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Abstract

Aptamers are short nucleic acids that can be selected to bind specifically and with high affinity
to a variety of targets, including small organic molecules and proteins. However, for a multitude
of targets, traditional SELEX methods still fail to yield suitable ligands. One possible cause is the
limited chemical diversity found in the mere four different building blocks from which nucleic
acids are constituted. Therefore, the addition of naturally not represented functional groups, e.g.
the ones found in the side chains of proteinogenic amino acids, can increase the repertoire of
possible interactions of nucleic acids and thereby expand the addressable target spectrum, enabling
the selection of novel high-affinity binders.

Click-SELEX is a versatile method to facilitate the modular introduction of chemical entities
during the SELEX process. In this approach chemical groups are introduced into the DNA library
before the selection step (in situ) via click chemistry and are subsequently removed during the
amplification step, thereby avoiding enzymatic incompatibility problems associated with larger
nucleobase modifications. Hence, this system allows for an easy implementation of a multitude of
different chemical functionalities adapted to the imposed requirements.

The development of all associated methods has been validated by the selection of a highly
specific aptamer (”clickmer”) interacting with the Green Fluorescent Protein (GFP). A 3-(2-
azidoethyl)-indole functionalized DNA library was enriched for C3-GFP immobilized via a
His-tag on magnetic beads. Traditional and next-generation sequencing of the enriched library
revealed two aptamer families. C12, the most abundant monoclonal sequence, was shown to
interact with high affinity with C3-GFP immobilized on beads and in solution. C12’s binding
affinity towards C3-GFP was demonstrated to be critically dependent on the correct functional-
ization state of three positions, as omission or substitution of the indole functionalization at these
nucleotides led to a complete loss of binding affinity. The C12 clickmer also displayed a high
degree of specificity, being capable of differentiating between two members of the GFP family.

Having pioneered the modular introduction of nucleobase functionalization the methods de-
veloped in this proof of concept study can now be applied to a variety of other functionalizations,
selection strategies, and targets. The vast applicability of the click-SELEX method will rapidly
advance the application of in vitro selection approaches beyond what was previously feasible, al-
lowing, for example, the generation of aptamers to yet non-targetable molecules.

i





Zusammenfassung

Aptamere sind kurze Nukleinsäuren, welche selektiert werden können um Zielstrukturen, zum
Beispiel kleine organische Moleküle oder Proteine, mit hoher Affinität und Spezifität zu binden.
Allerdings können eineVielzahl der gewünschten Zielstrukturenmit traditionellen SELEXMetho-
den nicht adressiert werden. Einemögliche Erklärung für dieses Phänomen liegt in der limitierten
chemischenDiversität natürlicherNukleinsäuren. Die Einführung von zusätzlichen funktionellen
Gruppen, wie sie etwa in den Seitenketten der proteinogenenAminosäuren vorkommen, kann das
Repertoire der möglichen Interaktionen deutlich erhöhen. Dadurch kann das adressierbare Spek-
trum an Zielstrukturen beträchtlich erweitert werden.

Click-SELEX ist eine vielseitige Methode für die modulare Einbringung von chemischen Grup-
pen während des SELEX Prozesses. Bei diesem Ansatz werden die chemischen Modifikationen
vor dem Selektionsschritt (in situ) in die DNABibliotheken via ”Click-Chemie” eingeführt und an-
schließend im Amplifikationsschritt wieder entfernt. Dabei werden Probleme mit enzymatischer
Inkompatibilität, welche häufig mit sperrigen Funktionalisierungen assoziiert sind, vermieden.
Dadurch erlaubt dieses System die einfache Einführung einer Vielzahl verschiedener, an die jew-
eiligen Anforderungen angepasster Funktionalitäten.

Die Entwicklung aller benötigten Methoden wurde durch die Selektion eines hoch spezi-
fischen Aptamers (”Clickmers”) für das grün fluoreszierende Protein (GFP) validiert. Eine
Indol-funktionalisierte DNA Bibliothek wurde für Bindung an C3-GFP angereichert, welches
zuvor mittels eines His-Tag auf magnetischen Partikeln immobilisiert wurde. Traditionelle und
Hochdurchsatz-Sequenzierungen der angereicherten Bibliothek erlaubten die Identifizierung von
zwei Aptamerfamilien. Für C12, der am häufigsten vertretenen mono-klonalen Sequenz, konnte
eine hohe Affinität gegenüber C3-GFP, sowohl immobilisiert als auch in Lösung, nachgewiesen
werden. Die Bindungseigenschaften von C12 waren dabei stark von der korrekten Funktional-
isierung von drei Positionen abhängig; das Auslassen oder eine Substitution der Indol-Gruppen
an diesen Nucleotiden führte zu einem vollständigen Verlust der Bindungsaffinität. C12 demon-
strierte auch ein hohes Maß an Spezifität, da es zwischen zwei sehr ähnlichen GFP Varianten zu
differenzieren vermochte. Nachdem die Methode nun etabliert wurde, kann click-SELEX auf eine
Vielzahl neuer Funktionalisierungen, Selektionsstrategien und Zielmoleküle übertragen werden.
Die breite Anwendbarkeit wird die Verwendung von in vitro Selektionsmethoden in neuartigen
Anwendugsbereichen ermöglichen und damit die Generierung von Aptameren gegen derzeit
schwer adressierbare Ziele vorantreiben.
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1. Introduction

1.1. Aptamers, tools for chemical biology and beyond

Fundamentally, life and all its associated biological processes operate at a molecular level. With
most molecules of interest being smaller than the wavelength of visible light, one key challenge
at this size scale is the ability to specifically identify and interact with the desired molecules. [5]

”Chemical Biology” uses chemical techniques and compounds to study and manipulate biological
systems at this sub-microscopic level, thereby increasing our general understanding of biology. [6]

Aptamers are one class ofmolecular tool used in chemical biology. Similar to antibodies they are
biopolymers that fold into distinct three-dimensional structures. Thereby, they create a unique in-
terface, capable of specific interactionwith their targetmolecule. [7] In contrast to traditional, small
organic molecule based tools, aptamers are usually identified via in vitro selection from highly di-
verse libraries of up to 1015 different molecules, representing an enormous molecular repertoire.
Aptamers can be selected against a variety of targets including small organic molecules [8], pro-
teins [9], and even complex and unknown targets such as whole cell surfaces [10].

Being nucleic acids, aptamers have several unique features that set them apart from other
affinity reagents. In contrast to proteinaceous affinity reagents, they have the ability to be self-
complementary via specific base-pairing interactions. As a consequence, aptamers contain in
their primary sequence all the information needed for their amplification (genotype). In nucleic
acids, this genotype is intrinsically coupled to the three-dimensional structure (phenotype). This
enables aptamers to be selected from random libraries, as opposed to the screening process needed
for the identification of ”small molecule” based affinity reagents. This makes them relatively rapid
and easy to obtain, reducing the costs for identifying novel aptamers. [11]

Beside self-complementary, being nucleic acids has additional advantages. With aptamers being
bio-molecules, many natural ”tools” for their amplification andmanipulation, such as polymerases
and nucleases, are available. As nucleic acids play a significant role in biology, many methods
were already developed for the detection, quantification and interaction with nucleic acids, e.g.
polymerase chain reaction (PCR), microarrays, cloning techniques, and various sequencing meth-
ods. [12]

Short oligonucleotides can conveniently be synthesized by automated solid-phase chemistry [13],
therefore, aptamers can also be regarded as chemicals. That leads to several advantages such as
cheap and fast production with low batch-to-batch variation. [14] With solid-phase synthesis being

1



1. Introduction

well established, the only information needed for the manufacture of a functional aptamer is its
primary sequence. This allows for a decentralized production of the aptamer anywhere around the
globe. The chemical production also facilitates the introduction of chemical modifications such
as fluorophores and affinity tags. [15]

Based on these unique properties, in the last 25 years, aptamers were productively employed in
a variety of applications spanning a multitude of research areas. These include, but are not limited
to, the following fields of research:

Therapeutics
In analogy to the use of small organic molecules and antibodies, the use of aptamers as therapeu-
tics has been extensively studied. [14,16,17] Being the first FDA approved aptamer-based drug, pegap-
tanib (Macugen) is probably the best-known example of a pharmaceutically relevant application
of aptamers. [18] This heavily modified RNA aptamer is directed against the vascular endothelial
growth factor (VEGF)-165, the VEGF isoform primarily responsible for pathological ocular neo-
vascularization and vascular permeability. To overcome the problem of rapid renal clearance of
aptamers, polyethylene glycol groups (PEG) were added to improve pharmacokinetics and the bio-
distribution. [19] To increase the stability of aptamers against nuclease digestion, artificial backbone
modifications such as 2’ fluoro (2’F) and 2’ methoxy (2’ OMe) groups were introduced increasing
the possible spectrum of applications. In December 2004, Macugen was approved by the FDA for
the treatment of age-related macular degeneration.

Research tools
Due to the comparably easy and fast identification of aptamers, they represent an important class of
molecular research tools. One interesting class of research tools are aptamers that function inside
cells, so-called ”intramers”. [20] Based on their ability to be transcribed inside cells, RNA aptamers
modulating protein function inside cells could be generated. [21,22] In a recent example, an RNA
aptamer that selectively inhibits the mitogen-activated kinase pathway in neurons was used under
intracellular conditions, by application of the aptamer through a patch-clamp pipette. The aptamer
was shown to efficiently inhibit mitogen-activated kinase-dependent synaptic plasticity, allowing
for selective control of interneuronal signaling. [23]

Sensors
Aptamers comprise special properties that make them predestined to be used as molecular sen-
sors. [24] As aptamers can be specifically amplified by PCR, they can be utilized for the very sen-
sitive detection and quantification of analytes. AptaPCR employs the dual function of aptamers
acting both as a selective ligand for target molecules and as a template for qPCR. [25] Aptamers also
have the ability to act as bio-molecular ”switches”. They can be developed to sense environmental
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chemical cues and, by undergoing specific, binding-induced conformational changes, transduce
this recognition into signal outputs. [26] Based on this electrochemical property aptamer-based
DNA sensors have been developed that can operate in real time even in living animals. [27]

With all of these special properties, aptamers represent an important class of affinity reagents,
constituting a valuable addition to our repertoire of molecular tools. However, one major obstacle
remains, namely the fact that aptamers can not always be selected for every desired target structure.
Therefore, further improvements in the identification methods are needed. [28]

1.2. Systematic evolution of ligands by exponential enrichment
(SELEX)

In this section, a detailed description of the SELEX process is given. Due to the vast amount of
techniques and methods being developed for SELEX, a comprehensive overview of all methods
is way beyond the scope of this thesis. Please refer to the following review articles for additional
information on available SELEX methods. [12,29–32] For the sake of clarity, all examples refer to
DNA-based SELEX. However, most ideas and methods also apply for SELEX with RNA.

1.2.1. Introduction to SELEX

The in vitro selection of nucleic acids was independently described by three research groups in
1990. In March of 1990 Debra Robertson and Gerald Joyce published the in vitro selection of
an RNA enzyme that specifically cleaves single-stranded DNA. By an iterative cycle of mutation,
selection and amplification they selected for a mutated form of the Tetrahymena ribozyme which
could cleave DNA more efficiently than the wild-type enzyme. [33] In August of 1990, Craig Tuerk
and Larry Gold described a method henceforth referred to as ”Systematic Evolution of Ligands
by EXponential Enrichment” (SELEX). Using this process they selected an eight nucleobase long
region of RNA binding to T4 DNA polymerase with a binding constant equal to the wild-type
ligand. [34] In the same month, Andrew Ellington and Jack Szostak published the selection of RNA
molecules that bind specifically to a variety of organic dyes. [35] The group of Jack Szostak later
coined the term ”aptamer” for these nucleic acid-based ligands, from the Latin aptus ”to fit”, and
the Greek meros ”part”.

The in vitro selection process described in these three groundbreaking publications is in sev-
eral aspects similar to Darwinian evolution. The process starts with an enormously diverse library
containing a huge variety of different oligonucleotide sequences. This library is submitted to a
selection pressure, usually the ability to bind to a target molecule. A small fraction of sequences
with the desired properties is separated from the bulk remainder of the library, resulting in an
overall enrichment of sequences with the desired properties. This process is similar to the concept
known as ”survival of the fittest,” such as during the selection step only the best adapted (”fittest”)
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sequences survive, thereby granting that their genotype is transferred to their ”offspring.” Usually,
one round of selection is not enough to sufficiently enrich the library for the desired properties.
Therefore, in an iterative process, the library is amplified and resubjected to the selection pres-
sure. After several rounds of selection, the library is increasingly enriched, until only the very best
adapted sequences prevail. A schematic representation of the SELEX process with DNA libraries
is depicted in figure 1.1.
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Figure 1.1. – Schematic representation of a generic DNA SELEX process
The DNA library is incubated with the target molecule and non-bound sequences are removed (Se-
lection). The bound sequences are recovered and amplified by PCR. After PCR a single strand dis-
placement (SSD) is undergone in order to obtain single stranded DNA. The enriched library is then
subjected to the next selection cycle.

It is important to notice that selection strategies are in many ways superior to screening strate-
gies. In a screening, eachmolecule is tested separately, which is very time and resource consuming.
Although today, due to massive automatization and miniaturization, several million molecules
can be screened in a reasonable time scale, these numbers are dwarfed by the up to 1015 different
molecules that can be tested simultaneously in one selection experiment. The enormously high
number of sequences that can be analyzed in one selection experiment increases the probability
to find a specific sequence with the desired properties, despite the relatively low chemical diversity
found in natural nucleic acids.

1.2.2. Nucleic acid libraries

Nucleic acid libraries for SELEX usually consist of a 20-100 nt long ”random region” which is
flanked by two approximately 20 nt long primer binding sites. [36] Allowing for a random distribu-
tion of all four building blocks at each position of the random region, a theoretical diversity of 4n,
where n equals the length of the random region, is achieved. As a consequence, with a random
region length of 25 nt upwards, only a fraction of the theoretical sequence space can be sampled
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per SELEX experiment. However, today a random region length of around 40 nt is routinely used
to ensure that the random region is long enough to accommodate stably folded structures. [37] A
detailed description of the libraries used in this study is given in chapter 3.

1.2.3. Selection methods

In the last 25 years since the first description, a huge variety of selection methods has been devel-
oped. In this context, only two methods will be discussed. However, an excellent overview of the
available methods is given in the following review articles. [12,31,32,38,39]

1.2.3.1. Magnetic-bead based selection

Today, one of the most used selection strategies involves the immobilization of the target on mag-
net particles (figure 1.2 a). [31] Many different immobilization chemistries are commercially avail-
able including streptavidin coated beads for the immobilization of biotinylated targets, cobalt func-
tionalized beads for the immobilization of His-tagged proteins, and a variety of chemical function-
alizations for the covalent attachment of target molecules. [31,40]

By incubating the library with target loaded magnetic beads (figure 1.2 b), the best binding
sequences will bind to the beads and can conveniently be purified from the supernatant (figure 1.2
c). After several washing steps, binding sequences can be eluted from the particles for subsequent
PCR amplification. To reduce the risk of enriching sequences that bind to the bead matrix instead
of the immobilized target molecule, a negative selection step can be introduced during the SELEX.
By incubating the library with the non-functionalized magnetic beads prior to the selection step,
the library can be precleared from matrix-binding sequences. Thereby the risk of selecting matrix-
binding aptamers is strongly reduced. [41]

Magnetic-bead based selection has the advantage that it is easy and fast to perform and that no
expensive instrumentation is needed. Also, the whole process can be automated, facilitating the
high-throughput selection of aptamers. [42] However, besides extensive washing of the beads, usu-
ally high degrees of unspecific background binding are observed. Unspecific binding sequences
reduce the selection pressure and lead to an increase in the number of rounds required for suc-
cessful selection. [43] Recently combinations of magnetic-bead based selection with washing in mi-
crofluidic channels have been developed to reduce the unspecific background binding, reducing
the number of necessary selection rounds. [44–46] However, low stringency due to unspecificmatrix
binding remains a major obstacle for the efficient selection of high-affinity aptamers. [45]
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Figure 1.2. – Schematic representation of magnetic-bead based SELEX
a) The target (green circles) is immobilized on magnetic particles. Today, many different immobi-
lization chemistries are commercially available, including streptavidin coated beads for the immobi-
lization of biotinylated targets and cobalt functionalized beads for the immobilization of His-tagged
proteins. b) The library is incubated with the target loaded magnetic beads. c) Using magnetic separa-
tion, the sequences with the desired properties are separated from the bulk library. After elution from
the magnetic beads a sub-library enriched for the desired property is obtained.

1.2.3.2. Capillary electrophoresis based selection (CE-SELEX)

An alternative selection strategy, without the need for the immobilization of the target, is capil-
lary electrophoresis (CE). With this method, a very efficient separation of the complex from the
unbound library, with very low background binding is achieved. CE-SELEX has been used for ap-
tamer selection against a variety of targets including proteins [47,48] and small molecules [49]. Due
to the strong partitioning power of CE, usually, only a few selection cycles are needed. That makes
CE-SELEX especially well suited for chemically modified libraries, where the enzymatic amplifica-
tion is challenging. [50] However, the need for expensive instrumentation and the need for complex
optimization of the selection setup obstruct a more widespread use of CE-SELEX.

1.2.4. Amplification of libraries

To generate enough starting material for the next selection round, the enriched library has to be
amplified. In the case of DNA-SELEX, the amplification consists of two steps. First the exponen-
tial amplification by polymerase chain reaction (PCR) and second, a single strand displacement
step to regenerate a single stranded DNA library (ssDNA) from the double stranded PCR product
(dsDNA).

1.2.4.1. Polymerase chain reaction (PCR)

An essential step in SELEX is the amplification of enriched libraries to amplify sequences with
the desired properties and generate enough material for the next selection round. Albeit being
a very well studied technique, PCR of SELEX libraries is not without technical challenges. Due
to the random nature of the library sequences, mispriming and, therefore, by-product formation
is very common. [51] Several events can lead to the production of undesired by-products. [52] One
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source of longer by-products is the priming of the 3’ end of one sequence in the random region of
a second sequence. This leads to the production of longer sequences, still containing both primer
binding sites, therefore still capable of exponential enrichment. [4]

In addition to longer by-products, also, shorter by-product sequences can be formed. Lacking
a proper selection pressure, having an advantageous replication behavior, shorter sequences can
rapidly dominate an SELEX library. [51,53] Improved PCR procedures such as emulsion PCR or
digital-PCR can help to reduce the risk of by-product formation. Howevermore research is needed
in this field. [54,55]

The enzymatic amplification, essential for the iterative nature of SELEX, displays a major hur-
dle for the introduction of unnatural modifications. In SELEX the efficient incorporation of the
triphosphates by the polymerase is crucial for the amplification of the library. This explains the
widespread use of C5-modified pyrimidines, as modifications at this position are usually well tol-
erated by polymerases. [56] Nevertheless, even exploiting this privileged position, some modified
triphosphates will not be accepted by the polymerase, limiting the use of nucleobasemodifications
in SELEX. In general, sterically more demanding modifications are less well tolerated by the poly-
merases, however also other factors such as potential interaction capabilities with the active site
influence the acceptance, making the incorporation of modified triphosphates hard to predict. [56]

1.2.4.2. Single strand displacement (SSD)

Many techniques have been developed for single strand displacement during DNA-SELEX. [57–59]

In this study, λ-exonuclease digestion [60] has been used exclusively. In this enzymatic technique,
the enzyme λ-exonuclease recognizes and specifically digests the 5’ phosphorylated strand of a
dsDNA duplex. By introducing a 5’ phosphate group with the reverse primer in the PCR, the
antisense strand can conveniently be removed, yielding the desired ssDNA library for the next
selection round. Compared to other more labor-intensive techniques, requiring electrophoretic
separation of the desired strand, λ-exonuclease is fast and offers high recovery yields, with the
additional benefit of being compatible with high-throughput robotic selection platforms. [57]

1.2.5. Identification of aptamer candidates

After several SELEX rounds, the library should be sufficiently enriched to identify monoclonal
aptamer sequences. Aptamer identification is made by sequencing the library and analyzing the
frequency of each sequence in the last SELEX round. However, in recent years, next-generation
sequencing has been introduced for the analysis of SELEXwith an ever-growing role in the analysis
and interpretation of SELEX experiments. [31]
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1.2.5.1. Sanger sequencing

Traditionally, aptamerswere identified by cloning and sequencing of the library of the last selection
round. [29] The library is cloned into a plasmid and transformed into competent bacteria. After am-
plification of the bacteria, the plasmids are purified and sequenced by the chain terminatormethod
developed by Nobel laureate Frederic Sanger (Sanger sequencing). [61] Due to the comparatively
low throughput, with this method only up to a few hundred clones can be sequenced practically.
Therefore, a high degree of enrichment is necessary to robustly identify sequence families from
this small data set. A significant advantage of this technique is that a template plasmid is gener-
ated, from which the potential aptamer sequence can be amplified by PCR. Thereby, the material
for the validation of potential aptamer sequences can easily be produced, without the need for
solid-phase synthesis.

1.2.5.2. Next-generation sequencing (NGS)

Thehuman genome project and other whole genome sequencing projects have created the need for
higher throughput than conventional Sanger sequencing could offer. This lead to the development
of a new generation of sequencing technologies known as next-generation sequencing (NGS), high
throughput sequencing (HTS) or deep sequencing. The high adoption rates of such techniques
have lead to a dramatic price drop over the last decade. This degree of affordability has made NGS
very attractive to the SELEX community. [62]

With NGS, up to 100 million sequences can be sequenced in one experiment, enabling a much
deeper insight into in vitro selection. The ability to multiplex several samples in one sequencing
run enables deep sequencing, not only of the last round but for each round of the entire SELEX. [63]

Capacity to track sequence families and their amplification behavior over several rounds of selec-
tion allowsmuch better prediction of interesting sequences, thereby increasing the success chances
of in vitro selection experiments. [2] Today, an increasing amount of bioinformatic solutions are be-
ing developed to facilitate the interpretation and aptamer identification from huge NGS data sets
that are becoming available. [38,64–67] Albeit constant improvements in recent years, the processing,
visualization and interpretation of NGS data remain challenging and offers an untapped source for
the future improvement of the SELEX methodology.

1.2.6. Validation of aptamer candidates

After having identified potential aptamer candidates by sequencing, the candidates have to be val-
idated by interaction analysis. Most methods for protein – protein or protein – small molecule
interaction analysis can be used. However, some methods are especially well suited for the mea-
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surement of aptamer interactions. The following three methods were used for binding analysis
throughout this study. An overview of more available techniques can be found in the following
review articles. [64,68,69]

1.2.6.1. Filter retention assay

Thefilter retention assay is a technique to analyze the interaction of a radioactively labeled aptamer
to a protein. [70] It relies on the property of nitrocellulose membranes to interact with proteins, but
not with nucleic acids. [71,72] The nucleic acid – protein mixture is filtered through a nitrocellulose
membrane, whereby only the protein is retained on the membrane. The nucleic acid is washed
away, unless it interacts with the retained protein. The amount of retained nucleic acid is thereby
proportional to its interaction with the protein. As the nucleic acid is radioactively labeled, it can
be precisely quantified. Radioactive labeling of DNA can easily be performed enzymatically in a
kinasation reaction, where the radioactive α-phosphate group of ATP is transferred to the free 5’
hydroxyl group of theDNA.Advantages of thismethod include its high sensitivity and comparably
cheap instrumental setup. [73] However, a radionuclide laboratory is required.

1.2.6.2. Microscale thermophoresis (MST)

Microscale thermophoresis (MST) is a comparably new method for interaction analysis. [74] It de-
pends on the measurement of the movement in a microscopic temperature gradient. [75] Interac-
tion of two molecules leads to a reorientation of the hydration shell, thereby affecting the ther-
mophoretic properties. [76] MST offers the advantage to operate in solution, so no immobilization
is required. In most cases, aptamers can easily be functionalized with fluorophores at e.g. their 5’
position, without affecting their binding abilities. Thereby, no modification of the target molecule
is required. [74]

1.2.6.3. Flow cytometry assay

A rather unusual, however very useful way to measure the interaction of aptamers with their tar-
get molecule is flow cytometry. Here, the same magnetic particles used for the SELEX are directly
analyzed by flow cytometry. In the flow cytometer, the fluorescence intensity of the magnetic
beads can be measured. Thereby, binding of fluorescently labeled aptamers to the particles can be
detected. [68] This method allows the measurement of enriched libraries or potential aptamer se-
quences under the exact SELEX conditions and can, therefore, be beneficial for the fast assessment
of the enrichment during the SELEX. [3]
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1.3. Limitations of current SELEX approaches

The interplay of all methods and concepts introduced in section 1.2 are vital for a successful SELEX
experiment. Constant development and improvements in every single technique help to push the
SELEX field forward. [37] However, a special role is held by the library. [77] For a successful selection,
molecules with the desired properties have to be present in the library. Otherwise, even the most
advanced techniques will not be able to identify the desired aptamer. Natural nucleic acid libraries
often fail to yield the expected aptamers, most likely due to the limited chemical diversity found in
the merely four different building blocks from which nucleic acids are constituted. [78] Therefore,
the addition of naturally not represented functional groups, as the ones found in the side chains of
amino acids, can increase the repertoire of possible interaction capabilities of nucleic acids, thereby
increasing the addressable spectrum of targets and allowing the selection of unprecedented high-
affinity binders. [79]

1.4. Chemically modified nucleic acid libraries

Nucleic acid libraries based on the four naturally occurring building blocks can be successfully
used for the selection of aptamers with useful functions and many possible applications. How-
ever, for some applications, natural nucleic acids have some tremendous drawbacks. [80] Being
biomolecules, especially RNA aptamers, are very susceptible to nuclease degradation. To improve
certain traits, such as nuclease resistance, unnatural building blocks have been introduced in SE-
LEX libraries.

