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Zusammenfassung 

G-Quadruplexe sind in den vergangenen Jahrzehnten mehr und mehr in den Fokus der Nukleinsäure-

Forschung gerückt. Dabei entwickelte sich das Verständnis von ihrer Entdeckung als 

außergewöhnliche Sekundärstrukturmotive bis heute hin zu komplexen Modulatoren verschiedener 

Ebenen der Genregulation. Ein tieferes Verständnis ihrer Funktion und Kontrolle könnte einen 

wichtigen Beitrag zur Aufklärung regulativer Mechanismen leisten und helfen, Dysregulationen 

besser zu verstehen und neue Behandlungsmöglichkeiten zu eröffnen. 

Aptamere sind monomolekulare DNA- oder RNA-Moleküle oder auch Peptide mit individueller 

dreidimensionaler Faltung und daraus resultierender Spezifität für die selektive Bindung an ein 

Zielmolekül. Sie besitzen also Antikörpern ähnliche Charakteristika und haben sich zu einer neuen 

Klasse therapeutisch relevanter Biomoleküle entwickelt. So verbinden sie die Vorteile einer 

selektiven, starken Bindung an das Zielmolekül, einfacher, kostengünstiger Synthese bei 

gleichbleibender Qualität, hoher Stabilität und geringer Immunogenität. 

Ziel der vorliegenden Arbeit war die Charakterisierung des Aptamers AIR-3 bzw. des 19 nt langen 

Bindemotivs AIR-3A bezüglich seiner Struktur und Spezifität. AIR-3 wurde zur Bindung an den 

humanen Interleukin-6-Rezeptor (hIL-6R) selektiert, dessen Fehlregulation mit der Prävalenz und 

Persistenz verschiedener Krankheiten assoziiert ist, und bereits für in vitro Wirkstofftransporte 

eingesetzt. Strukturell ist über AIR-3A aus vorangegangenen Studien jedoch nur bekannt, dass es 

einen parallelen G-Quadruplex ausbildet und dass fast alle enthaltenen Nukleotide Bedeutung für die 

Interaktion mit hIL-6R haben. Auch wurden Hinweise gefunden, dass die Interaktion über Domäne D1 

des hIL-6R erfolgt. 

Im Rahmen dieser Doktorarbeit wurden deshalb die Struktur von AIR-3A sowie seine Bindespezifität 

und -stöchiometrie mittels verschiedener Verfahren genauer untersucht. Zudem wurde die 

Auswirkung der Anwesenheit des Aptamers auf die zelluläre Rezeptorpräsentation sowie der Einfluss 

von Nukleotid-Modifikationen auf die funktionelle Aptamerintegrität überprüft. 

Anhand dessen konnte festgestellt werden, dass AIR-3(A) ein größeres Spektrum an Faltungen und 

Zielmolekülen besitzt als bisher angenommen wurde, und eine große Toleranz bezüglich 

verschiedener Modifikationen aufweist. Außerdem deuten die Ergebnisse auf einen regulativen 

Einfluss AIR-3As auf die Endozytose von hIL-6R hin. Dies könnte ein Hinweis darauf sein, dass hIL-6R 

direkt oder indirekt durch zellulär vorkommende Quadruplexe beeinflusst wird. Vor dem Hintergrund 

aktueller Fortschritte in der Aufklärung G-Quadruplex-kontrollierter Mechanismen könnten diese 

Erkenntnisse helfen, das Verständnis für hIL-6R assoziierte Dysfunktionen zu mehren. 
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Abstract 

G-quadruplexes have more and more moved into focus of research in nucleic acids, thereby evolving 

in scientific significance from exceptional secondary structure motifs to complex modulators of gene 

regulation. A deeper understanding of their function and control may serve as an important 

milestone to elucidate regulatory mechanisms and help understand dysregulation. This might offer 

new opportunities for treatment options in the future. 

Aptamers are monomolecular DNAs, RNAs or peptides with defined three dimensional folding, 

resulting in selective target specificity and affinity. In these characteristics, they resemble antibodies 

and they developed into a new class of therapeutically relevant biomolecules. They combine several 

advantages such as selectivity and high affinity to their target, simple and cheap synthesis with low 

batch to batch variability as well as high stability and low immunogenicity. 

The aim of the present thesis was to further characterize the aptamer AIR-3 and its minimal binding 

motif AIR-3A (19 nt) with respect to its structure and specificity. Originally, AIR-3 was selected for 

binding to human Interleukin-6 receptor (hIL-6R), a key player in inflammatory diseases and cancer, 

and has recently been exploited for in vitro drug delivery studies. Concerning its structure, former 

studies gave only little insight. As such, it is known to date that AIR-3A forms an all-parallel 

G-quadruplex and that almost all nucleotides in the binding motif are essential to maintain affinity 

towards hIL-6R. Also, experimental data indicated that interaction with the target occurs via 

hIL-6R-domain D1. 

 

By means of different methods, the structure, binding specificity and stoichiometry of AIR-3A were 

scrutinized in this study. Also, the influence of aptamer presence to cellular levels of membrane 

bound hIL-6R as well as tolerance of Air-3A integrity for nucleotide modifications were analyzed. In 

conclusion, these findings suggested a broader spectrum of folding species and targets for AIR-3A 

than assumed so far. Also, remarkable tolerance towards different pyrimidine modifications was 

found. Furthermore, the results hinted at a regulatory influence of AIR-3A on endocytosis and 

trafficking of hIL-6R. This could be an indication for hIL-6R regulation being (directly or indirectly) 

associated with cellular occurring G-quadruplexes. Against the background of recent advances in the 

elucidation of G-quadruplex mediated modulations these findings may help to increase 

understanding of hIL-6R associated dysfunctions. 
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1. Introduction 

1.1. G-Quadruplexes 

DNA and RNA can adopt different secondary structures that arise from intra- or intermolecular 

hydrogen bonding. Most common are helical structures as for example the B-form double helix 

known from DNA duplexes.1 Helices can also occur in RNA and in hybrids of DNA and RNA and also in 

unimolecular oligonucleotides undergoing intramolecular folding. There, other secondary structures 

as stem-loops, internal loops or bulges can be formed as well.2-4 Secondary structures are stabilized 

by stacking interactions.5  

Another group of higher ordered structures is represented by G-quadruplexes (GQs) found in DNA or 

RNA rich in guanines. The guanines are arranged as repetitive sequence motifs (G-tracts). The term 

quadruplex refers to the tetramolecular characteristic of these nucleic acids. Thus, deduced from 

duplexes and triplexes, a quadruplex (or tetraplex) is composed of four strands. These can either be 

four separate strands,6 a dimer of two strands7 or a single strand that forms a GQ by intramolecular 

folding (unimolecular GQ).8-10  

While duplex formation results in helical conformations, regardless of the base sequence, by 

complementary Watson-Crick base pairing, formation and stability of higher order structures is 

depending on their sequences and more difficult to predict.11, 12 To form such alternative structures, 

alternative base pairing is a prerequisite.  

1.1.1. Structural properties 

Discovery of guanine self-association dates back to 1910 when Ivar Bang discovered that guanylic 

acid (GMP) formed gels in aqueous solutions.13, 14 Decades later, in 1962, Gellert et al. published 

X-ray diffraction data for GMP, proposing the tetrameric structure known nowadays as G-quartet or 

G-tetrad.15 In G-tetrads, Hoogsteen hydrogen bonding occurs between Gs, which are arranged in a 

cyclic planar fashion (Figure 1). 
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Figure 1: Schematic representation of a G-quartet [modified from 
16

]. The planar structure consists of four 
guanine residues, that interact via Hoogsteen hydrogen bonds (N1-N6 and N2-N7) and is stabilized by 
complexation of a central cation (M+). 

 

By stacking, several G-tetrads can form a complex, the G-quadruplex (Figure 3A). To compensate for 

the negative charge arising from the oxygen atoms, the coordination of monovalent cations (M+ in 

Figure 1) is highly favored. Especially potassium and sodium cations have an influence on GQ 

formation and are often interchangeable, while lithium (Li+) usually inhibits GQ folding.10 Due to their 

radii, Na+ can be complexed within the plane of a quartet or between two planes, while K+ is found 

exclusively in the latter position.6, 17 Depending on charge and radius, also other cations are in 

principle able to intercalate and exchange for K+ or Na+ such as ammonium (NH4
+), barium (Ba2+) and 

strontium (Sr2+).18 Cation interaction promotes the GQs stability, which is displayed by their high 

melting temperatures - relative to nucleotide composition and chain length - and elevated resistance 

towards nucleases.19, 20 GQ stabilizing character was shown to decrease in the order 

K+>Rb+>Na+>Li+>Cs+ for monovalent and Sr2+>Ba2+>Ca2+>Mg2+ for divalent cations.21, 22 Also, 

stabilization by trivalent cations Tb3+ and Eu3+ was reported.23, 24 Apart from these inner ions, cations 

can naturally interact with the phosphate backbone (outer ions) via electrostatic interactions. 

Next to cation contribution, stability is further enhanced by stacking interactions between the 

G-tetrads. Undergoing G-quartet association, guanines experience a change in electron density 

distribution. This phenomenon is based on the molecular orbital theory and known as resonance-

assisted hydrogen bonding (RAHB),25 an interplay of delocalized π-electrons and hydrogen bond 

(H-bond) formation. However, the RAHB model was recently challenged by the “charge separation” 

theory,26 which proposes that the GQ stability arises from synergetic effects of H-bond formation and 

donor-acceptor orbital interactions in the system of σ-electrons rather than π-electrons. Yet, the 
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redistribution of guanine electron density is consistent with both models. Furthermore, the 

formation of G-quartets is energetically favored towards free guanines.27 

 

Figure 2: Topologies of G-quadruplexes [modified from Rhodes
28

]. A) Planar G-quartets stack upon each other 
to form quadruplexes consisting of two or more tiers, according to the G-tracts present in the strand(s). They 
are stabilized by coordination of cations (M+) within or between two tetrads. B) A selection of possible GQ 
topologies. GQs can be tetra-, bi- or unimolecular and according to the direction in which the strands run, 
topologies can be either parallel (same direction) or antiparallel (different directions). 

 

Structurally, GQs can differ in G-tract length, loop or bulge size, strand orientation and topology. The 

strand(s) forming the GQ can adopt different orientations: parallel (all strands have the same 

direction) or antiparallel (at least one strand runs in the opposite direction). Further classification is 

achieved by the location of linking loops (lateral, diagonal or propeller type, Figure 2B).29 

In general, longer G-tracts and shorter loops in between result in increased stability.10, 30 Folding 

topologies depend on the molecularity, cation identity, number of G-quartets, nucleotide sequence 

and glycosidic conformation.31 Especially for unimolecular quadruplexes, topologies are diverse 

(Figure 2B).  
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Figure 3: Stereochemical ascpects in G-quadruplexes [modified from Tran
16

]. A) The glycosidic bond between 
guanine base and sugar moiety adopts either syn- or anti-conformation (encircled P representing phosphate) 
with the structural consequence of (B) causing different groove sizes (small, medium or wide) between 
neighboring Gs in the plane. C) The G-tetrad possesses two diastereotopic faces defined by rotation direction of 
the NH to C=O hydrogen bond: clockwise (head) or counter clockwise (tail). D) In the G-quartet, favored sugar 
conformations are either C2’- or C3’-endo. 

 

The glycosidic bond linking guanosines and sugar units in the GQ can adopt either syn- or anti- 

conformation (Figure 3A). Also, the sugar can be present in different conformations of which C2’- or 

C3’-endo are most favorable (Figure 3D). In this respect, RNA is constrained towards DNA by the 

presence of its 2’ hydroxyl group which causes C3’-endo puckering and allows only anti-

conformation. This also results in RNA G-quadruplexes exclusively adopting parallel folding topology. 

The 2’ hydroxyl also represents a thermodynamic advantage by broadening the scope of 

intramolecular interaction and stability. The glycosidic conformation also influences the size of 

grooves defined by neighboring Gs, which can be small, medium or wide (Figure 3B).32 
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Moreover, the chiral sugar units attached to all nucleobases transmit and amplify their chirality 

resulting in a chiral G-quartet with two diastereotopic faces. This means, considering the face of one 

G-quartet, the direction of N-H to C=O hydrogen bonding can either have a clockwise (head) or 

counter clockwise (tail) rotation (Figure 3C).10, 22  

Over time, related structural phenomena were discovered, for example the occurrence of A4-, U4-, T4- 

and mixed tetrads, which contribute to quadruplex stabilization.33-36 Also, interlocking or stacking of 

different GQs were observed.37, 38 

1.1.2. Structure analysis of G-Quadruplexes 

Under in vitro conditions, different structural analyses can be applied to prove the presence of GQs in 

DNA or RNA. This can be achieved at different orders of resolution depending on the methods used. 

On a global level, formation of the quadruplex as well as stoichiometric properties can be analyzed 

by UV-detected thermal melting or Circular Dichroism (CD) spectroscopy in solution.39-41 Both 

methods are suitable to detect transitions between duplex and quadruplex formation. 

CD spectroscopy gives further information on conformational properties such as strand orientation 

or stacking interactions.  

CD spectroscopy exploits the ability of chiral, optically active molecules to differentially absorb 

circularly polarized light. The difference in absorption of left-hand and right-hand circular polarized 

light at different wavelength (ellipticity) can be plotted as a function of the wavelength. This results 

in characteristic bands that allow for structural assignment. In the case of GQs, parallel and 

antiparallel folding topologies can be discriminated by characteristic bands (Figure 4). Parallel GQs 

display a minimum absorbance at 240 nm and a maximum at 260 nm, antiparallel topology is 

indicated by a minimum at 260 nm and a maximum at 295 nm. GQ formation in dependence of 

different parameters (e.g. temperature or salt concentration) can be monitored and evaluated from 

the difference in amplitude (e.g. decreasing signal for denatured oligonucleotide (heat), increasing 

signal at renaturing). 



___________________________________INTRODUCTION__________________________________ 
 

6 

 

Figure 4: Superimposed calculated CD -spectra of G-Quadruplex forming nucleic acids [modified from 

Randazzo
42

]. Exemplary spectra depicting characterisic CD signals. Parallel GQs (solid line) display a minimum 
at 240 nm and a maximum at 260 nm. Antiparallel folding (dashed line) is characterized by a minimum at 
260 nm and a maximum at 295 nm. Amplitude intensity corellates with folding and stacking of the tetrads. 
Unfolding leads to a decrease in CD signal (curve approaches the baseline).  

Structure information at nucleotide resolution can be obtained using secondary structure analyses 

such as reverse transcriptase stalling, polymerase-stop assay, chemical or enzymatic probing or 

in-line cleavage susceptibility.43-47 In general, traditional structure probing analyses that are applied 

to DNA or RNA are suitable for GQ forming oligonucleotides as well. Briefly, these methods are all 

based on the generation of oligonucleotide fragments that differ in abundance depending on 

presence or absence of GQ formation. Quantification of fragment portions under both conditions 

reveals nucleotides that are influenced by or involved in GQ formation. Fragment analysis can then 

be conducted by electrophoresis with a sensitive detection method at hand (fluorescence or 

radioactivity).  

Even atomic resolution can be accomplished using methods like NMR or X-ray crystallography.43, 48-51 

The structural details that these methods provide are impressing. However, high resolution 

techniques may not be applicable for all GQs as they often demand special sample requirements, 

such as relatively high concentrations, monodispersity, homogeneity in conformation or laborious 

preparation (e.g. crystallization) to yield utilizable results. 

For interaction studies of G-quadruplexes with cations, ligands or target molecules, a wide array of 

methods like Filter Retention Assay, Electrophoretic Mobility Shift Assay (EMSA), Flow Cytometry and 

Microscale Thermophoresis is available. Also Mass Spectrometry (MS) can be employed to study GQs 

and their interaction partners, while so called native MS additionally provides the possibility to keep 

the bio-molecules in a near native state allowing for stoichiometry investigations of macromolecular 

complexes.52 The salts that are present in common buffers can interfere with the ionization process 

of the bio-macromolecule (e.g. a protein) in mass spectrometric analysis. Therefore, in native MS, 

volatile buffers (such as aqueous ammonium acetate at 5 mM to 1 M) are used that desolvate during 
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ionization and render bare ions of the investigated molecule. While these are less charged than 

under standard MS conditions and the folded molecule displays a compact surface, preservation of 

macromolecular complexes was shown.53-55 

There exist further methods for structural analysis of GQs, which were excellently reviewed for 

example by Jaumot et al. and Murat et al.56, 57 

Despite the range of possibilities to analyze the structure of a GQ experimentally, bioinformatic 

modeling approaches add valuable information (e.g. assess thermodynamic interaction probabilities) 

and are routinely applied in combination. Especially when considering possible therapeutic 

approaches, it is important to know the structural parameters defining the G-quadruplex and 

possible interaction sites.38 

1.1.3. Biological relevance 

Since their discovery, the recognition of G-quadruplexes has evolved from structural curiosities to 

potential nucleic acid based regulators of multiple biological processes. Advances in sequencing 

methods and bioinformatics have been to the benefit of this matter. All over genomes and 

transcriptomes of different species, computational analyses have identified numerous regions that 

contain potential GQs.58 This includes mammals, non-mammals, bacteria and human viruses.59-61 

Moreover, these sites are not randomly distributed, but co-localize with functional regions such as 

promotors or telomeres in the genome (Figure 5). There, DNA GQs were found to exhibit regulatory 

functions, like controlling transcription (Figure 5A) and replication (Figure 5B) due to binding to 

certain proteins.62 Quadruplexes are further present on the RNA level, for example in the 5’-UTR of 

mRNAs, where they can repress63-66 or augment67 translation (Figure 5D), in 3’-UTRs, where they 

exhibit regulation by alternative polyadenylation, transcript shortening and miRNA interference,68 or 

in the transcripts of telomeric DNA (TERRA), which contribute to telomere maintenance (Figure 

5C).69, 70 The site specificity of predicted GQs is also conserved among different species.71 Recently, a 

first evidence for GQ occurrence in mitochondria was reported.72 While GQs are characterized in 

vitro by their high stability (see 1.1.1), in vivo they are often of transient appearance. This is sensible 

with regard to their suggested function as switches to control biological pathways.21  
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Figure 5: Possible cellular localization of G-quadruplexes [modified from Rhodes
28

]. Predicted GQ sites in the 
genome and transcriptome are non-randomly distributed. Their abundance is enriched in regulative regions as 
promotors and telomeres. GQ formation in the nucleus is supposed to occur in the context of transcription (A) 
and replication (C) when DNA transiently is unwound, as well as in the G-rich telomeric overhangs that are 
single stranded (B). Further, involvement is predicted for GQs in mRNA exhibiting translational control in the 
cytoplasm (D). Red T-bars represent repressive, green arrows progressive influence on cellular processes. 

Although GQs likely form in vitro under physiological conditions, monitoring of their formation in vivo 

is not as straightforward, despite the abundance of predicted GQ sites. This is because different 

intracellular parameters can influence GQ-structure and –formation and cause divergence from in 

vitro approaches. As such, state of chromatin condensation or molecular crowding effects need to be 

taken into account.28, 73, 74 

The first proof for the existence of G-quadruplexes in vivo was presented for ciliates by Schaffitzel 

et al. in 2001.75 Generation of antibodies that specifically bind to parallel stranded GQs allowed for 

visualization of telomeres by immunostaining in Stylonychia lemnae. Similar approaches were then 

also realized in mammalian cells for example with the antibodies BG476 or 1H6.77 Yet, these 

techniques display the drawback that the antibodies are cell-impermeable and can only be applied 

on fixed and permeabilized cells.76 Thereby detection is limited to GQs in cellular surroundings of 

limited morphological integrity.78 In 2015, Laguerre et al. presented an advanced approach.78 To 

detect GQs in live mammalian cells, they used a fluorescent ligand (N-TASQ) that exhibits 

fluorescence only when interacting with RNA GQs. The ligand itself mimics a G-tetrad with guanine 

residues conjugated to a naphthalene template. Fluorescence is quenched by intramolecular 

photoinduced electron transfer unless RNA GQs are present. Upon interaction, fluorescence is 

switched on and enhanced by the intrinsic fluorescence of the GQ.  
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Application of small molecules that bind GQs also contributed to their identification and isolation.79 

As an example, pyridostatin was shown to label cellular GQs causing DNA damage. 

