 66. Then, A15B284 and A17B284 were tested to the docking 

center Phe42 as for the re-docking experiment. The potential energy of the suggested poses was 

minimized within the binding pocket using the MOE minimizer to account for receptor flexibility 

upon binding.

Furthermore, all 2-methyl-1H-indole derivatives in the DEL30000 library (A1-100B284 were enu-

merated using Reaction-MQL (Reisen et al., 2009) and as for A17B284 and A15B284 an ethylamine 

linker was used instead of the hydroxyl function of the carboxyl group) were docked to the same 

docking center (Phe42) and checked for the placement of the 2-methyl-1H-indole moiety. The 

center of mass was calculated and thereof the distance to both interface pockets was determined. 

A pose was counted as positioned inside a pocket if the distance of the indole center of mass and 

the pocket was below 1.0 Å.
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7 ABBREVIATIONS

Et2O Diethylether
EtOAc Ethylacetate
EtBr Ethidium Bromide
EtOH Ethanol
FCS Fetal calf serum
FITC Fluorescein isothiocyanate
Fluo Fluorescein
Fmoc 9-Fluorenylmethoxycarbonyl
FP Fluorescence polarization
Gly Glycine
HA Hydrogen bond acceptor
HATU 2-(7-Aza-1H-benzotriazole-1-yl)- 
 1,1,3,3-tetramethyluronium hexa- 
 fluoro-phosphate
HBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3- 
 tetramethyluronium hexafluoro- 
 phosphate
HD Hydrogen bond donor
HFIP Hexafluoroisopropanol
HOAt 1-hydroxy-7-aza-benzotriazole
HOBt 1-hydroxybenzotrizol
HOAc Acetic acid
HPLC High performance liquid chromato- 
 graphy
Hyp Hydroxyproline
IL-2 Interleukin-2
IND Investigational new drug
IU International unit
Kd Dissociation constant
KI Inhibitory constant
LC Liquid chromatography
LE Ligand efficiency
m/z Mass-to-charge ratio

AczSu Acetazoleamide succinic acid
APS Adenosine 5′-phosphosulfate
ATP Adenosine triphosphate
AUC Area under the curve
b-Ala b-alanine
B&W Binding & Wash (buffer)
BB Building block
BBC Biotin-binding capacity
CA IX Carbonic Anhydrase IX
Cat. No. Catalogue number
CH2Cl2 Dichloromethane
ClTrt Chlorotrityl
Conj Conjugate
CNBr Cyanogen bromide
CuI Copper (I) iodide
DAP Diaminopropanoic acid
DEAD Diethyl azodicarboxylate
DEAE Diethylaminoethyl
DIPEA N,N-Diisopropylethylamine
DME 1,2-dimethoxyethane 
DMEM Dulbecco’s Modified Eagle Medium
DMF Dimethylformamide
DMSO Dimethylsulfoxide
DNA Deoxyribonucleic acid
dNTP Deoxynucleotide triphosphates
DTS DNA-templated synthesis
EDC N-ethyl-N’-(3-dimethylaminopro- 
 pyl)-carbodiimide
EDTA Ethylenediaminetetraacetic acid
emPCR Emulsion-based PCR
Eq Equivalent
ESI-MS Electrospray ionization MS
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MaxEnt Maximum entropy
MeCN Acetonitrile
MeOH Methanol
MMP-3 Matrix metalloproteinase 3
MOE Molecular Operating Environment
mP Milli-Polarization level
MS Mass spectrometry
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-
 carboxymethoxyphenyl)-2-(4-sulfo-
 phenyl)-2H-tetrazolium
MW Molecular weight
n/a Not available
n.d. Not determined
NaCl Sodium chloride
NaN3 Sodium azide
NaOAc Sodium acetate
NBE New biological entity
NHA Non-hydrogen atoms
NHS N-Hydroxysulfosuccinimide
NME New molecular entity
NMR Nuclear magnetic resonance
NVOC 6-Nitroveratryloxycarbonyl
OD Optical density
PAGE Polyacrylamide gel electrophoresis
PAK4 p21 activated kinase 4
PBS Phosphate buffered saline
PCR Polymerase chain reaction
PD Pull Down (buffer)
Phe Phenylalanine
pNP p-nitrophenolate

pNPA p-nitrophenyl acetate
PPh3 Triphenylphosphine
PPi Inorganic pyrophosphate
QE Qiagen Elution (buffer)
R&D Research & Development
rpm Revolutions per minute
RMSD Root mean square deviation
RPMI Roswell Park Memorial Institute
RT Room temperature
SA Streptavidin
S-NHS Sulfo-N-Hydroxysulfosuccinimide
SOCl2 Thionyl chloride
ssBC Single-stranded DNA binding
sstDNA single-stranded template DNA
TBE Tris/Borate/EDTA
t-BuOH tert-Butanol
TBTA Tris[(1-benzyl-1H-1,2,3-triazol-4-
 yl)-methyl]amine
TCEP Tris(2-carboxyethyl)phosphine
TEA Triethylamine
TEAA Triethylamine acetate
TFA Trifluoroacetic acid
THF Tetrahydrofuran
TNF-a Tumor necrosis factor alpha
TPSA Topological polar surface area
Triflyl Trifluoromethane sulfonic anhydride
Tris Tris(hydroxymethyl)aminomethane
Tyr Tyrosine
vmax Maximum reaction rate

DEL30000 30,000-membered DNA-en- 
 coded chemical library
Pd(PPh3)2Cl2  Bis-(triphenylphosphine)pal- 
 ladium(II)-dichloride
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