In addition to stabilizing aptamers against degradation, chemicalmodifications can also be used
to modulate folding and interaction properties. [15] Especially the introduction of unrepresented
functional groups can increase the possible spectrum of interactions with the target molecule.
Thereby, aptamers for previously non-targetable epitopes can be generated. [78] Chemical modi-
fications usually fall in one of two major categories:

1.4.1. Backbonemodifications

To increase nuclease stability, much research has been focused on the 2’ position of RNA. Several
modifications such as 2’-amino pyrimidines, 2’-fluoro pyrimidines and 2’-methoxy nucleotides
have been used successfully and have yieldedmany high-affinity aptamers with increased nuclease
resistance such as the aformentioned pegaptanib (Macugen) (figure 1.3 a). Today, especially 2’-
fluoro pyrimidines are widely used in SELEX experiments with more than 15 published aptamers
generated with this modification. [39]
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One special form of 2’ modification is found in locked nucleic acids (LNA) (figure 1.3 b). [81,82]

The incorporation of LNA modifications not only increases the stability against nucleases but
also enhances the affinity for complementary DNA and RNA sequences. This property makes
LNA modifications especially appealing for the selection and maturation of short, highly stable
aptamers. [83–85]

Another very elegant way to stabilize aptamers against nucleases is realized in the ”spiegelmer”
concept, which exploits the chirality of biomolecules. [86,87] In this approach, a conventional D-
aptamer is selected against an unnatural mirror-image target. As a consequence, the synthetic
mirror-image L-aptamer is capable of interacting with the natural occurring target, but is not rec-
ognized by natural nucleases (figure 1.3 c). Today, three spiegelmers, all developed by NOXXON
Pharma, are in clinical trials. [88]

Not only sugar-modifications, but also modifications at the phosphate backbone have been em-
ployed for aptamer selection. The most prominent class of phosphate modifications are phos-
phorothioates [89–91] (figure 1.3 d) which not only increase the stability against nucleases, but
also improve the ability to internalize into cells. [92] Recently, sugar-modifications beyond the 2’-
alterations have been realized. Xeno-nucleic acids (XNA) (figure 1.3 e and f) are a new class of
genetic polymer supporting Darwinian evolution. [93] The development of XNA aptamers was en-
abled by the engineering of new polymerases capable of DNA-dependant XNA polymerization
and XNA dependent DNA polymerization with high fidelity. Using the expanded XNA backbone
repertoire several XNA aptamers and XNA catalysts have been selected. [93–95]
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Figure 1.3. – Backbone modifications employed for aptamer selection
a) 2’-amino, 2’-fluoro and 2’-methoxy modifications. b) Structure of locked nucleic acids (LNA). c)
Mirror-image D-aptamer backbone found in ”spiegelmers”. d) Structure of the phosphorothioate back-
bone. e) Structure of the hexitol nucleic acid (HNA) backbone. f) Structure of the arabinose (ANA)
and 2’-fluoro-arabino nucleic acid (FANA) backbone.

1.4.2. Nucleobase modifications

Several nucleobasemodifications have been introduced in nucleic acids libraries for aptamer selec-
tion. [96] The main objective being, to increase the chemical diversity and, therefore, the available
chemical space for selection. The introduction of novel chemical groups allows for additional
types of interaction between nucleic acids and their target structures. This, in turn, increases the
probability of identifing aptamers with the ability to interact with the target with high affinity and
specificity. [97,98]

Modifications have beenmainly introduced at the C5-position of pyrimidines, such as deoxyuri-
dine analogs. This position is privileged as modifications are often tolerated by polymerases, re-
taining the essential compatibility with enzymatic amplification of the library (figure 1.4 a). The
first example of the use of nucleobase-modified nucleotides in DNA-SELEX was published 1994
by John Latham and coworkers at Gilead Sciences. [99] Using a 5-(1-pentynyl)-2’-deoxyuridine
building block (figure 1.4 b), instead of the canonical thymidine, they were able to select an ap-
tamer against thrombin. Without showing any sequence similarities, the resulting aptamer dis-
played a similar dissociation constant for thrombin as described for a previously selected ssDNA
aptamer. [9]
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Since then several more selections with nucleobase modifications at the C5-position of pyrim-
idines have been performed [100–104], however arguably the most significant contribution to this
field was developed by Bruce Eaton and coworkers at the University of Colorado. With the goal to
develop aptamers with slower off-rates (and thus, higher affinities), protein-like side chains have
been introduced into DNA libraries. [77,79] This has lead to the development of SOMAmers (Slow
Off-rate Modified Aptamers) by SOMAlogic. [78]

A broad range of nucleobase modifications have been used, many inspired by hydrophobic
residues similar to the ones found in the amino acids tryptophan or phenylalanine. The structure
of some nucleobase modifications employed by SOMAlogic is depicted in figure 1.4 c. Having
used different libraries for the automated selection against several hundred proteins, a dramatic
increase in success rate for the chemically modified libraries has been reported. [78] This proves
the hypothesis that indeed an increase in chemical diversity can have a beneficial impact on the
interaction capabilities of nucleic acid libraries. These interactions and the deep involvement of
the modified nucleotides were confirmed by crystal structures of several SOMAmer-protein com-
plexes. [105–108]
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Figure 1.4. – Nucleobase modifications employed for aptamer selection
a) General structure of modified deoxyuridine analogs. b) 5-(1-pentynyl)-modification used by Lan-
tham and coworkers in the first published SELEX with nucleobase-modified nucleotides. c) Overview
of some modifications used by SOMAlogic for the selection of SOMAmers.

1.4.3. In situ introduction of functionalizations

As chemical modifications are an important way to improve future aptamer selection, a versa-
tile method to facilitate the modular introduction of chemical entities during the SELEX process
would be desirable. Such a SELEX concept, based on the in situ introduction of the functional-
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ization, became possible due to the recent developments in the field of bioconjugation. Although,
the general concepts were not new and many techniques had previously been developed [109], the
field underwent dramatic acceleration with the discovery of truly bioorthogonal reactions. [110,111]

In 2001, the group of Nobel laureate Barry Sharpless coined the term click chemistry. [112] In
their click concept, methods for the quick and reliable formation of chemical structures out of
smaller building blocks were described. This idea mimics the way nature generates complex struc-
tures by joining small modular units. To be considered a click reaction, a reaction has to fulfill a
certain set of criteria such as: bemodular andwide in scope, give very high yields and have a strong
thermodynamic driving force. Also, it should generate only inoffensive by-products, be stereospe-
cific (but not necessarily enantio-selective), and the product must be stable under physiological
conditions. That implies the required process characteristics to include: simple reaction condi-
tions (ideally, the process should be insensitive to oxygen and water), readily available starting
materials and reagents, the use of an environmentally friendly solvent such as water, and simple
product isolation by non-chromatographic methods, such as crystallization or distillation. [112]

One of the few reactions truly fulfilling most of these requirements is the CuI catalyzed 1,3-
dipolar cycloaddition of alkynes and azides (CuAAC). Although the term click reaction originally
described the concept mentioned above, today, through its widespread use, is mostly used synony-
mously to CuAAC.

1.4.3.1. Azide-alkyne Huisgen cycloaddition (CuAAC)

The 1,3-dipolar cycloaddition is a reaction between a 1,3-dipole (such as an azide) and a dipo-
larophile (such as an alkyne) forming a five-membered ring (such as a 1,2,3-triazole). The reaction
was discovered and investigated by Rolf Huisgen in the 1960s at the LMU in Munich. [113,114] In its
non-catalyzed version the reaction proceeds by a pericyclic orbital controlled mechanism, which
results in a mixture of the two regio-isomer products. The non-catalyzed 1,3-dipolar cycloaddi-
tion is valuable for the production of five-membered heterocyclic rings such as triazoles, but due
to its very low regioselectivity and the high temperatures required, for many years, it did not have
a big impact on the preparative organic synthesis of biologically relevant compounds.

That changed rapidly when in 2002, the groups of Morten Meldal [115] and Valery Fokin [116]

independently discovered that the reaction of an alkyne with an azide can be catalyzed by the
addition of CuI (copper catalyzed azide-alkyne cycloaddition or CuAAC). Not only does the ad-
dition of CuI catalyzes the reaction to work at room temperature, but it also leads to the selective
production of the sterically favored 1,4-triazole (figure 1.5).

The most convenient source for CuI is CuSO4 coupled with a reducing agent such as sodium
ascorbate for in situ generation of the CuI species. CuI is thermodynamically very unstable which
results in an easy oxidation to CuII in the presence of water or oxygen. The combination of copper
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and sodium ascorbate has been shown to produce oxygen radicals which can be detrimental to
DNA and other biomolecules. [117,118] Therefore, in order to protect CuI from oxidation, stabilizing
ligands have to be applied (figure 1.7). [119,120]
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Figure 1.5. – Copper catalyzed azide-alkyne cycloaddition (CuAAc)
An alkyne (green) and an azide (red) react under CuI catalysis to a 1,4-triazole.

1.4.3.2. CuAAC with nucleic acids

The click-SELEX concept was made possible by novel groundbreaking work in the field of biocon-
jugation. Although click chemistry has found enormous application within the field of nucleic
acid research, within this study only the use for nucleobase modification will be discussed. For
additional applications of click chemistry with nucleic acids, please refer to this excellent review
article. [121]

The C5-position of pyrimidines is privileged for the introduction of modifications. Unsur-
prisingly, the incorporation of alkyne groups at this position has been studied extensively. [39]

As a result two building blocks with alkyne modifications at the C5-position of deoxyuridine,
namely 5-ethynyl-deoxyuridine (EdU) (figure 1.6 a) and 5-(Octa-1,7-diynyl)-deoxyuridine (C8-
dU) (figure 1.6 b), have been well characterized and made commercially available, with higher
reaction yields published for C8-dU compared to EdU. [122–124] Based on the idea, that a high de-
gree of functionalization is essential to guarantee a consistent level of modification throughout the
SELEX, C8-dU was chosen as a substitution for thymidine in the initial click-SELEX library.
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Figure 1.6. – Alkyne functionalized deoxyuridine analogs
a) Structure of the alkyne modified EdU nucleoside) b) Structure of the alkyne modified C8-dU nucle-
oside.
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1. Introduction

As mentioned in the previous section, CuI stabilizing ligands are needed for CuAAC with nu-
cleic acids. Several generations of ligands have been developed. The first generation of ligand
was tris(benzyl triazolyl methyl)amine (TBTA) (figure 1.7 a). [119] Although many of the first click
chemistry studies with nucleic acids were done with this ligand, one big limitation of this ligand is
its low solubility in water. Therefore, high amounts of organic co-solvents have to be used, which
in turn can be problematic for the solubility of the very polar nucleic acids.

This limitation was addressed with the next generation ligand tris(4-(3-hydroxy-propyl)-
[1,2,3]triazol-1-ylmethyl)amine (THPTA) (figure 1.7 b). [125] Due to the replacement of the
phenyl group found in TBTA with hydroxyl groups, a much better solubility in water was
achieved. That makes THPTA the optimal copper stabilizing ligand for aqueous bio-conjugations.
Today, many more ligands are described [126–128], however due to the excellent results obtained
with THPTA this ligand was used throughout this study.
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Figure 1.7. – CuI stabilizing ligands for click chemistry
a) Structure of the first generation copper stabilizing ligand TBTA. b) Structure of the water soluble
next generation copper stabilizing ligand THPTA.
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2. Aim of this Study

The aim of this study was to develop a modular SELEX method for nucleobase-modified DNA
libraries, with the overall goal to further improve the aptamer selection process. In this context,
increasing the chemical diversity of SELEX libraries was identified as an important area for in-
novation. The study was based on the hypothesis that an increase in chemical diversity of the
library would allow for more interaction possibilities with the target, which in turn should have a
positive impact on the selection of high-affinity aptamers to previously non-targetable molecular
structures.

The established practice of introducing nucleobase modification by incorporation of modified
dNTPs during PCR has several disadvantages, such as incompatibility of many desirable modifica-
tions with enzymatic amplification during PCR and a high synthetic effort needed for the genera-
tion of themodified dNTPs. To circumvent these limitations, the introduction of themodification
after the enzymatic amplification is required. For such an in situ approach, a functionalization
method specifically targeting the nucleobases already incorporated in a library is indispensable.
A suitable bioconjugation technique known as CuAAC or click chemistry had recently been de-
scribed, allowing for the modular introduction of a variety of modifications, without the need for
extensive organic synthesis.

The concept behind this study was to incorporate CuAAC based nucleobase functionalization
into a versatile and modular SELEX protocol. To develop the click-SELEX method, most parts
of the SELEX process, such as library design, amplification, functionalization as well as the se-
lection method and aptamer characterization methods had to be adapted and further developed.
Finally the concept should be applied to the selection of a nucleobase-modified aptamer (”click-
mer”) against a model protein target.
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3. Results

3.1. The click-SELEX concept

In the click-SELEX approach, chemical groups are introduced into the DNA library prior to the
selection step (in situ) via click chemistry (CuAAC) and are subsequently removed during the am-
plification step. Thereby enzymatic incompatibility problems associated with larger nucleobase
modifications are avoided. This system allows for an easy implementation of a multitude of differ-
ent chemical functionalities, adapted to the imposed requirements.

Figure 3.1 illustrates the general click-SELEX concept. Click-SELEX starts with a synthetic
DNA library in which all thymidines are substituted by an alkyne-modified analog. The library
is further functionalized with an azide-bearing molecule by CuAAC. After incubation with a tar-
get protein immobilized on magnetic particles, unbound molecules are removed and discarded by
washing, whereas the target proteins with the bound modified nucleic acids are eluted (selection).
The elutedmolecules are then subjected to PCR amplificationwith an alkyne-bearing triphosphate
instead of thymidine. This step removes the modification in the elongating strand and reintro-
duces the alkyne moiety. After amplification, the antisense strand is digested with λ-exonuclease,
which selectively recognizes and hydrolyzes the 5’-phosphorylated strand (introduced by the re-
verse primer) of the double-stranded DNA. The remaining single-stranded alkyne-modified DNA
is again reacted with the azide, thereby reintroducing the functionalization and reconstituting the
starting library for the next selection cycle.
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Figure 3.1. – Schematic representation of the click-SELEX process.
Schematic representation of the click-SELEX process. A synthetic alkyne-modified DNA library is
further functionalized with an azide-bearing molecule by CuAAC. After incubation with the target
molecule and removal of non-bound sequences (selection), the bound sequences are eluted and am-
plified by PCR using the alkyne-modified triphosphate instead of thymidine. This step removes the
modification in the elongating strand and reintroduces the alkyne moiety. Thereby enzymatic incom-
patibility problems associated with larger nucleobase-modifications are avoided. After PCR, the single
strandedDNA is prepared by λ-exonuclease digestion of the 5’ phosphorylated antisense strand (diges-
tion). The modification is then reintroduced by click chemistry (CuAAC), and the thereby obtained
library is subjected to the next selection cycle.

3.2. Activated Protein C (APC) as a model target protein

For the purpose of developing the click-SELEX method, the focus of this study lied on practical
aspects rather than developing a particular aptamer to address a distinct biological question. To
facilitate the establishment of themethod, a well addressable protein target was desired. Therefore,
as a first target, the ”Activated Protein C” (APC) was chosen.

Activated protein C (APC) is a serine protease with anticoagulant, anti-inflammatory, and cy-
toprotective properties. It plays a significant role in the blood clotting process, which consists of a
series of enzymatic reactions leading to the final formation of thrombin. [129] APC, which is gener-
ated from its zymogen Protein C (PC), is responsible for avoiding over-coagulation, reducing the
risk of thrombus formation. In addition to its anticoagulant functions, APC shows cytoprotective
effects, including anti-inflammatory and anti-apoptotic activities, and protection of endothelial
barrier function. [130] Consequently, substitution with recombinant APC (Drotrecogin alfa (acti-
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3.3. Test SELEX with canonical DNA

vated) or ”Xigris”) was shown to reduces mortality rates in severe sepsis. [131] However, a serious
side effect of APC substitution is major bleeding that occurs in 2% of patients. [132] This severe
side effect limits its clinical use and has lead to the withdrawal of Xigris from the market in 2011.

Searching for an APC-specific antidote that would be helpful tomanage APC-induced bleeding,
Jens Müller and coworkers have previously selected a high-affinity aptamer against APC. [133,134]

This aptamer, termedHS02, is known to bind the basic exosite of APCwith sub-nanomolar affinity.
Knowing to be very well targetable by nucleic acids, and its significant therapeutical importance
was thought to render APC an ideal first model target for the development of the click-SELEX
method.

3.3. Test SELEX with canonical DNA

The first step towards a functional click-SELEX protocol was to design a suitable library and the
adaptation of all required individual techniques. This included the amplification of the DNA li-
brary in a PCR reaction, the subsequent single strand displacement (SSD) of the antisense strand
via λ-exonuclease digestion and the establishment of a suitable selection method.

To test the library and validate the selection conditions, it was decided to perform a test SE-
LEX with a canonical, non-functionalized DNA library. A traditional DNA library and a mag-
netic bead-based selection protocol had previously been used for the selection of a high-affinity
aptamer against activated protein C (APC) in the laboratory of Prof. Mayer at the LIMES Institute
in Bonn [133]. As discussed in section 3.2 (page 20), due to its very good addressability by DNA
libraries, APC was chosen as a model target for the establishment of the click-SELEX protocol.
For the SELEX conditions, a protocol close to the previously successful selection conditions was
developed.

3.3.1. Library design of the FT2-N42 library

The library suitable for click-SELEX was developed based on the most frequently used SELEX
library design. [31] Similar to the library used in the previous APC SELEX, it consisted of a 42 nt
random region, flanked by two 21 nt primer binding sites. In contrast to a ”normal” library, thymi-
dine building blocks should be avoided in the primer binding sites, because those would be sub-
stituted by their alkyne-modified counterpart in the amplification step, potentially causing steric
problems in the PCR amplification. Following the design of previously successful DNA libraries,
an equal amount of all four nucleobases was desired in the random region, statistically resulting
in 10.5 thymidine nucleotides or its respective alkyne-functionalized counterpart. A schematic
representation of the FT2-N42 library, designed for the test selection, is depicted in figure 3.2.
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3. Results

5‘-CACGACGCAAGGGACCACAGG---N42---CAGCACGACACCGCAGAGGCA-3‘

N: dA:dG:dC:T = 1:1:1:1

Figure 3.2. – Schematic representation of the FT2-N42 library
The library is composed of a 42 nt random region (green) flanked by two 21 nt primer binding sites
(black). To avoid potential problems due to steric hindrance during the PCR, associated with the
alkyne modifications that should later be introduced, the primer binding sites were designed without
any thymidine nucleotides. The random region was designed with an equal distribution of all four
nucleotides.

3.3.2. Amplification of the FT2-N42 library

The ability to amplify the enriched library for the next selection step is crucial for SELEX. In the
case of DNA libraries, the amplification consists of two stages. First, an exponential amplification
by PCR, generatingmultiple copies of double strandedDNA for each template stand. Second, PCR
is followed by a single strand displacement (SSD) step, e.g. λ-exonuclease digestion, to generate
the desired ssDNA library for the next selection round.

3.3.2.1. PCR amplification of the FT2-N42 library with canonical dNTPs

Before introducing alkyne-modified building blocks, the PCR conditions with the non-modified
FT2-N42 library had to be established. It had been described that alkyne-building blocks are well
incorporated into DNA by the the Pwo polymerase. [124] Therefore, this polymerase was used for
all PCR reactions. After careful optimization of the PCR protocol in regard to annealing tem-
perature, primer concentration and magnesium concentration, the following optimized protocol
was established. PCR was done in a Mastercycler Personal (Eppendorf). A final concentration of
0.5 μM of both primers and 250 μM of dNTPs were used. Pwo DNA polymerase (Genaxxon) and
the supplied buffer containing 2mM Mg2+ were used with the following cycling program (2min
95 °C; 30 s 95 °C, 30 s 62 °C, 1min 72 °C; hold 4 °C). The samples were always prepared on ice and
the thermocycler was pre-heated to 95 °C to reduce the risk of by-product formation. Figure 3.3
depicts a representative PCR product, proving the successful amplification of the FT2-N42 with
canonical nucleotides.
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300 bp -

50 bp -

 dTTP:

dATP, dCTP, dGTP: + + +

+ +-

 Template (FT2-N42): + + -

M 1 2 3

Primer

Figure 3.3. – PCR amplification of the FT2-N42 library with canonical dNTPs
Ethidium bromide stained 4% agarose gel. 1) PCR product for the FT2-N42 library amplified using
canonical dNTPs. Double stranded DNA of the correct length (84 bp) is produced. 2) Control PCR
reactionwithout the addition of dTTP.Nodouble strandedDNAproduct is detectable. 3) ”No template
control” (NTC) PCR reaction without the addition of the template DNA. No double stranded DNA
product is detectable.

3.3.2.2. λ-Exonuclease digestion of the FT2-N42 library

After being able to successfully amplify the library by PCR, the next step was to generate single
stranded DNA as needed for the next selection round. As discussed in section 1.2.4.2 (page 7),
several methods are available. However, λ-exonuclease digestion is one of the fastest and most
convenient methods for the single strand displacement (SSD). [60] The enzyme recognizes and
specifically digests the 5’ phosphorylated strand of a dsDNA duplex. By introducing a 5’ phos-
phate groupwith the reverse primer in the PCR, the antisense strand can conveniently be removed,
yielding the desired ssDNA library for the next selection round. Based on the manufacturer’s rec-
ommendation the following protocol was developed. 175 μl DNA solution was mixed with 20 μl
λ-exonuclease buffer (10 x) and 5 μl λ-exonuclease (5000U/ml). The sample was incubated on a
thermomixer for 1 h at 37 °C and 800 rpm.

Figure 3.4 shows the results for the λ-exonuclease digestion of the non-modified FT2-N42 li-
brary. After the enzymatic single strand displacement, no residual dsDNA could be detected on
the agarose gel, making this method a good option for the single strand displacement during SE-
LEX.
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300 bp -

50 bp -

M 1 2 3

Figure 3.4. – λ-exonuclease digestion of the FT2-N42 library
Ethidium bromide stained 4% agarose gel. 1) Double stranded FT2-N42 library before treatment with
λ-exonuclease. 2) FT2-N42 library after treatment with λ-exonuclease. After the enzymatic single
strand displacement, no residual dsDNA could be detected. 3) 3 pmol of a solid-phase synthesized
ssDNA library (FT2-N42) loaded as a reference.

3.3.3. Adaptation of the selection method

The first selection attempt was based on a well established bead-based selection strategy, which
had yielded high-affinity aptamers for APC in the past. [133] Besides the already discussed unusual
primer binding site design of the library, additional small changes were made to the published
protocol. To reduce non-specific binding of the library, a buffer system for the selection of base-
modifiedDNAaptamers had been previously described. [78] Based on this system, the following SE-
LEX buffer was chosen: Dulbecco’s phosphate buffered saline [135] (D-PBS, section 6.1.3, page 99)
enriched with 1mg/ml bovine serum albumin (BSA), 0.1% TWEEN-20 and 0.1mg/ml salmon
sperm DNA.

Before the selection could be started, the target protein (APC) had to be immobilized on the
streptavidin-coated magnetic beads (Dynabeads M-280 Steptavidin). Therefore, the APC had to
be biotinylated at random lysine residues with an amine-reactive N-hydroxysuccinimide (NHS)
biotinylation reagent. In contrast to the published method, due to its increased solubility in water,
a polyethylene glycol based biotinylation reagent was chosen (NHS-PEG4-Biotin by Life Technolo-
gies).

3.3.3.1. Preparation of APC-coupled magnetic beads

APC (Haematologic Technologies) was biotinylated with NHS-PEG4-Biotin (Life Technologies)
according to the manufacturer’s recommendation. Briefly, 200 pmol APC was incubated with 20
equivalents of NHS-PEG4-Biotin, freshly prepared in DMSO to a final volume of 50 μl. The so-
lution was incubated for 1 h on ice and 15min at 25 °C and subsequently purified with Amicon
Ultra centrifugal filters (10 kDa cutoff) according to the manufacturer’s recommendation.

The success of the biotinylation reaction was verified with a dot-blot experiment in which con-
jugated and non-conjugated protein was spotted on a nitrocellulose membrane and treated with a
fluorescently labeled avidin conjugate, specifically staining the biotinylated protein.
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3.3. Test SELEX with canonical DNA

Figure 3.5 depicts the result of a dot-blot experiment with 1 μg APC before and after biotinyla-
tion, stained with Neutravidin-800 (Life Technologies) scanned at 800 nm in a Odyssey imaging
system (Li-Cor).

a b

Figure 3.5. – Dot-blot of biotinylated APC
Nitrocellulose membrane treated with a fluorescently labeled avidin conjugate (Neutravidin-800 by
Life Technologies) scanned in a Odyssey imaging system at 800 nm. a) After biotinylation a strong
signal could be detected for the APC protein (1 μg). b) Before biotinylation of the APC protein (1 μg)
no signal could be detected.

After having biotinylated the APC, 200 pmol biotinylated protein were immobilized on 5mg
streptavidin-coated magnetic beads (Dynabeads M-280 Steptavidin) in a total volume of 500 μl
SELEX buffer, according to the manufacturer’s recommendation. The loaded and washed beads
were stored at 4 °C until further usage.

3.3.4. Test SELEX against APC with the canonical DNA library

Having established all necessary techniques and materials, the first SELEX with the FT2-N42 li-
brary could be performed. The selection was carried out in SELEX buffer, based on Dulbecco’s
phosphate buffered saline (D-PBS, section 6.1.3, page 99) enriched with 1mg/ml bovine serum
albumin (BSA), 0.1% TWEEN-20 and 0.1mg/ml salmon sperm DNA. As the target, activated
protein C (APC) immobilized on magnetic beads was used.