Immuno-detection of damaged sites and chromatin immuno-precipitation followed by deep 

sequencing revealed genomic GQ sites.80 Against this background, small molecules may also be 

suitable for GQ targeting in therapeutic approaches. 

The regulatory potential, discovered for GQs in telomeres54, 55 and promotor regions of oncogenes51, 

81-84 suggests, that they promote cell growth and immortality. Next to potential diagnostic 

approaches,85 this renders them interesting targets for therapeutic applications, especially in the 

treatment of cancer86-89 as GQ formation can selectively interfere with telomere maintenance in 

tumor cells.90, 91 In the majority of tumor cells, the telomerase enzyme is active, maintaining telomere 

length and adding to longevity of the cells.92 Telomerase levels correlate with state of metastasis and 

cancer progression.93, 94 By means of small molecules, that can stabilize GQs at telomeric ends, 

inhibition of telomerase was achieved.95 Enzymatic inhibition results then in telomere-length 

reduction, senescence and apoptosis of tumor cells. In a similar approach, small molecule ligands 

were shown to silence transcription of MYC by GQ stabilization in the promotor region of this proto-

oncogene.96, 97 

1.1.3.1. G-Quadruplex binding proteins 

With respect to the regulative potential found for GQs, not only DNA and RNA regions were 

identified, but also various proteins, that selectively bind GQs (GQ binding proteins) causing 

stabilization or destabilization.98 Groups of targeting proteins were found localized at GQs in the 

telomere region,99-101 promotor regions102-105 and RNA GQs.106, 107 Also, helicases specific for GQ 

unwinding were identified.108-110 If the recognition proteins become mutated or dysfunctional this 

may lead to deregulation of GQ interactions which are linked to disorders in aging and disease. Their 

affinity towards GQs might therefore represent a regulative element. As such, repression of 

translation was reported for fragile X mental retardation protein (FMRP) upon binding to a GQ in its 

own mRNA.111 FMRP absence, resulting from methylation of a trinucleotide (CGG) repeat in the 

FMR1 gene, is associated with inheritable mental retardation.112, 113 Mutations in or deficiency of GQ 

helicases WRN (Werner syndrome ATP-dependent helicase) and BLM (Bloom syndrome protein) are 

connected to the Werner syndrome (marked by premature aging) and Bloom syndrome (marked by 

increased cancer incidence, immune and developmental disorders).114, 115 Both were reported to be 

associated with altered transcription of genes possessing predicted GQs.116 Several proteins with GQ 

binding characteristics were identified and isolated for example by chromatin immunoprecipitation 

and pull-down assays. General features that are responsible for GQ specificity and common in all 

binding proteins have not been revealed yet. One characteristic connected with GQ affinity in some 

proteins is the presence of the stabilizing Arg-Gly-Gly (RGG) repeats as found in FMRP,117 nucleolin (a 
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multifunctional heterogeneous nuclear ribonucleoprotein (hnRNP) belonging to the family of RNA 

binding proteins)118 or engineered proteins.119 

Next to these examples occurring in vivo, G-quadruplexes have also been found in RNAs and DNAs 

selected in vitro. These oligonucleotides called aptamers are dealt with in the following chapter. 

 

1.2.  Aptamers 

Aptamers are short monomolecular oligonucleotides that display affinity towards a certain target 

molecule. The target, which can be a protein,120 small molecules,121 metal ions122 or even whole 

cells,123 is recognized with high specificity and effectively bound. 

Since 1990, when aptamers were first mentioned,124, 125 they have gained more and more importance 

as versatile tools applied in molecular biology,126 nanotechnology,127 and medicinal sciences.128 

In their general properties, aptamers resemble antibodies, but several advantages exist. First, 

aptamers are less sensitive to heat damage and can refold after denaturation, which results in an 

overall longer shelf-life and undemanding storage requirements. Also, they can be synthesized cost-

efficiently at high yields and low batch-to-batch variation. Another important advantage is that they 

display little to no immunogenicity and toxicity.129, 130 

1.2.1. Generation and applications 

Aptamers are generated by an iterative selection process termed Systematic Evolution of Ligands by 

Exponential enrichment (SELEX)125 from a library of monomolecular oligonucleotides diverse in 

sequences (1011-1014) with constant terminal primer regions and a randomized central region 

(20-50 nt). A SELEX can be conducted with DNA or RNA. The unselected pool of oligonucleotides is 

exposed to the target of interest to allow for binding (Figure 6-1). The binding fraction is then 

separated from non-binders (Figure 6-2) and eluted from the target molecule (Figure 6-3). 

Subsequently, binders are amplified (Figure 6-4) by PCR in the case of DNA or RT-PCR for RNA. 

Finally, to regain a starting pool for the next round of selection, strand separation (DNA) or in vitro 

transcription (RNA) are performed (Figure 6-5). After completion of 5 to 15 SELEX cycles, the pool is 

investigated for enrichment in binders and aptamers are elucidated by sequence analysis. 
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Figure 6: Aptamer generation using SELEX [modified from Kruspe
131

]. Schematic depiction of the iterative 
process used to select aptamers from a diverse starting library of oligonucleotides (DNA or RNA). The library is 
exposed to the target of interest for binding (1). The non-binding fraction is then separated from 
oligonucleotides bound to the target (2). Binders are eluted (3) and amplified (4) by PCR (DNA) or RT-PCR 
(RNA). Generation of the new starting pool is accomplished by single strand synthesis and ready for the next 
selection round to begin (steps 1-5). Aptamers in the final pool are identified by sequence analysis. 

The general experimental setup is adapted to the requirements of the target, selection conditions 

and planned application. Traditionally, SELEX is performed with the target (e.g. recombinant protein) 

immobilized on a column or magnetic beads to facilitate separation of the different fractions. Often, 

a counter-selection step is included to rule out unspecific interactions with the matrix or other 

components present in the process. Over time, methods were refined to ensure native target 

conformation and to take into account environmental influences. For example, the targeting of cell-

surface molecules can be realized by subjecting the pool to whole cells using cell-SELEX.132 This bears 

on the other hand the risk of concomitant selection of binders for other (unknown) targets. 

Depending on the future application, chemical modifications can be introduced to fine-tune aptamer 

properties. This can either be realized during the selection or post-selectively. A post-selective 

modification may however result in a decrease or loss of affinity. Prevalent modifications include 

integration of fluorine- (2’-F) or methoxy-residues (2’-OMe) to enhance stability of the nuclease 

sensitive oligonucleotides. The stability issue is also tackled by use of enantiomers of naturally 

occurring RNA called spiegelmers (L-RNA) or locked nucleic acids (LNA) that contain 2’-O-, 4’-C-

bridges.131 

In some cases, adaptive chemical conjugation is needed. In that case, reactive groups as thiol- or 

amino-linkers or linkers offering the possibility to conduct 1,3 dipolar cycloadditions (“click 

chemistry”) can be integrated.133 
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In therapeutical approaches cholesterol or polyethylene glycol (PEG) are often conjugated with the 

aptamer to reduce renal clearance.128, 134  

1.2.1.1. Aptamers as therapeutics 

The aims of selecting aptamers are often directed towards diagnostics or therapy. As almost any 

target is suitable for aptamer selection, a broad range of possible applications exists. Equipped with a 

detectable moiety like a fluorescent or radioactive label, aptamer-aided detection of target 

molecules can be realized for in vivo diagnostic imaging or in rapid diagnostic tests, recognizing trace 

amounts of pathogens or biomarkers in vitro.135, 136 In the field of therapeutics, either inhibition of 

molecular interactions that are connected with dysregulation and disease, or targeted drug delivery 

is aimed at.  

Aptamers can induce loss of function in their target upon binding. This may be the case when the 

binding site is located close to an enzymatic catalytic region or a recognition site for a natural 

ligand.137 They therefore represent useful alternatives to antibodies or small molecules. 

Targeted delivery implies that the drug is specifically or preferentially delivered to the site its action 

is needed and off-target effects are reduced compared to other means of administration. Aptamers 

are polyanionic and generally unable to pass the cell membrane. Aptamer targets are therefore often 

found in the extracellular environment. For example, aptamers for coagulatory proteins like 

thrombin or cofactors involved in the clotting process were selected to operate as coagulants.138 

Also, molecules on the cell surface, e.g. a biomarker upregulated in a certain malignant cell type or a 

receptor involved in a dysregulated signaling pathway, are suitable.  

To date, only one aptamer has made its way to clinical implementation: Pegaptanib (Macugen, 

Pfizer). This short, modified RNA aptamer targets vascular endothelial growth factor (VEGF) and was 

approved by the FDA in 2004 to treat age-related macular degeneration.139 Yet there are numerous 

aptamers that were used in therapeutic approaches with promising results and some that already 

progressed towards clinical phase studies.140, 141 Important candidate targets and their respective 

aptamers in the focus of cancer research are Prostate Specific Membrane Antigen (PSMA),142, 143 

Protein Tyrosine Kinase (PTK7),131, 144 Epidermal Growth Factor Receptor (EGFR),145, 146 Nucleolin,147, 

148 Transferrin Receptor (TfR),149, 150 Mucin 1151, 152 or Epithelial Cell Adhesion Molecule (EpCAM).153 

Importance has also gained aptamer mediated tackling of HIV-1 gp120154, 155 

For delivery using aptamers, different effectors can be used as a cargo, as for example various 

therapeutics including small interfering RNAs (siRNAs), chemotherapeutics, photosensitizers, 

nanoparticles or proteins. In a first step, the compound needs to be attached to the aptamer. In 

some cases, non-covalent conjugation is possible, as in case of intercalating drugs (e.g. doxorubicin) 



___________________________________INTRODUCTION__________________________________ 
 

13 

or some siRNAs that can be linked by hybridization. Covalent linkage is often realized by chemical 

conjugation using a thiol- or amino-modified aptamer to react with carboxylic acid or maleimide 

residues in the cargo or a linker molecule. Some effectors such as nucleoside analogs can also be 

introduced during aptamer synthesis which spares later conjugation steps. The method of 

conjugation should also consider the cellular whereabouts of the delivered compound. In the need to 

ensure controlled release, it may be necessary to introduce bonds that can be cleaved at intracellular 

conditions e.g. redox-active disulfides or linkers susceptible to enzymatic degradation.131 

1.2.1.2. Targeted delivery of nucleoside analogs 

Nucleoside analogs are a class of therapeutics with competitive potential towards naturally occurring 

nucleic acids as they possess structural similarities. Thus, they often inhibit enzymes that are involved 

in modification and processing of nucleic acids and their building blocks (e.g. polymerases, helicases, 

viral integrases or reverse transcriptases). They are therefore used in the treatment of viral infections 

as caused by hepatitis- or herpes-viruses or human immunodeficiency virus (HIV). 

Also, cytotoxic properties of nucleoside analogs are known. These are exploited as 

chemotherapeutics for the treatment of cancer, tackling the increased proliferative activity in 

malignant cells especially on the level of DNA synthesis. As such, for example antimetabolites 

5-fluorouracil (5-FU) and 2’,2’-difluorocytidine (gemcitabine) represent compounds successfully 

deployed in the treatment of different types of cancer (Figure 7). While 5-FU is preferentially used in 

treating colorectal tumors and breast cancer, gemcitabine is applied in pancreatic cancer therapy.156, 

157 Also, combinatory treatment was investigated for pancreatic cancer treatment.158 

 

Figure 7: Cytostatic drugs 5-FdU and gemcitabine. 5-FdU and gemcitabine are nucleoside analogs that are 
applied as chemotherapeutics due to their cytostatic influence on proliferating cells. 5-FdU is characterized by 
the fluorine derivatization at N5 position. Gemcitabine in turn is fluorine-modified at the 2’ position of the 
deoxyribose. 

To minimize adverse side effects, 5-FU and gemcitabine are administered as prodrugs that are 

activated by enzymatic conversion to therapeutically active drugs inside specific cells.159  
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5-FU displays toxicity on different levels. Its triphosphate metabolites 5-F-UTP and 5-F-dUTP can be 

incorporated in DNA and RNA, causing DNA strand breaks and hampered RNA maturation.160, 161 

Upon conversion to the monophosphate 5-F-dUMP, it inhibits thymidylate synthase, the key enzyme 

of thymidine biosynthesis.162, 163 Therefore, the derived deoxy-nucleoside 5-FdU is applied as well.  

In the case of gemcitabine, active metabolites are the respective mono-, di- and triphosphates 

dFdCMP, dFdCDP and dFdCTP that interfere with different cell cycle stages. The triphosphate dFdCTP 

competes with natural dCTP for integration into DNA and, if inserted, causes strand breaks.164 A 

unique feature in that case is that subsequently at least one additional natural nucleotide is 

attached, masking gemcitabine and rendering DNA repair by base excision impossible. In 

consequence, DNA polymerases are unable to proceed. This feature is referred to as “masked chain 

termination”.165 Indirectly, DNA synthesis is also inhibited by dFdCDP which acts as an inhibitor of 

ribonucleotide reductase (RR).165 This results in blockage of de novo DNA synthesis and enhances 

gemcitabine activity: as levels of intracellular dNTPs are depleted, dFdCTP incorporation increases as 

well as formation of active metabolites dFdCMP and dFdCDP due to the missing feedback inhibition 

of deoxycytidine kinase (dCK) caused by lack of dCTP.166 Another site of action is the cytidine 

deaminase (CDD), an enzyme that is responsible for generation of uridine and deoxyuridine by 

deamination of (deoxy-)cytidine.167 CDD is directly inhibited by dFdCTP, which results in its 

decelerated elimination and prolonged intracellular presence and activity.166, 167 To some extent, 

dFdCTP incorporation into RNA occurs as well.168 

Both therapeutics influence the cell cycle by causing S-phase arrest and apoptosis.158, 163, 169 

Cellular uptake of nucleoside analogs is usually realized by equilibrative (hENT) and concentrative 

(hCNT) nucleoside transporters. Gemcitabine and 5-FU/5-FdU are substrates of hENT1, while 

activated (phosphorylated) metabolites cannot be transported. The influence of hENT1 expression on 

drug sensitivity and resistance is discussed controversially in the literature.170, 171 But though it may 

have some influence, the contribution of dysregulation of other factors such as apoptosis regulating 

genes,172 dCK and RR is probable.173, 174 It was shown that pretreatment with 5-FU led to increased 

sensitivity to subsequent gemcitabine treatment in vitro and in a xenograft model.175  

For aptamer mediated delivery, nucleoside analogs possess inherent suitability as they represent 

nucleic acid building blocks themselves. The aptamer serves as a prodrug and the uptake is not 

controlled by the presence of nucleoside transporters but on the target. In theory, the aim of specific 

targeting and decreased off-target effects would be improved towards the systemic administration of 

the nucleoside analog alone. In 2012, the first aptamer-aided delivery of nucleoside analogs was 

presented for gemcitabine. EGFR aptamer m07 was annealed to a poly-gemcitabine-oligonucleotide, 

which was internalized by targeted cells and displayed specific toxicity.145 In an even more 
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straightforward manner, delivery of 5-FdU was realized in 2014 by incorporation in hIL-6 receptor 

specific RNA aptamer AIR-3 (see 1.2.2). The triphosphate 5-FdUTP was used as a substrate during in 

vitro transcription replacing normal UTP. The resulting aptamer prodrug comprised 30 units of 5-FdU 

per molecule and was shown to induce specific cytotoxic effects on target cells.163 

Although for clinical application the issue of limited serum stability of aptamers would need to be 

solved, they represent an elegant way of aptamer mediated delivery.  

To deliver the cargo, whatever it may be, cellular uptake is essential. Suitable targets were found to 

naturally undergo endocytosis and shuttle the aptamer-conjugate bound to it into the cell. 

1.2.1.3. Endocytic fate of targets and ligands 

Many endocytic pathways exist of which especially clathrin mediated endocytosis is highly abundant 

and well characterized. Mechanisms independent of clathrin include caveolae mediated endocytosis, 

macropinocytosis, and phagocytosis.131  

These different pathways can be discriminated by their dependencies on certain cellular proteins or 

lipids, such as kinases, small G-proteins, actin, or dynamin.176 Thus, the uptake mechanism can be 

identified by inhibiting regulating units that are essential for a given pathway.177 Co-localization with 

markers that are exclusively or mainly internalized by a certain pathway (e.g. transferrin and its 

receptor for clathrin mediated endocytosis) enables concomitant investigation of the uptake of a 

molecule of interest.178 However, mammalian cells contain multiple pathways, and most endocytic 

cargos enter the cell by more than one of them.176 

For cell surface proteins, usually active internalization by receptor mediated endocytosis (RME, 

Figure 8) occurs. For various aptamer targeted proteins including PSMA,179 EGFR,180, 181 and 

transferrin receptor (TfR),182 this process is clathrin-dependent. 



___________________________________INTRODUCTION__________________________________ 
 

16 

  

Figure 8: Receptor mediated endocytosis (RME, modified from Traub
183

 and Sorkin
184

). Schematic illustration 
of RME by clathrin-dependent and -independent pathways. Cell surface receptors are activated upon 
interaction with their ligands. They interact with adapter- and sorting proteins that recruit them to 
clathrin-coated pits. Dynamin-driven invagination and budding yields the endocytic vesicle. After uncoating, 
endocytic vesicles from clathrin-dependent and –independent endocytosis fuse to early endosomes. These 
mature to late endosomes and lysosomes where degradation occurs. An alternative way leads from the early 
endosome to recycling vesicles resulting in the return of the receptor to the cell surface. Trafficking is 
controlled by different proteins of the Rab family. 

Figure 8 illustrates the RME process: after ligand binding and activation of signaling, receptors are 

recruited to clathrin-coated pits by interaction with sorting- and adapter proteins, which in turn 

interact with clathrin. Budding is supported by several accessory proteins and driven by the GTPase 

dynamin. The clathrin-coated vesicle is uncoated and the internalized receptors with their ligands 

proceed to the mild acidic early endosome (pH 5.9–6.0). Different Rab proteins (small GTPases of the 

Ras superfamily) residing in particular types of endosomes control endosomal trafficking by 

recruitment of effector proteins.184 
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Endosomes that contain Rab5 can recycle back to the cell surface with the aid of Rab4 and Rab11A 

(t1/2~2.5 min). Otherwise, endosomes mature to late endosomes (pH 6.0) by acquisition of Rab7 and 

removal of recycling accessory. Late endosomes fuse with lysosomes (pH 4.5–5.0) for enzymatic or 

chemical degradation. In the case of clathrin-independent uptake, mechanisms are not yet as well 

elucidated. The uptake is then dependent on other sets of proteins and structural components. Yet, 

the pathways unite in fusion of their primary endocytic vesicles with early endosomes.131, 184 

Undergoing RME, the cargo delivered to the cell faces the challenge of endosomal escape into the 

cytosol. Against the background of increasing acidification, the use of acid-labile linkages 

(hydrazones, imines, and acetals) is sensible to promote the efficacy of drug release by segregation 

from the aptamer–target complex in the early endosome.131 Some compounds realize their escape by 

becoming membrane permeable in slightly acidic environment. This is the case for example for 

chlorin e6 or doxorubicin, which become uncharged at protonation. To prevent exclusion or 

degradation of the cargo, in some cases addition of so called “endosomal escape agents” is 

necessary.131 These additives lead to disruption of the vesicle and facilitate escape into the 

cytoplasm. Examples are proton sponges,185, 186 membrane-active proteins,187 peptides,188 and 

photochemical internalization compounds.189 Especially for membrane impermeable therapeutics as 

siRNAs this has been applied. 

Figure 9 summarizes the idea of aptamer-aided targeted cargo delivery. Aptamers conjugated to 

effector molecules (e.g. drugs, fluorescent dyes or gold nanoparticles) enter the cell bound to their 

target molecule by receptor mediated endocytosis. Inside the cell, the cargo is released to the 

cytosol undergoing endosomal escape while the aptamer is degraded.  
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Figure 9: Scheme for endocytic uptake of aptamers for detection and cargo delivery. Aptamers targeting cell 
surface molecules can be conveyed into the cell by endocytosis. The aptamer’s recognition properties provide 
the delivery to target cells only. The payload conjugated can for example be a drug, a nanoparticle or a 
fluorescent dye for intracellular detection. To ensure drug release, endosomal escape of the coupled effector 
needs to be provided. 