500 pmol of the start library was incubated with 500 μg of non-conjugated streptavidin beads
to remove the unwanted matrix binding sequences. The supernatant was incubated for 30min
at 37 °C and 800 rpm with 500 μg APC loaded beads in a total volume of 200 μl. The beads were
thoroughly washed two times (30 s and 5min) with 200 μl SELEX buffer to remove non-specific
binding DNA and the enriched library was eluted with 85 μl water from the beads by heat de-
naturation (80 °C for 3min). The eluted DNA was PCR amplified in a total volume of 800 μl
and purified via spin-columns (section 5.1.3, page 87). PCR product formation (18-22 PCR cy-
cles) was carefully monitored by gel electrophoresis and stopped as soon as the desired product
band could be detected on ethidium bromide stained 4% agarose gels. Single strand displacement
of the double-stranded PCR product was carried out by λ-exonuclease digestion as described in
section 5.1.5 (page 88) and the resulting single strand DNA was purified via spin-columns (sec-
tion 5.1.3, page 87). The purified single strand DNA (approx. 10 pmol) was applied in the next
SELEX round.
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For each selection cycle, the PCR product and the purified single strand DNA were analyzed
by gel electrophoresis on a 4% agarose gel. To increase the selection pressure, the total amount of
washing steps was gradually increased up to a maximum of 8 washing steps during the selection.
Figure 3.6 depicts the PCR products obtained for all 11 selection rounds that were performed
during the test selection.

R1         R2          R3         R4          R5        R6          R7         R8          R9        R10        R11
300 bp -

50 bp -

Figure 3.6. – PCR products of the test SELEX against APC
Ethidium bromide stained 4% agarose gel depicting the PCR products from all 11 SELEX rounds. For
every selection round a band corresponding to the PCRproduct of the correct length could be obtained.
Although the PCR amplification was stopped as soon as the desired product band could be detected
on ethidium bromide stained agarose gels, the precise required number of PCR cycles was difficult to
predict, resulting in varying product intensities throughout the SELEX. Despite the formation of PCR
by-product could be detected from R3 onwards the selection was carried out for 11 rounds.

Thefirst (R1), 7th (R7), and 11th round (R11) were analyzed for APC binding in a filter retention
assay. The samples were labeled with a radioactive 32P phosphate group at the 5’ end andmeasured
as described in section 5.5.1 (page 95).

Figure 3.7 summarizes the results of the filter retention assay. As expected, the library after
1 round of selection (gray squares) did not show binding to APC. After 7 rounds of SELEX (rose
diamonds), a binding curve could be obtained. For the 11th round of selection (red dots), a further
increase in binding affinity could be observed. Due to this sharp rise in binding affinity, it was
decided to sequence the 11th round library to verify the enrichment on a monoclonal level.
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Figure 3.7. – Filter-retention analysis of the test SELEX against APC with canonical nucleobases
After 1 round of selection (R1, grey squares) no binding to APC could be observed. The library of R7
(rose diamonds) showed binding to APC. After 4 additional rounds of selection, the R11 library (red
dots) bound to APC with an increased binding affinity.

3.3.5. Identification of aptamer candidates from the test SELEX

3.3.5.1. Cloning and Sanger sequencing of the test SELEX

The enriched library of the 11th round was cloned into a vector and transformed into competent
cells with the TOPO-TA Cloning kit (Life Technologies) according to the manufacturer’s recom-
mendation. Before cloning the sample was PCR amplified with Taq polymerase (instead of Pwo
polymerase) as the addition of a 3’ overhang deoxyadenosine is crucial for the cloning strategy.
For the TOPO-TA cloning protocol, it is essential that unmodified primers, without phosphate
group at the 5’ end, are used. After plasmid preparation of successfully transformed colonies,
50 μl plasmid DNA (30 ng/μl) was sent to GATC-Biotech for Sanger sequencing, using the M13
reverse primer.

Figure 3.8 shows the results of the Sanger sequencing. For the full list of all sequencing results,
please refer to figure A.1 (page 103). Sanger sequencing revealed a strong enrichment of the li-
brary after 11 rounds of selection. Two sequences (F1 and F2) showed a very high prevalence in
the library with 9 (F1) and 7 (F2) identical copies out of 20 sequences. In addition to those two
dominating sequences, four orphan sequences (F3-F6) were found. Interestingly, all sequenced
clones contained a common consensus motif. This 13 nt long motif (TATCCCGTATGGG) is
identical to the previously described consensus motif identified in an earlier aptamer selection
experiment against APC [133].

The strong enrichment of two sequence, both containing a consensus motif that was previously
described in APC binding DNA aptamers, and the binding data of the 11th round library, together
validated the selection strategy to be successful in selecting unmodified DNA aptamers.
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3. Results

                                                        TATCMCGNATGGGS           

F1 (9X):         TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

F2 (7X): GCACTCTGCCTTATCCCGTATGGGTGGGGTCTATGCGTCCTA

F3 (1X):         TCATATCCCGTATGGGCTTGCCGGCTAACCTCTTGTTACCT

F4 (1X):        CCCCTATCCCGTATGGGCTTGCAGAGTCTTCGGGTCACGCTT

F5 (1X):        TCGTTATCCCGTATGGGCTTGCCGGCTAACCTCTTGTTACCT

F6 (1X):         TCGTATCCCGTATGGGGTTGCGTTTTCAAACGACAACGTATT

Figure 3.8. – Sanger sequencing results for the test SELEX against APC
Two dominant sequences (F1 and F2) could be identified. All sequenced clones contain a common
consensus motif (TATCCCGTATGGG) which is in full accordance to the previously described APC
binding motif (TATCMCGNATGGS) [133].

3.3.5.2. Next-generation sequencing (NGS) of the test SELEX

To get a better insight into the SELEX process, an NGS analysis of the successful test SELEX was
performed using Illumina’s sequencing by synthesis (SBS) technology. [136] With NGS, instead of
only analyzing the last round of the selection, all rounds can be analyzed allowing for a better
understanding of the enrichment process during SELEX. [63] The test SELEX was chosen as a ref-
erence for a selection with a very high degree of enrichment.

To multiplex several samples in one sequencing run, index sequences were added to the ends
of the SELEX samples. Therefore, a set of 24 primers with 12 different index sequences at the 5’
end was ordered. Each SELEX round was PCR amplified with a different set of primers allowing
for multiplexing of 12 different SELEX rounds on one lane of the sequencer. After performing a
PCR adding the index primers to each sample, the 12 samples were mixed, and Illumina adapters
were ligated. For adapter ligation with some adaptations, the TruSeq DNA PCR-Free (LT) sample
preparation kit was used. For further details, please refer to the following publication. [2]

Sequencing was performed on an Illumina HiSeq 1500 instrument in collaboration with the
group of Prof. Joachim Schultze (LIMES, Bonn). 100 bp single end reads were performed. After
sequencing, the data analysis of the raw sequencing datawas done byDr. CarstenGröber at AptaIT
(Munich) using the COMPAS software. [137] The COMPAS software generates a variety of outputs
including basic statistics, but also analyzes the clustering of similar sequences to create so-called
”pattern”.

Unique sequences
A very basic form of analysis to quickly assess the success of a selection experiment is based on
monitoring the amount of unique sequences found in each selection round over the course of
the SELEX experiment. The reduction of unique sequences in the library can be used as a first
indicator to assess the quality of enrichment and to define a good stopping point for the selection.

28



3.3. Test SELEX with canonical DNA

In figure 3.9 the relative amount of unique sequences is plotted over the selection rounds. In the
first five rounds of the SELEX, the majority of sequences are only found as one single copy. Over
the next two selection rounds a very strong enrichment of sequences could be observed, with only
around 20% of unique sequences left in the library. This strong enrichment is continued so that
after eleven rounds of selection no unique sequences could be detected anymore.

0 1 2 3 4 5 6 7 8 9 10 11

0

20

40

60

80

100

Round

U
n

iq
u

e
 s

e
q

u
e

n
ce

s 
[%

]

Figure 3.9. – Analysis of unique sequences of the test SELEX against APC
In the first five rounds, little enrichment of sequences could be observed. From round five onwards, a
very strong enrichment was obtained. After eleven rounds of selection, no unique sequences could be
detected. Rounds six, eight and ten were not sequenced.

Character statistics
Amore detailed understanding of the selection process can be obtained by analyzing the frequency
of each nucleobase at every position in the random region (character statistics). This analysis is
also very valuable to assess the quality and the overall length-distribution of the start library.

The character statistics for the unmodified FT2-N42 start library, compared to the 11th round
library are depicted in figure 3.10. The starting library showed a relatively equal distribution of
all four nucleobases over all positions of the random region. After eleven rounds of selection,
a completely different nucleobase distribution was observed. For each position one dominant
nucleobase had emerged, indicating a strong decrease in diversity of the library. The analysis of
the character statistics is in good accordance with the analysis of the unique sequences, showing
a low level of enrichment until round five and a strong enrichment from round seven onwards
(figure A.2, page 104).
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Figure 3.10. – Character statistics for the start library and the 11th round of the test SELEX
a) Statistical base distribution in the FT2-N42 start library, showing an equal distribution of all four
nucleobases over all 42 positions of the random region. Approximately 20% of the sequences display
a shortened random region (white). b) Statistical base distribution over all 42 positions of the ran-
dom region after eleven rounds of selection. For each position one dominant nucleobase has emerged,
indicating a strong decrease in diversity of the library.

Pattern and tracing
Besides the basic statistics, one main feature of the COMPAS software is the ability to cluster sim-
ilar sequences into families (”pattern”). Thereby, very similar families, which vary in only a few
point mutations can be analyzed collectively. The COMPAS software also allows for tracking the
frequency of sequences and patterns over several rounds of selection. With this so-called ”trac-
ing” a frequency and an amplification fold profile for each aptamer candidate can be obtained.
This profile can be very beneficial to screen for the most promising aptamer candidates, poten-
tially reducing the amount of binding experiments required to identify aptamer sequences with
the desired properties. The tracing profile can give valuable insights into the SELEX process and
can thereby help to understand and optimize the parameters leading to a successful selection.

In figure 3.11, the tracing of the 15 most abundant patterns is depicted. In agreement with
Sanger sequencing, the same two major sequence families (F1 and F2) could be identified as the
dominant patterns. For the full list of all 15 patterns see figure A.3 (page 104). As observed in the
”unique sequences” data, from the 7th round onwards a strong enrichment of patterns was revealed.
In the 11th round library, the patterns corresponding to F1 and F2 made up roughly 70% of the
total sequences.
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Figure 3.11. – Tracing of the 15 most abundant patterns of the APC test SELEX
Pattern 1 and 2 correspond to the same two dominant sequence families (F1 and F2) previously identi-
fied by Sanger sequencing. Together, those two families made up roughly 70% of the total 11th round
library, illustrating the very high degree of enrichment achieved during the selection.

In agreement with the Sanger sequencing and binding data, the NGS data showed a strong en-
richment of the FT2-N42 library towards APC. Two dominant aptamer sequences (F1 and F2)
could be identified, both containing the previously described APC binding motif. Having demon-
strated the capability of the newly developed library and methods to generate a canonical DNA
aptamer for APC, the next step, namely the introduction of nucleobase-functionalizations into the
SELEX process, could be approached.
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3.4. SELEX with C8-dU

As the first test-selection against APC was successful, validating the chosen SELEX conditions, a
SELEXwithmodified nucleotides could be attempted. In this case, a similar DNA library was used,
with the only difference being that the canonical thymidine residues were replaced by the alkyne
modified C8-dU nucleotides.

3.4.1. Library design of the FT2-N42-C8-dU library

As the non-modified FT2-N42 library was designed with the future application in mind, except
for the substitution of all thymidines with the respective alkyne-modified C8-dU nucleotide [123],
no further modifications to the library design were necessary. A schematic representation of the
FT2-N42-C8-dU library is depicted in figure 3.12.

5‘-CACGACGCAAGGGACCACAGG---N42---CAGCACGACACCGCAGAGGCA-3‘

N: dA:dG:dC:C8-dU = 1:1:1:1 C8-dU

NH

O

ON

O

DNA

DNA

a b

Figure 3.12. – Schematic representation of the FT2-N42-C8-dU library
a) The library is composed of a 42 nt random region (green) flanked by two 21 nt primer binding
sites (black). To avoid potential problems in the PCR, associated with the alkyne modification, the
primer binding sites were designed without any C8-dU nucleotides. In the random region an equal
distribution of all four nucleotides was desired yielding a theoretical statistical distribution of 10.5
functionalization sites per strand. b) Structure of alkyne-modified C8-dU nucleotide.

3.4.2. Amplification of the FT2-N42-C8-dU library

The first step towards the adaptation of the alkyne-library for SELEX was to verify the successful
incorporation of the C8-dU nucleotide by PCR and the efficient single strand displacement of the
modified antisense strand by λ-exonuclease.

3.4.2.1. Polymerase chain reaction with C8-dU

It had been shown that the C8-dU triphosphate could be incorporated into defined template
strands by Pwo polymerase [124], but as of yet no PCR with random libraries had been described.
However, using the same PCR conditions described in section 3.3.2.1 (page 22) equal product for-
mation with canonical thymidine triphosphate and with C8-dU-triphosphate could be observed
(figure 3.13).
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300 bp -

50 bp -
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Figure 3.13. – PCR amplification of the FT-N42-C8-dU library with C8-dU containing dNTPs
Ethidium bromide stained 4% agarose gel. 1) PCR products for the FT2-N42 library with canonical
nucleotides . 2) PCR products for the FT2-N42-C8-dU library with the C8-dU nucleotide. 3) Control
PCR reaction for the FT2-N42-C8-dU library without the C8-dU nucleotide. No double stranded
DNA product is detectable. 4) ”No template control” (NTC) PCR reaction without the addition of the
template DNA. No double stranded DNA product is detectable.

3.4.2.2. λ-Exonuclease digestion of C8-alkyne-DNA

Being able to amplify the C8-dU containing library by PCR, the next step was to generate sin-
gle stranded DNA needed for the next selection round. As expected, an efficient digestion by
λ-exonuclease was achieved.

Figure 3.14 shows the results for the λ-exonuclease digestion of theC8-alkyne containing library
in comparison to the non-functionalized library. Both libraries could be efficiently digested by the
enzyme enabling the use of λ-exonuclease digestion as amethod for the single strand displacement
of alkyne-modified libraries during click-SELEX.

300 bp -

50 bp -

M 1 2 3 4 5

Primer

 T:

C8-dU:
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-

+
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Figure 3.14. – λ-exonuclease digestion of the FT2-N42-C8-dU library
Ethidium bromide stained 4% agarose gel. 1) Unmodified FT2-N42 library before the treatment with
λ-exonuclease. 2) Unmodified FT2-N42 library after the treatment with λ-exonuclease. 3) FT2-N42-
C8-dU library before the treatment with λ-exonuclease. 4) FT2-N42-C8-dU library after treatment
with λ-exonuclease. 5) 3 pmol of solid-phase synthesized ssDNA library (FT2-N42-C8-dU) loaded as
a reference.
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3.4.3. Functionalization of the FT2-N42-C8-dU library by click chemistry

A key step towards a functional click-SELEX protocol is the capability to functionalize a DNA
library reliably before the selection step. For the establishment and validation of an efficient
click-reaction protocol, a 16 nt long test-oligonucleotide (Test-C8-dU: 5’-GCACTGT-C8-dU-
CATTCGCG-3’), similar to a previously described test-sequence, was used. [123] As a starting
point for the optimization recently described click-conditions [120] were used, utilizing the
water-soluble THPTA ligand instead of TBTA. For further details please refer to section 1.4.3.2
(page 15).

To establish the click-SELEX protocol, the focus had to be put on one proof of concept mod-
ification. From the examples published by SOMAlogic, it was known that empirically the func-
tional groups that produce the best nucleic acid ligands typically have hydrophobic aromatic char-
acter. [78] These types of side-chains are also commonly utilized by antibodies in their recognition
of protein antigens. [138,139] The indole group, also found in the side-chain of the amino acid trypto-
phan, was described to increase the success rate of aptamer identification against proteins strongly.
Based on this observation, 3-(2-azidoethyl)indole (hereinafter referred to as 1) (figure 3.15) was
chosen as first functionalization for click-SELEX.
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Figure 3.15. – Indole functionalization of alkyne-DNA
Alkyne-modified DNA is reacted with 3-(2-azidoethyl)indole (1) to form the functionalized library
for click-SELEX.

Using the following optimized click-conditions a full functionalization of the Test-C8-dU
oligonucleotide with indole azide 1 could be observed by high-performance liquid chromatogra-
phy coupled to mass spectrometry (HPLC-MS).

A 1mMCuI catalyst solutionwas freshly prepared by addition of 25 μl freshly prepared 100mM
sodium ascorbate solution to 75 μl 1:4 CuSO4/THPTA solution (1mM and 4mM final concentra-
tion respectively). The click reactions were performed in 100 μl final volume. Therefore, 10 μl
of a 10mM azide solution in DMSO was added to 80 μl of DNA solution in 100mM phosphate
buffer (pH 7.0). The click reaction was started by addition of 10 μl catalyst solution, incubating
the reaction mixture for 60min at 37 °C and 800 rpm.
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3.4. SELEX with C8-dU

After incubation the samples were purified and buffer exchanged to water with Amicon Ultra
centrifugal filters (3 kDa cutoff) according to the manufacturer’s recommendation. Samples of
the Test-C8-dU oligonucleotide before and after functionalization were analyzed by HPLC-MS as
described in section 5.3.1 (page 91). Figure 3.16 summarizes the results for the functionalization
of the test-oligonucleotide with indole azide 1.
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Figure 3.16. – HPLC-MS analysis of the click-reaction with Test-C8-dU
a) Prior functionalization the test-oligo (Test-C8-dU) eluted after 14.0min. A mono-isotopic mass of
4937.1 could be detected. b) After functionalization of the test-oligonucleotide with indole azide 1, the
DNA (Test-C8-dU-1) eluted after 15.1min. Near quantitative conversion to the desired product with
a mono-isotopic mass of 5124.1 could be detected.

After having established an efficient click-reaction protocol, capable of full functionalization of
the Test-C8-dU oligonucleotide, the next step was to validate the protocol with libraries contain-
ingmultiple modifications per strand. Using the same click-conditions (section 5.2.1, page 90) the
FT2-N42-C8-dU DNA library with statistically 10.5 alkynes per strand could be fully functional-
ized. AsHPLC-MS can not directly analyze complex DNAmixtures, the library was enzymatically
digested to the individual nucleosides as described in section 5.2.4.1 (page 91).

Briefly, 3 μl of 10 x S1 nuclease reaction buffer (Life Technologies) was added to 200 pmol DNA
in 27 μl water. After addition of 0.5 μl S1 nuclease (100U/μl), the samples were incubated for
60min at 37 °C and 800 rpm. 3.5 μl 10 x alkaline phosphatase buffer (Promega) and 0.5 μl alka-
line phosphatase (CIAP) (1U/μl), 0.5 μl snake venom phosphodiesterase I (5U/μl) and 0.5 μl Ben-
zonase nuclease (250U/μl) were added. The samples were incubated for 120min at 37 °C and
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3. Results

800 rpm. After digestion, the samples were heated to 95 °C for 3min and centrifuged for 3min
at 12000 rcf. Samples of the FT2-N42-C8-dU library before and after functionalization were ana-
lyzed by HPLC-MS as described in section 5.3.2 (page 92).

The results for analytical HPLC-MS runs with the digested FT2-N42-C8-dU library, before and
after functionalization are depicted in figure 3.17.
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Figure 3.17. – Investigation of the click reaction with the C8-dU containing library
a) HPLC-MS analysis of the C8-dU start library before CuAAC functionalization with indole azide 1.
To assess the yield of functionalized C8-dU the samples were enzymatically digested to single nucle-
osides. b) After the reaction, full conversion to the product (C8-dU-1) could be observed. Even by
mass spectrometry no unreacted C8-dU could be detected.

3.4.4. Adaptation of the magnetic bead-based selection method

In the first selection attempt with the C8-dU modified library, the same selection method and
conditions as for the successful test SELEX were used. However, for the functionalization of the
library with the desired indole moiety, the previously established additional click-reaction step
had to be included (section 3.4.3, page 34).

3.4.5. Magnetic bead-based SELEX against APC

Theselectionwas carried outwith the same conditions as the test-selection. 500 pmol of the indole-
functionalized start library was incubated with 500 μg of non-conjugated streptavidin beads to
remove the unwanted matrix binding sequences. The supernatant was incubated for 30min at
37 °Cwith 500 μgAPC loaded beads in a total volume of 200 μl. Thebeadswere thoroughlywashed
two times (30 s and 5min) with 200 μl SELEX buffer to remove non-specific binding DNA and the
enriched library was eluted with 85 μl water from the beads by heat denaturation (80 °C for 3min).
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3.4. SELEX with C8-dU

In the first selection attempt with the indole-functionalized C8-dU library, the enriched library
was amplified in a total volume of 800 μl PCR reaction. However, due to the strong dilution of
the DNA the PCR failed to produce enough material for the next selection round in an acceptable
number of PCR cycles (compared to a control PCR reaction without added template DNA).

To overcome the amplification problems associated with the very small amount of eluted DNA,
a two-step PCR protocol was employed. Therefore, all eluted DNA was first amplified in a 100 μl
PCR reaction and the resulting PCR product was subsequently further amplified in a second 800 μl
PCR reaction. PCR product formation was always carefully monitored by gel electrophoresis and
stopped as soon as the desired product band could be detected on ethidium bromide stained 4%
agarose gels.

Single strand displacement of the double-stranded PCR product was carried out by λ-
exonuclease digestion, and the resulting single strand DNA was purified via spin-columns.
The purified single strand DNA was indole-functionalized as described in section 5.2.1 (page 90)
and applied in the next SELEX round. To increase the selection pressure, the stringency of
the washing steps was gradually increased up to a maximum of eight washing steps during the
selection.

Figure 3.18 summarizes the results obtained after the PCR amplification from each individual
SELEX round. From round three onwards by-product formation could be detected, including
a shorter second band, possibly representing a shorter PCR by-product or secondary structure.
Regardless of this by-products, the SELEX was continued for a total of ten rounds.

R1          R2        R3        R4        R5        R6        R7        R8        R9        R10
300 bp -

50 bp -

Figure 3.18. – PCR products for bead-based C8-dU-SELEX against APC
Ethidium bromide stained 4% agarose gel depicting the PCR products from all ten SELEX rounds.
For every selection round, an intense band corresponding to the PCR product of the correct length
could be obtained. From round three onwards by-product formation could be detected, including a
shorter second band, possibly representing a shorter PCR by-product or secondary structure. Due to
increasing by-product formation the library of round ten was subjected to fewer PCR cycles.

To investigate the success of the selection, the indole-functionalized library after ten rounds of
selection was analyzed for APC binding in a filter retention assay. As controls, the functionalized
library after one round of selection and the non-functionalized library of the 10th round were
prepared. The samples were labeled with a radioactive 32P phosphate group at the 5’ end and
measured as described in section 5.5.1 (page 95).
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Figure 3.19 depicts the results of the filter retention assay. In contrast to the previous test SELEX
with canonical DNA, in this selection attempt, no improvement of binding affinity was observable.
However, an enhanced maximal binding capacity from 30% for R1-1 to 60% for R10-1 was ob-
served.
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Figure 3.19. – Filter retention assay of the bead-based SELEX against APC
The functionalized library after 10 rounds of selection (R10-1, filled out red circles) did not show
a higher binding affinity than library after one round of selection (R1, grey squares). For the non-
functionalized 10th round library (R10 non-filled out red circles) no binding to APC could be observed.
An enhanced maximal binding capacity from 30% for R1-1 to 60% for R10-1 was observed.

3.4.6. Identification of aptamer candidates from the bead-based SELEX

3.4.6.1. Cloning and Sanger sequencing of the bead-based SELEX against APC

To further analyze the outcome of the selection, the library of the 10th round was cloned into a
vector and transformed into competent cells with the TOPO-TA Cloning kit (Life Technologies)
according to the manufacturer’s recommendation. Before cloning the sample was PCR ampli-
fied with Taq polymerase. After plasmid preparation of successfully transformed colonies, 50 μl
plasmid-DNA (30 ng/μl) was sent to GATC-Biotech for Sanger sequencing, amplified with the
M13 reverse primer.

In agreement with the shortening of the library observed during the selection, only 8 of the
17 sequenced clones showed a full length 42 nt random region. All of the eight full-length se-
quences were orphans, so that no promising aptamer candidates could be selected from this data
set (figure 3.20). A complete list of all sequencing results is depicted in figure A.4 (page 105).
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3.4. SELEX with C8-dU

C1:  GCATACCCCGAGCCTAACTGCGAAGCAATGCCAGCGACTGGC

C2:  AAAAGAGGGGGGAGGCGGGAGCGCACGACTTTGGGAACCCGA

C3:  GAGGCGGACACCGCGCGGAGCTGAGGACGCCGAATCGCTTCA

C4:  GCTCGATCGAGGTAAAAAGAGGGAGCCGACGGGAGCCTGGAA

C5:  GGAGACCAAGGGCGGGGAGAGGCCGCACGGCTTTCGGAAGCG

C6:  TAGGCCGCGGGAACTGGGGCCAACTGTCGGCAGCCCAAGTTG

C7:  AGCAGAGCCGGCGAGGCTGAACCCTAGAGACGCGATCATCGG

C8:  GGCGAGTATGGCCATCCGGCGCGCCAAGAGAAGAATACAAAG

Figure 3.20. – Sequencing results for the bead-based SELEX against APC
Eight full-length sequences could be obtained. As none of the sequences was detected in multiple
copies, no promising aptamer candidates could be selected from this data set.

3.4.6.2. Next-generation sequencing of the bead-based SELEX against APC

Although the filter retention analysis and the Sanger sequencing data of the 10th round library
suggested that no enrichment could be obtained, to get a better insight into the SELEX process, a
NGS analysis as described in section 3.3.5.2 (page 28) was performed.

Unique sequences
Figure 3.21 shows the analysis of unique sequences over all sequenced selection rounds. In con-
trast to the previous selection, even after ten rounds of SELEX, only a moderate decrease in the
relative frequency of unique sequences down to approximately 70% could be observed. Together
with the lack of increase in binding affinity, this data suggest that not sufficient enrichment of the
library could be obtained during the ten rounds of selection.
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Figure 3.21. – Analysis of unique sequences for the C8-dU-SELEX against APC
After ten rounds of SELEX, only a moderate decrease in the relative frequency of unique sequences
could be observed.
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Character statistics
The character statistics for the C8-dU start library and the 10th round library are depicted in fig-
ure 3.22. The start library shows an equal distribution of all four nucleobases over all positions
of the random region. However, the relative amount of EdU nucleotides is only around 20%, re-
sulting in an average amount of 8.5 C8-dU nucleotides per strand. After ten rounds of selection,
no position-specific enrichment of nucleobases could be observed. However, a strong decrease
in the overall sequence length of the library could be observed, indicating an undesired selection
pressure towards shorter sequences. For additional character statistics see figure A.5, page 105.
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Figure 3.22. – Character statistics for the start library and the 10th round of the APC-SELEX
a) Statistical base distribution in theC8-dU start library, showing an equal distribution of all four nucle-
obases over all 42 positions of the random region. b) Statistical base distribution over all 42 positions
of the random region after ten rounds of selection. Even after ten rounds of selection no position-
specific enrichment of nucleobases could be observed. In contrast, a shortening of the random region
was observed.

Pattern and tracing
In contrast to the test SELEX, in this case, no full-length pattern could be identified. This lack of
potential aptamer candidates is in agreement with the other sequencing results, which all indicate
that no successful enrichment could be obtained.
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3.4. SELEX with C8-dU

3.4.7. Validation of aptamer candidates from bead-based SELEX

Although sequencing data and the binding data of the 10th SELEX round indicated that this se-
lection attempt did not yield high-affinity aptamer sequences, a filter retention analysis of all full-
length sequences obtained by Sanger sequencing was performed.

Figure 3.23 summarizes the results of binding assays with all full length sequences. From all
tested sequences only clones C4-1, C3-1 and C5-1 showed signs of a concentration-dependent
binding in the range of the tested concentrations. Based on these results additional experiments
with the most promising aptamer candidate C4-1 were performed. In contrast to the previous ex-
periment, including only the monoclones, in this experiment C4-1 was compared to the function-
alized first round library (Round 1-1) as a control. In comparison to this control, no differences
between the library and C4-1 could be identified, showing that no high-affinity aptamer candidate
was obtained.
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Figure 3.23. – Filter retention assay for monoclones from the bead-based APC SELEX
a) Only C4-1, C3-1, and C5-1 showed a concentration-dependent binding in the range of the tested
concentrations. b) In direct comparison with the first round library (R1-1), clone C4-1 did not show
any increased binding affinity towards APC.
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In summary, no enrichment of the FT2-N42-C8-dU library and, therefore, no identification of
any aptamers could be achieved using the magnetic bead-based selection method.

3.4.8. Change of selection method to capillary electrophoresis (CE-SELEX)

As insufficient selection pressurewas applied in the previous selection, amethod to generate higher
selection pressure through better separation of the bound complex species from the non-binding
sequences was desired. To achieve this goal, a shift from a bead-based separation to a capillary
electrophoresis-based separation was planned.

As described in section 1.2.3.2 (page 6), capillary electrophoresis offers a very high degree
of separation, while operating in solution. Thereby, non-specific background binding of the li-
brary to the matrix can be reduced. The CE-SELEX was performed in collaboration with Nasim
Shahidi-Hamedani and Jens Müller from the Institute of Experimental Haematology and Transfu-
sion Medicine (IHT) in Bonn.

3.4.9. CE-SELEX with FT2-N42-C8-dU library against APC

The indole-functionalized C8-dU starting library (3 μM final concentration) and APC (3 μM final
concentration) were incubated in B15 buffer (Tris [25mM], NaCl [30mM], KCl [1mM], CaCl2
[1mM], MgCl2 [1mM], pH 8.3). This buffer system was developed by Nasim Shahidi-Hamedani,
containing salt concentrations suitable for capillary electrophoresis [58].

Three consecutive 20min separation runswere performed as described in section 5.4.2 (page 93)
and collected in 80 μl B15 buffer. The eluted DNA (enriched library) was PCR amplified as de-
scribed in section 5.1.2 (page 87). The first PCR product was divided into 16 aliquots and further
PCR amplified. As a backup of this SELEX round, 10% of the purified dsDNAwas stored at -20 °C.
The purified amplified double stranded library was processed to single strandDNA as described in
section 5.1.5 (page 88). Before the next SELEX round the ssDNA was functionalized with indole
azide 1 as described in section 5.2.1 (page 90).

In total five rounds of SELEX, following the same protocol as in the first round, were performed.
However, to increase the selection pressure the DNA and APC concentration were reduced as
summarized in table 3.1.

Table 3.1. – Summary of protein and DNA concentrations used for CE-SELEX.

Round APC [μM] DNA [μM]
1 3 3
2 0.23 3
3 0.3 0.3
4 0.1 0.06
5 0.3 0.12
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3.4. SELEX with C8-dU

Figure 3.24 depicts the PCR products obtained from all five selection rounds that were per-
formed during the CE-selection.

R1        R2       R3       R4        R5
300 bp -

50 bp -

Figure 3.24. – PCR products for CE-SELEX against APC
Ethidium bromide stained 4% agarose gel depicting the PCR products from all 5 SELEX rounds. For
every selection round an intense band corresponding to the PCR product of the correct length could
be obtained. Due to increasing by-product formation the library of fifth round was subjected to fewer
PCR cycles.

Figure 3.25 shows the electropherograms for the first three SELEX rounds. Although the con-
centration of the DNA and the protein were reduced from round to round, an increased signal
with the retention time of the complex (10-12min) was measured. This increase in signal in-
tensity, indicative for an increase in complex formation, suggested an enrichment of the indole-
functionalized FT2-N42-C8-dU library towards APC binding.
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Figure 3.25. – Electropherograms for the first three SELEX rounds of the CE APC-SELEX
Although the concentration of the DNA and the protein were reduced from round to round (table 3.1),
an increased signal with the retention time of the complex (10-12min, black circles) was measured.
The spikes in the electropherograms represent measuring artefacts due to e.g. air bubbles.

3.4.10. Identification of aptamer candidates from CE-SELEX

3.4.10.1. Cloning and Sanger sequencing of CE-SELEX

As the electropherograms of the selection indicated a potential enrichment of APC binding se-
quences, the 5th round library was cloned into plasmids and 30 monoclones were sent to GATC
for Sanger sequencing.

The full list of all sequencing results is listed in figure 3.26 (page 45). Surprisingly, no enrich-
ment of sequence families or motifs could be detected. As the relatively small sample size of 30 se-
quences was not enough to identify potential aptamer candidates, a larger sample size was needed.
Therefore, a NGS analysis of all five selection rounds was prepared.
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C1:  CGATGGATAGGCTCTATCAGGGGTTGGCTGGTGTACGGTGGA

C2:  CTGTATAAGGCGAATAGGTGCAGTAACCTATCTGGCTGGCTG

C3:  GTTGCATAAAGGGTGAAGGGTTTAGGGGGTTGAAATTGGGAA

C4:  CTACATAGGGGGTTAGTGAGTAGGGGGGTAGCACTTGTGGTC

C5:  CTGTGAACCAAGGTCTAGCTTGCTATCCTGGGACATCCAGGA

C6:  GCGGGGGGCGAATCGATGTGGATGACGTGCCAAGCAGCTAAA

C7:  CCAACTGATGATAAACAGGATACAGCATTGGGGATGCCCAAG

C8:  ACGGCTAATGCAAA

C9:  GCGGCTAATGCAAA

C10: GTTTAAGGGGTGTTAAATGGCTCAGGCTGGATGGCTAATACT

C11: CTGGCCATTCGGAGGGTGTGAACTTCCACAGCTTGATCAAG

C12: GCAGGAGGGGTATGGCTTAACAGGGCGTGGGGGTTGGTTTCG

C13: TGATCATTATGGTAAGACGCCGAATGGGCAGGTTTGGACGGG

C14: CTGATTAAAGTTTGTGCCTCAGGGCGCGTGGTAACAGTGTGG

C15: CTGGATGAGTAGGTGTGGTAGGGTGGAGGGGGGCACTCCAAC

C16: CTACATAGGGGGTTAGTGAGTAGGGGGGTAGCACTTGTGGTC

C17: CAAAGCGGGCCATGAGATGGTAGGTAGCCAAGGCTAAGTAA

C18: GTGACACGTGGCAGAGGGTTGGAGTAGTAAGGGGTAGGTGCA

C19: GTGTGCATTAGACGATTGCACTGGGATTGATAGGGTGTTGGC

C20: TGGCATAACTAGCAGTTATTCAACTTGGGGGTTGGCGAGGGG

C21: GTTAGGACGGAATAG

C22: CTAGACGAAGTTGTATTATGATGAACTTAGGGTGGGGCAGTT

C23: GTGGAAGCGTGTCGACAAGGTAGGCTGGGAGGTTAGAAGCG

C24: TAAAGAAGGGGGTAGCATAACCTAAGTTGGTTCTGGGGCTGG

C25: GCTTAAATGGTGCGTTGCCAGGGTCTGAGGTTTCGCCCCGGG

C26: GTACGATGGGGGCTAATCCAGCTACATGGAGTGTCAAGGGGG

C27: GTAGGACGCGGTACGTGAGCCCTGTGCGTTGCCCCGTGCACG

C28: CTGGCACATGACTACGTTAAAATGGCCTCGCCTTTAAGCTAA

C29: CTGTAGTAGGTCGTCTAAATCAGGGGGTGTCCAACGTGGGGG

C30: CTGAGCAGGGCTAGGGTAGGCGTTGATCAGCAGGCAGCTTCA

Figure 3.26. – Sequencing results for the CE-SELEX with C8-dU against APC
The sequence of 27 full-length mono-clones could be identified from the library of the 5th SELEX
round.

3.4.10.2. Next-generation sequencing of CE-SELEX

In the hope of obtaining a better understanding of the outcome of the CE-SELEX a NGS analysis,
as described in section 3.3.5.2 (page 28), was performed. Each SELEX round was PCR amplified
with a different set of primers allowing formultiplexing of 12 different SELEX round on one lane of
the sequencer. After indexing PCR, the 12 samples weremixed, and Illumina adapters were ligated.
For adapter ligation with some adaptations, the TruSeq DNA PCR-Free (LT) sample preparation
kit was used.

Sequencing was performed on an Illumina HiSeq 1500 instrument in collaboration with the
group of Prof. Joachim Schultze (LIMES, Bonn). 100 bp single end reads were performed. After
sequencing the data analysis of the raw sequencing data was done byDr. Carsten Gröber at AptaIT
(Munich) using the COMPAS software.
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Unique sequences
As the first indicator for a successful enrichment, the relative frequency of unique sequences was
analyzed (figure 3.27). In contrast to the previous test selection with canonical nucleotides, no
clear decrease in the relative frequency of unique sequences could be observed. Even after five
rounds of CE-selection still almost 80% of the library were present as a unique sequence, indicat-
ing that no enrichment of specific APC binding sequences could be obtained.
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Figure 3.27. – Analysis of unique sequences for the CE-SELEX against APC
No clear trend could be observed. Even after five rounds of CE-selection still almost 80% of the library
were present as a unique sequence, indicating that no enrichment of specific APC binding sequences
could be obtained.

Character statistics
The character statistics for the C8-dU start library and the round 5 library are depicted in fig-
ure 3.28. The start library showed an equal distribution of all four nucleobases over all positions
of the random region. However, it is noticed that the relative amount of EdU nucleotides was only
around 20%, resulting in an average amount of 8.5 C8-dU nucleotides per strand. Even after five
rounds of CE based selection, no position specific enrichment of individual nucleotides could be
observed. For additional character statistics please refer to figure A.6 (page 106).
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Figure 3.28. – Character statistics for the start library and the 5th round of the CE-APC-SELEX
a) Statistical base distribution in the C8-dU start library, showing an equal distribution of all four
nucleobases over all 42 positions of the random region. b) Statistical base distribution over all 42 posi-
tions of the random region after five rounds of selection. Even after five rounds of CE based selection,
no position specific enrichment of individual nucleotides could be observed.

Pattern and tracing
Even with around 100,000 sequenced DNA strands from the last selection round, no meaningful
pattern formation could be performed. Therefore, as with the Sanger sequencing data, no potential
aptamer candidates could be identified by NGS.

3.4.11. Validation of aptamer candidates from CE-SELEX

Because the electropherograms of the selection indicated an increased binding ability of the later
selection rounds towardsAPC, additional binding assayswith the enriched librarywere performed.
As the selection was performed in solution, a solution based binding assay was desired to reduce
the risk that immobilization of the target might have an adverse effect towards the binding affinity
of the library. For that reason, microscale thermophoresis (MST) measurements were performed.

MST depends on themeasurement of themovement in amicroscopic temperature gradient. [75]

Interaction of two molecules leads to a reorientation of the hydration shell, thereby affecting the
thermophoretic properties. [76]

To establish the MST assay, as a positive control, the HS02-52G aptamer against APC was
used. [133] As described in section 5.5.2 (page 96) 16 glass capillaries were prepared by dipping
the capillaries in 10 μl of a protein dilution series containing a constant concentration of Cy5 la-
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beled DNA (10 nM) in the respective selection buffers. To reduce non-specific interactions such
as the adsorption to the capillary walls, the following three components were added to the buffer:
BSA (0.1%), TWEEN-20 (0.1%) and salmon sperm DNA (0.1 mg/ml).

A summary of the MST results is graphed in figure 3.29. For the positive control (HS02-52G,
blue squares) a concentration-dependent binding curve could be obtained, fromwhich a KD of 9.4
± 0.9 nM could be calculated. For the indole-functionalized start library (SL-1, gray circles) and
the library after five rounds of CE-SELEX (5-1, red diamonds) no binding could be measured.
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Figure 3.29. – MST binding data against APC
For the positive control (HS02-52G, blue squares) a concentration-dependent binding curve could be
obtained, fromwhich aKD of 9.4 ± 0.9 nMcould be inferred. For the indole-functionalized start library
(SL-1, gray circles) and the library after five rounds of CE-SELEX (5-1, red diamonds) no binding could
be measured.

In conclusion, even after several selection attempts and optimizations, all selections with the
C8-dU libraries failed to show any enrichment towards the desired target structures. Therefore, a
careful re-evaluation of all selection parameters was necessary. In search of an explanation for the
lack of the appropriate selection pressure, the choice of the relatively long and very flexible alkyne
linker of the C8-dU was questioned.

3.5. SELEX with EdU

Unsatisfying results for the selection attempts with C8-dU led to the conclusion to change the
alkyne modified nucleobase from C8-dU to EdU. This shift in nucleobase choice was driven by
the assumption that the relative long aliphatic C8 linker found in C8-dU gives the molecule too
much flexibility, preventing a positive contribution of the modification to the binding affinity.
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As discussed in section 1.4.3.2 (page 15) alternative alkynemodified nucleobaseswere described
in the literature and were commercially available. Therefore, a selection attempt with the sterically
more constricted EdU was conceived.

Because EdU is very similar in structure to the canonical thymine nucleobase, an easy adapta-
tion of all required methods was estimated. The following chapter describes the adaptation of the
click-SELEX process towards EdU, leading to a successful selection against the new model-target
C3-GFP.

3.5.1. Library design of the FT2-N42-EdU library

The FT2-N42-EdU library was designed with the same principles in mind as the previously suc-
cessfully employed FT-N42 library. However, this time, all thymidine residues were substituted
by EdU instead of C8-dU. Also, to facilitate the detection and quantification of the DNA, a Cy5
fluorophore was introduced at the 5’ end. A schematic representation of the FT2-N42-EdU library
is depicted in figure 3.30

5‘-Cy5-CACGACGCAAGGGACCACAGG---N42---CAGCACGACACCGCAGAGGCA-3‘

N: dA:dG:dC:EdU = 1:1:1:1

NH

O

ON

O

DNA

DNA

EdU

a b

Figure 3.30. – Schematic representation of the N42-EdU library
The FT2-N42-EdU library is composed of a 42 nt random region (green) flanked by two 21 nt primer
binding sites (black). To avoid potential problems in the PCR, associatedwith the alkynemodifications,
the primer binding sites were designed without any thymidine nucleotides. In the random region, an
equal distribution of all four nucleotides was desired. To facilitate the quantification and interaction
analysis a Cy5 fluorophore was introduced at the 5’ end.

3.5.2. Amplification of the FT2-N42-EdU library

Due to EdU’s strong similarity to the canonical thymine nucleobase, no major incompatibility
problems were anticipated. However, the compatibility of EdU containing libraries with the
enzymatic reactions needed for the selection process had to be verified. As expected, PCR and
λ-exonuclease digestion were shown to be fully compatible with the EdU containing library
(figure 3.31). EdU containing DNA behaved equally to C8-dU containing DNA in all enzymatic
reactions and purification properties so that the EdU containing library could be used for SELEX
without further adaptation of the required methods.
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Figure 3.31. – Adaptation of PCR and λ-exonuclease digestion to EdU library
a) Enzymatic incorporation of EdU into the dsDNA library with EdUTP compared to the canonical
dTTP. b) λ-exonuclease based single strand displacement of EdU incorporated dsDNA compared to
the thymidine-containing equivalent.

3.5.3. Functionalization of EdU by click chemistry

In the initial consideration for which of the alkyne modified nucleobases to work with, C8-dU
was preferred over EdU because it was reported for EdU to show inferior reaction yields [122,123].
With the optimized protocol described in section 3.4.3 (page 34) nearly quantitative reaction yields
were observed for C8-dU containing DNA.Therefore, the same conditions were applied to test the
click-reaction yield of EdUcontainingDNA, utilizing a short test-oligonucleotide bearing only one
alkyne modification per strand (Test-EdU: 5’-GCACTGT-EdU-CATTCGCG-3’).

Figure 3.32 shows the results of the HPLC-MS analysis of Test-EdU before the click-reaction,
whereasfigure 3.33 depicts the results after the functionalizationwith indole azide 1. In agreement
with the published results, only approximately 80% yield could be detected for the EdU contain-
ing oligo, whereas previously for the C8-dU containing oligonucleotide quantitative conversion
could be observed. This was not only true for indole azide 1, but also for all other investigated
azides. Optimization attempts modifying the click conditions and the use of a ”next generation”
stabilizing ligand (BTTAA) [128] were not successful in increasing the reaction yield. Nevertheless,
functionalization experiments with the EdU containing library (FT2-N42-EdU) were performed.

Interestingly, when the PCR amplified, EdU containing library was analyzed for click-reaction
yield, no residual EdU nucleoside could be detected by HPLC-MS (figure 3.34). This counter-
intuitive result had previously been described, however, at the time no fully conclusive explana-
tion for this observation could be determined. [124,140] Later, new experimental results and a newly
published article allowed for the full elucidation of this finding. A detailed analysis of this phe-
nomenon is described in section 3.5.8 (page 71).

At this point, after having shown to be able to fully functionalize EdU containing DNA libraries
with indole azide 1, all methods for SELEX were established, and a new SELEX approach could be
started.

50



3.5. SELEX with EdU

Test-EdU

Calc.: 4857.8

Found: 4857.8

0

5

10

15

6 7 8 9 10 11 12 13 14 15 Time [min]

4857.8
-MS, 10.3-10.4 min, Deconvoluted

0.0

0.2

0.4

0.6

0.8

4000 5000 6000 m/z

20

In
te

n
si

ty
 [

x1
0

6
]

A
b

so
rb

a
n

ce
 [

m
A

U
]

1.0

Figure 3.32. – HPLC-MS analysis of the EdU containing test-oligonucleotide
Prior functionalization the test-oligonucleotide eluted after 10.3min. As calculated a mono-isotopic
mass of 4857.8 could be detected.
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Figure 3.33. – Investigation of the click-reaction with a EdU containing test-oligonucleotide
After functionalization of the test-oligo with indole azide 1 the DNA eluted after 11.9min. Approx-
imately 80% of the product with a mono-isotopic mass of 5043.9 could be detected. The remaining
20% DNA eluted at the same retention time as the Test-EdU oligo, however for this DNA an increased
mono-isotopic mass of 4876.0 was measured. For further information please refer to section 3.5.8
(page 71).
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Figure 3.34. – Investigation of the click reaction with the EdU containing library
HPLC-MS analysis of the EdU start library before (upper trace) and after (lower trace) CuAAC func-
tionalization with indole azide 1. To assess the yield of functionalized EdU the samples were enzymat-
ically digested to single nucleosides. After the reaction no unreacted EdU could be detected by mass
spectrometry.

3.5.4. Change of target protein and immobilization strategy

In addition to moving from a C8-dU to an EdU-containing library, the choice of a different model
target was considered. Initially, APCwas chosen as amodel target due to its good addressability by
nucleic acid libraries, being considered as ”easy” first target to validate the click-SELEX technique.
However, as the previous unsuccessful selection attempts suggested, it might not be the optimal
target for the selection with hydrophobic modifications. Therefore, to rule out that the problems
in enriching a modified library were simply due to an unlucky choice of the model target, a more
suitable new target was selected.

GFP was chosen to be a better model target due to several reasons. It is a fairly stable and
commercially available protein with widespread use throughout the life-sciences. Its fluorescence
properties make it easy to monitor when loading on to the magnetic beads, facilitating the valida-
tion of this important step. To our knowledge therewere only RNA [141], but noDNAaptamers [142]

available for GFP, making a more stable and cheaper to produce DNA aptamer highly desirable.
The green fluorescent protein (GFP) is a protein that exhibits bright green fluorescence when

exposed to light in the blue to ultraviolet spectrum. The use of GFP and its derivatives has fun-
damentally redefined fluorescence microscopy. Due to its enormous importance for modern cell
biology, Martin Chalfie, Osamu Shimomura, and Roger Tsien were awarded the 2008 Nobel Prize
in Chemistry for their discovery and development of this protein.

GFP has a beta-barrel structure consisting of eleven β-strands, with an alpha helix containing
the covalently bonded chromophore 4-(p-hydroxy benzylidene)imidazolidin-5-one (HBI) run-
ning through the center. In wt-GFP HBI, which is formed of the tri-peptide Ser/Tyr/Gly, exists
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mainly in the unionized phenol form. However, a single point mutation (S65T) dramatically im-
proves the spectral characteristics of GFP by deprotonatingHBI to the phenolate form. This results
in increased fluorescence, photostability, and a shift of the major excitation peak to 488 nm. The
excitation maximum matches better with the spectral characteristics of commonly available filter
sets, increasing the practicality of use by the general researcher. [143]

Since this discovery, many mutated forms have been described in the pursue to improve proper-
ties of GFP. These optimizations usually fall into two categories: In one line of research, as already
described, the fluorescent properties of the protein are altered. The other optimization goal, how-
ever, is aimed at the improvement of the folding properties of GFP at 37 °C.

One such optimized variant, which itself was identified in an in vitro selection experiment, is
”cycle3-GFP” (C3-GFP) used as a target protein in this study. [144] As a control protein, monomeric
E-GFP (mE-GFP) was used. Belonging to the E-GFP family this version contains the S65T point
mutation in addition to some mutations associated with improved folding properties at 37 °C, re-
ducing its tendency to multimerization and aggregation.

Figure 3.35 shows the structure of wt-GFP with the positions of the point mutations found on
the surface of C3-GFP and mE-GFP highlighted in red. A detailed analysis of all mutations found
in C3-GFP and mE-GFP is shown in figure A.7 (page 107).

Together with the change of the target protein, a change in the immobilization matrix on the
magnetic beads was executed. Therefore, cobalt-functionalized magnetic beads were chosen. On
these beads proteins can be immobilized via a His-tag sequence. Many recombinant proteins are
expressed with a His-tag, making this method easily adaptable to many other proteins. The use
of His-tagged proteins spares the biotinylation step, facilitating the immobilization process and
preserving potential binding epitopes on the surface of the protein, which could potentially be
blocked by the biotinylation-agent. With fewer modifications to the protein and its structure, the
chance of selecting an aptamer that is capable of recognizing the native, unmodified protein is
increased. As an additional advantage over the previously used streptavidin coated beads, no ad-
ditional potential target protein is presented, reducing the risk of accidentally selecting matrix
binding aptamers.
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Figure 3.35. – Crystal structure of the green fluorescent protein (GFP)
Crystal structure of wt-GFP (PDB: 1GFL) highlighting mutated amino acids found in C3-GFP or mE-
GFP. In red are mutations on the surface of the protein. In gray are mutations inside the barrel struc-
ture.

3.5.4.1. Immobilization of GFP on cobalt-functionalized magnetic beads

Commercially available C3-GFP (Life Technologies) was immobilized via its His-tag on cobalt-
functionalized magnetic beads as described in section 5.4.3.1 (page 94). Briefly, 25 μl of resus-
pended cobalt Dynabeads (His-Tag Isolation and Pulldown kit) (40mg/ml) were washed three
times with 500 μl SELEX buffer and resuspended in 500 μl SELEX buffer. 500 μl of a 3.5 μMprotein
solution in SELEX buffer was added and incubated for 30min at 25 °C at 800 rpm. The protein-
loaded beads were washed three times with 500 μl SELEX buffer and resuspended in 500 μl SELEX
buffer.