1.2.2. AIR-3, an hIL-6R specific RNA aptamer  

A GQ forming RNA aptamer, selected in 2009 by Cindy Meyer, is the 106 nt aptamer AIR-3190, 191 

(Figure 10). AIR-3 displays specificity towards human Interleukin-6 receptor (hIL-6R) with a Kd of 

20 nM and could be truncated to the binding motif which consists of only 19 nt 

(5‘-GGGGAGGCUGUGGUGAGGG-3‘).190 This truncation represents the GQ region of AIR-3 (nt 32 - 51) 

and was termed AIR-3A. Investigation of AIR-3A revealed high affinity towards recombinant hIL-6R 

(Kd = 60 nM) and cellular presented target protein (Kd = 8.5 nM on BaF-3_hIL-6R cells).191  
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Figure 10: Secondary structure of AIR-3.
190 The 106 nt RNA aptamer AIR-3 with specificity towards human 

Interleukin-6 receptor forms a GQ as confirmed by thermal melting and CD spectroscopy. Truncation to the 
19 nt binding motif in the quadruplex region (nt 32 to 51) represents the variant AIR-3A. Illustration of the 
hypothesized GQ within the secondary structure of AIR-3 according to Mfold192 prediction, forcing nt 32 - 50 to 
be single-stranded.  

1.2.2.1. The Interleukin-6 receptor system 

Human Interleukin-6 (hIL-6) is a cytokine of the four-α-helix bundle family consisting of 184 amino 

acids (AA). Cytokines in general are glycoproteins that function as messengers to regulate cell 

proliferation and differentiation in their environment. They are secreted by different cell types, as for 

example immune cells, endothelial cells or fibroblasts, and are involved in mediation of inflammatory 

and immune responses. 

Upon interaction with its target receptor hIL-6R, hIL-6 can exert pro- and anti-inflammatory effects 

that are mainly directed in a paracrine fashion towards hepatocytes, which respond with production 

of acute phase proteins. Also proliferation and differentiation of B- and T-cells is controlled by 

hIL-6.193, 194 

Mature hIL-6R is a glycosylated 80 kDa membrane protein composed of several domains: a 

cytoplasmic domain (82 AA), a short transmembrane domain (28 AA) and an extracellular region, also 

called α-chain (339 AA), consisting of three domains D1-D3 (Figure 11). D2 (Figure 11, green) and D3 

(Figure 11, orange) are fibronectin type III-like and mediate interaction with hIL-6. Homology with 

cytokine-binding domains from other receptors was found. For N-terminal domain D1 (Figure 11, 

blue), contribution to receptor stability and folding was suggested.195 
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Figure 11: Extracellular domains D1-D3 of hIL-6R (α-chain, PDB: 1N26).
196

 Structure of extracellular domains 
found in hIL-6Rα. Binding of hIL-6 and gp130 is mediated by loops located between D2 (green) and D3 (orange). 
D1 (blue) was suggested for aptamer interaction197 as well as stabilizing domain.195

 

Signal transduction induced by hIL-6 binding requires, next to hIL-6Rα, also presence of 

glycoprotein 130 (gp130), a ubiquitously presented cell surface protein, which functions as 

co-receptor for other cytokines as well.198 Assembly of two gp130 molecules with hIL-6R and hIL-6 

activates JAK/STAT or MAPK-signaling.199 Next to this cis-signaling, also trans-signaling is possible. In 

that case, a soluble variant (sIL-6R) of hIL-6Rα, emerging from shedding (proteolytic cleavage of 

hIL-6Rα) or alternative splicing, interacts with gp130. In this manner, hIL-6 can initiate signaling 

independently from hIL-6R presence in various cell types.200, 201 In 1997, the Rose-John group 

presented a fusion cytokine of sIL-6R and hIL-6 called Hyper-IL-6 (~68 kDa, 520 AA including a 29 AA 

peptide linker). It was shown to induce hIL-6 dependent signaling in gp130-positive cells at 

concentrations 100- to 1000-fold lower compared to combination of the primary proteins.202 

 

1.2.2.2. Therapeutic targeting of hIL-6 and hIL-6R 

Usually, hIL-6 has beneficial functions in inflammation, hematopoiesis and regeneration. If 

dysregulated, it can however negatively influence pathology and progression of diseases. As such it 

has a role in rheumatoid arthritis, multiple sclerosis, Crohn’s disease and multiple myeloma.203-205 

Often, pathologic influence is caused by elevated levels of hIL-6 and sIL-6R. Therapeutic approaches 

therefore aim at blockage of the protein interactions between these two as well as their interplay 

with membrane bound hIL-6R and gp130.194 Inhibition of hIL-6 – hIL-6R interaction was so far 

successfully realized by application of antibodies Tocilizumab (binding hIL-6R and sIL-6R, approved in 

2008) and Siltuximab (hIL-6 specific, approved in 2014) for treatment of inflammatory diseases and 

Castleman's disease respectively.206, 207 

In 2014, also hIL-6 specific aptamers entered the stage in inhibiting interaction with the receptor. The 

SOMAmers (chemically modified DNA aptamers) SL1025, SL1026, SL1032 and SL1033 were presented 
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to effectively bind hIL-6, interfere with receptor binding and signal transduction and display high 

stability in serum.208 In 2015, in vivo studies in Cynomolgus Monkeys even showed successful 

treatment of collagen-induced arthritis with IL-6 aptamer SL1026. 

The initial idea for AIR-3 selection was to generate an aptamer with inhibitory potential. Yet, neither 

AIR-3 nor AIR-3A could compete with hIL-6 or gp130 for interaction with hIL-6R, nor was IL-6 

mediated signal transduction influenced by the presence of the aptamer.191  

In a follow-up SELEX, selecting for inhibitory potential was tried using hIL-6R domain D3 as a target. 

Aptamer RAID3 emerged, which could not displace hIL-6 or gp130. Yet, post-selective 2’-F 

modification was performed with retained affinity for hIL-6R and increased serum stability compared 

to AIR-3 and AIR-3A.209 

In connection with investigation of GQs targeting HIV-1 integrase, sequence identity of a selected 

hIL-6R DNA aptamer (AID-1) and HIV-1 inhibitor T30923 were discovered. Thus, HIV-1 and hIL-6R 

were both targeted by AID-1. Against this background, also AIR-3A was investigated for affinity 

towards HIV-1 and found to inhibit HIV infection at concentrations of 1 µM. Although no common 

structural or sequence related features were identified between HIV-1 integrase and hIL-6R, this 

hinted at a broadened target specificity of AIR-3A and a commonality between the proteins that is 

not yet understood.210 

Research on AIR-3A and possible applications went on. For the target cell line BaF-3_hIL-6R, uptake 

of fluorescently labeled AIR-3A by endocytosis of the targeted receptor was demonstrated and 

lysosomal fate suggested.197, 211  

This cell line was in further approaches used to investigate potential of AIR-3(A) as a vehicle for drug 

delivery. First attempts, dealing with delivery of siRNAs, had proven ineffective, probably due to 

failure of endosomal escape and drug release after endocytosis.211 On basis of these findings, 

aptamer mediated drug delivery for this system was optimized by Sven Kruspe in 2014. Targeted 

delivery of photosensitizer chlorin e6 and nucleoside analog 5-fluoro-2'-deoxyuridine were presented 

and proved AIR-3 and its truncation suitable for application in drug delivery.163, 197, 212 In a first 

attempt to identify the binding site of AIR-3A in hIL-6R, UV cross-linking and mass spectrometry 

analyses were conducted. The results indicated that domain D1 was involved in interaction with the 

aptamer.197 Yet, further proof to this hint is needed. AIR-3A might then have influence on endocytic 

behavior and intracellular trafficking of hIL-6R, as domain D1 plays a key role in transport through the 

secretory pathway.195 
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1.2.3. G-Quadruplex forming aptamers 

Not only AIR-3A, but also other famous aptamers were found to form GQs. This includes for example 

nucleolin-specific DNA aptamer AS1411,213 thrombin binding aptamer,9 HIV-1 aptamer T30177,214 

aptamers for prion proteins,215-217 Severe Acute Respiratory Syndrome Corona-Virus (SARS-CoV) 

aptamers218 and fluorophore binding aptamer spinach.219 In these cases, GQ formation was only 

discovered during post-selective characterization. In can be assumed that aptamer selections for 

targets that display general affinity to G-quadruplexes have high probability for GQ forming aptamers 

to emerge. Recently, selection strategies were presented to increase the GQ yield in the final pool.220 

The idea of combining the benefits of specific targeting by aptamers and intrinsic regulatory potential 

of GQs is striking. However, the number of identified GQ-binding proteins constantly increases while 

common features of their binding property remain unclear and categorization is rather conducted 

according to the type of GQ bound than on the level of protein characteristics.98 It was found that 

some of the proteins targeted by GQ-aptamers possessed a general affinity for GQs. Also, due to 

their GQ character, some aptamers were prone to bind other proteins next to their target.221 

 This reflects the inherent ambiguity of including non-specific binding potential to an aptamer for 

which specific binding is desired. Yet, with the advancing research on GQ-binding proteins and 

analyses of binding-sites and interaction properties between proteins and GQs, this conflict may be 

resolved in the future. 
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2. Aim and motivation 

Aptamers binding to cell surface proteins have evolved to sophisticated tools for targeted drug 

delivery or the inhibition of dysregulated molecular interactions of the target molecule. They thus 

represent a novel class of therapeutics. 

Aptamer AIR-3 was selected in the group of Prof. Dr. U. Hahn for binding to human Interleukin-6 

receptor (hIL-6R).190, 191 The cytokine hIL-6 and its receptor hIL-6R are involved in the genesis and 

progression of several inflammatory and autoimmune diseases, as well as in the development of 

cancer. 203-205 Aptamer AIR-3 and its 19 nt truncation AIR-3A bind to hIL-6R presenting cells and are 

internalized by endocytosis. They also proved effective in drug deliveries using photosensitizer 

chlorin e6 and nucleoside analog 5-fluoro-2'-deoxyuridine.163, 212 The binding motif AIR-3A was shown 

to form a G-quadruplex (GQ).191 

GQs have gained importance during the past years due to the discovery of their abundance 

throughout the genomes of different species and their regulatory functions discovered for a variety 

of biological processes.44, 63, 83, 107, 222-225 

The aim of the present thesis now was to structurally resolve the folding and tetrad formation of this 

quadruplex as well as its cation dependency. Also, target interaction and stoichiometry were 

investigated focusing on the interaction surface on the RNA side. In former works, the aptamer 

binding site on the protein was identified to be located in hIL-6R domain D1.197 

As D1 had been suggested to play a key role in hIL-6R transport,195 also the influence of AIR-3A 

binding on hIL-6R internalization was analyzed as well as its subcellular distribution after endocytosis. 

In addition, derivatization of AIR-3(A) by nucleotide modifications was conducted. This served as a 

complement to earlier studies163, 226 and aimed at (1st) stabilizing the aptamer towards nuclease 

degradation by integration of 2’-F- or deoxy-pyrimidines, (2nd) assessing the tolerance towards 

modifications which retained target affinity and (3rd) evaluating the cytotoxic property of nucleoside 

analog gemcitabine as a building block of AIR-3 for another drug delivery approach.
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3. Materials 

3.1. Chemicals 

If not stated otherwise, all standard chemicals and materials used in this work were purchased from 

the companies Merck (Darmstadt), Sigma-Aldrich (Munich), Carl Roth (Karlsruhe) and AppliChem 

(Darmstadt). 

Table 1: Chemicals. 

18-crown-6, Crown ether Merck KGaA, Darmstadt 

Acrylamid/Bisacrylamid 19:1 (40%, w/v) SERVA, Heidelberg 

Ammonium persulfate (APS) AppliChem, Darmstadt 

Barium chloride dihydrate Merck KGaA, Darmstadt 

Deoxythymidine Sigma-Aldrich, Munich 

Dichlordimethylsilane Merck KGaA, Darmstadt 

Dimethylsulfoxide (DMSO) Fluka, Neu-Ulm 

Dithiothreitol (DTT) Thermo Scientific, Schwerte 

Ethidium bromide AppliChem, Darmstadt 

Glycogen Thermo Scientific, Schwerte 

Propidium iodide Sigma-Aldrich, Munich 

Resazurin Biozol, Eching 

TEMED Carl Roth, Karlsruhe 

Tris Base AppliChem, Darmstadt 

Tris-HCl Carl Roth, Karlsruhe 

Urea AppliChem, Darmstadt 
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3.2. Kits and materials 

Table 2: Kits and materials. 

BcMag Streptavidin magnetic beads Bioclone Inc, San Diego, USA 

BioSpin® p6-columns Bio-Rad, Munich 

cOmplete™ protease inhibitor Roche, Mannheim 

Cover-glass (24 x 50 mm x 0.13 - 0.17 mm thick) Brand GmbH+Co KG, Wertheim 

Cyto Tox-Glo™ Cytotoxicity Assay, Cat# 9290 Promega GmbH, Mannheim 

LysoTracker® Green Thermo Scientific, Schwerte 

Nitrocellulose membrane (0.45 µm) Carl Roth, Karlsruhe 

3.3. Buffers, solutions and media  

Table 3: Buffers and solutions for molecular biology techniques. 

Name Composition 

Elution buffer 0.3 M Sodium acetate, pH 5.2 

FastAP™ buffer (10x) 100 mM Tris-HCl (pH 8.0 at 37°C), 50 mM MgCl2, 1 M KCl, 

0.2% Triton X-100 and 1 mg/mL BSA. 

FRA equilibration solution (RNA) 20% Methanol, 40 mM 6-aminohexanoic acid 

MST buffer (1x) 1x PBS, 0.05% Tween, 1 mg/mL BSA 

Orange DNA loading dye (6x) 10 mM Tris-HCl (pH 7.6), 0.15% Orange G, 0.03% Xylene cyanol 

FF, 60% Glycerol, 60 mM EDTA 

PBS (10x) 1.37 M NaCl, 27 mM KCl, 65 mM Na2HPO4, 15 mM KH2PO4 

(pH 7.5) 

Phosphate buffer (10x) 500 mM Na2HPO4, 500 mM NaH2PO4, 1.5 M NaCl (pH 7.4) 

PNK-buffer A (10x) 500 mM Tris-HCl (pH 7.6), 100 mM MgCl2, 

50 mM DTT, 1 mM Spermidine, 1 mM EDTA 

Selection buffer (10x) 10x PBS, 30 mM MgCl2 

Transcription buffer (3 x) 120 mM Tris-HCl pH 8.1, 15 mM DTT, 6 mM Spermidine, 

0.03%(v/v) Triton X-100, 4.5% (w/v) PEG 6000 
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Table 4: Buffers and solutions for electrophoresis. 

Name Composition 

Coomassie destaining solution 45% (v/v) Ethanol, 10% (v/v) Acetic acid 

Coomassie staining solution 0,25% (w/v) Coomassie Brillant Blue G-250, 

45% (v/v) Ethanol, 10% (v/v) Acetic acid 

Ethidium bromide staining solution 4 µg/mL Ethidium bromide in 1 x TAE 

Orange DNA loading dye (6x) 10 mM Tris-HCl (pH 7.6), 0.15% (w/v) Orange G, 

0.03% (w/v) Xylene cyanol FF, 60% (v/v) Glycerol, 

60 mM EDTA 

RNA-loading buffer (2x, denaturing) 95% (v/v) Formamide, 0.025% (w/v) SDS, 0.025% (w/v) 

Bromophenol blue, 0.025% (w/v) Xylene cyanol FF, 

0.025% (w/v) Ethidium bromide, 0.5 mM EDTA 

RNA-loading buffer (2x, native) 40% (v/v) Glycerol, 2 x TBE, 0.5% (w/v) Orange G, 

0.02% (w/v) Xylene cyanol FF, (K+ in desired 

concentrations if needed) 

SDS-loading buffer (3x, non-reducing) 188 mM Tris-HCl (pH 6.8), 6% (w/v) SDS, 60% (v/v) 

Glycerol, 0.003% (w/v) Bromophenol blue  

SDS-running buffer (1x) 125 mM Tris (pH 8.4), 0.96 M Glycine, 0.5% (w/v) SDS 

Separating gel buffer (4x) 1.5 M Tris-HCl (pH 8.8), 0.4% (w/v) SDS 

Stacking gel buffer (4x) 0.5 M Tris-HCl (pH 6.8), 0.4% (w/v) SDS 

TAE (50x) 2 M Tris-base, 250 mM sodium acetate, 50 mM EDTA 

(pH 7.8) 

TBE (10x) 1 M Tris-base, 1 M boric acid, 20 mM EDTA (pH 7.8) 
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Table 5: Buffers for RNA fragmentation. 

Name Composition 

Alkaline buffer for partial hydrolysis 100 mM Sodium carbonate, 2 mM EDTA (pH 9.5) 

Denaturing T1-fragmentation buffer (1x) 7 M Urea, 20 mM sodium citrate (pH 5) 

ILP-buffer (2x) 50 mM Tris-HCl (pH 8.3), 10 mM MgCl2 

Native T1-fragmentation buffer (1x) 10 mM Tris-HCl (pH 7.5), 0.5 mM EDTA 

  

Table 6: Cell culture media and solutions. 

Name Supplier / Composition  

Dulbecco’s Modified Eagle Medium (DMEM) + L-Glutamin PAA Laboratories (Marburg) 

Fetal bovine serum (FBS)  PAA Laboratories (Marburg) 

Freeze medium 90% medium, 10% DMSO 

Penicillin/Streptomycin  PAA Laboratories (Marburg) 

Roswell Park Memorial Institute Medium 1640 (RPMI-1640) + 

L-Glutamin 

PAN Biotech (Aidenbach) 

 

Table 7: Buffers and solutions for cell-biology techniques. 

Name Composition 

Dialysis buffer 20 mM Tris-HCl (pH 7.5), 100 mM KCl, 20% (v/v) glycerol, 0.5 mM DTT, 0.2 mM 

Na-EDTA 

Lysis buffer A 10 mM Tris-HCl (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 0.5 mM DTT 

Lysis buffer B 300 mM Tris-HCl (pH 7.5), 1.4 M KCl, 3 mM MgCl2 

PI staining solution 0.1% (w/v) Triton X-100, 10 μg/mL propidium iodide, 100 μg/mL RNase A in PBS 
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3.4. Nucleotides 

3.4.1. Nucleoside triphosphates 

Table 8: Nucleotides. 

ATP, CTP, GTP, UTP; dATP, dCTP, dGTP, dTTP (Carl Roth, Karlsruhe) 

2’-FUTP, 2’-FCTP (TriLink BioTechnologies, Offenbach) 

2’,2’-Difluorocytidine-5’-triphosphate, 5-FdUTP (Jena Bioscience, Jena) 

[γ-32P]-ATP (3,000 Ci/mmol) (Hartmann Analytic, Braunschweig) 

3.4.2. Oligonucleotides 

All synthetic oligonucleotides were purchased desalted from IBA Life Sciences (Göttingen) or 

Sigma-Aldrich (Munich). 

Table 9: Oligonucleotides. 

Oligonucleotide Sequence (5‘→3‘ direcJon) 

AIR-3 (binding motif in 

italics) 
GGAAGAAAGAGGUCUGAGACAUUCUCUUAUAGGGGAGGCUGUGGUGAGG

GAAU 

AUUAAGAGAAUUAACGGUCUAGUUCACCUCGACUUCUGGAGUUGACGUU

GCUU 

AIR-3A GGGGAGGCUGUGGUGAGGG 

AIR-3A_G17U GGGGAGGCUGUGGUGAUGG 

AIR-3A_ Alexa Flour®647 Alexa Fluor®647-C6H12-GGGGAGGCUGUGGUGAGGG 

AIR-3A_ G17U_Atto 647N Atto 647N-C6H12-GGGGAGGCUGUGGUGAUGG 

AIR-3A_3’-biotin GGGGAGGCUGUGGUGAGGG-C6H12-biotin 

AIR-3A_G17U_3’-biotin GGGGAGGCUGUGGUGAUGG-C6H12-biotin 

AIR-3_DNA_ Alexa 
Flour®647 

Alexa Flour®647-C6H12- 
GGAAGAAAGAGGTCTGAGACATTCTCTTATAGGGGAGGCTGTGGTGAGG

GAAT 

ATTAAGAGAATTAACGGTCTAGTTCACCTCGACTTCTGGAGTTGACGTT

GCTT 

Pool-RNA GGAAGAAAGAGGUCUGAGACAUUCU-N60-

CUUCUGGAGUUGACGUUGCUU 
Unselected library (N60 = randomized region) 

TBA227 dGGTTGGTGTGGTTGG 
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3.5. Size standards for proteins and nucleic acids 

Table 10: Size standards. 

O’GeneRuler™ DNA Ultra Low Range Ladder Thermo Scientific, Schwerte 

miRNA Marker New England BioLabs, Frankfurt am Main 

PageRuler™ Unstained Protein Ladder Thermo Scientific, Schwerte 

3.6. Proteins 

3.6.1. Enzymes 

Table 11: Enzymes. 

FirePol® DNA-Polymerase  Solis Biodyne, Tartu, Estland 

FastAP™ Alkaline phosphatase Thermo Scientific, Schwerte 

RNase A Thermo Scientific, Schwerte 

RNase T1 Thermo Scientific, Schwerte 

T4-Polynucleotide kinase (PNK)  Thermo Scientific, Schwerte 

T7-RNA-Polymerase (wild type) Thermo Scientific, Schwerte 

T7-RNA-Polymerase variant Y639F in house production, Thorsten Mix 

Trypsin/EDTA  PAA Laboratories, Marburg 

 

3.6.2. Antibodies 

Table 12: Antibodies used for cytometric and microscopic analysis. 

Antibody Host Supplier 

anti-hIL-6R (human) Mouse, monoclonal R&D Systems, Wiesbaden 

anti-mouse-IgG_APC Goat, polyclonal BD Biosciences, Heidelberg 

anti-mouse-IgG_FITC Goat, polyclonal Sigma-Aldrich, Munich 

anti-tetra-His mouse IgG1 Mouse, monoclonal Qiagen, Hilden 
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3.6.3. Other proteins 

Table 13: Further proteins. 

BSA Carl Roth, Karlsruhe 

hIL-6 Peprotech, Hamburg 

Hyper-IL-6 Conaris Research Institute AG, Kiel 

murine Transferrin_Alexa Flour®488 DIANOVA GmbH, Hamburg 

shIL-6R Conaris Research Institute AG, Kiel 

Thrombin CellSystems GmbH, Troisdorf 

 

3.7. Cell lines 

Cell lines BaF3/gp130/IL6R/TNFα and BaF3/gp130 were kindly provided from the Rose-John lab 

(University of Kiel, Germany). 

Cell lines KMS-12-BM, RPMI-8226, U-266, PC3 and LNCaP were kindly provided from the lab of PD Dr. 

F. A. Ayuk (University Medical Center, Hamburg-Eppendorf, Germany). 

Cell lines HEK 293 and HeLa were present in the working group of Prof. Dr. U. Hahn. 

 

3.8. Software 

Table 14: Software. 

Image Lab™ 5.1 Bio-Rad, Munich 

CellQuest™ Pro BD Biosciences, Heidelberg 

Quantity One® 4.6.6 Bio-Rad, Munich 

GIMP 2.8.14 Spencer Kimball, Peter Mattis 

Origin 8.5 OriginLab, Northampton, USA 
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4. Methods 

4.1.  Nucleic acid preparation, analysis and modification 

Nucleic acid concentrations were quantified photometrically via absorption at 260 nm using a 

NanoDrop® ND-1000 spectrophotometer. Mass concentrations were calculated by application of the 

following extinction coefficients:  

εssRNA = 25 L · g-1 · cm-1 , 1 OD260 equates to 40 ng/µL ssRNA 

εssDNA = 27 L · g-1 · cm-1 , 1 OD260 equates to 33 ng/µL ssDNA 

εdsDNA = 20 L · g-1 · cm-1 , 1 OD260 equates to 50 ng/µL dsDNA 

Ratio of absorptions at 260 and 280 nm was taken as a measure for purity of the sample 

(A260/280 nm ≈ 2.0). 

Experiments including RNA were performed in ddH2O treated with 1% DEPC. 

4.1.1. in vitro T7-transcription 

RNA synthesis was realized enzymatically using a DNA dependent RNA-polymerase from 

bacteriophage T7. PCR products or hybridization products of commercially available oligonucleotides 

including the T7-promotor sequence were used as a template. 

Table 15: Composition of in vitro T7-transcription reaction. 

component Volume [µL] Final concentration 

DNA template 10 ~0.5 µM 

Transcription buffer (3x) 33 1x 

MgCl2 [100 mM] 20 20 mM 

NTP mix (ATP, CTP, GTP, UTP [25 mM] each) 5 1.25 mM 

T7-RNA-Polymerase (wild type) 2.5 > 1 U/mL 

DEPC treated ddH2O ad 100 µL  

 

Reactions were conducted at 37 °C for 2 to 8 hours. RNAs were gel-electrophoretically analyzed and 

purified by preparative denaturing PAGE (4.1.3, 4.1.5). 
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4.1.2. in vitro T7-transcription using modified nucleotides 

In order to yield RNAs incorporating 2’-F-Py or nucleoside analogs (Gemcitabine or 5-FdU), 

components from Table 15 were used and exchanged for their respective analogs if needed. Also, T7-

RNA-Polymerase variant Y639F was used for synthesis instead of the wildtype enzyme. 

Table 16: Composition of in vitro T7-transcription reaction using modified nucleotides. 
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DNA template 15 µL 15 µL 15 µL 15 µL 15 µL ̴0.75 µM 

Transcription buffer (3 x) 33 µL 33 µL 33 µL 33 µL 33 µL 1 x 

MgCl2 [100 mM] 20 µL 20 µL 20 µL 20 µL 20 µL 20 mM 

ATP, GTP [25 mM] each 8 µL 8 µL 8 µL 8 µL 8 µL 2 mM 

CTP [25 mM] - - 8 µL - - 2 mM 

2’-FUTP [25 mM]  5 µL   5 µL 1 mM 

2’-FCTP [25 mM]     5 µL 1 mM 

5-FdUTP [10 mM]   5 µL 5 µL  0.5 mM 

2’,2’-Difluorocytidine-5’-triphosphate [10 mM] 5 µL 5 µL  5 µL  0.5 mM 

T7-RNA-Polymerase Y639F 5 µL 5 µL 5 µL 5 µL 5 µL > 1 U/mL 

Pyrophosphatase 1 µL 1 µL 1 µL 1 µL 1 µL 1 U/mL 

DEPC treated ddH2O ad 100 µL 

 

 

 

Reactions were conducted at 37 °C for 2 to 8 hours. RNAs were gel-electrophoretically analyzed and 

purified by preparative denaturing PAGE (4.1.3, 4.1.5). 

 

4.1.3. Polyacrylamide Gel Electrophoresis (PAGE) 

Nucleic acids were analyzed and purified using PAGE. For single stranded DNA or RNA, Urea was used 

as a denaturing agent and ratios of polyacrylamide (PAA) used were adjusted according to the 
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experimental requirements as listed in Table 17 and Table 18. Radical polymerization of acrylamide 

was initiated by addition of ammonium persulfate (APS) using catalyst tetramethylethylenediamine 

(TEMED) in aqueous solution. 

Table 17: Composition of denaturing PAA-Gels according to their application. 

component analytic preparative sequencing gel 

TAE buffer 1x 1x 1x 

Acryamide/Bisacrylamide 19:1 

(w/v) 

< 20 nt: 15-20% 

> 20 nt: 10% 

< 20 nt: 15-20% 

> 20 nt: 10% 

< 100 nt: 15% 

> 100: 12.5% 

Urea 8 M 8 M 8 M 

TEMED (v/v) 0.1% 0.1% 0.1% 

APS (w/v) 0.7% 0.7% 0.7% 

Size of gel 130 x 80 x 0.75 mm 245 x 180 x 1.5 mm 210 x 500 x 0.4 mm 

Limiting electrophoresis 

parameter 

10 W 10 W 50 W 

 

For analysis under native conditions, gels were prepared omitting urea. For analysis of RNA-protein 

interactions, an acrylamide/bisacrylamide ratio of 37.5:1 (w/v) was used in native PAGE. 

Table 18: Composition of native PAA-Gels for dimerization assays of GQ forming nucleic acids. 

component final concentration 

TBE buffer 1x 

Acryamide/Bisacrylamide 37.5:1 (w/v) 15% 

TEMED (v/v) 0.1% 

APS (w/v) 0.7% 

KCl 10 mM 

Size of gel 130 x 80 x 0.75 mm 

Limiting electrophoresis parameter 6.5 V/cm 
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4.1.4. Detection of nucleic acids 

Nucleic acids were detected after electrophoresis from the gel depending on their labeling. 

Non-labeled samples were subjected to ethidium bromide stain and UV-detection (  3̴25 nm) using 

Molecular Imager VersaDoc™ (Bio-Rad, Munich). Alternatively, detection of unstained nucleic acids 

via UV-shadowing was realized exploiting the intrinsic nucleobase absorption against a fluorescent 

background excited with a UV hand lamp at 254 nm. 

Oligonucleotides fluorescently labeled with Alexa Flour®647 or Atto 647N were analyzed by LED-

excitation (635 nm) and detection with VersaDoc™ imager (695BP55) or, when in solution, by 

photometric detection with NanoDrop® ND-1000 (PeqLab GmbH, Erlangen). 

When radio labeled, detection of nucleic acids was realized by autoradiography. The matrix (gel or 

nitrocellulose membrane) carrying radio labeled RNA or DNA was exposed to a phosphor screen 

which was then read out using phosphor imager PMI FX™ (Bio-Rad, Munich) and analyzed using the 

corresponding software.  

 

4.1.5. Purification of nucleic acids by diffusion elution after PAGE 

After preparative denaturing PAGE (see 4.1.3), bands of interest were detected (see 4.1.4) and 

excised from the gel. The gel fragment was transferred to a reaction tube, soaked in elution buffer 

(0.3 M sodium acetate, pH 5.2) and eluted by shaking at 50 °C for 2 h. The supernatant was then 

transferred to another tube and the purified nucleic acids were isolated by alcohol precipitation. 

1 vol of eluate was mixed with 2.5 vol of chilled Ethanol (or 1 vol of chilled isopropanol) and 1 µL of 

Glycogen (from a saturated solution) and incubated at -20 °C for at least 2 h. Subsequently, 

centrifugation for 30 min at 4 °C and 16.000 x g yielded the precipitate. The supernatant was 

discarded and the pellet washed with 100 µL of 70% chilled Ethanol by centrifugation for further 

10 min. The pellet was then air dried and resolved in ddH2O. 

4.1.6. Radio labeling of nucleic acids 5’-end using 
32

P-phosphate 

Radioactive labeling of nucleic acids was realized by enzymatic transfer of 32P-phosphate from 

[γ-32P]-ATP to the 5’-end of nucleic acids by Polynucleotide kinase (PNK). As this reaction requires the 

presence of dephosphorylated 5’-termini, RNAs from T7-transcription (4.1.1 and 4.1.2) were 

enzymatically dephosphorylated prior to labeling (Table 19). 
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Table 19: Composition of dephosphorylation reaction of 5'-termini. 

component amount final concentration 

ssRNA or ssDNA 20-200 pmol 2-20 µM 

FastAP™ buffer (10 x) 1 µL 1 x 

FastAP™ Alkaline phosphatase 1 µL 0.1 U/µL 

DEPC treated ddH2O ad 10 µL  

 

The mixture was allowed to react for 2 h at 37 °C followed by enzyme inactivation at 75 °C for 

15 min. 

Commercially available oligonucleotides from solid phase synthesis did not need to undergo this step 

but were directly used in the labeling reaction. 

Dephosphorylated oligonucleotides were enzymatically labeled with PNK from bacteriophage T4 

using [γ-32P]-ATP as a substrate (Table 20). 

Table 20: Composition of radio labeling reaction of 5'-termini. 

component amount final concentration 

ssRNA or ssDNA 10-20 pmol 1-2 µM 

PNK-buffer A (10 x) 1 µL 1 x 

PNK enzyme 1 µL 0.1 U/µL 

[γ-32P]-ATP 2 µL 1.3 µM 

DEPC treated ddH2O ad 10 µL  

 

The reaction was completed after 45 min incubation at 37 °C. Subsequently, labeled nucleic acids 

were regained by precipitation with 70 µL of ethanol (-20 °C, overnight) and centrifugation. 

Purification was performed by PAGE and diffusion elution (4.1.5). 
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4.1.7. Stability assessment of RNA molecules 

Stability of 32P 5’-end labeled RNA under cell culture conditions was assessed by incubation in DMEM 

supplemented with 10% FBS at 37 °C. At defined time points, aliquots were taken and immediately 

frozen in liquid nitrogen. Until electrophoretically analyzed, samples were stored at -20 °C. PAGE 

separation and analysis by autoradiography revealed remnant amounts of full length RNA. Fragment 

band intensities were normalized to total counts per lane. 

4.2. Protein-biochemical methods 

4.2.1. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Discontinuous, denaturing SDS-PAGE was applied to analyze proteins. Compositions of focusing 

stacking gel and separating gel are given in Table 21 and Table 22. 

Table 21: Composition of stacking gel. 

component final concentration 

stacking gel buffer (4 x) 1x 

acrylamide/bisacrylamide 37.5:1 (w/v) 4% 

TEMED (v/v) 0.1% 

APS (w/v) 0.7% 

 

Table 22: Composition of separating gel. 

component Final concentration 

Separating gel buffer (4x) 1x 

Acryamide/Bisacrylamide 37.5:1 (w/v) 8-15% 

TEMED (v/v) 0.1% 

APS (w/v) 0.7% 

 

Samples were mixed with SDS-loading buffer (3x) and heated to 95 °C for 2 min. 
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SDS induced denaturation and negative charge transfer resulting in equal mass-to-charge ratios of all 

proteins. In consequence, electrophoretic mobility was correlated with the molecular weight. 

Electrophoresis was performed in SDS-running buffer (1 x) at 160 V for approximately 1 h. 

4.2.2. Detection of proteins by Coomassie staining 

Proteins separated by SDS-PAGE were detected by staining with Coomassie Brillant Blue G-250. Gels 

were soaked in Coomassie staining solution and incubated under orbital shaking for 3 to 12 h. 

Subsequent incubation in Coomassie destaining solution for 1 to 3 h removed background staining 

and spared detectable stained protein bands. 

4.3. Methods for nucleic acid-protein interaction studies 

4.3.1. Filter retention analysis (FRA) for RNA-protein interaction 

Filter retention assay (FRA) was used to investigate binding of RNAs to recombinant protein. RNAs 

were radio labeled and purified (4.1.6 and 4.1.5). Constant amounts of labeled RNA (< 1 nM) were 

incubated with dilution series (0 – 500 nM or up to 2 µM) of protein in selection buffer (1x). Complex 

formation was allowed to take place by incubation for 30 min at room temperature. Subsequently, 

samples were filtrated through a pre-equilibrated (for RNA: 20% Methanol, 40 mM 6-aminohexanoic 

acid, for DNA: KOH) nitrocellulose membrane (0.45 µM, Carl Roth) in a vacuum manifold (Minifold® I 

Dot-Blot-System, Schleicher & Schuell) and washed twice with selection buffer. The membrane was 

dried and exposed to a phosphor imaging screen (Bio-Rad, 170-7841), read out with Molecular 

Imager FX and quantified using Image Lab™ 5.1 software (Bio-Rad). From the amount of labeled RNA 

on the filter related to total amount applied, dissociation constant Kd and maximum binding (Bmax) 

values were calculated using Origin 8.5 software (OriginLab Corporation) according to the equation: 

RNAbound = (Bmax x cprotein) / (Kd + cprotein). 

4.3.2. Microscale Thermophoresis (MST) for analysis of RNA-protein interaction  

MST experiments for stoichiometric investigation of AIR-3A and hIL-6R were performed on a 

Monolith NT.115 system (NanoTemper Technologies, Munich, Germany) using 10% LED- and 

40% IR-laser power. Laser on- and off-times were set at 30 s and 5 s, respectively. A twofold dilution 

series for unlabeled recombinant target protein sIL-6R (Conaris Research Institute AG, Kiel, Germany) 

was prepared and equal volumes of AlexaFluor®647 labeled AIR-3A (400 nM) were added resulting in 

protein concentrations ranging from 10 to 250 nM with a constant AIR-3A concentration of 200 nM 

in MST buffer (1x PBS supplemented with 0.05% Tween and 1 mg/mL BSA). Samples were incubated 

at room temperature for 15 min followed by centrifugation at full speed for 15 min to exclude 
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aggregates. Samples were filled in standard treated capillaries (NanoTemper Technologies) for 

measurement. Saturation concentration was indicated by the kink in the saturation curve. 

4.3.3. Aptamer mediated pull-down of target proteins 

Pull-down experiments for protein isolation from cell lysates were performed based on the methods 

presented by von Hacht et al. and Shangguan et al. 107, 228 Briefly, cells were harvested, washed with 1 

x PBS and suspended in 1 vol lysis buffer A. After 15 min incubation on ice, cells were centrifuged and 

pellets suspended in 2 vol lysis buffer A and 1 vol lysis buffer B in presence of cOmplete™ protease 

inhibitor. Protein extracts were obtained by sonification and removal of insoluble cell debris 

(centrifugation at 10.000 x g and 4 °C for 20 min). Overnight extracts were dialyzed against dialysis 

buffer at 4 °C. For pull-down of proteins, biotinylated RNAs were used as bait, immobilized on 

streptavidin coated magnetic beads. BcMag Streptavidin magnetic beads (Bioclone, further referred 

to as “beads”) were washed following the standard protocol prior to the experiment; 100 µL of beads 

were used per sample. For assessment of unspecific binding, protein extracts (1 mL) were first 

incubated with beads in presence of 200 pmol biotin only for 30 min at 4 °C. After magnetic 

separation, supernatants were transferred to fresh tubes containing variant AIR-3A_G17U_3’-biotin 

(200 pmol) and tRNA (20 µg) and incubated for 30 min at 4 °C. Then, the mixture was added to beads 

and incubated for further 15 min at 4 °C. This step was conducted to rule out unspecific RNA-protein 

interaction. Again, magnetic separation yielded the supernatant, which was then transferred to a 

new tube containing aptamer AIR-3A_3’-biotin. After 30 min at 4 °C, subjection to beads, further 

15 min at 4 °C and magnetic separation, all beads were washed four times with 1 mL selection buffer, 

suspended in 30 µL of SDS-loading buffer (3x) and heated to 95 °C for 20 min to elute bound proteins 

from the beads. Electrophoretic separation by SDS-PAGE and coomassie staining were performed as 

described above (4.2.1 and 4.2.2). For analysis by liquid chromatography–mass spectrometry (LC-MS) 

bands were excised from the coomassie-stained gel and delivered to the Core Facility Mass 

Spectrometric Proteomics of the UKE, N27, Martinistraße 52, 20246 Hamburg. Analysis was 

conducted by Sönke Harder and Marcel Kwiatkowski from the group of Prof. Dr. Hartmut Schlüter 

using an Orbitrap Fusion™ Tribrid™ Mass Spectrometer (Thermo Scientific, Schwerte) on the in gel 

tryptically digested samples (in house protocol). 

4.4. Methods for structural analysis of RNA 

4.4.1. In-line probing (ILP)  

For in-line probing (ILP), 5’-end 32P-labeled RNA (< 1 nM) in 5 µL of nuclease free water was heated to 

95 °C for 1 min and allowed to refold by cooling to room temperature for 5 min. Then, one volume of 

2 x ILP-buffer (50 mM Tris-HCl, pH 8.3, 10 mM MgCl2 and either 200 mM LiCl, 200 mM KCl or 200 mM 
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KCl and additional 200 nM hIL-6R) was added. Incubation was carried out at room temperature for 

36 h. Samples were mixed with an equal volume of RNA-loading buffer (2x, denaturing) and applied 

on a 12.5 or 15% denaturing sequencing gel (8 M urea). Gels were run at 50 W for 3 to 6 h., frozen 

and exposed to a phosphor imaging screen and analyzed by autoradiography. 