To check the success of the protein immobilization on the beads, GFP’s inherent fluorescence
properties were exploited. In addition to the protein immobilization, the elution of the protein
with imidazole was analyzed. Therefore, 100 μl of a 300mM imidazole solution was added to
5 μl of the C3-GFP loaded beads and incubated for 15min at 37 °C. As a control, unloaded beads
treated in the same way as the GFP coupled beads were prepared. Each tube of bead sample was
filled up to 200 μl with D-PBS and 50000 events were measured in the FITC channel of a flow
cytometer (FACSCanto II from BD Biosciences).
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The results are depicted in figure 3.36. Evident by the increase in green fluorescence of the
beads after addition of GFP, the immobilization was successful. After treatment with imidazole,
the green fluorescence is strongly reduced indicating a successful elution of the protein.
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Figure 3.36. – Immobilization and elution of C3-GFP frommagnetics beads
Flow cytometry analysis of bead functionalization with C3-GFP. C3-GFP loaded beads (green) show
a strong increase in fluorescence intensity compared to non-functionalized beads (black). Upon treat-
ment with 300mM imidazole solution for 15min C3-GFP is efficiently eluted from the beads (grey).

Having validated the immobilization and elution protocol the beads could be used for SELEX.
The successfully coupled beads were stored at 4 °C until further usage.

3.5.5. SELEX with FT2-N42-EdU library for C3-GFP

The SELEX strategy for the new selection attempt was kept as similar as possible to the previous
strategy with the streptavidin beads. Again, 3-(2-azidoethyl)indole 1 was used for the function-
alization of the library. However, DNA recovery after the selection step was achieved by affinity
elution of the target protein with imidazole. With affinity elution, larger amounts of DNA could be
eluted from the beads, allowing a reduction in necessary PCR cycles and reaction volume during
the selection.

The selection was carried out as described in section 5.4.3.2 (page 94). Briefly, the beads were
washed three times with 200 μl SELEX buffer to remove unspecific binding DNA and the enriched
library was eluted from the beads by addition of 100 μl of a 300mM imidazole solution. The eluted
DNA was PCR amplified in a total volume of 800 μl and purified as described in section 5.1.3
(page 87). The PCR product formation was monitored on 4% agarose gels. 10% of the purified
PCR product from each selection round was stored as a backup. Single strand displacement of
the double-stranded PCR product was carried out by λ-exonuclease digestion. The purified single
strand DNA was again functionalized with indole azide 1 and applied in the next selection round.

To increase the selection pressure, the amount of magnetic beads was reduced and the washing
time was increased during the SELEX. An overview of all the PCR products obtained after each
SELEX round is displayed in figure 3.37.
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Figure 3.37. – PCR products of the SELEX with EdU against GFP
Ethidium bromide stained 4%agarose gel showing the PCR products from all 15 SELEX rounds. For
every selection round an intense band corresponding to the PCR product of the correct length could
be obtained.

After eleven rounds of selection, the enriched library was tested for binding to C3-GFP by flow
cytometry. As described in section 5.5.3 (page 96), 45 μl of a 500 nM solution of DNA from the
11th round and the start library (each with and without indole-functionalization) were incubated
for 30min at 37 °C with 5 μl of the C3-GFP loaded beads. The beads were washed two times with
200 μl SELEXbuffer and resuspended inD-PBS. 50000 eventsweremeasured in the flow cytometer,
and the mean Cy5 fluorescence intensity (APC-A channel) was analyzed.

Results are depicted in figure 3.38. After eleven rounds of selection, no difference in Cy5 flu-
orescence could be observed, indicating that no sufficient enrichment against C3-GFP could be
obtained.
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Figure 3.38. – Binding analysis of the 11th round SELEX library (R11-1) by flow cytometry
Compared to the indole-functionalized start library (SL-1), no difference in Cy5 fluorescence could be
observed, indicating that not sufficient enrichment against C3-GFP could be obtained. As expected,
all samples without indole-functionalization (R11 and SL) did not show binding to C3-GFP.
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As no binding of the 11th round could be detected, a more stringent selection pressure had to be
applied. Therefore, the addition of an indole-functionalized competitor oligo was conceived. This
competitor oligo should be able to mimic the interaction possibilities of the indole-functionalized
library closely and therefore, reduce the unspecific binding of the library. To generate such a
competitor, a different DNA library (D3, section 6.2 (page 100), containing a different pair of
primer binding sites, was PCR amplified with EdUTP instead of TTP, introducing alkyne modi-
fications into this library. The double-stranded library was indole-functionalized as described in
section 5.2.1 (page 90) and added in increasing amounts in the subsequent SELEX rounds.

Four additional rounds of selection were performed as described in section 5.4.3.2 (page 94).
The enriched library of the 15th round was analyzed for binding to C3-GFP by flow cytometry.
5 μl of the GFP loaded beads were incubated with 45 μl of a DNA solution from the 15th round
(R15-1) and the start library (SL-1) (each 500 nM). The beads were washed two times with 200 μl
SELEX buffer and resuspended in D-PBS. 50000 events were measured in the flow cytometer, and
the mean Cy5 fluorescence intensity (APC-A channel) was analyzed (figure 3.39).

After four additional SELEX rounds with the indole-functionalized competitor oligo, the en-
riched library showed a significant increase in binding to the C3-GFP functionalized beads, indi-
cating a successful enrichment of sequences with the desired properties. As an enrichment of the
library could be observed, a sample of the 15th round was prepared for sequencing.
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Figure 3.39. – Binding analysis of the 15th round SELEX library (R15-1) by flow cytometry
The enriched library of the 15th round (R15-1) showed a significant increase in binding to the C3-GFP
functionalized beads, indicating a successful enrichment of sequences with the desired properties. All
samples without indole-functionalization (R15, R11, and SL) did not show binding to C3-GFP.
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3.5.6. Identification of aptamer candidates from C3-GFP SELEX

3.5.6.1. Cloning and Sanger sequencing of C3-GFP SELEX

Due to the promising results revealed in the binding analysis of the 15th round library it was de-
cided to sequence the library. Therefore, a sample of the library was cloned into a vector by TOPO-
TA cloning as described in section 5.1.6 (page 88). 42 of the obtained clones were amplified, and
the plasmid DNA was extracted. 50 μl plasmid-DNA (30 ng/μl) was sent to GATC-Biotech for
Sanger sequencing with the M13 reverse primer.

From Sanger sequencing, 36 sequences could be obtained (figure A.8, page 108). By comparing
the monoclonal sequences according to their sequence homology, one promising family could be
identified. This family was comprised of 7 highly homologous members with clone 12 and clone
33 being identical and the other members showing only a few point mutations. As clone 12 (C12)
had the highest abundance in the dataset, the sequence family was called C12 family (figure 3.40).

C12 GXXGGAAGCGACGGGACGGXAAGGCXXGGGCCCCAAGGAGXG

C33 GXXGGAAGCGACGGGACGGXAAGGCXXGGGCCCCAAGGAGXG

C32 GXXGGAAGCGACGGGACGGXAAGGCXCGGGCCCCAAGGAGXG

C38 GXXGGAAGCGACGGAACGGXAAGGCACGGGCCCCAAGGAGXA

C26 GXXGAAAGCGACGGGACGGXAAGGCXXGGGCCCCAAGGAGXG

C27 GCXGGAAGCGACGGGACGGXAAGGCACGGGCCCCAAGGAGXG

C29 GXXGGAAGCGACGGXACGGXAAGGCXXGGACCCCGAXAAGXG

Figure 3.40. – The C12 aptamer family
Sequence comparison of the random region within the C12 aptamer family identified from the 15th

SELEX round against C3-GFP. X stands for EdU, which was used during the SELEX instead of the
canonical thymidine.

3.5.6.2. Next-generation sequencing of C3-GFP SELEX

To learn more about the SELEX and to further investigate the effect of the competitor on the selec-
tion pressure a NGS analysis of the SELEX was performed using Illumina sequencing by synthesis
technology. Each SELEX round was PCR amplified with a different set of primers allowing for
multiplexing 12 different SELEX rounds on one lane of the sequencer. After the indexing PCR,
the 12 samples were mixed, and Illumina adapters were ligated. For adapter ligation with some
adaptations the TruSeq DNA PCR-Free (LT) sample preparation kit was used.

Sequencing was performed on an Illumina HiSeq 1500 instrument in collaboration with the
group of Prof. Joachim Schultze (LIMES, Bonn). 100 bp single end reads were performed. After
sequencing the data analysis of the raw sequencing data was done byDr. Carsten Gröber at AptaIT
(Munich) using the COMPAS software.
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Unique sequences
In figure 3.41 the relative amount of unique sequences is plotted over the selection rounds. In the
first six rounds, only very little enrichment of sequences could be observed. From round 6 to 10
a slight decrease in library diversity to 75% unique sequences is observed. The relative amount
of unique sequences plateaued until round 14, followed by a strong drop in complexity to 55%
unique sequences in round 15.
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Figure 3.41. – Analysis of the unique sequences for the EdU-SELEX against GFP
In the first six rounds only little enrichment of sequences could be observed. From round 6 to 10 a
slight decrease in library diversity is observed. Until round 14 no further decrease in unique sequences
is measured, followed by a strong drop in complexity in round 15.

Character statistics
Thecharacter statistics for the EdU start library and the round 15 library are depicted infigure 3.42.
The start library showed a uniform distribution of all four nucleobases over all positions of the
random region. However, the relative amount of EdU nucleotides was only approximately 20%
instead of the expected 25%, resulting in an average of 8.6 EdU nucleotides per strand. After 15
rounds of selection, as the diversity of the library decreases, clear preferences for specific nucle-
obases at individual positions within the random region emerged. This pattern formation can
be seen as the first indication of a specific enrichment of the library. A selection of additional
character statistics can be found in figure A.9 (page 109).
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Figure 3.42. – Character statistics for the start library and the 15th round of the GFP-SELEX
a) Statistical base distribution in the EdU start library, showing a uniform distribution of all four nu-
cleobases over the 42 positions of the random region. The relative amount of EdU nucleotides was
only approximately 20% instead of the expected 25%, resulting in an average of 8.6 EdU nucleotides
per strand. b) Statistical base distribution over all 42 positions of the random region after 15 rounds
of selection. A clear position specific preference for certain nucleobases had emerged. This pattern
formation can be an indication of a specific enrichment of the library.

Pattern and tracing
The main feature of the COMPAS software is to cluster similar sequences into families (”pattern”).
Thereby, very similar families which vary in only a few point mutations can be analyzed collec-
tively. Looking at the pattern, unsurprisingly the C12 family (pattern 1) was the most dominant
sequence in the 15th round library. TheCOMPAS software allows for the tracking of the frequency
of sequences and patterns over several rounds of selection (tracing).

The tracing for the 15 most abundant patterns is shown in figure 3.43, the consensus sequences
of these 15 pattern can be found in figure A.10 (page 110).

By analyzing the tracing data, a frequency and an amplification fold profile for each aptamer
candidate was obtained. Interestingly, it could be observed that the C12 family of aptamers is
strongly enriched with the addition of the indole-functionalized competitor oligonucleotide in
the 12th SELEX round. Before addition of the competitor, the C12 family was represented in only
low frequency in the library. In the 11th round the clones C15/C25 (pattern 3) and C7 (pattern
8) were the dominant sequences, but were decreased in the following rounds after addition of the
competitor.
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Figure 3.43. – Tracing of the consensus sequence of the 15 most abundant patterns
The C12 family (pattern 1) showed a very strong enrichment from round 12 on, making it the dom-
inant sequence in 15th round library. All other patterns decreased in frequency after addition of the
competitor, with pattern 5 (P5) being the only notable exception.

As shown in figure 3.44, only one other sequence family (pattern 5 or P5), beside the C12 family,
is strongly enriched with the addition of the competitor.
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Figure 3.44. – Frequency and amplification fold profile for selected sequences
a) Frequency profile for sequences C12, C7, and P5. Only C12 and P5 showed an increased in fre-
quency after addition of the competitor. C7 (and all other patterns) decreased in frequency after ad-
dition of the competitor. b) Amplification fold profile for sequences C12, C7, and P5. C7 (and most
other patterns) had their amplification fold maximum before addition of the competitor. C12 and P5
showed the highest amplification after addition of the competitor.

3.5.7. Validation of aptamer candidates from C3-GFP SELEX

3.5.7.1. Binding of C12-1 to immobilized C3-GFP

As described in the previous two chapters, C12was identified as a themost promising aptamer can-
didate by Sanger sequencing as well asNGS. To test C12’s binding abilities to C3-GFP a flow cytom-
etry binding assay was established. As described in section 5.5.3 (page 96), C12-1 and a scrambled
control sequence C12sc-1 (500 nM) were incubated with C3-GFP coated magnetic beads and the
retained amount of Cy5-tagged DNA was analyzed by flow cytometry.

As depicted in figure 3.45, after incubation with C12, a strong increase in mean fluorescent
signal could be detected (green curve), indicating that C12 is capable of interacting with C3-GFP
immobilized on the selection matrix. The C12sc-1 treated beads (gray curve) did not show any
relevant increase in fluorescence intensity, validating that C12’s binding behavior is sequence spe-
cific and not solely due to the rise of unspecific interactions, introduced by the addition of the
indole-functionalizations.
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Figure 3.45. – Flow cytometry binding assay for C12 binding to C3-GFP
Shown is the amount of Cy5-labelled DNA (500 nM) bound to C3-GFP-bearing beads and beads in
absence of DNA (black curve). C12-1 (green curve) reveals binding to C3-GFP, whereas the scrambled
sequence C12sc-1 (gray curve) does not.

3.5.7.2. Binding of other clones to immobilized C3-GFP

Beside C12, several other clones were tested for binding against C3-GFP by flow cytometry. A
summary of these experiments is depicted in figure 3.46. Four members of the C12 family were
tested. C32-1 and C38-1 showed very similar binding profiles as C12-1, suggesting the few point
mutations found in these two sequences (C32: EdU48C; C38: G36A, EdU47A, EdU48C, G63A)
not to affect the interaction capabilities. However, C27-1 (the third member of the C12 family
investigated) did not show any binding towards C3-GFP. This was surprising, as this sequence
only contains the EdU23C mutation differentiating it from the rest of the C12 family. This data
implies that the EdU at position 23 is critical to maintaining the binding ability of the C12 family
aptamers. The nature of the conserved EdU positions was further characterized and described in
section 3.5.7.6 (page 67).

None of the other tested sequences obtained by cloning and Sanger sequencing showed any
binding to C3-GFP, rendering the C12 family the only aptamer family that could be identified by
Sanger sequencing. P5, the consensus sequence of pattern 5, which was identified as a promising
candidate by NGS analysis, did also exhibit binding to C3-GFP,making this family a second poten-
tial aptamer candidate. Additional binding data for the P5 aptamer is presented in section 3.5.7.8
(page 69) and section 3.5.7.9 (page 70).
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Figure 3.46. – Flow cytometry binding assay to C3-GFP for several monoclones
Given is the amount of Cy5-labelled DNA (200 nM) bound to C3-GFP-bearing beads analyzed by flow
cytometry. Two other members of the C12 family (C32-1 and C38-1) showed a similar binding profile
to C12-1. P5-1, identified by NGS analysis, also exhibited binding to C3-GFP, making it a second
potential aptamer candidate. Values were normalized to C12-1 bound to C3-GFP. Shown is the mean
value of at least three independent measurements.

3.5.7.3. Binding of C12-1 to C3-GFP in solution and determination of the dissociation
constant

For the future application of the aptamer, it is important to verify its binding abilities in the absence
of the selection matrix. To investigate the binding abilities of C12-1 in solution, a filter-retention
assay was employed as described in section 5.5.1 (page 95). It is important to notice that the DNA
sample has to be carefully purified from any residual primer before kinasation. In addition to the
normal purification procedure by silica spin-columns, an additional gel extraction of the desired
DNA is recommended. T4 polynucleotide kinase exhibits reduced activity on alkyne modified
DNA, favoring the radioactive labeling of unmodified residual DNA, which in turn can lead to
high levels of unspecific background in the filter retention assay. All kinasation attempts with
already click-functionalized DNA failed completely to yield any labeling of the DNA.

The results of a filter retention experiment with properly purified samples of C12-1 and C12sc-1
towards C3-GFP are depicted in figure 3.47. In contrast to C12sc-1 (gray), the C12-1 specimen
(green) exhibited a concentration-dependent binding behavior towards C3-GFP, from which a
dissociation-constant of 18 ± 3 nM could be determined.
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Figure 3.47. – Filter-retention analysis of C12-1 (green) and C12sc-1 (grey) towards C3-GFP
For C12-1 (green curve) a dissociation-constant (KD) of 18 ± 3 nM could be determined. C12sc-1
(grey squares) did not show binding towards C3-GFP. Shown is the mean value of two independent
measurements.

3.5.7.4. Specificity of C12-1 towards other proteins

Next, the specificity of C12-1 towards other proteins was investigated. Therefore, a variety of mag-
netic beads with different proteins was prepared. This included cobalt functionalized beads coated
with ERK2 and mE-GFP, but also a control sample without protein immobilization to rule out un-
specific binding to the bead matrix (”Empty”). Also, streptavidin coated magnetic beads were
tested.

The results for the specificity assays are summarized in figure 3.48. Remarkably, even at a con-
centration of 500 nM, C12-1 did not bind to any of the non-target proteins tested, exhibiting a
high degree of specificity to the original target it was derived from. This is not only true for ERK2
and streptavidin, which are completely unrelated to C3-GFP, but also for mE-GFP which is highly
homologous to C3-GFP differing in only nine point mutations, seven of which are located on the
surface of the protein (figure A.7, page 107).

In addition to the flow cytometric assay, the specificity of C12-1 was also analyzed in a filter-
retention assay. In agreement with the flow cytometric data, C12-1 and C12sc-1 displayed no
binding to mE-GFP in the filter-retention assay (figure A.11, page 110), validating C12-1’s capa-
bility to discriminate even between very closely related proteins.
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Figure 3.48. – Specificity determination for the aptamer C12-1
Specificity measurements for C12-1 (green bars). C12-1 does not interact with mE-GFP, ERK2, strep-
tavidin nor with non-functionalized cobalt beads (”empty”). C12sc-1 (gray bars) does not specifically
interact with any protein investigated. Shown is the amount of Cy5-labelled DNA (500 nM) bound to
different protein-bearing beads analyzed by flow cytometry. Values were normalized to C12-1 bound
to C3-GFP. Shown is the mean value of two independent measurements.

3.5.7.5. Influence of the chemical modification towards C12’s binding behavior

After having investigated the specificity towards the target protein, the influence of the chemical
modification towardsC12’s binding behaviorwas analyzed. Therefore a variety of additional azides
(kindly provided by Dr. Gerhard M. Brändle) namely ethyl-naphthalene azide (2), ethyl-phenyl
azide (3), benzyl azide (4), iso-butyl azide (5), and ethylamine azide (6) were introduced to C12
by CuAAC. The reaction yield for each azide was verified by HPLC-MS. As for indole azide, a full
conversion of all alkyne-bearing nucleobases could be observed (figure A.12, page 111).

Binding data from the flow cytometry assay for C12 functionalized with a variety of different
chemical modifications are summarized in figure 3.49. C12 showed very specific requirements to-
wards the functionalization, as none of the testedmodificationswere able to preserveC12’s binding
ability towards C3-GFP. This is also true for very similar aromatic groups, such as 2, 3 and 4, as
they could not substitute indole azide 1 and recover C12’s binding properties.
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Figure 3.49. – Impact of different functionalizations on C12’s binding towards C3-GFP
Shown is the amount of Cy5-labelled C12 (500 nM) bound to C3-GFP-bearing beads analyzed by
flow cytometry. C12 was used either unmodified (w/o) or after CuAAC based functionalization with
ethyl-indole- (1), ethyl-naphthalene- (2), ethyl-phenyl- (3), benzyl- (4), iso-butyl- (5), or ethylamine-
residues (6). Values were normalized to indole functionalized C12-1 bound to C3-GFP. Shown is the
mean value of two independent measurements.

3.5.7.6. Determination of essential EdU positions

Sequence analysis of the C12 aptamer family revealed, that EdU at positions 23, 24, 41 and 62
is highly conserved, whereas the positions 47 and 48 are mutated to canonical nucleotides within
other C3-GFP bindingmembers of the C12-family (figure 3.40, page 58) and figure 3.46, page 64).
Thus, point-mutated variants of C12-1, with thymidine-residues at position 23 (T23), 24 (T24), 41
(T41), or 62 (T62) were synthesized and analyzed for binding to C3-GFP. Interestingly, positions
23, 24, and 41 were found to be crucial for C12’s binding properties, since their substitution with
thymidine led to a complete loss of binding to C3-GFP (figure 3.50). In contrast, replacing 62 with
thymidine had no effect onC12’s C3-GFP recognition properties, indicating that an indole-residue
at this position is negligible.
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Figure 3.50. – Determination of C12’s essential indole residues
Replacing the conserved positions 23, 24 and 41 with thymidine leads to a loss of affinity. Replac-
ing position 62 with thymidine had no impact on C12-1 binding to C3-GFP. Given is the amount
of Cy5-labelled and indole-functionalized C12-1 and single point mutated variants thereof (500 nM)
bound to C3-GFP-bearing beads analyzed by flow cytometry. Values were normalized to fully indole-
functionalized C12-1 bound to C3-GFP. Shown is the mean value of two independent measurements.

3.5.7.7. Proposed secondary structure of the C12 family aptamers

Based on binding data and in silico predictions, a secondary structure for the C12-family aptamers
was proposed (figure 3.51). As neither the influence of the chemical modification nor the forma-
tion of possible G-quadruplex structures has been taken into consideration, this structure might
not properly reflect the folding of the C12 aptamer in solution. Nevertheless, these in silico predic-
tions could be beneficial to a better understanding of critical structural elements, thereby aiding
the development of shorter aptamer sequences comprising a minimal binding motif.

dG dC

dA EdU

5ʼ10

20 30 40 50

6070

80

3ʼ

Figure 3.51. – Proposed secondary structure of the C12 family aptamers
Based on binding data and in silico predictions, a secondary structure for the C12-family aptamers is
proposed. However, as neither the influence of the chemicalmodification nor the formation of possible
G-quadruplex structures has been taken into consideration, this structure might not properly reflect
the folding of the C12 aptamer in solution.
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3.5.7.8. Characterization of the P5 aptamer

As described in section 3.5.7.2 (page 63), a second promising aptamer family was identified by
NGS. This family showed an interesting amplification profile during the SELEX, as it was the only
other family, besides the C12 family, that was enriched by the addition of the indole-functionalized
competitor. However, even in the last round, the relative frequency was still comparably low.
Therefore, unsurprisingly, it had not been observed in the Sanger sequencing data.

To further characterize this family, in analogy to the C12 aptamer, a flow cytometry-based
affinity measurement against the target protein C3-GFP immobilized on magnetic beads was per-
formed. The results are summarized in figure 3.52. The indole-functionalized P5-1 aptamer
bound to C3-GFP in a concentration dependent manner.
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Figure 3.52. – Flow cytometry binding assay for P5-1 binding to C3-GFP
Shown is the mean fluorescence signal of Cy5-labelled P5-1 DNA bound to C3-GFP-bearing beads.
Shown is the mean value of two independent measurements.

Next, the specificity of P5-1 was evaluated. A summary of the results is shown in figure 3.53.
When the binding assay was conducted with the same conditions as the previous specificity assays
with C12-1, a high binding of P5-1 to mE-GFP and streptavidin was observed. However, addition
of an indole-functionalized competitorDNA in the formof the start library FT2-N42-EdU-1 led to
a reduction of unspecific binding to streptavidin, whereas the binding to mE-GFP was unaffected.
These results suggest that P5-1 is specific for GFP, but does not as strongly discriminate between
the two tested members of the GFP family as C12-1.

In summary, these preliminary findings suggest P5-1 to be an interesting second aptamer candi-
date. Albeit its relative low binding affinity to the immobilized target protein, its ”pan-specificity”
towards other members of the GFP family might be beneficial for certain application. However,
additional research is needed to elucidate P5’s full binding characteristics.
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Figure 3.53. – Specificity determination for the aptamer P5-1
Specificitymeasurements for P5-1 with andwithout the addition of (1 µM) indole-functionalized com-
petitor oligonucleotide (FT2-N42-EdU-1). Without the addition of the competitor strong unspecific
binding to mE-GFP and streptavidin is observed. With the addition of the competitor the unspecific
binding to streptavidin is reduced, whereas the binding tomE-GFP is unaffected. Shown is the amount
of Cy5-labelled DNA (500 nM) bound to different protein-bearing beads analyzed by flow cytometry.
Values were normalized to P5-1 bound to C3-GFP. Shown is the mean value of two independent mea-
surements.

3.5.7.9. pH dependency of the C12 / C3-GFP interaction

During the whole click-SELEX study, for all selections and binding assays, without exception a
phosphate buffer system based on Dulbecco’s phosphate buffered saline (D-PBS) [135] was used.
This D-PBS, being the basis for the SELEX buffer, was prepared from a commercially obtained ten
times concentrated (10X) D-PBS solution (D1283, Sigma-Aldrich). To stabilize the magnesium
and calcium ions, which would precipitate at this concentration at pH 7, the pH of the solution is
adjusted to pH 4.4 by the manufacturer. Upon dilution of the buffer, this results in a pH of 5.3 for
the final SELEX buffer. All experiments in this study where performed with this buffer, so that in
contrast to most PBS formulations, the actual pH of the here used system was pH 5.3 instead of
the commonly found pH 7.