4.4.2. RNase T1 protection assay 

For RNase T1 protection assays, samples were prepared with 5’-end 32P-labeled RNA (1 pmol) in 

native T1-fragmentation buffer (1x), heated to 95 °C for 1 min and cooled to room temperature for 

10 min. To a final volume of 10 µL, KCl, LiCl, BaCl2, NH4Cl or hIL-6R were added at desired 

concentrations or 10 mM 18-crown-6 as a “no K+” control. Cleavage under native folding conditions 

was initiated by addition of RNase T1 to a final concentration of 0.005 U/µL and further incubation 

for 1 h. Samples were mixed with an equal volume of RNA-loading buffer (2x, denaturing) and 

applied on a 12.5 or 15% denaturing sequencing gel (8 M urea). Gels were run at 50 W for 3 to 6 h, 

frozen and exposed to a phosphor imaging screen and analyzed by autoradiography. 

4.4.3. RNA sequencing ladders 

To assign occurring bands to the nt position, several ladders were generated from ~1 pmol radio-

labeled RNA each. A ladder allowing nt resolution was obtained by incubating labeled RNA in 5 µL 

alkaline buffer for partial hydrolysis at 95 °C for 2 min and quenching by addition of 5 µL Tris buffer 

(100 mM, pH 7.5). For a denaturing RNase T1 ladder identifying all G positions, RNA was incubated in 

denaturing T1-fragmentation buffer (1x) at 60 °C for 2 min. 0.5 U/µL RNase T1 (dilution freshly 

prepared) were added and the mixture was incubated at 50 °C for 3 min. An RNase A ladder (marking 

C and U positions) was produced from RNA in 10 µL Tris buffer (100 mM, pH 7.5) by addition of 

10 pg/µL RNase A (dilution freshly prepared). After 2 min incubation at room temperature, reaction 

was stopped by addition of RNA-loading buffer (2x, denaturing). Ladders were heated to 95 °C for 

2 min prior to loading on a 12.5 or 15% denaturing sequencing gel (8 M Urea). Gels were run at 50 W 

for 3 to 6 h, frozen and exposed to a phosphor imaging screen and analyzed by autoradiography. 

4.4.4. Analysis of ILP- and RNase T1 protection-data 

For analysis of data obtained from autoradiographic readout of the exposed phosphor screens, bands 

from sequencing gels were quantified with rectangular boxes around and signals were normalized to 

total counts per lane. For ILP data, signal intensities for each nt position in the K+ or hIL-6R lane were 

divided by the intensity of the respective position in the Li+ lane and plotted against nt position 

considering the twofold threshold as significant ILP reactivity. T1 protection was evaluated by 

relating G position intensities to full length intensity (G19 = 1). 
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4.4.5. Circular Dichroism (CD) Spectroscopy for GQ identification and K
+

1/2 determination 

RNAs were prepared at 5 µM in 10 mM Tris-HCl (pH 7.5) with or without salts added at different 

concentrations ranging from 100 nM to 100 mM (KCl, LiCl, BaCl2, NH4OAc, trimethylammonium 

acetate (TMAA)), heated to 80 °C for 3 min and allowed to cool on ice for renaturation until 

measured. CD spectra were recorded using a Jasco J-815 CD spectrometer with a cuvette path length 

of 0.1 cm. Spectra were acquired at 25 °C every 1 nm from 220 to 320 nm. For each spectrum, ten 

scans were averaged. Data were buffer subtracted and normalized to provide molar ellipticity values 

[θ]. Based on the Beer-Lambert law, molar ellipticity [θ] was calculated from measured ellipticity 

values θ, path length and RNA concentration (0.000005 mol/cm3). 

[θ] = θ/ (0.000005 mol/cm3 · 0.1 cm). 

Titrations with cations were conducted in a similar approach as described by Mullen et al.
229 To 

assess the K+ concentration at which GQ formation can take place, ellipticity data at wavelength of 

maximum signal change were plotted as a function of K+ and fit with OriginPro 8.5G (OriginLab 

Corporation software) according to the two state Hill equation: 

ε = εF + (εU-εF)/([K+]/[K+
1/2]) 

with εU being the normalized ellipticity corresponding to unfolded and εF to fully folded GQ, [K+] is 

potassium concentration and [K+
1/2] potassium concentration needed to obtain half the RNA in a 

folded state. 

4.4.6. Electrophoretic mobility shift assay (EMSA) for assessment of GQ oligomerization 

For investigation of potassium dependent oligomerization, native gel electrophoresis was conducted 

as described by Piekna-Przybylska et al.
230 15% polyacrylamide gels were prepared (Table 18) with 

10 mM KCl added to gels and running buffer. 5’-end 32P-labeled RNA (1 pmol) was added to 4 µM 

unlabeled RNA in a final volume of 25 µL. Samples were heated to 95 °C for 3 min, incubated on ice 

for 1 min and allowed to cool to room temperature. Incubation proceeded at room temperature for 

20 h in 10 mM Tris-HCl (pH 7.5), 1 mM EDTA and 100 mM of either KCl or LiCl. For PAGE analysis, one 

volume of RNA-loading buffer (2x, native) was added to each sample. After electrophoresis for 3 to 

6 h at 4 °C and 6.5 V/cm, gels were frozen and exposed to a phosphor imaging screen (Bio-Rad, 

170-7841) until analyzed by a Personal Molecular Imager FX™ (Bio-Rad) with Quantity One 4.6.6 and 

Image Lab 5.1 software (Bio-Rad). 

4.4.7. Sample preparation for native mass spectrometry of AIR-3A 

RNA was subjected to a desalting procedure prior to native MS analysis in order to remove salt 

(mainly Na+) bound to the RNA by exchange for trimethylammonium (TMA) as a counter ion. 
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Desalting was adapted according to a formerly presented protocol by Shah et al.55 

Trimethylammonium acetate (TMAA) was applied instead of ammonium acetate as described by 

Marchand et al.
52 

5.5 nmol AIR-3A in 100 µL of 8 M urea were heated to 65 °C for 5 min. Glycogen was added (20 µg/µL 

final concentration) as well as 200 µL of 1 M TMAA. The mixture was heated for 1 min at 65 °C and 

allowed to cool to room temperature. Incubation at room temperature was continued for 1 h. RNA 

was precipitated by addition of 1000 µL of ethanol and incubation at -20 °C overnight, followed by 

centrifugation at 16.000 x g and 4 °C for 75 min. The pellet was air dried for 45 min, dissolved in 

200 µL of TMAA, mixed on a vortex for 10 s and heated to 65 °C for 5 min. Another ethanol 

precipitation was conducted (addition of 600 µL ice cold ethanol, incubation at -80 °C for 5 h and 

centrifugation for 1 h) and the precipitate was dried at 65 °C for 5 min. Finally, the pellet was 

resuspended in 10 µL DEPC-treated water and the concentration was determined (4.1). 

Concentrations of 1 to 100 µM were delivered in 0.5 M TMAA and potassium acetate was added 

prior to analysis at 200 µM. Sample analysis by native MS was conducted by Boris Krichel at the mass 

spectrometry facility at Heinrich Pette Institute in the group of Dr. Charlotte Uetrecht (Heinrich Pette 

Institute, Leibniz Institute for Experimental Virology, Martinistrasse 52, 20251 Hamburg, Germany).  

4.5. Cell biological methods 

4.5.1. Cultivation of eukaryotic cell lines 

All eukaryotic cell lines were cultured at 37 °C and 5% CO2 in presence of 10% FBS, penicillin 

(60 mg/L) and streptomycin (100 mg/L) if not stated otherwise. Cell cultures were handled under 

sterile conditions at all times using Herasafe™ KS 2 safety cabinet and sterilized consumables. 

• BaF3/gp130/IL6R/TNFα (murine pre-B-cell line, stably transfected to present human proteins 

gp130, hIL-6R and TNFα on their surface. Cytokine dependent suspension cells. Doubling 

time: 12 h): subcultivation in DMEM supplemented with hIL-6 (10 ng/mL). Dilution up to 

1:100 by renewal or addition of fresh medium every 2 to 3 days maintaining density at 1 · 104 

to 1 · 106 cells/mL. These cells are further referred to as BaF3_hIL-6R or target cells. 

• BaF3/gp130 (murine pre-B-cell line, stably transfected to present human protein gp130 on 

their surface. Cytokine dependent suspension cells, hIL-6R negative. Doubling time: 12 h): 

subcultivation in DMEM supplemented with Hyper-IL-6 (10 ng/mL). Dilution up to 1:100 by 

renewal or addition of fresh medium every 2 to 3 days maintaining density at 1 · 104 to 1 · 

106 cells/mL. These cells are further referred to as BaF3_gp130 or non-target cells. 



______________________________________METHODS____________________________________ 
 

42 
 

• KMS-12-BM (human multiple myeloma, suspension cells, hIL-6R positive. Doubling time: 

60 h): subcultivation in RPMI-1640 with 20% FBS. Dilution up to 1:2 by renewal or addition of 

fresh medium every 2 to 3 days maintaining density at 5 · 105 to 1 · 106 cells/mL. 

• RPMI-8226 (human multiple myeloma, suspension cells, hIL-6R positive. Doubling time: 

60 h): subcultivation in RPMI-1640. Dilution up to 1:2 by renewal or addition of fresh medium 

every 3 days maintaining density at 1 · 105 to 1 · 106 cells/mL. 

• U-266 (human multiple myeloma, suspension cells, hIL-6R positive. Doubling time: 55 h): 

subcultivation in RPMI-1640. Dilution up to 1:2 by renewal or addition of fresh medium every 

3 days maintaining density at 1 · 105 to 1 · 106 cells/mL. Cell clusters formed were 

resuspended by pipetting. 

• PC3 (human prostate carcinoma, adherent cells, hIL-6R positive): subcultivation in 

RPMI-1640. For passaging, confluent cells were detached with Trypsin/EDTA and diluted 1:3 

to 1:10 by addition of fresh medium. Medium change every 2 to 3 days.  

• LNCaP (human prostate carcinoma, adherent cells, hIL-6R positive. Doubling time: 60 h): 

subcultivation in RPMI-1640 with 20% FBS. For passaging, confluent cells were detached with 

Trypsin/EDTA and diluted 1:3 to 1:10 by addition of fresh medium. Medium change every 2 

to 3 days. 

• HeLa (Human epitheloid cervix carcinoma, adherent cells, hIL-6R positive. Doubling time: 

24 h): subcultivation in DMEM. For passaging, confluent cells were detached with 

Trypsin/EDTA and diluted 1:2 to 1:6 by addition of fresh medium. Medium change every 2 to 

3 days. 

• HEK 293 (human embryonic kidney, adherent cells, hIL-6R positive. Doubling time: 30 h): 

subcultivation in DMEM. For passaging, confluent cells were detached with Trypsin/EDTA 

and diluted 1:6 to 1:10 by addition of fresh medium. Medium change every 2 to 3 days, 

maintaining density at 6-7 · 104 cells/mL. 

4.5.2. Cryopreservation of eukaryotic cells 

For cryopreservation, cells were harvested by trypsinization and/or centrifugation at 4 °C and 300 x g 

for 5 min. Supernatants were discarded and pellets resuspended in cold freeze medium (composed 

of 90% complete growth medium supplemented with 10% DMSO). Cell densities were 2-

5 · 106 cells/mL. 1 mL aliquots were transferred to 2 mL cryo vials which were incubated in a 4 °C 
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pre-chilled, isopropanol filled cryo-box at -80 °C for one day. For long term storage, these cryo-stocks 

were kept in liquid nitrogen vapor phase. 

For recultivation, frozen cryo-stocks were transferred to 5 mL of fresh, pre-warmed culture medium 

and centrifuged for 5 min at 4 °C and 300 x g. Supernatants were discarded and pellets resuspended 

in complete growth medium and seeded in a 25 cm2 cell culture flask. 

4.5.3. Flow Cytometry analysis 

By Flow Cytometry, fast analysis of cellular fluorescence and scattering properties of thousands of 

cells is possible. Flow Cytometry is a laser-based technique. Application of fluorescent labels allows 

simultaneous detection of different biomarkers and quantification of their prevalence among the 

tested cell population. The number of different lasers present in the device and labels used on the 

sample define the number of properties that can be analyzed simultaneously.  

Cells in suspension enter the capillary system of the cytometer within a liquid sheath stream. Single 

cells are focused to pass the laser beam that excites the fluorescence of interest. Fluorescence 

intensities obtained from several thousand cells are then processed to multidimensional histograms. 

In this work, Flow Cytometry was used to analyze cellular binding of antibodies or nucleic acids as 

well as cell cycle distribution on a FACScalibur™ Flow Cytometer (BD Biosciences). For histogram 

plots 10000 to 20000 cells were analyzed. 

4.5.4. Fluorescence microscopic analysis 

Fluorescence microscopy was performed on a confocal laser scanning microscope (cLSM) LSM 510 

ConfoCor2 (Zeiss, Jena) with C-Apochromat 40 x objective (numerical aperture 1.2, water 

immersion). For analysis, cells were pipetted on a cover-glass (24 x 50 mm x 0.13 - 0.17 mm thick, 

Brand, Wertheim). Cellular compartment staining, cell-surface binding and trafficking of fluorescently 

labeled antibodies and RNA were visualized (Table 23). 
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Table 23: Parameters for detection of fluorescent dyes by cLSM. 

Fluorescent dye Labeled molecule Method cLSM paramters 

Alexa Flour®647 

 

AIR-3A subcellular aptamer 

visualization 

laser: 633 nm, 

10% laser power, 

HFT 514/633 

NFT 545* 

LP 650 

ph = 200-240 µm 

APC secondary antibody subcellular hIL-6R visualization 

Alexa Flour®488 

 

mTrf subcellular compartment 

staining, clathrin mediated 

endocytosis visualization 

FITC secondary antibody subcellular hIL-6R visualization laser: 488 nm, 

6% laser power, 

HFT 488 

LP 505 

ph = 200-250 µm 
LysoTracker® Green 

- subcellular visualization of 

lysosomes (dye stains acidic 

compartments) 

*For co-localization experiments 

4.5.5. Immunostaining of cell surface proteins 

Cell surface protein hIL-6R was detected by means of antibodies. Quantification was realized by Flow 

Cytometry and subcellular distribution was analyzed by laser scanning microscopy. For 

immunostaining, 5 · 105 cells were harvested by centrifugation or trypsinization (4.5.1), washed twice 

with 1 x PBS and resuspended in 350 µL 1x PBS. Cells were kept on ice during the following 

treatment. 1 µL of primary antibody (anti-hIL-6R or anti-tetra-His mouse IgG1 (isotype control), final 

concentration approx. 0.3 ng/µL) was added to the cell suspension and incubated for 30 min. 

Subsequently, cells were washed with 1 x PBS by centrifugation (3 min, 4 °C, 300 x g) and incubated 

with 1 µL of secondary antibody (anti-mouse-IgG_APC or anti-mouse-IgG_FITC) in 350 µL 1 x PBS. 

Finally, cells were washed twice, suspended in PBS and analyzed. 

4.5.6. Cellular compartment staining 

To study subcellular localization of hIL-6R (APC labeled secondary antibody) and aptamer AIR-3A 

(Alexa Flour®647), reference staining of lysosomes and clathrin-coated vesicles was performed for 

co-localization in BaF-3_hIL-6R cells. Lysosomes were detected with LysoTracker® Green, a dye that 

exhibits fluorescence only in acidic environment. LysoTracker® Green (10 nM) was added to cells 
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simultaneously as primary antibody or fluorescently labeled aptamer and samples treated as 

described (4.5.5, 4.5.7). 

Clathrin mediated endocytosis was analyzed by monitoring cellular uptake of fluorescently labeled 

mTransferrin (mTrf_Alexa Flour®488) bound to murine transferrin receptor (mTfR). TfR is known to 

undergo clathrin mediated endocytosis and serves as a standard control.182 Similar to lysosomal 

staining, mTrf_Alexa Flour®488 (10 µg/mL) was added to cell suspensions during incubation with 

primary antibody or fluorescently labeled RNA and samples treated as described for single staining. 

For excitation, red (633 or 635 nm) and blue (488 nm) lasers were used and respective fluorescence 

channels for concomitant analysis of the pair of dyes. 

4.5.7. Cellular binding studies of fluorescently labeled aptamers 

For analysis of cellular bound RNA 5 · 105 cells were harvested by centrifugation or trypsinization 

(4.5.1), washed twice with 1x PBS and resuspended in 100 to 350 µL 1x PBS. Fluorescently labeled 

RNA (1-200 nM) was added to cell suspensions and incubated on ice for 10 min. To study 

internalization, incubation was conducted at 37 °C. Subsequently, cells were washed twice with 

1x PBS (3 min, 4 °C, 300 x g) resuspended in 100 to 350 µL PBS and analyzed by Flow Cytometry or 

laser scanning microscopy. 

4.5.8. Indirect binding studies of unlabeled aptamers 

To assess cellular binding of non-labeled aptamer variants of AIR-3 (e.g. AIR-3-Gem), indirect binding 

was measured. Affinity was thereby represented as ability for displacement of fluorescently labeled 

AIR-3A. 

Cells were kept on ice/at 4 °C at all times to prevent uptake of cellular bound RNA. 5 · 105 

BaF-3_hIL-6R cells were harvested by centrifugation (3 min, 4 °C, 300 x g), washed twice with 1x PBS 

and incubated with a dilution series of AIR-3-Gem (1-200 nM) in PBS for 20 min. Unbound RNA was 

removed by washing with PBS followed by incubation with AIR-3A_ Alexa Flour®647 (50 nM) in PBS 

for 20 min. Finally, cells were washed, resuspended in 350 µL PBS and analyzed by Flow Cytometry. 

Dissociation constant (Kd) and maximum mean fluorescence intensity (Bmax) were determined from 

fitting mean fluorescence intensity (F) to corresponding concentration of RNA as described by: 

F = (Bmax x cRNA) / (Kd + cRNA). 

4.5.9. Cell cycle synchronization by double T-block or single T-block 

To ensure homogeneous cell cycle distribution in cell populations prior to drug treatment, 

BaF3_hIL-6R target cells and BaF3_gp130 non-target cells were synchronized. 
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Double T block was performed in a similar fashion as described by Roch et al.
231 Exponentially 

growing cells were treated with 1 mM deoxythymidine added to the culture medium overnight at 37 

°C and 5% CO2. Cells were washed twice with PBS and resuspended in fresh medium for 2 h. 

Subsequently, the second block was applied for 4 h with 1 mM deoxythymidine. After washing twice 

with PBS, cells were released in serum depleted DMEM supplemented with 0.2% BSA and the 

respective cytokine (hIL-6 or Hyper-IL-6 (10 ng/mL each), see 4.5.1) for further 4 h before fixation and 

analysis (4.5.12). During this time period, drug treatment was performed (4.5.10).  

Alternatively, only one block with deoxythymidine was conducted. In this case, after block one 

(overnight incubation with 1 mM deoxythymidine) cells were washed twice and cultured for 4 h in 

serum free DMEM supplemented with 0.2% BSA and cytokine. During this incubation, the 

corresponding drug could be added. Subsequently, cells were washed and released in complete 

growth medium for 3 h before fixation.  

4.5.10. Aptamer mediated drug delivery of nucleoside analogs 

Target cells BaF-3_hIL-6R were washed three times with PBS containing 0.5% BSA and seeded at 

1 · 105 cells/well in 100 µL serum free DMEM supplemented with 0.5% BSA, hIL-6 (10 ng/mL) and 

250 nM of one AIR-3 variant containing nucleoside modifications (Gemcitabine, 5-FdU or2’-F-Py; 

Table 16, Table 24). After incubation for 3 h at 37 °C and 5% CO2 to ensure uptake, cells were washed 

to remove remnant RNA from the medium and cultured in complete growth medium at 37 °C and 5% 

CO2. Analysis of cell cycle fractions (4.5.12) or relative cell proliferation (4.5.11) was conducted after 

culturing times of 4 h or 24 h, respectively. 

Non-target cells BaF-3_gp130 were treated in the same way and served as a control to assess 

off-target effects. 

4.5.11. Proliferation assays for toxicity studies 

Proliferation of differently treated cells, seeded at 100000 cells/well in a 96-well tissue culture plate, 

was assayed to assess cytotoxic potential of the respective treatment. 

Relative proliferation was measured by addition of redox indicator resazurin. To 100 µL of cell 

suspension, 10 µL of resazurin solution (Biozol, Eching) was added and incubated at 37 °C and 5% CO2 

for 3 to 6 h (depending on cell density) until a color change from blue to purple was visible in the 

untreated reference sample (100% control). Resorufin, the fluorescent dye 

(λex = 590 nm, λem = 560 nm) that live cells produced by reduction of internalized resazurin, served as 

a measure for viable cell fractions. 
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In addition, toxicity was assessed using the luminescence based Cyto Tox-Glo™ Cytotoxicity Assay 

(Promega GmbH, Mannheim) according to the manufacturer’s instructions. In this assay, dead cells in 

the sample were quantified. To 100 µL of cell suspension, 50 µL of Cyto Tox-Glo™ Cytotoxicity Assay 

Reagent was added, mixed by orbital shaking and incubated at room temperature for 15 min before 

measuring luminescence. Then, cells were lysed by addition of 50 µL of Lysis Reagent and 15 min 

incubation, and luminescence measured again to determine total cell number. 

Read-out of fluorescence and luminescence signals was conducted in a black, opaque multi well plate 

using a TECAN Infinite Plate Reader. Relative proliferation was calculated by subtraction of 

background signals (no-cell control) and relation to viable cells in the 100% control. 

4.5.12. Cell cycle analysis 

Partial cell cycle fractions were analyzed on fixed cells stained with propidium iodide (PI). 5 · 104 

2 · 105 cells were washed with 1 x PBS and resuspended in 100 µL PBS. By addition of 900 µL of ice 

cold ethanol (70%) and incubation at 4 °C overnight, cells were fixed. Then, cells were centrifuged 

(5 min, 4 °C, 300 x g) and all ethanol was removed. Pellets were resuspended in 1 mL PBS and 

incubated for 60 s at room temperature followed by centrifugation (5 min, 4 °C, 300 x g). The 

supernatant was discarded and the fixed cells were incubated in PI staining solution (0.1% (w/v) 

Triton X-100, 10 μg/mL propidium iodide, 100 μg/mL RNase A in PBS) for 10 min at 37 °C.  

DNA content was measured by Flow Cytometry detection of PI fluorescence (FL2-H, linear mode). By 

gating, exclusion of cell debris from laser scattering (FSC vs. SSC dot plot) and cell doublets (false 

G2/M signals) from area vs. height plots (FL2-W vs. FL2-H dot plot) was ensured. Quantification of cell 

cycle fractions was performed by definition of marker regions using CellQuest™ Pro software 

(BD Biosciences, Heidelberg).  
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5. Results 

In former theses the aptamers discussed herein were investigated and characterized by Cindy Meyer, 

Katja Eydeler, Eileen Magbanua and Sven Kruspe, who contributed to the selection, characterization 

and investigation of possible applications. 

AIR-3 is a 106 nt RNA aptamer that specifically binds to human Interleukin-6 receptor (hIL-6R) with 

high affinity (Kd = 20 nM). Its truncated version AIR-3A consists of only 19 nt 

(5‘-GGGGAGGCUGUGGUGAGGG-3‘) that comprise the binding motif which forms a parallel 

G-Quadruplex (GQ).190 The target receptor hIL-6R and the signaling pathway that is activated upon 

binding of cytokine hIL-6 mediate inflammatory and immune responses. Dysregulation of hIL-6R and 

hIL-6 levels and interaction is also associated with progression and pathology of different diseases.203-

205  

For AIR-3 and AIR-3A, no influence on interaction of hIL-6R and hIL-6 or the resulting signaling 

cascade was found. The aptamers proved however suitable for in vitro drug delivery approaches.163, 

212 

The aim of this research study was to further investigate AIR-3 and AIR-3A in terms of structural 

properties, target specificity and tolerance of nucleotide modifications such as therapeutically 

relevant nucleoside analogs. Additionally, the influence of AIR-3A presence on endocytic behavior of 

target cells was examined. 

5.1. Structural investigations 

In approaches to determine the general structure of AIR-3, the binding motif AIR-3A was shown to 

form an all parallel G-Quadruplex with dependence on potassium cation (K+) concentration.232  

Here, folding of AIR-3A was analyzed by CD spectroscopy to probe the cation affinity and 

interchangeability. Subsequent native PAGE and Microscale Thermophoresis (MST) gave insight into 

intermolecular interactions of AIR-3A such as stoichiometry of RNA and protein upon binding. To 

determine which of the thirteen guanine bases in this 19 nt RNA took part in tetrad formation, 

footprinting analyzes including RNase T1 protection and in line probing (ILP) were conducted.  

5.1.1. Influence of cations to AIR-3A folding 

CD spectroscopic analysis of G-Quadruplex (GQ) formation in the presence of different cations was 

performed (4.4.5). In order to test the cation influences, different cation concentrations were 

titrated to constant amounts of RNA. 
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First, titration of different K+ amounts to constant AIR-3A concentrations was performed (Figure 12). 

This experiment gave information on the K+ dependence of GQ formation as well as the possibility to 

calculate the K+ affinity (given as K+
1/2). From the difference in ellipticity amplitude at maximum signal 

intensity wavelength (263 nm), the K+
1/2 value could be derived by application of a two state Hill 

equation (stateunfolded � statefolded). 

 

 

Figure 12: CD spectroscopic analysis of AIR-3A GQ formation in dependence of K
+
. CD spectra (A) and fraction 

folded plot (B) of 5 µM AIR-3A in a background of 10 mM Tris-HCl (pH 7.5) in the range of 220 to 230 nm. A) K+ 
induced GQ formation on AIR-3A indicates parallel topology by a positive peak at ~260 nm and a negative peak 
at ~240 nm. B) Molar ellipticity at λmax = 262 nm from (A) as a function of K+ concentration fit to a two-state Hill 
equation resulting in a K+

1/2 value of 159 ± 12 µM at n = 1.5. Data obtained were averages of ten scans per 
spectrum from technical duplicates of which the shown plot represents one. 

 

In Figure 12 A, the observed characteristic minima at 240 nm and maxima at 263 nm for each curve 

indicate the all parallel folding of AIR-3A. Without addition of potassium, the background signal 

shows only light signals at these wavelengths while a potassium-concentration dependent increase in 

amplitude to more pronounced bands at λmax = 263 nm occurs. Normalized ellipticity data at λmax 

were plotted against [K+] (Figure 12 B) and a potassium affinity of AIR-3A was calculated with 

K+
1/2 = 159 ± 12 µM, as only one point of inflection was observed indicating one K+ binding site. 

While potassium and sodium are candidates to be most likely coordinated, other monovalent or 

divalent cations are also able to interact with GQs by either competing for cation binding sites and 

thereby exchanging with K+, or destabilizing GQ integrity. 

Therefore, the influence of Li+, Ba2+ and NH4
+ on CD spectroscopic behavior of AIR-3A was 

investigated in a next step (Figure 13-Figure 15). Li+ is known to interfere with GQ folding in an 

inhibitory fashion and Ba2+ and NH4
+ can in principle compete for K+ binding sites due to their similar 
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ion radii (Ba2+ < K+ < NH4
+).18 Therefore, Li+ represents the standard control in face of probing K+ 

dependence, while Ba2+ and NH4
+, in turn, were examined to gain additional information for possible 

future application in high resolution techniques or native Mass Spectrometry (native MS), 

respectively. 

 

 

Figure 13: CD spectroscopic analysis of AIR-3A GQ formation in presence of Li
+
. CD spectra of 5 µM AIR-3A 

10 mM Tris-HCl (pH 7.5) measured in the range of 220 to 230 nm. Li+ inhibits GQ formation of AIR-3A as 
indicated by preservation of background signals independent from Li+ concentration. 

 

According to the expectations, for AIR-3A in presence of Li+ concentrations ranging from 0 to 100 mM 

and absence of K+, no difference of the CD intensities was observed (Figure 13). Thus, no GQ was 

formed, as the characteristic extrema in the curve shape did not appear. This reflects the absence of 

GQ folding in presence of Li+. 

Next, Ba2+ coordination of AIR-3A was tested. For CD titrations, Ba2+ concentrations ranging from 0 to 

320 µM were applied in absence of K+. 
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Figure 14: CD spectroscopic analysis of AIR-3A GQ formation in dependence of Ba
2+

. CD spectra (A) and 
fraction folded plot (B) of 5 µM AIR-3A measured in a background of 10 mM Tris-HCl (pH 7.5) in the range of 
220 to 230 nm. A) Ba2+ concentration dependent change of amplitude at ~260 nm represents influence on GQ 
folding. B) Molar ellipticity at λmax = 262 nm from (A) as a function of Ba2+ concentration fit to a two-state Hill 
equation yielded a K+

1/2 value of 3.35 ± 0.35 µM at n = 2.4 ± 0.48. 

 

In contrast to Li+, with Ba2+ present in solution, a concentration dependent increase in the amplitude 

at λmax = 262 nm was detected (Figure 14). It could be seen that saturation with Ba2+ was reached at 

lower concentrations (320 µM) compared to K+. In conclusion, Ba2+ is coordinated with higher 

affinity, probably due to the twofold positive charge which mediates stronger interaction.  

In preparation of native MS analyses, buffer conditions for GQ formation were tested. Most common 

is the use of ammonium acetate (NH4OAc), a volatile buffer which was in consequence tested with 

AIR-3A. In Figure 15A, CD data for AIR-3A in NH4OAc are shown. As indicated by the similar curves in 

presence and absence of K+, it can be assumed that NH4
+ exchanges with K+. Consequently, this 

buffer would not be suitable for native MS, but could be substituted with trimethylammonium 

acetate (TMAA).52 As seen in Figure 15B, the obtained signal of AIR-3A in TMAA in CD spectroscopic 

analysis was back to general background intensity, while addition of K+ led to a significant increase of 

the amplitude. 
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Figure 15: CD spectroscopic analyses of AIR-3A in NH4OAc and TMAA. A) In presence of ammonium cations, 
the CD signal intensities, measured from 220 to 230 nm, correspond to a GQ formation (red curve). The signal 
is hardly influenced by addition of K+ (blue curve), indicating coordination of NH4

+ within the GQ. B) With TMAA 
present in solution (purple curve), AIR-3A CD signals superpose with the reference background signal 
(10 mM Tris-HCl, black curve), while K+ addition leads to the characteristic bands at 240 nm and 260 nm (red 
curve). 

 

In summary, dependence of GQ formation on K+ concentration was found with a K+
1/2 value of 

159 µM as well as non-GQ folding of Li+. As a proof of principle, it could also be shown that Ba2+ is 

coordinated by AIR-3A, which might offer the possibility of further structural analyses exploiting high 

resolution techniques such as X-ray crystallography. Finally, buffer conditions for native MS 

approaches were tested, revealing an unwanted GQ coordination of NH4
+ cations and suitability of 

TMAA as alternative buffer system. 

On basis of these findings, cation concentrations were adapted in following experiments. And the 

buffer conditions were applied for evaluation in a pilot experiment using native MS. 

5.1.1.1. Native mass spectrometry of AIR-3A 

Preliminary data obtained by native MS proved suitability of buffer conditions using TMAA. AIR-3A 

was desalted and prepared in 500 µM TMAA in presence of 200 µM K+.52, 55 Samples were delivered 

to the group of Dr. Charlotte Uetrecht at Heinrich Pette Institute where native MS was conducted by 

Boris Krichel. As seen in the recorded spectrum (Figure 16), no single peaks could be discriminated 

but only clusters were detected. This was probably due to insufficient desalting prior to analysis. 

Remnant sodium resulted in formation of salt adducts. Therefore, the signals could not be assigned 

exactly to reveal the number of K+ cations bound to AIR-3A which would indirectly define the number 

of tetrads stacked upon each other. The clusters indicated presence of monomeric (Figure 16A and B) 

and dimeric (Figure 16C) AIR-3A species in solution. AIR-3A has a mass of 6307.89 g/mol and can be 

differently ionized. Mass to charge ratios detected in the clusters could correspond to monomeric 
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AIR-3A in complex with one K+ (m/z = 1585 for [AIR-3A + 1K+]-4 or m/z = 2113 for [AIR-3A + 1K+]-3) and 

two AIR-3A for example with 5 K+ (m/z = 2565 for [(AIR-3A)2 + 5K+]-5), depending on ionization. 

 

 

Figure 16: Preliminary data from native MS obtained for AIR-3A in presence of 200 µM K
+
. ESI-MS of 1 μM 

AIR-3A in 500 mM TMAA and 200 µM K+ (negative ion mode, low collision). Peak clusters (A, B and C) detected 
by native MS analysis of AIR-3A resulted from salt adducts. Cluster A and B contained peaks that can be 
assigned to monomeric AIR-3A in complex with one K+. Cluster C represents dimeric species present in solution. 
Optimization of the desalting procedure would be needed to obtain distinct peaks that give information on the 
exact number of complexed cations. Samples were prepared in cooperation with Sarah Lemcke and Sven 
Kruspe. Data collection and analysis by native MS was conducted by Boris Krichel. 

 

Due to the presence of Na+ other compositions of AIR-3A, K+ and Na+ could be interpreted. Therefore, 

the number of complexed K+ per AIR-3A was not determinable and optimization of the desalting 

process would be needed to obtain reliable results. Yet, the presence of dimeric AIR-3A was 

detected. 

5.1.2. AIR-3A assembly and stoichiometry of the aptamer:protein complex 

One property of GQ forming oligonucleotides is their ability to oligomerize due to the possibility of 

intermolecular stacking interactions.7  

Electrophoretic Mobility Shift Assay (EMSA) is a method commonly applied to detect dimers and 

oligomers of GQs as it does not affect intermolecular interactions and allows for simple and fast 

analysis.229 Native polyacrylamide gel electrophoresis in presence of K+ and Li+ was performed to 

identify higher ordered assemblies of AIR-3A. Therefore, radio labeled AIR-3A with an excess of 

unlabeled AIR-3A (4 µM) was subjected to long term incubation (20 h) in presence of K+ or Li+ to 

allow complex formation. Figure 17A shows results of native PAGE analysis.  
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Figure 17: Aggregation of AIR-3A. A) Native gel mobility shift analysis (15% polyacrylamide, 1x TBE, 10 mM K+) 
of AIR-3A (4 µM, 5’-end labeled with 32P) supports formation of GQ oligomers in presence of K+ compared to Li+ 
(100 mM). K+ promotes formation of complexes with higher migration behavior. Compared to miRNA Marker 
(M), monomeric AIR-3A displays higher migration referring to its size (19 nt). This is due to the high G content 
of the aptamer. B) AIR-3A (40 µM) in 1x PBS was analyzed by DLS. Histogram plot shows severe aggregate 
formation in solution (measurement conducted by Katharina Berg).  

 

With 100 mM concentration of K+, bands of higher migration become visible next to the main band 

corresponding to the monomer (19 nt). With Li+ present, these bands disappear. This is an indication 

for dimer- and multimerization of AIR-3A. The slight shift above the monomeric band in the Li+ lane 

may be caused by K+ present in gel and running buffer (10 mM) causing intermediate complex 

formation during electrophoresis. For AIR-3A, aggregation at concentrations of 40 µM was observed 

as confirmed by dynamic light scattering (DLS) prior to small angle X-ray scattering (see Figure 17B). 
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Figure 18: Binding stoichiometry of AIR-3A to human IL-6 receptor. Stoichiometric Microscale 
Thermophoresis (MST) investigation of fluorescently labeled AIR-3A binding to hIL-6R indicating a ratio of 2:1 

of RNA:protein. Plotted data represent mean values from three experiments. 

 

For clarification of stoichiometry of the aptamer:protein-complex, Microscale Thermophoresis (MST, 

4.3.2) was performed. To a dilution series of hIL-6R, constant amounts of fluorescently labeled 

AIR-3A (200 nM) were added to identify the ratio of RNA and protein at saturation concentrations. 

The displayed curve reached saturation at about 100 nM hIL-6R (Figure 17B). This indicates a 

stoichiometry of 2:1 and hints at AIR-3A binding to hIL-6R as a dimer, whereas it is also possible that 

the aptamer targets two different sites of hIL-6R with very similar affinities. In summary, AIR-3A is 

supposed to form higher ordered assemblies such as dimers and possibly multimers and is likely to 

also be dimeric in its binding species. 

5.1.3. Structure probing analyses 

Another aspect that remained unclear during former investigations is the actual structure of the GQ 

formed by AIR-3A. Bioinformatic calculation of thermodynamic probability of GQ formation, realized 

by tools such as QGRS mapper,233 propose several possible GQs, and mutation analyses led to the 

choice of one hypothetic structure (Figure 10).211 While its topology was proven to be all parallel as 

seen from CD spectroscopic analyses, the identity of the tetrad guanines is still unknown. For 

modeling approaches of aptamer structure and binding interaction, this information would be 

valuable. To tackle this matter, structure probing analyses were performed on AIR-3A as well as on 

the original 106 nt aptamer AIR-3 applying RNase T1 protection assays and in-line probing (ILP), both 

reflecting protection from cleavage and flexibility of nt within the GQ. 
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5.1.3.1. Protection from RNase T1 cleavage 

RNase T1 is an endoribonuclease with specificity for guanine residues in unpaired RNA strands. It 

mediates cleavage of the 3’phosphodiester bond resulting in 3’-GMP termini. This nt specificity 

makes it an ideal tool to probe guanines involved in GQ- and G-tetrad formation, as those positions 

exhibit protection from cleavage when GQ formation takes place.44, 229 Thus, this effect usually is K+ 

dependent and increases with K+ concentration.229 For RNase T1 footprinting analyses (4.4.2), the 

influence of different cations and different potassium concentrations on the single guanine positions 

were analyzed. 5’-radiolabeled (32P) AIR-3A was subjected to RNase T1 cleavage under native folding 

conditions with K+ concentrations ranging from 0 to 1 mM, thereby ensuring saturated 

concentrations according to 5.1.1.  

 

Figure 19: RNase T1 protection assay reveals strong protection of all guanines in AIR-3A. A) G-specific T1 
cleavage of AIR-3A (5’-end labeled with 32P) under native folding (nT1) conditions (10 mM Tris-HCl (pH 7.5), 0.5 
mM EDTA) in presence of different K+ concentrations, cations and target protein hIL-6R (concentrations as 
indicated). A denaturing RNase T1 ladder (dT1) and (A) RNase A ladder (C- and U-specific) were applied for 
band assignation. B) T1-protection of different G positions visualized as fractions cleaved in dependence of K+ 
revealed overall protection in presence of K+, but no significant differences among positions G3 to G18. C) T1-
protection of G positions in presence of different effectors. Protection increased in the order NH4

+ < Ba2+ < Li+ < 
K+ < hIL-6R, whereas no difference among the single positions was observed. For G1 and G2, higher cleavage 
rates were observed under all conditions. Data were normalized for total counts per lane and in relation to full 
length present (G19 = 1). 
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Also, the cations NH4
+, Ba2+, Li+ and target protein hIL-6R were tested for their influence on guanine 

protection. By denaturing PAGE, obtained fragments were separated in a sequencing gel and 

analyzed for fragment abundance by autoradiography (Figure 19A). 

As shown in Figure 19B, overall protection of guanines as well as an increasing protection of the 

whole oligo with increasing [K+] is visible (decrease in abundance of G1 fragment). Total cleavage in 

dependence of other effectors decreased in the order hIL-6R > K+> Li+ > Ba2+ > NH4
+, while cleavage 

ratios for all positions were ranging in similar quantities except for positions G1 and G2, which seem 

to be favorable for cleavage in general. Position G19, representing the full length and 5’-end of 

AIR-3A, could not be probed in this setup due to the lack of a cleavage site for RNase T1. Thus, no 

information on specific G-positions involved in tetrad formation could be obtained. As there are 

several possibilities for GQ to fold, due to the large portion of Gs in AIR-3A (68%), it is likely that 

there are several GQs present at once. AIR-3A is therefore supposed to be polymorphic with no 

single folding favored. This means that the fragments produced from these different entities overlay 

with each other, resulting in an apparent pattern of all positions being protected. Another possibility 

would include AIR-3A to form a three tier bulged QG (see Figure 45). 