As for some applications, especially in a biological context, a pH around seven might be pre-
ferred, the binding behavior of the C12-1 and P5-1 aptamers was analyzed at pH 7.0. A summary
of these experiments is presented in figure 3.54. As previously described at pH 5.3 C12-1 (green)
and P5-1 (blue) interacted with C3-GFP immobilized on magnetic beads, whereas the non-indole
functionalized C12 control DNA (gray) showed no interaction. At pH 7 however, there was no
detectable binding of any tested oligonucleotide in the flow cytometry binding assay.
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Figure 3.54. – pH dependency of the C12 and P5 aptamers
As previously described, at pH 5.3 C12-1 (green) and P5-1 (blue) strongly interacted with C3-GFP im-
mobilized onmagnetic beads, whereas the non-indole functionalized C12 control DNA (gray) showed
no interaction. At pH 7.0 none of the tested oligonucleotides showed any binding affinity to C3-GFP.
Shown is the amount of Cy5-labelled DNA (500 nM) bound to different protein-bearing beads ana-
lyzed by flow cytometry. Shown is the mean value of two independent measurements.

3.5.8. EdU by-product formation

As described in section 3.5.3 (page 50), surprisingly, despite thorough optimization of the click-
conditions (including the solvent composition, the concentrations and ratios of the reagents and
the reaction parameters), only up to 80% product yield could be observed for the EdU containing
test-oligonucleotide. However, while careful inspecting MS data of this reaction, it was observed
that althoughhaving the same retention time as the startingmaterial, the remainingDNAshowed a
slightly differentmass, approximately 18 atomic units larger than observed for the startingmaterial
(figure 3.33, page 51).

Upon closer inspection it was revealed that the start material was already contaminated with
this by-product, which in the previous analyzes was mistaken for a sodium adduct of the test-
oligonucleotide. The observed by-product formation is consistent with a 2013 publication [145] de-
scribing the formation of a ketone by-product (KdU), formed under alkaline conditions, as found
in the workup conditions after solid-phase oligonucleotide synthesis (figure 3.55).
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Figure 3.55. – EdU by-product formation under alkaline conditions
a) Under the alkaline condition (aq. 28% NH3) used in the workup after solid-phase oligonucleotide
synthesis, approximately 20% of the alkyne reacts to a ketone by-product. [145]. b) Structure of the
ethynyl-deoxyuridine nucleoside (EdU), the undesired ketone by-product (KdU) and the desired
indole-functionalized product (IndU).

The by-product is only observed in solid-phase synthesized DNA samples, explaining the full
conversion of the samples produced by PCR. Although this finding does not effect the click-SELEX
process itself (PCR amplified libraries do not contain this by-product), it poses a challenge for
the production of large amounts of alkyne-containing aptamers by solid-phase synthesis. Several
potential solutions to this problem are discussed in section 4.3.2 (page 80).

One possible alternative synthesis route to overcome the ”ketone-problem” in the large scale
production of clickmers is depicted in figure 3.56. As the by-product is caused by exposing the
unprotected alkynes to alkaline conditions during the cleavage from the solid phase (SPS-A), one
potential solution to this problem would be to first functionalize the alkyne, while still coupled to
the solid support. Upon forming of the triazole product, no undesired by-products will be formed
under the alkaline deprotection conditions (SPS-B).
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Figure 3.56. – Overview of synthesis routes for the generation of CuAAC functionalized DNA
a) ”PCR:” Traditional synthesis route during the SELEX.TheDNA is PCR-amplified and enzymatically
digested to ssDNA. The DNA is functionalized by CuAAC in solution. b) ”SPS-A:” The ssDNA is
synthesized on solid phase and chemically cleaved from the solid support under alkaline conditions.
The free DNA is functionalized by CuAAC in solution. c) ”SPS-B:” The ssDNA is synthesized on
solid phase and first functionalized by CuAAC while still connected to the solid support. After full
functionalization the ssDNA is released under alkaline conditions.

72



3.5. SELEX with EdU

To test this approach, a novel protocol for the large-scale functionalization of nucleic acids on
solid support was developed (section 5.2.2, page 90), enabling the synthesis of C12-1 by solid-
phase synthesis, introducing the indole-residue either after (SPS-A) or before (SPS-B) the alkaline
workup step. The resulting DNA was analyzed on an agarose gel (figure 3.57) and by HPLC-MS
(figure 3.58).

Both chemically synthesized aptamers revealed a clear and distinct band on the agarose gel,
demonstrating the production of pure full-length DNA. However, the HPLC retention profile of
the variant modified with indole-azide after DNA workup (C12-I-SPS-A) was broader compared
to the one that has been functionalized on the solid phase before the workup (C12-I-SPS-B). Also,
the identified mass of the variant synthesized according to strategy SPS-A differed significantly
from the calculated mass, indicating an incomplete functionalization of the DNA under these
conditions. In turn, C12-I synthesized according to method SPS-B (click reaction on the solid
phase) showed a sharp retention profile and matched the calculated mass precisely, indicating full
conversion to the desired product.

50 bp -

100 bp -

C12-1
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300 bp -
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Figure 3.57. – Comparison of the two alternative solid phase based DNA production strategies
Ethidium bromide stained 4% agarose gel showing the production of pure full-length DNA for both
synthesis conditions.

To verify the full functionalization of the DNA synthesized according to the SPS-B procedures,
the DNA was further analyzed at the nucleoside level. Therefore, enzymatically digested DNA
was analyzed by HPLC-MS (section 5.3.2, page 92). As a control, C12 DNA, synthesized on solid
phase and worked up under alkaline conditions, but not modified with the indole-azide (C12-SPS-
A) was analyzed, revealing the two characteristic peaks for EdU and the expected KdU by-product.
Next, the C12 DNA generated by the same strategy, but further reacted with the indole-azide via
CuAAC in solution (C12-I-SPS-A), was analyzed.

As expected, the peak corresponding to EdU vanished, whereas the peak reflecting the indole-
modified product (IndU) emerged. Notably, the KdU related peak was still present, underlining
the heterogeneity of the resultant DNA molecules. In turn, the modification of the solid-phase
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Figure 3.58. – Comparison of the two alternative solid phase based DNA production strategies
HPLC-MS based analysis of the functionalized DNA. C12-I-SPS-A (top) shows a broad retention pro-
file and a deviation from the calculated mass, indicating an incomplete formation of the indole func-
tionalized product. C12-I-SPS-B (bottom) shows a sharp retention profile with the expected mass of
the fully functionalized product.

synthesized C12 by indole-azides on the solid matrix before the alkaline workup procedure (C12-
I-SPS-B) resulted in a homogeneous DNA population, bearing only the desired IndU residues
without any KdU contamination.

Having demonstrated the full functionalization of the solid phase synthesized clickmer, next the
impact of the synthesis strategies on the binding behavior of C12-1 was analyzed. Therefore, a flow
cytometry analysis was performed. As a reference, the PCR-synthesized C12-1, and the scrambled
variant thereof (C12sc-1) were included.

As depicted in figure 3.60, the PCR synthesized C12-I (C12-I-PCR, grey squares) behaved as
predicted and revealed a concentration-dependent binding to C3-GFPmodified beads (KD) of 216
± 5 nM. In contrast, the PCR-synthesized scrambled variant (C12sc-I-PCR, gray diamonds) did
not show interaction with C3-GFP. The C12-I clickmer, synthesized according to method SPS-B
(C12-I-SPS-B, black dots) exhibited a concentration-dependent binding toC3-GFP, very similar to
the PCR-synthesized reference (KD) of 494 ± 44 nM). In contrast, the variant synthesized accord-
ing to method SPS-A (C12-I-SPS-A, black triangles) showed a strongly reduced binding affinity
towards C3-GFP functionalized magnetic beads. These findings underline the quality of the fully
functionalized clickmers produced by the novel synthesis route.
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Figure 3.59. – Analysis of by-product formation on nucleoside level
HPLC (left) and ESI-MS (right) based analysis of the nucleoside mixture resulting from the enzymatic
digestion of the DNA. For both click reaction strategies, full conversion of EdU to IndU is observed.
However, the SPS-A producedDNA is contaminated with KdU (middle), whereas the SPS-B produced
DNA is free of the undesired KdU by-product. Thus, SPS-B produced DNA contains a higher yield of
the desired IndU product.
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Figure 3.60. – Binding analysis of different C12-I clickmer derivatives towards C3-GFP
Shown is the mean fluorescence of Cy5-labelled DNA bound to C3-GFP-modified beads. The previ-
ously described reference C12-I-PCR (gray squares) reveals concentration-dependent binding to C3-
GFP, whereas the scrambled sequence C12sc-I-PCR (gray diamonds) does not. The C12-I clickmer,
synthesized according to method SPS-B (black dots) exhibits binding to C3-GFP that is very similar to
the PCR-synthesized reference. In contrast, the variant synthesized according tomethod SPS-A (black
triangles) shows a strongly reduced binding affinity. The data shown are the mean of two independent
experiments.
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4.1. Library design for click-SELEX

The alkyne libraries in this study were designed based on the ”traditional” library design utilized
in most SELEX experiments. [29] Therefore, as with most selections with nucleobase-modified li-
braries, a random region with equal distribution of all four nucleotides was desired.

NGS data revealed a reduced incorporation rate for the alkyne modified nucleotides in both
libraries. Instead of the expected relative average amount of 10.5 modified nucleotides per strand,
only 8.5 (C8-dU, page 39) and 8.6 (EdU, page 58) were observed. This is probably partly due to
a reduced coupling efficiency of the modified phosphoramidite. However, a position-depending
variation in the base composition can also be observed for ”normal” libraries composed solely of
canonical nucleotides (section 3.3.5.2, page 28). As the successful GFP selection demonstrated,
this does not appear to be problematic for the selection efficiency of the FT2-N42-EdU library.
If, however, a fully equal distribution of all four nucleotides would be desired, the difference in
coupling efficiency could be counterbalanced by an increase in the phosphoramidite concentration
during the solid phase synthesis of the library.

Nevertheless, due to inevitable minor performance variations during the solid phase synthesis,
an entirely randomized library is difficult to obtain. In future implementations of click-SELEX
other library designs could be explored. More research will be needed to evaluate if, for some
targets, a decrease or increase of the total relative amount of functionalization sites might be ben-
eficial. Also constrained and pre-structured libraries could be used to fine-tune the properties of
the start library to the respective selection goals. [146,147] Such libraries could be beneficial to nav-
igate the structural landscape adoptable by functional nucleic acids more efficiently and thereby
prove useful in finding new functional motifs and/or more stable high-affinity aptamers. [148,149]

The concept of an in situ introduction of modifications can also be extended to other nucle-
obases. Besides the already discussed substitution of EdU by different alkyne bearing nucleobases
such as EdA, the addition of more than one type of modified nucleobase per library should be ex-
plored. However, to technically implement an additional functionalization, other orthogonal click
reactions would be desirable. Several additional types of click reactions have been developed in the
recent years. One very promising reaction is the inverse-electron-demand Diels-Alder reaction of
norbornenes with tetrazines. [150–152] But also other reactions like Staudinger ligation [153,154] or
even reversible imine chemistry [155] could be used.
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Potentially, these additional forms of click chemistry could be implemented with an extended
genetic alphabet, [156,157] allowing for the introduction of functionalizations without disrupting
the natural base pair system. [158] The use of extended alphabets would also enable a site-specific
introduction of modifications. [159]

In addition to alternative coupling chemistry, adaptation to other forms of nucleic acid back-
bones could be attempted. The first step in this direction would probably be an adjustment of the
click-SELEX method to RNA. However, the backbone chemistry is not limited to natural nucleic
acids. The click-SELEX concept could also be applied to synthetic genetic polymers such as XNAs
and PNAs, enabling the generation of substances with yet unrepresented properties. [93,95]

The click-SELEX methods allow for the generation of entirely new classes of functional tools.
As an example, light-sensitivemoieties like o-nitro-phenylethyl (NPE) groups [160] could be placed
between the azide and the desired modification, enabling the direct selection of light-controllable
aptamers. [161] Having the potential to be valuable new tools for biomedical research, light-
controllable clickmers could also be used in highly efficient, yet very mild protein purification
methods. [162]

4.2. Amplification of alkyne-DNA libraries

4.2.1. PCR with alkyne-nucleotides

The full compatibility of modified triphosphates with the enzymatic amplification during PCR is
essential for the iterative nature of every SELEX protocol. One main advantage of the in situ intro-
duction of the desired functionalization is that during PCR only a very lightly modified triphos-
phate has to be incorporated by the polymerase. Especially EdU and C8-dU were reported to be
incorporated with high fidelity by various natural polymerases. [122]

In agreementwith the published reports, EdU andC8-dU triphosphatewere observed to be fully
accepted byPWOpolymerasewhennatural or alkyneDNAwas used as a template. However, it was
unclear if the polymerase would be able to accept the modified DNA as a template during the first
PCR cycle. Regardless of the functionalization, no problems occurred during PCR amplification,
and none of the tested functionalizations inhibited the PCR amplification.

Notably, the relative EdU amount in the library was reduced from ca. 20% in the start library
to ca. 12% in the library of the last round (figure 3.42, page 60 and figure A.9, page 109). Since
similar observations have also been made for selections with canonical nucleotides (unpublished
results), at this point, it can not be fully resolved if this effect is due to an incorporation bias in the
PCR or due to a selection pressure towards target binding.

If in the future very large modifications were desired in the library, the template might get ster-
ically shielded, preventing a successful interaction with the polymerase. In this case, a light cleav-
able linker [161] (e.g. 1-(2-nitrophenyl)ethyl-ester (NPE) derivatives) [163] between the azide and
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the desired modification could be used. This would allow the removal of the modification via UV
irradiation after the selection step and guarantee compatibility with the click-SELEX protocol even
for very bulky modifications.

4.2.2. Single strand displacement of alkyne-DNA

Both types of alkyne-DNA have shown full compatibility with λ-exonuclease digestion, mak-
ing this fast and convenient method ideal for single strand displacement during click-SELEX
(figure 3.14, page 33 and figure 3.31, page 50). Besides being fast and yielding high recovery
yields, λ-exonuclease digestion has the advantage of being scalable and compatible with autom-
atization, allowing this technique to be used on a robotic platform, dramatically increasing the
throughput of possible click-SELEX experiments. [57,59]

If desired, the click-SELEX protocol could be adapted to other SSD techniques, for example, the
capture and release (CaR) method. [58] This method uses magnetic particles to purify one strand
from an asymmetric PCRmixture andwould also be fully compatible with an automatedworkflow.

4.3. Functionalization by click chemistry

4.3.1. CuAAC for DNA functionalization

CuAAC has proven to be a very efficient method for bioconjugation. [164] For C8-dU as well as
for EdUA a full functionalization of all alkynes, even in complex libraries, was observed. Al-
though previously non-quantitative reaction yields were reported for EdU, the apparently lower
yields could be attributed to a contaminating by-product found only in EdU containing synthetic
oligonucleotides (section 4.3.2, page 80). [145]

After the initial evaluation of the poorly water soluble copper stabilizing ligand TBTA, the focus
was rapidly changed to the better water soluble, ”second generation” ligand THPTA. In agreement
with previous reports [120], the commercially available THPTA ligand performed very well for the
functionalization of DNA in solution and on a solid support.

As described in section 1.4.3.2 (page 15), fragile biomolecules can be damaged during CuAAC
due to the formation of reactive oxygen species (ROS). With four equivalents of the protective
ligand no damaged DNAwas observed via gel electrophoresis or HPLC-MS.Thismakes CuAAC a
suitable and very reliable method for the post-synthetic functionalization of DNA libraries during
click-SELEX.

In a very recent publication it was shown that the addition of 10% DMSO during CuAAC has
a protective effect on DNA. [165] It is therefore recommended, as done throughout this study, to al-
ways include at least 10% DMSO during the click reaction. For the click reaction of EdU libraries
in solution with THPTA a rapid full conversion without measurable DNA damage was always
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observed. However, especially for the large-scale reaction on the solid support, further improve-
ments regarding the reaction conditions and solvent composition could be made. Therefore, the
evaluation of the newest ”third generation” ligands, which are reported to be beneficial in certain
CuAAC scenarios, is encouraged. [128,154]

4.3.2. EdU by-product formation

Although the by-product formation observed with EdU does not directly affect the click-SELEX
process itself, it might be detrimental to the synthetic large scale production of clickmers. Here,
several strategies to overcome this limitation are proposed:

One strategy, implemented by Sachin Ingale and coworkers, [145] relies on a protection group on
the alkyne during the workup under alkaline conditions. This method was successfully tested by
introducing triisopropylsilyl ether (TIPS) protection groups at the alkyne of EdU. Unfortunately,
the TIPS protected EdU building block is not yet commercially available and would have to be
synthesized. Although being an elegant solution to the ketone problem, this solution is currently
only available to the few groups with the necessary organic synthesis facilities and preparative
know-how.

An alternative strategy, also involving the synthesis of a not yet commercially available triphos-
phate, would be to switch from EdU to the alkyne modified derivative of adenine (EdA). [166] This
building block was described to be unsusceptible to the oxidative by-product formation. [145] Be-
sides potentially eliminating the ketone problem, shifting to a functionalized deazapurine will
probably have more profound additional effects on the click-SELEX process. [167,168] Although
investigating the impact of this alteration on the library could lead to interesting new insights,
it would probably involve the re-evaluation and potentially the adaptation of many of the click-
SELEX associated protocols.

An alternative to these two solutions, both involving the synthesis of not commercially avail-
able building blocks, would be to functionalize the alkyne DNA directly on the solid support after
synthesis, before the alkaline deprotection treatment. As described in section 3.5.8 (page 71) a suc-
cessful implementation of this strategy could be achieved. With this new protocol large amounts
(in the nmol range) of clickmers can be produced. [1] This is paramount for the further implemen-
tation of clickmers in e.g. biological systems, as for many interesting applications large amounts,
beyond what is practically producible via PCR, are needed.

4.3.3. C8-dU for aptamer selection

In the course of this thesis, no successful enrichment of DNA libraries containing the C8-dU nu-
cleotide could be observed. There is good reason to believe that the very flexible alkyl chain is
detrimental for the exact positioning of the functionalization relative to the rest of the DNA. The
increasing degree of rotational freedom in a longer linker will come with an entropic cost working
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against the probability of the library to contain high-affinity binders. Indeed, empirically most
successfully employed modifications have shorter and more rigid side chains. [96] However, the
generalization that shorter and more rigid functionalizations are always better suited for selection
cannot be made. In one instance it has been reported that shortening of the side-chain length had
a dramatic detrimental effect on the activity of a DNAzyme. [169]

Nevertheless, for all selection attemptswithC8-dUduring this study no selection pressure could
be obtained. Instead, in all instances a shortening of the library could be observed (figure 3.22,
page 40 and figure 3.28, page 47). This effect is commonly observed during SELEX when no
proper selection pressure towards target binding is generated. [53] In this case, the strongest se-
lection pressure acting on the library population is an efficient amplification during PCR, giving
shorter sequences a replicative advantage. [4,52]

Although the unsuitability of C8-dU for click-SELEX would have to be further evaluated, there
are no apparent reasons to adopt the C8-dU building block for future click-SELEX experiments.
C8-dU was initially chosen solely on the assumption that EdU would not give sufficient reaction
yields during CuAAC. [123,124,140] As EdU was now shown to give quantitative product yields, this
alkyne building block is recommended over C8-dU for its application in click-SELEX.

4.4. Selection methods for click-SELEX

Today, many SELEX protocols rely on magnetic bead-based selection strategies. [31,170] These have
the advantages that they are cheap, easy to set up, have only moderate sample requirements, and
can be automated. [32] Therefore, also for click-SELEX, magnetic bead-based selection strategies
were evaluated, leading to a successful selection with cobalt functionalized beads and imidazole
affinity elution. However, one of the drawbacks of magnetic particle-based separation is the rela-
tively high degree of background binding. Strong background binding of the library to the beads
leads to the elution of unspecific strands into the next SELEX round, thereby reducing the selection
stringency and increasing the number of selection rounds needed.

The functionalized start libraries used in click-SELEX contain additional chemical groups and
are therefore even more prone to unspecific binding due to the increased elemental affinity, not
only towards the desired target molecule but also towards the beadmatrix. NGS data revealed that
the addition of indole-functionalized competitors seemed to be essential for successful enrichment
(section 3.5.6.2, page 58). Traditional polyanionic competitors, such as salmon sperm DNA and
hydrophobic competitors, such as TWEEN-20, successfully used in selections with unmodified
nucleic acids, are apparently not sufficient to efficiently reduce the unspecific interactions of the
indole-modified library.

This study showed that chemically functionalized competitors and efficient washing protocols
are especially important for chemically modified libraries. To improve the selection process more
stringent selection conditions should be explored. Microfluidics-based washing of the magnetic
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particles could be beneficial in this context, as it allows for an efficient purification bywhichweakly
attached background binders are removed in a high flow of buffer. [44] A similar ”kinetic challenge”
effect could be achieved by incubating the beads in large volumes of wash buffer, favoring the
dissociation of unspecifically attached molecules. [78,171,172]

Other parameters that could be optimized include the bead surface itself. The use of more neg-
atively charged bead surfaces or blocking methods could help to reduce the general affinity of
nucleic acids. Furthermore, it should be tested if, with the right selection conditions, streptavidin
beads can be used for click-SELEX or if the presence of an additional protein is detrimental to the
selection pressure.

Although the implementation of capillary electrophoresis into the click-SELEX protocol was
not yet successful, this method has some interesting properties that would make it an ideal fit for
the generation of high-affinity clickmers. The very low degree of background binding would allow
the reduction of the number of SELEX rounds, saving time and reagent costs. [173,174] It would also
decrease the amount of amplification required, thereby reducing the influence of potential PCR
amplification biases. [53]

One disadvantage of CE is that, as only a few nanoliters are injected per run, only a tiny amount
of starting material can be used. [175] This results in a substantially reduced sampling of sequence
space compared to other selection strategies. [51] Moreover, CE is not suitable for every target or
selection buffer. A high degree of initial preparation and optimization of the buffer system is
necessary to obtain acceptable migration behaviour. Nevertheless, regarding the benefits of CE it
should be encouraged to investigate the general applicability of a CE based click-SELEX in a future
SELEX attempt with a functionalized EdU based library.

The ability of click-SELEX to increase the general background affinity of libraries to their tar-
get structures demands methods for the reduction of unspecific background binding. Therefore,
methods for the generation of high selection pressure, which in turn will lead to a reduction of se-
lection rounds, are needed. The combination of click-SELEX with novel selection techniques will
unlock the full potential of this technology, enabling the identification of clickmers with extremely
high affinities (and specificities) for their target molecules. [31]

4.5. Sequencing and identification of aptamer candidates

Sanger sequencing has long been the only option for the identification of potential aptamers from
enriched SELEX libraries. Although having several distinct advantages, such as being easy to im-
plement, giving fast results and being comparably cheap, Sanger sequencing has the significant
disadvantage of very low sample throughput. That results in the limitation that hardly more than
several hundred sequences can be sequenced per selection. This implies that a very high degree of
enrichment is necessary to be able to identify aptamer families.
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Next-generation sequencing, on the other hand, allows for a several orders of magnitude in-
creased sequencing throughput. [137] Thereby, not only the last selection round but also earlier
rounds can be sequenced productively. This allows an early detection of promising sequences and
offers valuable new insights into the previously inaccessible processes and mechanisms behind SE-
LEX. [176,177] Hence, NGS offers new ways of data analysis. In particular, the three ways of data
analysis described below have been used throughout this thesis.

Unique sequences: Plotting the percentage of unique sequences against the SELEX rounds en-
ables a very fast and easy to comprehend assessment of the selection experiment. However, one
has to keep in mind that also non-specific background binding sequences which happen to be
efficient PCR amplifiers may also be enriched during SELEX, as they can never be entirely elim-
inated. Therefore, the percentage of unique sequences is a good first indicator of the successful
enrichment during SELEX, but does not substitute more vigorous analytical methods.

Character statistics: Another very helpful way of representing NGS data is to plot the relative
distribution of all nucleotides over all positions of the random region. This type of analysis is not
only helpful to visualize conserved and variable positions in enriched libraries, but can also give
valuable insights into the properties of start libraries. Analysing the character statistics can provide
valuable insight into the structure-activity relationships of aptamer families, thereby improving the
post-SELEX aptamer maturation process. [178]

Pattern and tracing: The main advantage of NGS data sets is the ability to trace individual se-
quences (and sequence families) over several rounds of selection. These amplification profiles are
a very useful tool to improve our understanding of how binding sequences behave in the course
of in vitro selection experiments. Currently, the relative round to round enrichment, especially in
the last phase of the selection, is the best predictor for the binding affinity of a sequence. [62,176,179]

A better understanding of the amplification profile of desired sequences can help to devise better
selection methods and reduce the number of required amplification rounds.

Albeit the enormous rate of improvements currently made to NGS technology, there are still
some areas for further improvement. Comparing the sequencing depth to the diversity of the li-
brary one has to keep in mind that even the highest throughput sequencing methods available
today still can only sample fractions of the sequence diversity present in early SELEX rounds.
Therefore, processes happening in the first rounds of selection are still elusive. Also, NGS data
has to be analysed very carefully, as there are several sources of biases and contaminations. [180]

These include biases in the sample preparation, the formation of clusters in the flow cell, as well
as preferences associated with the sequencing method. [181]

As e.g. Illumina sequencing is widely based on PCR, these PCR related biases can be reflected
in the dataset and have to be accounted for in the interpretation of complex NGS data sets. [182]

Nevertheless, with ever falling prices and increasing accessibility of the instruments, NGS is clearly
replacing Sanger sequencing for the analysis of in vitro selection experiments and will probably
continue to do so in the future.
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The technical possibilities associated with NGS will lead to significant improvements in the
identification of aptamer candidates. With the ever improving ability to analyze the library com-
position, new forms of intelligent selection schemes can be realized. With the next generation of
sequencing technologies on the horizon (e.g. microdroplet sequencing) and massively falling in-
strumental costs the online implementation of NGS directly during the selection scheme could be
realized. Thereby, NGS data could be used to make informed decisions about the selection condi-
tions for the next round, optimizing the selection pressure and leading to highly efficient selection
procedures.

4.6. SELEX for APC

After several unsuccessful selection attempts with C8-dU modified libraries for APC, an EdU
based library could be enriched for C3-GFP. As several parameters have been changed in between
these selection attempts it is currently impossible to pinpoint the relevant factors contributing to
the improvements in selection pressure. However, the transition from C8-dU to EdU and the im-
plementation of a functionalized competitor oligonucleotide are very likely to have had a strong
influence on the selection. Nevertheless, it can currently not be excluded that APC simply repre-
sents a poorly addressable target for functionalized libraries.

APC is very well targetable by natural DNA, yielding aptamers with very high affinity. [4,58,133]

The SELEX libraries tend to enrich a strongly conserved consensus motif containing three essen-
tial thymidine residues. It could be speculated that the modification of the canonical thymidine
residues disfavors the enrichment of clickmers against APC. In any case, it would be interesting
to try to select against APC with an EdU based library (including a suitable competitor) to bet-
ter understand the factors contributing to an efficient enrichment of functionalized nucleic acid
libraries.

4.7. SELEX for GFP

An indole-functionalized EdU library could be enriched for C3-GFP immobilised on magnetic
particles. The newly selected C12 aptamer family represents a proof of principle example for the
feasibility of the click-SELEX concept. This makes C12-1 the first ever selected clickmer, an ap-
tamerwhere a nucleobase functionalization is introduced via a rigid triazole linkage during SELEX.
C12-1 is also the first DNA based aptamer to be selected against GFP. GFP represents a challeng-
ing target with several DNA-based attempts failing to identify aptamers. [142] That strengthens the
initial assumption that the addition of chemical modifications can indeed be beneficial for the
selection against previously inaccessible targets.
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C12-1 was shown to bind very specifically to C3-GFP immobilized on magnetic particles, as
well as in solution. It could be demonstrated that the indole functionalizations at positions 23, 24
and 41 are essential to maintaining binding affinity to the target, as the omission or substitution
of the chemical modifications was not tolerated. C12-1 (and P5-1) binding was shown to be pH
dependent, as almost complete loss of binding affinity was observed when altering the pH from
the selection conditions (pH 5.3) to pH 7.0. If this is due to pH-induced changes in the aptamer
or the protein cannot be addressed yet. However, previous selection attempts with unmodified
ssDNA failed to yield aptamers against GFP at pH 5.2 as well as pH 6.5. [142]

Besides the C12 family, P5-1, a second interesting aptamer candidate, could be identified by
NGS. Preliminary results indicate that the P5 aptamer family is less specific towards members of
the GFP protein family. This pan-specificity might be useful for some future applications of this
aptamer, making it a complementary addition to the clickmer toolbox.

Several interesting scientific questions about these two aptamers remain to be explored. One
such research topic is the potential binding site and mode of interaction of the clickmers. Addi-
tional binding experiments against point mutated GFP variants and competition experiments of
C12-1 with P5-1 could give additional insights. As there are no detectable similarities between
the P5 and C12 sequences, P5 might potentially address a different epitope on C3-GFP. This could
explain the difference in specificity, making P5 less selective towards other GFP variants.

Another interesting area for future research is the elucidation of the structures adopted by the
functionalized aptamers. The three currently available crystal structures of nucleobase-modified
aptamers have shown that the addition of functional groups can have a huge impact on the struc-
ture, massively expanding the already wide range of structural motifs natural RNA and DNA ap-
tamers have been shown to adopt. [105–107] In analogy to the nucleobase-modified IL-6 SOMAmer,
two independent domains could be predicted for the C12 aptamer family. [183] In addition to the
initially predicted stem-loopmotif one could postulate a G-quadruplex structure as found inmany
other aptamers. [184,185] Crystallography [186], NMR [187,188], or novel electron paramagnetic reso-
nance (EPR)methods, such as ”pulsed electron-electron double resonance” (PELDOR) [189], could
help to elucidate the actual structure of C12 in complex with C3-GFP and give valuable insight in
the fundamental folding and interaction profiles of clickmers. This in turn could inform the future
library design and choice of nucleobase modifications.

4.8. Potential fields of application

The successful establishment of a proof of principle example in this study and thereby the valida-
tion of the viability of the click-SELEX approach opens up the field for numerous future applica-
tions. Especially innovations regarding the library design, new forms of coupling chemistry, as
well as future improvements to the selection methods, will be crucial to push the field forward.
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Being a versatile and adaptable method for the introduction of chemical modification, click-
SELEX can democratize the ability to use the best possible selection conditions to everyone.
Greater access to improved libraries will lead to more targets being addressed by aptamers. Es-
pecially in the context of cell-SELEX these new libraries might be very beneficial. Modulating
the chemical modifications presented could result in the identification of novel biomarkers on
cell surfaces. [190] This could improve our understanding of cell biology as well as the associated
diseases and help in the development of novel diagnostic platforms.

Clickmers can in principle be applied in most areas where highly specific affinity reagents are
needed. Due to their comparatively small size and robust, reproducible synthesis, clickmers could
have an enormous impact in e.g. the field of microscopy where good tools are needed to accom-
pany the development of modern super-resolution techniques. [142,191]

However, click-SELEX could have applications far beyond the selection of aptamers. As nucleic
acids based catalysts will also benefit from increased chemical diversity, [94,192,193] ”clickzymes”
could have a tremendous impact in the field of biocatalysis. [194]
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5.1. Working with nucleic acids

5.1.1. Agarose gel electrophoresis

4%agarose gelswere used tomonitor length and quality of nucleic acids such as PCRproducts. For
a 4% agarose gel, 8 g agarose were dissolved in 200ml TBE-buffer and boiled for several minutes
in themicrowave. After cooling down, ethidium bromide solution was added at a 1:10000 dilution
and 45ml gels were poured. The gels can be stored in TBE-buffer at 4 °C for several weeks. 5 μl of
the sample were mixed with 1 μl DNA loading buffer. For electrophoresis, gels were run in TBE-
buffer at 150V for 10min. Bands were visualized on a UV transilluminator and compared to the
DNA ultra low range ladder (Life Technologies).

5.1.2. Polymerase Chain Reaction (PCR)

PCR was done in a Mastercycler Personal (Eppendorf). 0.5 μM of both primers and 250 μM of
dNTPs were used. Pwo DNA polymerase (Genaxxon) and the supplied buffer containing 2mM
Mg2+ were use with the following cycling program (2min 95 °C; 30 s 95 °C, 30 s 62 °C, 1min 72 °C;
hold 4 °C).The samples were always prepared on ice and the thermocycler was pre-heated to 95 °C
to reduce the risk of by-product formation.

5.1.3. Purification

5.1.3.1. Silica spin columns

If not indicated otherwise, nucleic acids (e.g. PCR products) were purified with the commercially
availableNucleoSpinGel andPCRClean-up kit (Macherey-Nagel) according to themanufacturer’s
recommendations.

5.1.3.2. Gel filtration

After radioactive kinasations, the DNA was purified with commercially available G25 spin
columns (GE Healthcare) according to the manufacturer’s recommendation.
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5.1.3.3. Size exclusion

After functionalization by click-chemistry, DNA was purified with commercially available Ami-
con Ultra centrifugal filters (3 kDa cutoff for test-oligos and 10 kDa cutoff for the FT2 library)
according to the manufacturer’s recommendation.

5.1.4. Concentration measurement

DNA quantification in solution was done by UV absorbance. For concentration determination of
DNA (or any other solute) the Beer-Lambert equation can be employed:

A = lg( I0I1 ) = ϵλ × c× d

A : Absorbance at a given wavelength (also called optical density (OD))
I1 : Intensity of the transmitted light
I0 : Intensity of the incident light
ϵλ : Molar absorption coefficient at a given wavelength [l×mol-1×cm-1]
c : Concentration [mol×l-1]
d : Path length [cm]
DNA exhibits its absorbancemaximumat around 260 nm. Therefore this wavelength is commonly
used as diagnostic wavelength for DNA quantification. The molar absorption coefficient was cal-
culated from the length and base composition with the online software tool OligoAnalyzer 3.1.

5.1.5. λ-Exonuclease digestion

In order to achieve a selective single strand displacement by degradation of only one strand of
the dsDNA, λ-exonuclease digestion was applied. λ-Exonuclease [195] is a 5’ to 3’ exodeoxyribonu-
clease. It selectively digests the 5’-phosphorylated strand of dsDNA. The enzyme exhibits low
activity on single-stranded DNA and non-phosphorylated DNA. 175 μl DNA solution was mixed
with 20 μl λ-exonuclease buffer (10 x) and 5 μl λ-exonuclease (5000U/ml) was added. This mix-
ture was incubated for 60min at 37 °C. Afterwards the resultant ssDNA was purified as described
in section 5.1.3 (page 87).

5.1.6. TOPO-TA cloning

After SELEX, the enriched libraries were cloned into vectors and transformed into competent cells
with the TOPO-TA Cloning kit (Life Technologies) according to the manufacturer’s recommenda-
tion. Before cloning the samples have to be PCR amplified with Taq polymerase (instead of Pwo
polymerase) as the addition of an 3’ overhang deoxyadenosine is crucial for the cloning strategy.
It is also critical that unmodified primers, without 5’ Cy5- or phosphate groups are used. After
plasmid preparation of successfully transformed colonies, the DNA was sent to Sanger sequenc-
ing.
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5.1. Working with nucleic acids

5.1.7. Sanger sequencing

50 μl plasmid-DNA (30 ng/μl) was sent to GATC-Biotech for Sanger sequencing with the M13
reverse primer.

5.1.8. Next-generation sequencing (NGS)

NGS was performed using the Illumina sequencing by synthesis technology. A detailed descrip-
tion of the sample preparation has been published as a book chapter in the ”Methods in Molecular
Biology” series. [2]

5.1.8.1. Indexing PCR

To multiplex several samples in one sequencing run, index sequence primers have to be added to
the end of each SELEX sample. Therefore, a set of 24 primers with 12 different index sequences at
the 5’ end of each primer was ordered. The index sequences are listed in table 5.1. Each SELEX
round was PCR amplified with a different set of primers allowing for multiplexing 12 different
SELEX round on one lane of the sequencer. After indexing PCR, the 12 samples were mixed, and
Illumina adapters were ligated.

Table 5.1. – Index sequences used for NGS.

Index Sequence Index Sequence
Index 1 ATCACG Index 7 CAGATC
Index 2 CGATGT Index 8 ACTTGA
Index 3 TTAGGC Index 9 GATCAG
Index 4 TGACCA Index 10 TAGCTT
Index 5 ACAGTG Index 11 GGCTAC
Index 6 GCCAAT Index 12 CTTGTA

5.1.8.2. Adapter ligation

For adapter ligation with some adaptations the TruSeq DNA PCR-Free (LT) sample preparation
kit (Ref.15037063, Illumina) was used. For further details, please refer to the sample preparation
chapter in ”Methods in Molecular Biology”. [2]

5.1.8.3. Sequencing

Sequencing was performed on an IlluminaHiSeq 1500 instrument in collaboration with the group
of Prof. Joachim Schultze (LIMES, Bonn). 100 bp single end reads were performed.
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5.1.8.4. Data analysis

Data analysis of the raw sequencing data was done by Dr. Carsten Gröber at AptaIT (Munich)
using the COMPAS software. Visual representations of the data were generated with Prism 5.0f
(GraphPad Software) and Excel 2011 (Microsoft).

5.2. Click chemistry

5.2.1. Reaction conditions in solution

A 1mM CuI catalyst solution was freshly prepared by addition of 25 μl freshly prepared 100mM
sodium ascorbate solution to 75 μl 1:4 CuSO4/THPTA solution (1mM and 4mM final concentra-
tion respectively). The click reactions were performed in 100 μl final volume. Therefore, 10 μl of a
10mM azide solution in DMSO was added to 80 μl of DNA solution in 100mM phosphate buffer
(pH 7). The click reaction was started by addition of 10 μl catalyst solution and the reaction mix-
ture was incubated for 60min at 37 °C, 800 rpm. After the click reaction the samples were purified
and buffer exchanged to D-PBS with Amicon Ultra centrifugal filters (10 kDa cutoff) according to
the manufacturer’s recommendation.

5.2.2. Reaction conditions on solid phase

A 1mM CuI catalyst solution was freshly prepared by addition of 25 μl freshly prepared 100mM
sodium ascorbate solution to 75 μl 1:4 CuSO4/THPTA solution (1mM and 4mM final concentra-
tion respectively). The click reactions were performed in 300 μl final volume on a thermomixer.
Therefore, 75 μl of a 1M azide solution in DMSO was added to the solid support. 165 μl water,
30 μl 1M phosphate buffer (pH 7) and 30 μl catalyst solution were mixed and added to the solid
support. The suspension was incubated for 60min at 37 °C, 1400 rpm. The solid support was
washed with 500 μl water and 500 μl acetonitrile. To ensure full conversion, the click reaction and
washing was repeated twice.

5.2.3. Determination of reaction yield (test-oligos)

After the click reaction, short test-oligonucleotides with only one alkyne modification (Test-EdU
and Test-C8-dU) were directly analyzed by HPLC-MS as described in section 5.3.1.

5.2.4. Determination of reaction yield (libraries)

Libraries composed of a mixture of different sequences, containing varying amounts of alkyne
modifications can not directly be analyzed by HPLC-MS. Instead, the strands were enzymatically
digested to the individual nucleosides, which in turn could be analyzed by HPLC-MS as described
in section 5.3.2.
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5.3. High-performance liquid chromatography and mass spectrometry (HPLC-MS)

5.2.4.1. Enzymatic digestion to nucleosides

For the enzymatic analytical digestion to nucleosides, 3 μl of the supplied 10 x S1 nuclease reaction
buffer (Life Technologies) was added to 200 pmol DNA in 27 μl water. After addition of 0.5 μl S1
nuclease (1000U/μl), the samples were incubated for 60min at 37 °C, 800 rpm. 3.5 μl 10 x alka-
line phosphatase buffer (Promega) and 0.5 μl of alkaline phosphatase (CIAP) (1U/μl), 0.5 μl snake
venom phosphodiesterase I (5mU/μl) and 0.5 μl Benzonase nuclease (250U/μl) were added. The
samples were incubated for 120min at 37 °C, 800 rpm. After digestion, the samples were heated
to 95 °C for 3min and centrifuged for 3min at 12000 rcf. 20 μl of the supernatant was further
analyzed by HPLC-MS.

5.3. High-performance liquid chromatography andmass
spectrometry (HPLC-MS)

5.3.1. DNA

5.3.1.1. Ion-pairing reversed-phase high performance liquid chromatography
(IP-RP-HPLC)

Reversed-phase ion-pairing chromatography was used for separation and purification of DNA
strands. The mechanism of reversed-phase chromatography is based on the varying retention of
a compound on the non-polar stationary phase as a function of its polarity. Polar compounds in-
teract less with the non-polar stationary phase and are eluted first by the flow of the polar mobile
phase. To enhance the retention of the (at pH 7) negatively charged DNA, triethylammonium hex-
afluoroisopropanol (TEA/HFIP) is added as an ion-pairing reagent to themobile phase, providing
a less polar counter-ion for the DNA. TEA/HFIP has the advantage over the more frequently used
triethylammonium acetate (TEA/OAc) that it is better compatible with ESI-MS. For separation of
DNA an analytical 1100 series HPLC system with an Hypersil ODS (C18) (Agilent) 2×100mm,
5 μm reverse phase column was used. As mobile phase a gradient (from 0% to 30% ACN in
20min) of 10mM triethylammonium and 100mM hexafluoroisopropanol (TEA/HFIP) solution
and acetonitrile (ACN) was used (flow: 0.5 l/min).

5.3.1.2. Electrospray ionization mass spectrometry (ESI-MS)

Mass spectrometry was done with a HTC Esquire (Brucker). Samples were measured using ultra
scan in the negative mode with the following settings: nebulizer: 50 psi, dry gas: 10 l/min, dry
temperature: 365 °C, SPS: 1000m/z, ICC: 70000, scan: 500-1500m/z.
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5.3.2. Nucleosides

5.3.2.1. Reversed-phase high performance liquid chromatography (RP-HPLC)

For separation of nucleosides after an enzymatic digestion an analytical 1100 series HPLC system
with an Phenomenex Synergi Fusion-RP 2×50mm, 4 μm reverse phase column was used. As
mobile phase a gradient of 0.1% ammonium acetate in water (pH 7) and acetonitrile (ACN) was
used (flow: 0.5 l/min). The following program was used: 10min 0% ACN followed by a gradient
from 0% to 30% ACN in 20min.

To improve the resolution later theHPLCconditionswere optimized as follows: AHypersilODS
(C18) (Agilent) 2.1×100mm, 5 μm reverse phase column was used. As mobile phase a gradient of
20mM ammonium acetate in water (pH 4.5) and ACN was used (flow: 0.3 l/min). The following
program was used: from 0% to 3% ACN in 9min followed by a gradient from 3% to 40% ACN
in 11min.

5.3.2.2. Electrospray ionization mass spectrometry (ESI-MS)

Mass spectrometry was done with a HTC Esquire (Brucker). Samples were measured using stan-
dard enhanced mode (alternating) with the following settings: nebulizer: 40 psi, dry gas: 9 l/min,
dry temperature: 365 °C, SPS: 400m/z, ICCneg.: 50000, ICCpos.: 100000, scan: 120-800m/z.

5.4. SELEX

5.4.1. Streptavidin beads

5.4.1.1. Biotinylation

The target protein (APC from Haematologic Technologies) was biotinylated with NHS-PEG4-
Biotin (Life Technologies) according to the manufacturer’s recommendation. Briefly, 200 pmol
APC was incubated with 20 equivalents of NHS-PEG4-Biotin, freshly prepared in DMSO to a fi-
nal volume of 50 μl. The solutionwas incubated for 1 h on ice and 15min at 25 °C and subsequently
purified with Amicon Ultra centrifugal filters (10 kDa cutoff) according to the manufacturer’s rec-
ommendation.

5.4.1.2. Bead preparation

200 pmol biotinylated protein was immobilized on 5mg streptavidin coatedmagnetic beads (Dyn-
abeads M-280 Steptavidin) in a total volume of 500 μl SELEX buffer, according to the manufac-
turer’s recommendation.The loaded beads were stored at 4 °C until further usage.
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5.4. SELEX

5.4.1.3. Selection conditions

The selections were carried out in SELEX buffer based onDulbecco’s phosphate buffered saline (D-
PBS). [135] To reduce unspecific interactions, the buffer was enriched with 1mg/ml bovine serum
albumin (BSA), 0.1%TWEEN-20 and 0.1mg/ml salmon spermDNA. 500 pmol of the start library
was incubated with 500 μg of non-conjugated streptavidin beads to remove the unwanted matrix
binding sequences. The supernatant was incubated for 30min at 37 °C and 800 rpm with 500 μg
APC-conjugated beads in a total volume of 200 μl. The beads were thoroughly washed two times
(30 s and 5min) with 200 μl SELEX buffer to remove non-specific binding DNA and the enriched
library was eluted with 85 μl water from the beads by heat denaturation (80 °C for 3min). The
eluted DNA was PCR amplified in a total volume of 800 μl and purified via spin-columns (see
section 5.1.3, page 87). PCR product formationwas carefullymonitored by gel electrophoresis and
stopped as soon as the desired product band could be detected on ethidium bromide stained gels.
Single strand displacement of the double-stranded PCR product was carried out by λ-exonuclease
digestion, and the resulting single strand DNA was purified via spin-columns. The purified single
strand DNA (approx. 10 pmol) was applied in the next SELEX round. For each selection cycle, the
PCR product and the purified single strand DNA were analyzed by gel electrophoresis on a 4%
agarose gel. To increase the selection pressure, the stringency of the washing steps was gradually
increased up to a maximum of 8 washing steps during the selection.

5.4.2. Capillary electrophoresis (CE)

A PA 800 Capillary Electrophoresis system (Beckman Coulter) with 32 Karat software (Beckman
Coulter) was used to acquire CE data. A 50 cm long, 50 μm inner diameter capillary having a
40 cm length to detector was employed for the CE-SELEX selections. Before each CE run the
capillary was rinsed with water and B15 buffer (see section 6.1.3, page 99) for 5min. The capillary
cartridge was maintained at 25 °C and the sample chamber was held at 20 °C. Electric fields of
25 kV were utilized to drive the electrophoresis separations. The samples (47.5 nl) were injected
into the capillary, pre-filled with the run buffer, by a pressure pulse of 5 s× 4 psi. For the selection
and binding assays samples were monitored using UV detection at 254 nm.

5.4.2.1. Selection conditions

First SELEX round: The indole-azide clicked starting library (3 μM final concentration) and APC
(3 μM final concentration) were incubated in B15 buffer. 3 consecutive 20min separation runs
were performed as described above and collected in 80 μl B15 buffer. The eluted DNA (enriched
library) was PCR amplified as described in section 5.1.2 (page 87). The first PCR product was
divided into 16 aliquots and further PCR amplified. As a backup of this SELEX round 10% of
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the purified dsDNA was stored at -20 °C. The purified, amplified double stranded library was pro-
cessed to single strand DNA as described in section 5.1.5 (page 88). Before the next SELEX round,
the ssDNA was functionalized with indole-azide as described in section 5.2.1 (page 90).

SELEX rounds 2-5: The enriched library was incubated with APC in B15 buffer. To increase
the selection pressure, the DNA and APC concentration was reduced as summarized in the fol-
lowing table. In total five rounds of SELEX, following the same protocol as in the first round, were
performed.

Table 5.2. – Summary of protein and DNA concentrations used for CE-SELEX.

Round APC [μM] DNA [μM]
1 3 3
2 0.23 3
3 0.3 0.3
4 0.1 0.06
5 0.3 0.12

5.4.3. Cobalt-beads

5.4.3.1. Bead preparation

25 μl of resuspended cobalt Dynabeads from a His-Tag Isolation and Pulldown kit (40mg/ml)
were washed 3 times with 500 μl SELEX buffer and resuspended in 500 μl SELEX buffer. 500 μl of
a 3.5 μM protein solution in SELEX buffer was added and incubated for 30min at 25 °C, 800 rpm.
Theprotein-loaded beadswerewashed 3 timeswith 500 μl SELEXbuffer and resuspended in 500 μl
SELEX buffer. To confirm C3-GFP conjugation to the cobalt beads, the GFP was verified by flow
cytometry.

5.4.3.2. Selection conditions

The selection was carried out in a selection buffer based on Dulbecco’s phosphate buffered saline
(D-PBS) enriched with 1mg/ml bovine serum albumin (BSA), 0.1% TWEEN-20 and 0.1mg/ml
salmon sperm DNA. As a target, His6 tagged C3-GFP immobilized on magnetic beads was used.
The library was incubated with C3-GFP coupled magnetic beads for 30min at 37 °C and 800 rpm.
Thebeadswerewashed three timeswith 200 μl SELEXbuffer to remove non-specific bindingDNA,
and the enriched library was eluted from the beads by addition of 100 μl of a 300mM imidazole
solution and incubation for 15min at 37 °C. The eluted DNA was PCR amplified in a total volume
of 800 μl and purified. The PCR product formation was monitored on 4% agarose gels. 10%
of the purified PCR product from each selection round was stored as a backup. Single strand
displacement of the double-stranded PCR product was carried out by λ-exonuclease digestion.
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5.5. Interaction analysis

Thepurified single strandDNAwas again functionalized with indole-azide and applied in the next
selection round. To increase the selection pressure, the amount ofmagnetic beadswas reduced and
the washing timewas increased during the SELEX. To further increase the selection pressure, from
round 12 on an indole-azide functionalized double-stranded DNA library with different primer
binding sites was used as a competitor for non-specific interactions. In order to deplete the library
of sequences binding to the bead matrix, from selection round three onwards, the library was
pre-incubated with 50 μl non-conjugated magnetic beads for 30min at 37 °C and 800 rpm. The
supernatant was recovered and incubated with the C3-GFP loaded beads. The detailed selection
conditions for each selection round are summarized in table 5.3.

Table 5.3. – Summary of GFP-SELEX conditions.

Round non-conjugated Beads C3-GFP Beads Wash Competitor
1 - 50 μl 3 × 30 s -
2 - 50 μl 3 × 30 s -
3 50 μl 50 μl 2 × 30 s + 1 × 5min -
4 50 μl 25 μl 2 × 30 s + 1 × 5min -
5 50 μl 10 μl 1 × 30 s + 2 × 5min -

6 - 11 50 μl 5 μl 3 × 5min -
12 50 μl 5 μl 3 × 5min 5 pmol
13 50 μl 5 μl 3 × 5min 15 pmol
14 50 μl 5 μl 3 × 5min 40 pmol
15 50 μl 5 μl 3 × 5min 40 pmol

5.5. Interaction analysis

5.5.1. Filter-retention assay

Equilibriumdissociation constantswere determined by nitrocellulose filter-retentionwith radioac-
tive labelled DNA.

5.5.1.1. Kinasation

Purified single strandedDNAwas 5’ labelled with 32P from γ-ATP using T4 polynucleotide kinase
(NEB) by incubating 41 μl DNA solution (ca. 10 pmol) with 5 μl T4 PNK buffer, 2 μl T4 PNK and
2 μl radioactive ATP (10 μCi/μl) (Perkin Elmer) for 30min at 37 °C.The labelledDNAwas purified
from unreacted ATP with G25 spin columns (GE Healthcare). The DNA was functionalized with
indole-azide and further purified with NucleoSpin columns.
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5.5.1.2. Measurement

After incubation in selection buffer with increasing protein concentrations for 30min at 37 °C, the
solution was filtered through nitrocellulose and the amount of bound aptamer was quantified by
autoradiography in a phosphorimager (FLA 3000 from Fuji).

5.5.1.3. Data analysis

Raw binding data were corrected for non-specific background binding and equilibrium dissocia-
tion constants were calculated via nonlinear regression assuming a 1:1 binding model with Prism
5.0f (GraphPad Software).