5.1.3.2. Flexibility of nucleotides in the GQ motif 

The findings from RNase protection assays gave cause to investigate the flexibility of all nt positions 

within the GQ and also the adjacent regions. Therefore, in-line probing (ILP; 4.4.1) was used. This 

probing technique monitors the susceptibility of nucleotides in a structured RNA for hydrolysis (so 

called in-line cleavage) due to long term incubation under alkaline conditions (36 h at pH 8.3).64 It is 

applied on GQs to identify increased cleavage in loop regions in presence of K+ compared to Li+ and 

represents a valuable complement to RNase protection assays. ILP was conducted on AIR-3A, but 

also on AIR-3 to include positions G1 and G19 and probe the GQ in its original flanking sequences. In 

AIR-3, the 19 nt GQ element is found within nt-position 32 to 50 (see Figure 10). ILP was conducted in 

presence of Li+, K+ and target protein hIL-6R on 5’-radiolabeled (32P) RNA. Fragments were separated 

in a denaturing sequencing gel and analyzed by autoradiography. Results from ILP analysis are 

summarized in Figure 20 and Figure 21, showing only AIR-3 data, but which are in accordance with 

AIR-3A probing analyses.  
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Figure 20: In-line probing (ILP) suggests loop formation in GQ region of AIR-3 in presence of K
+
. A) ILP on 

relevant regions of AIR-3 (5’-end labeled with 32P, GQ motif formed by nt 32 to 50). Reference ladders dT1 
(G-specific) and OH- (alkaline hydrolysis, all positions) were used for band assignation. GQ identity is given by 
different cleavage patterns in presence of Li+ and K+, respectively. ILP conditions were 25 mM Tris-HCl, pH 8.3, 5 
mM MgCl2 at room temperature for 36 h with 100 mM Li+ or K+ present. The GQ region is highlighted as 
expanded region with Gs assigned on the left and nucleotides in between on the right. B) Analysis of ILP results 
representing ratios for each nt position in lane K+ to lane Li+ (data were normalized for total counts per lane, 
normalized band intensities in lane K+ or hIL-6R were divided by respective intensity in lane Li+). The typical 
twofold threshold is shown as dotted line and indicates nt positions highly susceptible to ILP cleavage 
(significant ILP reactivity). 

 

Data obtained from ILP experiments indicate the presence of a highly flexible loop region between 

the second and third G-tract with strong cleavage of position U40 (U9 in AIR-3A), exceeding the 

threshold of 2.0, an indication for significant increase of in-line cleavage accessibility (Figure 20B and 

Figure 21B). This is in accordance with the hypothesized folding, predicting a loop region from 

position C39 to U42 (Figure 22). ILP reactivities for the other positions in the GQ area (G32 to G35 

and G37 to G50) are > 0.6, except for A36, which yielded significantly less cleavage events (Figure 

20B, Figure 21B and Figure 22). 
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Figure 21: In-line probing (ILP) of AIR-3 indicates conformational change in presence of target hIL-6R. A) ILP 
on relevant regions of AIR-3 (5’-end labeled with 32P, GQ motif formed by nt 32 to 50). Reference ladders dT1 
(G-specific) and OH- (alkaline hydrolysis, all positions) were used for band assignation. GQ identity is given by 
difference in cleavage patterns in presence of Li+ and K+, respectively, with further differences by addition of 
hIL-6R. For this experiment, ILP conditions were the same as used in Figure 20, with additional 200 nM hIL-6R 
with 100 mM K+ present in one sample (lane hIL-6R). The GQ region is highlighted as expanded region with Gs 
assigned on the left and nucleotides in between on the right. B) Analysis of ILP results representing ratios for 
each nt position in lane hIL-6R to lane Li+ (data were normalized for total counts per lane, normalized band 
intensities in lane hIL-6R were divided by respective intensity in lane Li+). The typical twofold threshold is shown 
as dotted line and indicates nt positions highly susceptible to ILP cleavage (significant ILP reactivity). 

 

In presence of hIL-6R, however, lower accessibility of positions A36, G37, U42, G43, U45, G46 and 

A47 is represented by decreased reactivity. Therefore, it can be assumed that these nucleotides 

mediate interaction between RNA and protein, or at least gain additional rigidity to basic hydrolysis 

upon hIL-6R binding. 
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Figure 22: Schematic overview of ILP reactivity of AIR-3 GQ motif in presence of K
+
 and hIL-6R. 

Representation of ILP ratios from Figure 20 and Figure 21, color coded for K+/Li+ (left) and hIL-6R/Li+ (right) for 
GQ region flanking areas with the assumption of a two tier GQ. Illustration shows hypothesized GQ within the 
secondary structure of AIR-3 according to Mfold192 prediction, forcing nt 32 - 50 to be single-stranded. Data 
were normalized for total counts per lane. 

Also, in the regions preceding and following the GQ, a K+ dependent protection is observed for 

positions C26 to U28, A52, A54 and U55. In presence of target protein, this is shifted to protection of 

U27 to U30 and increased cleavage of the region following the GQ (Figure 22). This may point at a 

conformational change of AIR-3 in presence of hIL-6R in an induced fit type manner. 

5.2.  Tolerance of AIR-3 and AIR-3A to nucleotide modifications in target 

binding 

Recently, Kruspe et al. presented successful delivery of the prodrug 5-FdU mediated by AIR-3. Next to 

former studies dealing with stabilization by 2’-F-pyrimidines (2’-F-Py), this presented another 

possibility to postselectively modify hIL-6R specific aptamers with retained affinity.163, 209, 226 In order 

to further investigate the tolerance to nucleotide modifications, different aptamer variants 

containing the nucleoside analogs gemcitabine (2′,2′-Difluorodeoxycytidine) and 5-FdU (Figure 23; 

Table 24), were produced and tested towards their binding capacity to sIL-6R. Those which retained 

affinity for the sIL-6R were investigated with respect to their stability and therapeutic potential. 

5.2.1. Intrinsic modification of AIR-3 with nucleoside analogs 

The nucleoside analogs gemcitabine and 5-FdU were incorporated in AIR-3 templated RNA by in vitro 

T7 transcription (4.1.2) using the respective triphosphates and a variant of T7 RNA polymerase 

(Y639F) which tolerates a range of modified nucleotide triphosphates as substrates. RNAs were 
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purified by PAGE. All AIR-3 derivatives produced and analyzed are given in Table 24 (for sequences 

see Table 9). 

Table 24: AIR-3 derivatives containing nucleoside analogs. 

RNA Specification Function 

AIR-3 native RNA aptamer  reference aptamer 

AIR-3-Gem gemcitabine for cytidine prodrug 

AIR-3-Gem-2’FU gemcitabine for cytidine and 2’FU for uridine  prodrug 

AIR-3-Gem-5FdU gemcitabine for cytidine and 5-FdU for uridine  prodrug 

AIR-3-5FdU 5-FdU for uridine control prodrug 163 

Gem-Pool-RNA/ 

Gem-2’FU-Pool-RNA 

unselected library with gemcitabine for cytidine 

and 2’FU for uridine  

controls for unspecific modified 

RNA binding 

AIR-3-2’FC-2’FU 2’FC for cytidine and 2’FU for uridine control for unspecific effect 

caused by 2’F-modification 

 

Figure 23: Sites of modifications in tested AIR-3 derivatives. Schematic of AIR-3 secondary structure as 
predicted by Mfold192 with hypothesized GQ depicting sites of exchange with gemcitabine (blue C) and 5-FdU or 
2’FU (red U). 

After production and purification, AIR-3 derivatives were characterized with respect to their target 

affinity, stability and possible therapeutic potential under cell culture conditions. Figure 23 illustrates 

the modified aptamer AIR-3. The prodrug comprises 15 units of gemcitabine and/or 30 units of 5-FdU 

or 2’-FU, depending on the variant. Sites of exchange are color coded with blue Cs for gemcitabine 

and red U representing 5-FdU.  
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5.2.1.1. Binding studies of gemcitabine modified AIR-3 

Affinity of AIR-3 derivatives towards hIL-6R (i.e. soluble recombinant protein sIL-6R) was first 

assessed in Filter Retention Assays (FRA; 4.3.1), a classical approach to determine aptamer-protein 

interaction, and further studied in a cell based assay monitoring the capacity of a tested variant to 

compete with aptamer AIR-3A for binding to target cell line BaF3_hIL6R. 

For FRA, modified RNAs were 5’-end labeled with 32P (4.1.6). 

In Figure 24, results from FRA studies are compared, with Figure 24A showing representative filter 

scans. AIR-3 variants incorporating gemcitabine retained affinity for hIL-6R in a concentration 

dependent manner. Although affinity of AIR-3-Gem (Kd = 103 ± 10 nM), AIR-3-Gem-2’FU 

(Kd = 73 ± 5 nM), AIR-3-Gem-5FdU (Kd = 167 ± 2 nM) was decreased compared to unmodified AIR-3A 

(Kd = 55 ± 5 nM), it was still in nanomolar range.  

 

 

Figure 24: AIR-3 variants containing nucleoside analogs exhibit affinity to recombinant target protein. 

Binding was assayed by filter retention of RNA bound to hIL-6R. A) Representative filters from FRA studies. 
Constant amounts of 32P 5’-end labeled RNA (< 1 nM) were incubated with increasing amounts of protein. 
Concentration dependent binding was detected as an increase in signal intensity (detected with imaging 
software) with increasing hIL-6R concentrations resulting in saturation curves. B) In relation to reference 
amounts (20%) of the respective labeled RNA, ratios were calculated and Kd values determined by application 
of Hill fit functions. Data points represent mean values of bound RNA, Kd values are given in the Figure 
(experiments performed in duplicates and triplicates).  
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Affinity for hIL-6R presented by target cells (BaF3_hIL-6R) was assayed by Flow Cytometry, 

monitoring the ability of the variants for displacement of fluorescently labeled AIR-3A. As shown in 

Figure 25, the same tendencies (increase in Kd compared to unmodified aptamer) were observed. As 

already known for AIR-3A, for AIR-3 variants a generally higher affinity to the native receptor than to 

recombinant protein was noticed (Kd values given in the Figure). Also, as negative control, the 

unselected SELEX library with gemcitabine modification (Gem-Pool-RNA) was tested to exclude 

unspecific binding of the nucleoside analog to hIL-6R. Here, no affinity was detected in either 

experiment. 

 

Figure 25: AIR-3 variants containing nucleoside analogs exhibit affinity to target cells. Cellular binding was 
analyzed by Flow Cytometry on BaF3_hIL-6R target cells. Cells were incubated with AIR-3 variants on ice for 
binding, washed and subsequently stained with Alexa Flour®647 labeled AIR-3A. Concentration dependent 
decrease of fluorescence was a measure for binding capacity. 

In conclusion, all tested AIR-3 derivatives retained affinity under standard in vitro conditions and 

thereby proved to be suitable for further characterization. 

5.2.1.2. Stability of gemcitabine modified AIR-3 

In face of possible therapeutic applications of gemcitabine-modified AIR-3, stability is an important 

issue. Nucleases present in serum represent limitations to oligonucleotide-based therapeutics due to 

their degradative effect on DNA and RNA. Targeted delivery, in turn, requires the prodrug to reach its 

target intact in order to specifically deliver the drug at the site of action. Also, degradation sets free 

the drug beforehand, which increases off-target effects. For that reason, stabilized (chemically 

modified) oligonucleotides are commonly applied.131 Therefore, stability of AIR-3 derivatives was 

determined to assess if and for which time periods cell culture based assays could be performed. 
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Figure 26: AIR-3 variants containing nucleoside analogs exhibit increased serum stability. Stability of 32P 5’-
end labeled AIR-3 variants (AIR-3A, AIR-3-Gem, AIR-3-Gem-2’FU, AIR-3-Gem-5FdU, Gem-Pool-RNA) in DMEM 
supplemented with 10% FBS at 37 °C. At indicated time points (given in minutes above each gel) aliquots were 
taken and immediately frozen in liquid N2. PAGE separation and analysis by autoradiography revealed remnant 
amounts of full length RNA. Intensities were normalized to total counts per lane and reference intensity at 
t = 0 min and plotted for comparison. 

The stability of modified AIR-3 derivatives was increased from half-lives of several seconds 

(unmodified AIR-3A and AIR-3-Gem) to approximately 51 min for AIR-3-Gem-5FdU and 238 min for 

AIR-3-Gem-2’FU (Figure 26). Taken together, these data indicate that the variants AIR-3-Gem-5FdU 

and AIR-3-Gem-2’FU could be used for incubation in presence of serum, whereas the others would 

need further stabilization. Under standard cell culture conditions, degradation of these aptamer 

prodrugs and release of free drug in the media would occur so fast that toxic side effects would have 

to be expected. For that reason, all toxicity assays with AIR-3 derivatives were performed in serum 

free medium. 

5.2.1.3. Cytotoxic properties of gemcitabine modified AIR-3 

Next, potential therapeutic properties of the AIR-3 derivatives were analyzed. On the one hand, 

cytotoxicity to target cells bearing membrane bound hIL-6R (BaF3_hIL-6R) was assessed and 

compared to the effect on non-target cells (BaF3_gp130). On the other hand, cell cycle analyses were 

performed to link apparent effects to drug related actions. 

Experiments were conducted on synchronized cell populations (T-block;231 4.5.9) as well as on 

non-synchronized cells. Synchronization did not change the effective experimental outcome 

(quantitative analysis) compared with non-synchronized cell data, but led to cellular changes in size 

and granularity resulting in discrepancies in Flow Cytometry analysis. Therefore, data presented in 

this work are taken from non-synchronized cells. 
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In a first approach, a dose response curve was generated by culturing target cells in presence of the 

free drug (i.e. gemcitabine triphosphate) to assess drug sensitivity. This experiment was conducted in 

full medium (DMEM, 10% FBS) monitoring the influence of native culture conditions. As gemcitabine 

triphosphate is no substrate to the nucleoside transporters phosphates needed to be removed 

enzymatically.234 The presence of serum phosphatases (in serum supplemented DMEM) was a 

prerequisite to ensure cellular uptake of gemcitabine and evaluate its toxicity towards BaF3_hIL-6R 

cells in this assay.  

 

Figure 27: Dose response of BaF3_hIL-6R towards gemcitabine triphosphate. Cells were cultured in full 
medium at 37 °C and 5% CO2 in presence of indicated concentrations of gemcitabine triphosphate for 24 and 
48 h respectively. Viability was then measured in a colorimetric resazurin based assay and growth inhibition 
calculated in relation to untreated reference cells. Plotted data represent means of four independent 
experiments. 

From Figure 27, it can be seen that concentrations of 0.5 to 1 µM gemcitabine triphosphate resulted 

in growth inhibition of 75 to 92%. As modified AIR-3 contains 15 units of gemcitabine, the molar 

equivalent would need RNA concentrations of at least 33 nM. Considering also the affinity of the 

variants towards target cells, concentrations exceeding the Kd were needed. For that reason, and 

with respect to experimental data on AIR-3 mediated 5-FdU delivery,163 derivatives were applied at 

concentrations of 250 nM. 
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Figure 28: Analysis of cytotoxic effects of gemcitabine derivatized AIR-3 on BaF3_hIL-6R target cells. 
Proliferation of cells incubated with 250 nM of respective RNA for 3 h at 37 °C and 5% CO2

 in serum free 
DMEM. Cells were then washed and cultured in serum-supplemented DMEM for 24 h. Relative proliferation 
was assessed in a colorimetric (resazurin) and a luminescence based assay. Compared to untreated reference 
cells, treatment with derivatives AIR-3-Gem, AIR-3-Gem-2’FU, Gem-2’FU-Pool-RNA or AIR-3-2’FU-2’FC had no 
or slight pro-proliferative effect. In cells treated with AIR-3-Gem-5FdU proliferation decayed by 29.8% which 
indicated specific cytotoxicity. Plotted data represent means of triplicates of at least two independent 
experiments. 

Cytotoxicity studies of produced AIR-3 variants revealed no specific toxicity of AIR-3 derivatives 

containing only gemcitabine as a drug (Figure 28). Also, for 2’F-modified mock control 

(AIR-3-2’FC-2’FU) and gemcitabine modified unspecific binding control (Gem-2’FU-Pool-RNA) no 

influence on proliferation was observed. AIR-3-Gem rather exhibited a slight pro-proliferative effect. 

Only variant AIR-3-Gem-5FdU caused a proliferation decay of 29.8 ± 4.1% compared to untreated 

reference cells. Now, this AIR-3 derivative was further examined by comparing its effect on target 

and non-target cells. 

Figure 29 shows that AIR-3-Gem-5FdU displays target specific cytotoxicity. Compared to BaF3_gp130 

cells treated with 250 nM AIR-3-Gem-5FdU, proliferation of target cells undergoing the same 

treatment was decreased by 58.1 ± 0.6%. As none of the tested gemcitabine AIR-3 variants without 

5-FdU displayed cytotoxic effects, the possibility of 5-FdU causing proliferation decreases was taken 

into account. 
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Figure 29: Specific cytotoxic effect of AIR-3-Gem-5FdU on target cells. Proliferation of BaF3_hIL-6R cells in 
comparison to non-target cells BaF3_gp130. Cells were incubated with AIR-3-Gem-5FdU (250 nM) for 3 h at 
37 °C and 5% CO2

 in serum free DMEM, washed and cultured in serum-supplemented DMEM for 24 h. Relative 
proliferation was assessed in colorimetric (resazurin) and a luminescence based assay. Plotted data represent 
means of triplicates of at least two independent experiments. Asterisk (*) marks statistically significant 
proliferation differences (p ≤ 0.05). 

Although anti-proliferative effects of gemcitabine-equipped AIR-3 were not observed, additional cell 

cycle analyses (4.5.12) were carried out to detect possible effects not apparent otherwise. 

Gemcitabine is known to have different effects on cell cycle distribution depending on dose and 

time.235 Under the conditions tested herein, S-phase arrest would be expected, similar as shown for 

5FdU delivery. Figure 30 illustrates results obtained from cell cycle analyses of target cells treated 

with AIR-3 derivatives.  
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Figure 30: Cell cycle analyses of BaF3_hIL-6R cells treated with AIR-3 derivatives. Representative histograms 
depicting cell cycle distribution in BaF3_hIL-6R cells treated with gemcitabine- and 5FdU-derivatized AIR-3 and 
plot of measured fractions. Cells were incubated with respective RNAs (250 nM) in serum free DMEM for 3 h at 
37 °C and 5% CO2,

 washed to remove RNA and cultured for further 4 h in serum-supplemented DMEM. For Flow 
Cytometry analysis, cells were fixed, permeabilized and stained with propidium iodide (PI; 4.5.12). 

Negative control 2’FC-2’FU-AIR-3 showed a slight increase in G1 and S-phase and a decrease in G2/M 

phase indicating a proliferative effect. For variant AIR-3-Gem-2’FU in comparison to untreated 

reference cells, G2/M phase fraction and G1/G0 fraction were slightly increased, while variants 

including 5FdU both showed increase in S-phase fractions towards all other samples, with AIR-3-5FdU 

being the only derivative causing increased sub-G1 fraction. 

In summary, gemcitabine modification of AIR-3 itself did not result in cytotoxic effects. Therefore, 

further characterization was performed on double variant AIR-3-Gem-5FdU only. 

AIR-3 mediated delivery was already realized for 5-FdU, yielding a comparable proliferation decrease 

of 24,8 ± 4,2% .163 Therefore, a comparison of 5-FdU modified AIR-3 and AIR-3-Gem-5FdU was carried 

out to evaluate cytotoxic efficacy of both variants. Published data163 were reproducible. To assess 

additive effects of gemcitabine, culturing time after drug exposition was prolonged to 72 h. 
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Figure 31: Effects of 5FdU-containing AIR-3 derivatives on target cell proliferation. Proliferation of cells 
incubated with 250 nM of AIR-3-Gem-5FdU or of AIR-3-5FdU for 3 h at 37 °C and 5% CO2

 in serum free DMEM. 
Cells were then washed and cultured in serum-supplemented DMEM for 72 h. Relative proliferation was 
assessed in a colorimetric (resazurin) assay. Plotted data represent means of duplicates. Asterisk (*) marks 
statistically significant proliferation differences referred to reference indicated by bars (p ≤ 0.05). 