5.5.2. Microscale thermophoresis (MST)

5.5.2.1. Measurement

All measurements were performed on the Monolith NT.115 (NanoTemper) instrument. For every
measurement, 16 glass capillaries were prepared by dipping the capillaries in 10 μl of a protein
dilution series containing a constant concentration of Cy5 labeled DNA (10 nM).

5.5.2.2. Data analysis

Rawbinding datawere baseline subtracted, and equilibriumdissociation constantswere calculated
via nonlinear regression assuming a 1:1 binding model with Prism 5.0f (GraphPad Software).

5.5.3. Flow cytometry

Binding interactions with proteins immobilized on magnetic beads were measured using a FAC-
SCanto II (BD Biosciences). 5 μl of the respective magnetic beads were incubated for 30min at
37 °C with 500 nM DNA in SELEX buffer in a total volume of 50 μl. The beads were washed two
times with 200 μl SELEX buffer and resuspended in D-PBS. 50000 events were measured in the
flow cytometer, and the mean Cy5 fluorescence intensity (APC-A channel) was analyzed.

5.5.3.1. Data analysis

All values were normalized to the value obtained by C12-1. Mean and standard deviation of at
least two independent experiments were calculated and visualized with Prism 5.0f (GraphPad Soft-
ware).
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6.1. Reagents

If not stated otherwise all chemicals were bought from Sigma-Aldrich in analytical grade or the
highest available purity. All solutions were prepared using (Type1) ultrapure water (18MΩ× cm).

6.1.1. Chemicals

Name Details / CAS Supplier
Agarose Agarose LE Genaxxon
Alkaline phosphatase (CIAP) M2825 Promega
γ-32P-ATP NEG502A Perkin Elmer
Benzonase 9025-65-4 Sigma
C8-dUTP BCT-05 BaseClick
DNA ladder GeneRuler ultra low range Life Technologies
D-PBS (10X) D 1283 Sigma
Dynabeads M-280 Streptavidin Life Technologies
Dynabeads His-Tag Isolation & Pulldown Life Technologies
EdUTP BCT-08 BaseClick
Hexafluoro-2-propanol (HFIP) LC-MS grade Sigma
λ-Exonuclease EN0561 Thermo Scientific
NHS-PEG4-Biotin 21329 Life Technologies
Nuclease S1 18001-016 Life Technologies
Neutravidin-800 22853 Life Technologies
PWO DNA polymerase M3002 Genaxxon
Phosphodiesterase I (PDE I) 9025-82-5 Sigma
T4 Polynucleotide kinase (T4-PNK) M0201 NEB
Triethyamine (TEA) LC-MS grade Sigma
THPTA BCMI-006 BaseClick
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6.1.2. Commercial kits

Application Kit Supplier
Adapter ligation TruSeq DNA PCR-Free (LT) sample prep. kit Illumina
Gel filtration G25 spin columns GE Healthcare
PCR purification NucleoSpin Gel and PCR Clean-up Macherey-Nagel
Plasmid purification NucleoSpin Plasmid Macherey-Nagel
Size exclusion Amicon-Ultra Merck Millipore
TOPO TA cloning TOPO TA cloning kit for sequencing Life Technologies
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6.1. Reagents

6.1.3. Buffers and solutions

Name Composition Concentration
B15 CE-SELEX buffer (pH 8.3) Tris 25 mM

NaCl 30 mM
KCl 1 mM
CaCl2 1 mM
MgCl2 1 mM

CuAAC catalyst solution THPTA 4 mM
CuSO4 1 mM
Sodiumascorbate 25 mM

D-PBS (pH 5.3) NaCl 137.9 mM
Na2HPO4 8.1 mM
KCl 2.7 mM
KH2PO4 1.5 mM
CaCl2 0.9 mM
MgCl2 0.5 mM

DNA loading buffer (6x) Glycerol 60 %
Tris 10 mM
Na2EDTA (pH 8.0) 60 mM
Xylencyanol 0.03 %

HPLC-MS buffer A (TEA/HFIP) TEA 10 mM
HFIP 100 mM

Resuspension buffer Tris-HCl (pH 8.5) 10 mM
TWEEN-20 0.1 %

SELEX buffer D-PBS 1 X
BSA 0.1 %
TWEEN-20 0.1 %
Salmon-sperm 0.1 mg/ml

TBE buffer Tris 89 mM
Boric acid 89 mM
Na2EDTA (pH 8.0) 2 mM
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6.2. Nucleic acids

All nucleic acids were ordered HPLC purified by Ella Biotech.
FT2-F
5’-CACGACGCAAGGGACCACAGG-3’
FT2-F-Cy5
5’-Cy5-CACGACGCAAGGGACCACAGG-3’
FT2-R
5’-TGCCTCTGCGGTGTCGTGCTG-3’
FT2-R-(P)
5’-Phosphate-TGCCTCTGCGGTGTCGTGCTG-3’
FT2-N42 (T) (N: dA:dG:dC:T = 1:1:1:1)
5’-CACGACGCAAGGGACCACAGG-N42-CAGCACGACACCGCAGAGGCA-3’
FT2-N42 (C8-dU) (N: dA:dG:dC:C8-dU = 1:1:1:1)
5’-CACGACGCAAGGGACCACAGG-N42-CAGCACGACACCGCAGAGGCA-3’
FT2-N42 (EdU) (N: dA:dG:dC:EdU = 1:1:1:1)
5’-Cy5-CACGACGCAAGGGACCACAGG-N42-CAGCACGACACCGCAGAGGCA-3’
D3-F
5’-GCTGTGTGACTCCTGCAA-3’
D3-R
5’-GGAGACAAGATACAGCTGC-3’
D3
5’-GCTGTGTGACTCCTGCAA-N43-GCAGCTGTATCTTGTCTCC-3’
C12
5’-Cy5-CACGACGCAAGGGACCACAGGGXXGGAAGCGACGGGACGGXAAGGCXXGGG-
CCCCAAGGAGXGCAGCACGACACCGCAGAGGCA-3’ (X = EdU)
C12sc
5’-Cy5-CACGACGCAAGGGACCACAGGGAGXGGAGGCGXGAXGGACGAGAGXCGXGG-
CGCCAXCAACGGCAGCACGACACCGCAGAGGCA-3’ (X = EdU)
P5
5’-Cy5-CACGACGCAAGGGACCACAGGXAGGAGGGAGCAAGGXACGXXGCAGCAXGA-
CGGGACCCGACACAGCACGACACCGCAGAGGCA-3’ (X = EdU)
Test-C8-dU
5’-GCACTGTXCATTCGCG-3’ (X = C8-dU)
Test-EdU
5’-GCACTGTXCATTCGCG-3’ (X = EdU)
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6.3. Proteins

6.3. Proteins

Activated Protein C (APC), HCAPC-080, Lot: CC0405-1.0MG, Haematologic Technologies
Light chain: ANSFLEELRHSSLERECIEEICDFEEAKEIFQNVDDTLAFWSKHVDGDQCLVLP-
LEHPCASLCCGHGTCIDGIGSFSCDCRSGWEGRFCQREVSFLNCSLDNGGCTHYCLEEVG-
WRRCSCAPGYKLGDDLLQCHPAVKFPCGRPWKRMEKKRSHL
Heavy chain: DTEDQEDQVDPRLIDGKMTRRGDSPWQVVLLDSKKKLACGAVLIHPSWVL-
TAAHCMDESKKLLVRLGEYDLRRWEKWELDLDIKEVFVHPNYSKSTTDNDIALLHLAQP-
ATLSQTIVPICLPDSGLAERELNQAGQETLVTGWGYHSSREKEAKRNRTFVLNFIKIPVVPH-
NECSEVMSNMVSENMLCAGILGDRQDACEGDSGGPMVASFHGTWFLVGLVSWGEGCG-
LLHNYGVYTKVSRYLDWIHGHIRDKEAPQKSWAP

Cycle 3 GFP (C3-GFP) [144], 13105-S07E, Life Technologies
MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTL-
VTTFSYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGNYKTRAEVKFEGDTL-
VNRIELKGIDFKEDGNILGHKLEYNYNSHNVYITADKQKNGIKANFKIRHNIEDGSVQLA-
DHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK

Monomeric E-GFP (mE-GFP) [144], kindly provided by Volkmar Fieberg (Caesar, Bonn)
MGSHHHHHHENLYFQGSMVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYG-
KLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRPDHMKQHDFFKSAMPEGYVQERTIFFK-
DDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNG-
IKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSKLSKDPNEKRDHMVL-
LEFVTAAGITLGMDELYK
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6.4. Equipment

Equipment Details Supplier
Agarose chamber equipment In house construction
Analytical balance Sartorius
CE PA 800 Beckman Coulter
Flowcytometer FACSCanto II BD Biosciences
HPLC 1100 Agilent
Hypersil ODS (C18) Agilent
Imaging system Odyssey Li-Cor
Magnetic rack Life Technologies
Microscale thermophoresis Monolith NT.115 NanoTemper
MS Esquire HTC Bruker
Nitrocellulose membrane Protran 0.45 μM Schleicher and Schuell
PCR Thermocycler Mastercycler Personal Eppendorf
Phosphorimager (PI) FLA-3000 Fuji
PI screens and cassettes Fuji
Spectrophotometer NanoDrop 2000 Thermo Scientific
Pipets Eppendorf
Plastic consumables Sarstedt
Synergi Fusion-RP Phenomenex
Thermomixer Eppendorf
UV Transilluminator VWR
Water purification system Merck Millipor
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C1:  TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

C2:  TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

C3:  TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

C4:  TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

C5:  TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

C6:  TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

C7:  TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

C8:  TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

C9:  GCACTCTGCCTTATCCCGTATGGGTGGGGTCTATGCGTCCTA

C10: GCACTCTGCCTTATCCCGTATGGGTGGGGTCTATGCGTCCTA

C11: GCACTCTGCCTTATCCCGTATGGGTGGGGTCTATGCGTCCTA

C12: GCACTCTGCCTTATCCCGTATGGGTGGGGTCTATGCGTCCTA

C13: GCACTCTGCCTTATCCCGTATGGGTGGGGTCTATGCGTCCTA

C14: GCACTCTGCCTTATCCCGTATGGGTGGGGTCTATGCGTCCTA

C15: GCACTCTGCCTTATCCCATATGGGTGGGGTCTATGCGTCCTA

C16: TCATATCCCGTATGGGCTTGCCGGCTAACCTCTTGTTACCT

C17: CCCCTATCCCGTATGGGCTTGCAGAGTCTTCGGGTCACGCTT

C18: TCGTTATCCCGTATGGGCTTGCCGGCTAACCTCTTGTTACCT

C19: TCGTATCCCGTATGGGGTTGCGTTTTCAAACGACAACGTATT

Figure A.1. – Sequencing results for the test-SELEX against APC
The sequence of 18 full-length mono-clones found in the 11th SELEX round could be identified.
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Figure A.2. – Character statistics for the 3rd, 5th, 7th and 9th round of the test-SELEX
a) Statistical base distribution in the 3rd selection round. b) Statistical base distribution in the 5th se-
lection round. c) Statistical base distribution in the 7th selection round. d) Statistical base distribution
in the 9th selection round. Until round 5 only little enrichment could be observed, from round 7 on, a
strong enrichment was achieved.

Patter 1:  TCATATCCCGTATGGGCTTGAGGAACGTTTCGCGAGATACTA

Patter 2:  GCACTCTGCCTTATCCCGTATGGGTGGGGTCTATGCGTCCTA

Patter 3:  TCGTTATCCCGTATGGGCTTGCCGGCTAACCTCTTGTTACCT

Patter 4:  TTCCTCTATCCCGCCATGGGTGCGTCAATGTTTACGGGTTT

Patter 5:  GCCGCCATGTGGTATTATCCCGCATGGGCTCGCGTTCATTC

Patter 6:  TCGTATCCCGTATGGGGTTGCGTTTTCAAACGGCAACGTATT

Patter 7:  CCCCTATCCCGTATGGGCTTGCAGAGTCTTCGGGTCACGCTT

Patter 8:  TCATATCCCGTATGGGCTTGCCGGCTAACCTCTTGTTACCT

Patter 9:  TTGCCTAGATGTATGTGATCCCTATCCCGGATGGGCTTACGG

Patter 10: GCACTCTGCCTATCCCGTATGGGTGGGGTCTATGCGTCCTA

Patter 11: TCATATCCCGTATGGGCTTGTGAGGGCCATGTATGCCGGAGT

Patter 12: GTTTCCGGGCCTGGTACTATCCCGGATGGGCTTGCGTCATTT

Patter 13: CAGGTCCACGATAGGTGGACATATCCCGGATGGGTGCCATCC

Patter 14: TTGGATTTTCTCCGATCTGCGGCCCATATCCCGGATGGGTTG

Patter 15: CCCGTATGGGCTTGCAGAGTCTTCGGGTCACGCTT

Figure A.3. – Consensus sequence of the 15 most abundant pattern identified by NGS from the
test-SELEX against APC
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C1:  GCATACCCCGAGCCTAACTGCGAAGCAATGCCAGCGACTGGC

C2:  AAAAGAGGGGGGAGGCGGGAGCGCACGACTTTGGGAACCCGA

C3:  GAGGCGGACACCGCGCGGAGCTGAGGACGCCGAATCGCTTCA

C4:  GCTCGATCGAGGTAAAAAGAGGGAGCCGACGGGAGCCTGGAA

C5:  GGAGACCAAGGGCGGGGAGAGGCCGCACGGCTTTCGGAAGCG

C6:  TAGGCCGCGGGAACTGGGGCCAACTGTCGGCAGCCCAAGTTG

C7:  AGCAGAGCCGGCGAGGCTGAACCCTAGAGACGCGATCATCGG

C8:  GGCGAGTATGGCCATCCGGCGCGCCAAGAGAAGAATACAAAG

C9:  ACGCTGAGGGGCCTAAAGGCGCAGGGGATCTAGGA

C10: TGCGTAACGAGGCCTGTGAGACCAGGTAACGGTAGGCCAA

C11: GTGTATAGCGGC

C12: ACAATGGTAGC

C13: TTTCGGG

C14: CTTAGGAGGCGGGGATA

C15: TTTCGGAA

C16: GTGTATAGCGGC

C17: GGCATAAAGTCTGGG

Figure A.4. – Sequencing results for the SELEX with C8-dU against APC
The sequence of 8 full-length mono-clones found in the 10th SELEX round could be identified
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Figure A.5. – Character statistics for the 4th, 6th and 8th round of the SELEX with C8-dU
a) Statistical base distribution in the 4th selection round. b) Statistical base distribution in the 6th

selection round. c) Statistical base distribution in the 8th selection round. No specific enrichment
could be observed.
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Figure A.6. – Character statistics for the 1st and 3rd round of the CE-SELEX
a) Statistical base distribution in the 1st selection round. b) Statistical base distribution in the 3rd

selection round. No specific enrichment could be observed.
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        1          11         21         

C3-GFP: MSKGEELFTG VVPILVELDG DVNGHKFSVS

mE-GFP: VSKGEELFTG VVPILVELDG DVNGHKFSVS

31         41         51         61

GEGEGDATYG KLTLKFICTT GKLPVPWPTL VTTFSYGVQC

GEGEGDATYG KLTLKFICTT GKLPVPWPTL VTTLTYGVQC

71         81         91         101        

FSRYPDHMKR HDFFKSAMPE GYVQERTISF KDDGNYKTRA 

FSRYPDHMKQ HDFFKSAMPE GYVQERTIFF KDDGNYKTRA 

111        121        131        141       

EVKFEGDTLV NRIELKGIDF KEDGNILGHK LEYNYNSHNV

EVKFEGDTLV NRIELKGIDF KEDGNILGHK LEYNYNSHNV

151        161        171        181        

YITADKQKNG IKANFKIRHN IEDGSVQLAD HYQQNTPIGD 

YIMADKQKNG IKVNFKIRHN IEDGSVQLAD HYQQNTPIGD 

191        201        211        221        

GPVLLPDNHY LSTQSALSKD PNEKRDHMVL LEFVTAAGIT 

GPVLLPDNHY LSTQSKLSKD PNEKRDHMVL LEFVTAAGIT 

231

HGMDELYK

LGMDELYK

V1a Optimization of translation initiation

F64L Improve folding at 37°C 

S65T Promote chromophor ionization

Q80R Neutral (PCR Error)

F99S Improve folding at 37°C / Reduce aggregation

M153T Improve folding at 37°C / Reduce aggregation

V163A Improve folding at 37°C / Reduce aggregation

A206K Interference with dimer interface

H231L Neutral

a

Figure A.7. – Comparison of C3-GFP and mE-GFP
a) Sequence alignment of ”cycle 3” GFP (C3-GFP) and monomeric enhanced GFP (mE-GFP). b) Phe-
notypical description associated with these point mutations compared to the wild type protein. In red
are mutations on the surface of the protein. In grey are mutations inside the barrel structure.
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C12 GTTGGAAGCGACGGGACGGTAAGGCTTGGGCCCCAAGGAGTG

C33 GTTGGAAGCGACGGGACGGTAAGGCTTGGGCCCCAAGGAGTG

C32 GTTGGAAGCGACGGGACGGTAAGGCTCGGGCCCCAAGGAGTG

C38 GTTGGAAGCGACGGAACGGTAAGGCACGGGCCCCAAGAAGTA

C27 GCTGGAAGCGACGGGACGGTAAGGCACGGGCCCCAAGGAGTG

C26 GTTGAAAGCGACGGGACGGTAAGGCTCGGGCCCCAAGGAGTG

C29 GTTGGAAGCGACGGTACGGTAAGGCTTGGACCCCGATAAGTG

C15 CCGGGGAGTGGGGGAGGGTCTGGGGCCAGAACCAAACCACAA

C25 CCGGGGAGGGGGGGAGGGTCTGGGGCTAGGATCGAACCGCAA

C7  TGACAAACATGGACTAGGAAGGTGGGCTCCTAGGTCAGAACT

C23 GCGCGGGGGTGGGGGGGAGGGGGATGGCCAGGGCGTAAAAAT

C28 GGAGGAGGGGGATCCGGCCTCAGTAGGGGGCTTGGGAAACAA

C1  GGGGGACTGTCAGCCGGGGAGTGGCGGGGGGAAACAGAGGCC

C2  GGGGGCATCACACAGATATGCTCCCGAGGGGGGGGGACAGGG

C4  TTGGAGACAAGGAACGTAAAGAGGGCATGTGGGCTTAAATAG

C5  TGGGGATGGGCACAGTGGACTAGTCGGGGCAAGAGGGGGGAT

C8  GGGGGCGGTCATATAAACCCAAGGGGGCCTGGGCATAGGGGG

C10 GCGGGATGTGGGCCGTCACGACTGGGGCGGGAGGGGGAGAGG

C11 GGGGGCACGGTACGTAGGGGCGGGGAGGTACGACAGTGAGGG

C13 GGGGAGAGTGGGACCGTAGCAGAACATGGGGTCTCGGAAAGG

C16 GGAGAATTGGGGCAGGGACTCAGACAGTAGCCAATAGGGAAA

C18 GTATGGGGACGAGAGATTGGGGACATGGCCCAACAGTGGGAA

C19 GGGTACACCTGGGTACTAAGGGGAGGGGGGGGCACCGGGG

C20 GGGGGGGGGGCGCGAGTAAGTACAAGGGAGAGGGAGGGCCCAGC

C22 GGGTACAGGGTACAAGTACAAATACCGGGGGAGGGAGGGGAA

C24 AAATGGGGGGGGTAGGGAGTGATAGACTGGAGCTAGGGGTGAA

C30 GGTGTGAGGGGCAACGGGGAAGGGGAGGTCACGACACTGGGG

C31 GGCAACAGGGTCGTGGGGTACAAGAACGAAGTACATGAGTGA

C34 GGGGGAGGGGGGCGCTCGAGACCAAACGGGGGGTTGGTAAC

C35 GGGGGCAGTGTCATCGTCGGGGAGGGGAGGGGGAAGCCACAT

C36 GACTACAGGGACAAAGTCAATGGGGAAAATAGGGGACACAAC

C37 GGAGGAGGGTGATCTGGCCTCAGCAGGGGGCTTGGGAAACAG

C39 CAATCAATGGTCGGGGAGGACGGGGGGGAATTGGGAAGCTGG

C40 GGGGTTGGGGAAGAAAACGGTGGGATTGGGCAATGGGGCTAGG

C41 GGGGGGAAATCGCCAGTGGGGCAGATCGGGGACAGTGGCCTA

C42 GGTCAGGGGCCTTAACAATGGGCAATTGGGGAACAACAAAAT

Figure A.8. – Sequencing results for SELEX with EdU against GFP
The sequence of 37 full-length mono-clones found in the 15th SELEX round could be identified
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Figure A.9. –Character statistics for the 8th, 10th, 11th and 13th round of the SELEXwith EdU againt
GFP
a) Statistical base distribution in the 8th selection round. b) Statistical base distribution in the 10th se-
lection round. c) Statistical base distribution in the 11th selection round. d) Statistical base distribution
in the 13th selection round.
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Patter 1:  GTTGGAAGCGACGGGACGGTAAGGCTCGGGCCCCAAGGAGTG

Patter 2:  GGACGGGGCGACCGGGGGAGGGACAGGGGCATCTAACGGCAA

Patter 3:  GGATGGACCGGGGCGGAGGGGGGTAGGCGATGGGGGCACTGGG

Patter 4:  TGACAAACATGGACTAGGAAGGTGGGCTCCTAGGTCAGAACT

Patter 5:  TAGGAGGGAGCAAGGTACGTTGCAGCATGACGGGACCCGACA

Patter 6:  GGAGGAGGGGGATCCGGCCTCAGCAGGGGGCTTGGGAAACAG

Patter 7:  GGCGGCGGGGGGTGCGAGCGCACGGGGGGGACTGGGCTCAGA

Patter 8:  GGGGGGAGGGGGACCGTAGCAGGACAGGGGGGCTTGGGAAGG

Patter 9:  GGGGGGGGCGGACGGGGCGAATGGGCGCGTCAGTGGGAGGGG

Patter 10: GCGGGGCGGGGGCAATGGCCAGTACCAGGGGGGAGGGAGGAC

Patter 11: GGCGGGGAGGGGGGGAGGGATCGGGACAGACCATATGCGTGAG

Patter 12: GGCGGCGGGGGTCGCACAAGGGATCGGGGGGACTGGGCACGT

Patter 13: GCGCGGGGGCGGGGGGGAGGGGGATGGCCAGGGCGTAAGAAT

Patter 14: GGCGGGGAGGGGGGGAGGGATCGGGACAGACCATATGCGTGAG

Patter 15: GTGGGGCATCAACCGTAGGGAGGGCGGGGGACAGGGGCAGGA

Figure A.10. – Consensus sequence of the 15 most abundant patterns identified by NGS from the
SELEX with EdU against GFP
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Figure A.11. – Filter-retention analysis of C12-1 and C12sc-1 towards mE-GFP
Neither the aptamer C12-1 (green) nor the control sequence C12sc-1 (grey) bind to mE-GFP.
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Figure A.12. – HPLC-MS analysis of C12 after enzymatic degradation to single nucleosides
a) Unfunctionalized C12. b) Indole-azide 1 functionalized C12-1. After the reaction no unreacted
EdU could be detected by mass spectrometry. c) 1-ethyl-naphthalene-azide 2 functionalized C12-2.
After the reaction no unreacted EdU could be detected by mass spectrometry. d) Ethyl-phenyl-azide 3
functionalizedC12-3. After the reaction no unreacted EdU could be detected bymass spectrometry. e)
Benzyl-azide 4 functionalized C12-4. After the reaction no unreacted EdU could be detected by mass
spectrometry. f) Iso-butyl-azide 5 functionalized C12-5. After the reaction no unreacted EdU could
be detected by mass spectrometry. g) Ethylamine-azide 6 functionalized C12-6. After the reaction no
unreacted EdU could be detected by mass spectrometry.
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List of Abbreviations

Abbreviation Full form
A 2’-Deoxyadenosine
ACN Acetonitrile
AU Absorbance units (HPLC)
bp Base pairs
C 2’-Deoxycytidine
C8-dU 5-(Octa-1,7-diynyl)-2’-deoxyuridine
C8-dUTP 5-(Octa-1,7-diynyl)-5’-O-triphosphate-2’-deoxyuridine
CuAAC Copper-catalysed azide-alkyne cycloaddition
DCM Dichloromethane
DMSO Dimethylsulfoxide
DNA Deoxyribonucleic acid
dNTP Deoxyribonucleotide
dsDNA Double standed DNA
EdU 5-ethynyl-2’-deoxyuridine
EdUTP 5-ethynyl-5’-O-triphosphate-2’-deoxyuridine
EDTA Ethylendiaminetetraacetate
EPR Electron paramagnetic resonance
EtOH Ethanol
g Gram
G 2’-Deoxyguanosine
HPLC High performance liquid chromatography
HV High vacuum
λem Emission wavelength
λex Excitation wavelength
l Litre
KD Dissociation constant
NMR Nuclear magnetic resonance spectroscopy
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List of Abbreviations

Abbreviation Full form
M Molar mass [g/mol] or Molar concentration [mol/l]
MeOH Methanol
MS Mass spectrum
nt Nucleotides
NTC No template control
PCR Polymerase chain reaction
PELDOR Pulsed electron-electron double resonance
rcf Relative centrifugal force
RFU Relative fluorescence units
RNA Ribonucleic acid
RT Room temperature (20-25 °C)
SELEX Systematic evolutions of ligands by exponential enrichment
ssDNA Single stranded DNA
T Thymidine
TBTA Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
TEA/HFIP Triethylammonium hexafluroisopropanol
THPTA Tris(4-(3-hydroxy-propoyl)-[1,2,3]triazol-1-ylmethyl)amine
Tris Tris(hydroxymethyl)aminomethane
U Units
UV Ultraviolet
V Volt
w/o Without
W Watt
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