As seen in Figure 31, AIR-3-Gem-5FdU indeed displays increased anti-proliferative effects after a 

longer time period. For AIR-3-5FdU, proliferation was decreased by 14.3 ± 2.3% compared to 

untreated reference cells, as for AIR-3-Gem-5FdU, decrease was in the range of 35.9 ± 4.3% after 

three days. This phenomenon is considered further in the discussion section. 

5.2.2. AIR-3 variants containing deoxy pyrimidines 

Because DNA is less susceptible towards nuclease degradation than RNA, another means of 

stabilization is the derivatization of nucleotides by their deoxy-analogs. For AIR-3 and AIR-3A, deoxy 

pyrimidines (dU and dC) were introduced during in vitro transcription. Purified products were radio 

labeled and analyzed by FRA as described above. Figure 32 illustrates the results obtained. 
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Figure 32: Binding analysis of deoxy derivatives of AIR-3 and AIR-3A. Binding was assayed by filter retention of 
RNA bound to hIL-6R. Constant amounts of 32P 5’-end labeled RNA (< 1 nM) were incubated with increasing 
amounts of protein. Data points represent mean values of bound RNA, as a reference unmodified AIR-3A 
(triangles) was assayed (experiments performed in duplicates (single experiment for AIR-3A) and conducted by 
Dr. Sven Kruspe). 

As seen from the plotted data, no concentration dependent binding could be detected for the tested 

deoxy derivatives. Compared to native AIR-3A, the variants showed no binding to hIL-6R. 

 

Figure 33: Cellular binding of DNA_AIR-3 to target cells. Fluorescently labeled (Alexa Flour®647) DNA_AIR-3 
was incubated with BaF-3_hIL-6R cells on ice for binding, washed and analyzed by Flow Cytometry. As a 
control, AIR-3A (same fluorescent label) was applied on target cells at 50 nM. Data were normalized to this 
reference. 

Also, when an all-DNA analog of AIR-3 (fluorescently labeled with Alexa Flour®647) was analyzed for 

binding to target cells (BaF3_hIL-6R), a total loss of affinity was observed (Figure 33). These results 

indicate that deoxy-modifications of AIR-3 and AIR-3A are not suitable for stabilization of this 

aptamer. Possibly they cause structural remodeling of the molecule hampering interaction with 

hIL-6R. 
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5.3.  Target specificity 

AIR-3A is binding specifically to hIL-6R, the target it was selected for. Yet, GQ forming 

oligonucleotides were shown to display binding to other targets especially to classes of proteins 

known as GQ-binding proteins. In face of possible therapeutic applications, also binding towards 

thrombin, a protein for which two different GQ-forming DNA aptamers (TBA and HD22)227, 236 were 

selected. Also different cell lines were tested for affinity to AIR-3A. 

5.3.1. Analysis of AIR-3A non-target affinity 

First, binding of radio labeled AIR-3A towards thrombin was analyzed by FRA. As shown in Figure 34, 

AIR-3A does also bind to thrombin. In turn, TBA did not show affinity to hIL-6R (data not shown). 

 

Figure 34: Binding of AIR-3A to thrombin. Binding was assayed by Filter Retention of RNA bound to thrombin. 
Constant amounts of 32P 5’-end labeled AIR-3A (< 1 nM) were incubated with increasing amounts of protein. 
Data points represent mean values of bound RNA, as a reference hIL-6R was used (experiments performed in 
duplicates (single experiment for hIL-6R)). 

As this proof of principle study turned out positive, also different cell lines were tested for affinity of 

AIR-3A. Target cell lines (PC3, KMS 12 BM, RPMI 8226, LNCaP, U266, HeLa and HEK 293) bearing 

membrane bound hIL-6R in different amounts were tested, with respect to possible applications in 

delivery approaches.  
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Figure 35: Cellular binding of AIR-3A to target cells. Flow Cytometry analysis of hIL-6R presentation and AIR-3A 
binding by different cell lines. Histogram plots for representative measurements conducted on each cell line. 
Immunostaining of cellular presented hIL-6R was conducted using anti-hIL-6R primary antibody (murine) and 

anti-mouse-IgG_APC secondary antibody. Shifts in fluorescence intensity (red curve) indicated hIL-6R presence. 
As an isotype control, anti-tetra-His mouse IgG1 was used for the first and anti-mouse-IgG_APC for the second 
stain (blue curve). For detection of aptamer binding, cells were incubated with fluorescently labeled AIR-3A 
(black curve) or AIR-3A_G17U (dark gray curve) in PBS at 50 nM, washed and analyzed by Flow Cytometry. 
Binding was observed for all cell lines to different extent and correlation to hIL-6R presence. For each 
measurement 10000 cells were counted and gated for viable populations. For indicated cell lines (*) data for 
AIR-3A and AIR-3A_G17U binding were collected by Dr. Sven Kruspe.197

 

Figure 35 shows AIR-3A binding to different hIL-6R-positive cell lines. Even though non-target cell 

lines such as BaF3_gp130 do not have affinity for AIR-3A, it has to be assumed that other proteins 

and membrane associated molecules than hIL-6R represent targets for AIR-3A. 
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5.3.2. AIR-3A-aided protein isolation from cell extracts 

To further validate the assumption that AIR-3A binds other proteins next to hIL-6R, protein pull-down 

experiments from protein extracts of three different cell lysates were performed (4.3.3). The lysates 

emerged from sonification and the dialyzed protein extracts contained different kinds of cellular 

proteins recovered. 

Similar approaches were used by Shangguan et al. and Hacht et al. to identify cellular proteins 

interacting with DNA aptamers and GQ forming RNA, respectively.107, 228 

 

Figure 36: AIR-3A mediated pull-down of cellular proteins from cell extracts. Coomassie stained 
SDS-PAGE (15%) used to analyze proteins from cellular extracts recognized by AIR-3A. Indicated cell lines were 
harvested, lysed and dialyzed as described in 4.3.3. Streptavidin coated magnetic beads were used to 
immobilize biotinylated RNAs (AIR-3A and AIR-3A_G17U). Protein extracts were successively incubated with 
magnetic beads only, immobilized AIR-3A_G17U (200 pmol) or immobilized AIR-3A (200 pmol) in the presence 
of 200 pmol tRNA as a competitor. Beads were collected by magnetic separation, washed four times with 1 mL 
1x PBS containing 3 mM MgCl2 and proteins were eluted by heating to 90 °C in 30 µL of loading buffer for 
20 min. Samples were analyzed by SDS-PAGE. Lane 1: PageRuler™ Unstained Protein Ladder, 2: protein extract 
prior to pull-down, 3: proteins captured with magnetic beads only, 4: proteins captured with nonbinding RNA 
AIR-3A_G17U, 5: proteins captured with aptamer AIR-3A, 6: supernatant of protein extract after pull-down. 

In Figure 36, results from AIR-3A mediated pull-down experiments are displayed. From three 

different cell lines (target cell line BaF-3_hIL-6R, non-target cell lines HEK 293 and HeLa) protein 

extracts were used and incubated successively with differently functionalized magnetic beads (see 

caption). Bands not occurring in controls (lanes 3 and 4) represent proteins specifically recognized by 

AIR-3A while bands appearing in both the GQ forming AIR-3A and the control AIR-3A_G17U are likely 

unspecific RNA binders. From BaF3_hIL-6R protein extract only a few bands were visible in the gel, 

pull-down samples from HEK 293 and HeLa extracts comprised a large number of proteins. From 

identical bands occurring in control lanes (pull-down with streptavidin coated beads only and with 

non-specifically binding RNA), captured proteins were concluded to be mainly unspecifically bound. 

Yet, at closer investigation, some bands present in the AIR-3A-aided pull-down from BaF3_hIL-6R and 

HeLa extracts, but not in the respective controls, were observed (Figure 37). In the pull-down from 

HEK 293 extract, no decisive differences were found in the band patterns. 



______________________________________RESULTS _____________________________________ 
 

74 
 

For analysis by LC-MS, three bands from AIR-3A-aided pull-down (one from BaF3_hIL-6R and two 

from HeLa extract analysis, numbers ②, ④ and ⑥ in Figure 37) and the three respective bands 

from the control experiment with non-binding RNA AIR-3A_G17U (①, ③ and ⑤) were excised 

from the Coomassie-stained gels and delivered to the Core Facility Mass Spectrometric Proteomics of 

the UKE (N27, Martinistraße 52, 20246 Hamburg). 

  

Figure 37: Bands excised from SDS gels for LC-MS analysis after AIR-3A mediated pull-down. The marked 
bands from BaF3_hIL-6R (①+②) and HeLa (③-⑥) pull-downs showed differences in migration and intensity 
between the band patterns of proteins captured with AIR-3A (②, ④, ⑥) and non-binding AIR-3A_G17U (①, 
③, ⑤) and were analyzed by LC-MS at the Core Facility Mass Spectrometric Proteomics of the UKE (for results 
see Table 25; lane assignment as in Figure 36). Analysis conducted by Sönke Harder and Marcel Kwiatkowski 
from the group of Prof. Dr. Hartmut Schlüter. 

Analyzed proteins from the HeLa pull-down were matched with human protein data sets by the core 

facility. In the case of BaF3_hIL-6R samples, murine proteins as well as human proteins were 

matched, as this murine cell line was stably transfected to present human proteins hIL-6R and gp130. 

Thus, both data sets were screened for proteins uniquely present in the AIR-3A pull-downs. The 

results are listed in Table 25. 

 

 

 

 

 



______________________________________RESULTS _____________________________________ 
 

75 
 

Table 25: Selection of cellular proteins captured by pull-down assays. 

Proteins specifically captured with AIR-3A 

(murine, human) 
UniProt 

Accession 

code 

MW 

[kDa] 

Band Unique 

peptides 

ATP synthase subunit alpha, mitochondrial Q03265 56,27 ② 11 

Cleavage and polyadenylation specificity factor subunit 6[*] Q16630 59,17 ④ 5 

Heterogeneous nuclear ribonucleoprotein R[*] O43390 70,90 ④ 4 

Trifunctional enzyme subunit beta[*] P55084 51,262 ⑥ 4 

Desmoplakin[†] P15924 331,57 ④ 9 

Junction plakoglobin[†] P14923 81,69 ④ 6 

Keratin, type I cytoskeletal 14[†] P02533 51,53 ④ 5 

Keratin, type I cytoskeletal 16[†] P08779 51,24 ④ 14 

Keratin, type II cytoskeletal 6A[†] P02538 60,01 ④ 4 

Keratin, type II cytoskeletal 6C[†] P48668 59,99 ④ 4 

Other unspecifically recovered proteins, formerly shown to bind GQs 

Nuclease-sensitive element-binding protein 1 P67809 35,90 
③, ④ 6 

⑤, ⑥ 4 

Nucleolin P19338 76,57 
③, ④ 15 

⑤, ⑥ 6 

Ras GTPase-activating protein-binding protein 1 Q13283 52,13 ③, ④ 9 

*RNA binding proteins, †cytoskeleton associated proteins 

From the proteins listed in Table 25, no reliable information on AIR-3A affinity could be derived. The 

major drawback was represented by the fact that no hIL-6R was detected in the BaF-3_hIL-6R 

samples. The gel showed one distinct band at approximately 55 kDa in the AIR-3A pull-down (②), 

which was assumed to contain hIL-6R. Yet, it comprised only one unique match for AIR-3A. This was 

murine mitochondrial ATP synthase subunit alpha. For this protein, no preferential GQ binding is 

known. It rather displays general affinity towards mRNA.237 The other proteins detected in this band 

were the same as in the control pull-down (①) and are listed in Table 31. Cytoskeletal proteins such 

as actin and tubulin, which are generally of high abundance, occurred and also keratin, which may 

also represent a contamination from hair or skin acquired during sample preparation. Next to murine 

ATP synthase subunit alpha, some human proteins were preferentially isolated from HeLa extract 
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using AIR-3A. They were either known for general RNA binding ([*] in Table 25) or highly abundant 

cytoskeletal proteins ([†] in Table 25) that are easily co-precipitated in pull-down assays.107, 228 

Identified proteins that were formerly shown to bind GQs are Nucleolin and Ras GTPase-activating 

protein-binding protein 1 and splicing factor Nuclease-sensitive element-binding protein 1 which 

bind RNA in general.107 

In summary, the results obtained in the attempt to characterize the target specificity of AIR-3A, 

reflect the general possibility of this G-quadruplex to bind other proteins and cells with very low 

expression levels of hIL-6R in a concentration dependent manner. Even though this binding may 

occur by unspecific interactions, as can be suggested from the outcome of pull-down assays 

compared with non-GQ forming RNA, it is probable that AIR-3A targets other proteins next to hIL-6R 

that have affinity for GQs. Yet, no popular candidates were identified as specific targets of AIR-3A. 

But as the functions and properties of GQ binding proteins are not yet fully understood but remain 

subject of research, the impact of proteins identified by AIR-3A mediated pull-down might gain 

importance in the future. A list of all proteins identified during LC-MS analysis that were either 

specifically recognized by AIR-3A or by both, AIR-3A and AIR-3A_G17U, is attached in section 10.5. 

5.4.  Influence of AIR-3A presence on endocytic behavior 

It has been shown that AIR-3A binds to hIL-6R presented on cell membranes and is internalized in 

endocytic processes with the receptor.232 Also, lysosomal fate of the endocytosed aptamer has been 

suggested.163 In an attempt to better understand cellular uptake and possible influence of AIR-3A on 

endocytosis, co-localization of aptamer fluorescence and different stains (hIL-6R detection, murine 

transferrin (mTrf) and lysosomes (LysoTracker® Green)) were investigated by confocal Laser Scanning 

Microscopy (cLSM; 4.5.4). Also, quantification of receptor internalization (fluorescent 

immunodetection) in presence of AIR-3A was realized by Flow Cytometry (4.5.3). 

All measurements were performed in 1x PBS. Cells were washed thoroughly to remove remnant 

serum proteins and prevent unspecific cellular uptake or RNase activity. 

5.4.1. Subcellular localization of endocytosed hIL-6R and AIR-3A 

To assess whether lysosomal localization holds also true for target protein hIL-6R, immunostaining 

(APC-labeled secondary antibody [AB]) of cellular hIL-6R was detected simultaneously with staining 

of lysosomes with LysoTracker®, a dye exhibiting fluorescence at low pH only (Figure 38). 
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Figure 38: Co-localization of hIL-6R and lysosomes after endocytosis visualized by cLSM. BaF3_hIL-6R cells 
were incubated with LysoTracker® Green (10 nM) and anti-hIL-6R primary AB on ice for 30 min followed by 
washing and subsequent 30 min incubation with secondary APC-conjugated AB. After washing and further 
incubation for 10 min at 37 °C, subcellular localization was analyzed using cLSM. Single stains were conducted 
beforehand to adjust settings threshold and to avoid crosstalk signals between the two fluorescence channels. 
Fluorescence corresponding to hIL-6R (red) was detected by excitation at λex = 633 nm, LT fluorescence by 
excitation at λex = 488 nm. Panel displays LT fluorescence (UL, green), hIL-6R fluorescence (UR, red) and overlay 
of both fluorescence channels (LR and zoomed in as inset LL): LP 475 nm, LP 650 nm. Scale bars 10 µm. 

Both lysosomes and hIL-6R fluorescence were visible as compartmentalized vesicles. After 

endocytosis, hIL-6R shows co-localization with the lysosome as indicated by overlaying fluorescent 

foci. This means that a portion of hIL-6R undergoes lysosomal degradation independently of AIR-3A 

presence, which is in accordance with the literature.238 

Another aspect investigated was the endocytic pathway taken by hIL-6R. Though little is known 

about the detailed mechanism, studies testing several inhibitors for endocytosis suggested that 

different pathways were used for hIL-6R uptake.197 Therefore, it was investigated whether 

endocytosis in a clathrin-dependent manner could be detected. That for, as a standard control, 

clathrin-dependent endocytosis of transferrin receptor (TfR) was visualized by fluorescently labeled 

mTrf, and co-staining of hIL-6R was detected by cLSM. 
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Figure 39: Co-localization of hIL-6R and mTransferrin after endocytosis visualized by cLSM. BaF3_hIL-6R cells 
were incubated with Alexa Flour®488 labeled mTrf (10 µg/mL) and anti-hIL-6R primary AB on ice for 30 min 
followed by washing and subsequent 30 min incubation with APC-conjugated secondary AB. After washing and 
further incubation for 10 min at 37 °C subcellular localization was analyzed using cLSM. Single stains were 
conducted beforehand to adjust settings threshold as to avoid crosstalk signals between the two fluorescence 
channels. Fluorescence corresponding to hIL-6R (red) was detected by excitation at λex = 633 nm, mTrf 
fluorescence by excitation at λex = 488 nm. Panel displays mTrf fluorescence (UL, green), hIL-6R fluorescence 
(UR, red) and overlay of both fluorescence channels (LR and zoomed in as inset LL): LP 475 nm, LP 650 nm. 
Scale bars 10 µm. 

Concomitant detection of endocytosis revealed partial co-localization of TfR (green) and hIL-6R (red). 

Some of the respective foci overlaid as illustrated in Figure 39. Yet, a portion of red fluorescence 

corresponding to internalized hIL-6R was internalized independently from TfR. The assumption of 

hIL-6R undertaking different endocytic ways was thereby confirmed. 

Next, endocytic behavior of AIR-3A in presence of the tested co-localization compounds was 

examined. In a similar approach, the target cell line BaF3_hIL-6R was incubated simultaneously with 

Alexa Flour®647 labeled AIR-3A and anti-hIL-6R primary antibody (detected with FITC-conjugated 

secondary AB), Alexa Flour®488 labeled mTrf or LT. 
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Figure 40: Co-localization of AIR-3A and hIL-6R, mTrf or LT after endocytosis visualized by cLSM. Endocytic 
fate of AIR-3A was analyzed on BaF3_hIL-6R cells. Cells were incubated with A) anti-hIL-6R primary antibody 
and FITC-labeled secondary AB as subsequent stain on ice for 30 min each. Then Alexa Flour®647 labeled 
AIR-3A (50 nM) was added for 10 min at 37 °C. B) Alexa Flour®488 labeled mTrf (10 µg/mL) or C) LysoTracker® 
Green (10 nM) were incubated with Alexa Flour®647 labeled AIR-3A (50 nM) simultaneously for 10 min at 
37 °C. Subcellular localization was analyzed using cLSM. Single stains were conducted beforehand to adjust 
settings threshold as to avoid crosstalk signals between the two fluorescence channels. Fluorescence 
corresponding to AIR-3A (red) was detected by excitation at λex = 633 nm, mTrf- hIL-6R- and LT fluorescence 
were detected by excitation at λex = 488 nm (green). Figures represent overlays of both fluorescence channels: 
LP 475 nm, LP 650 nm. Scale bars 10 µm.  

As presented in Figure 40A, aptamer fluorescence is partially co-localized with subcellular hIL-6R 

signals. Subcellular distribution of hIL-6R is broader compared to vesicular AIR-3A. Thus, some 

receptor molecules stained with antibody remained free of on-bound AIR-3A. According to Figure 

40B, AIR-3A showed partial co-localization with mTrf as well. This indicated that clathrin-dependent 

endocytosis is a possible route for AIR-3A to enter the cell. As this co-localization was not exclusive 

but some foci were spotted independently, AIR-3A is not limited to this pathway either. After 

endocytosis, lysosomal localization of AIR-3A could be confirmed (Figure 40C). The 

compartmentalized appearance coincided with hIL-6R fluorescence detected after uptake (Figure 

38). This suggested disposition of the fluorescence species in the endocytic vesicle and prevention of 

endosomal escape. 

5.4.2. Analysis of AIR-3A influence on hIL-6R presentation and endocytosis over time 

In a further approach to identify influences on hIL-6R endocytosis, fluorescence from immunostained 

hIL-6R in dependence of different effectors was investigated in a time-course experiment. For hIL-6 

stimulation, reduction of hIL-6R present on the cell-surface was shown until recycling processes 

returned the receptor to the membrane.238 Cells were stained for hIL-6R detection with antibodies on 

ice and allowed to undergo endocytosis under culturing conditions for different time intervals. 

Immediately after incubation, cells were washed and analyzed for antibody fluorescence by Flow 

Cytometry. Effectors tested were the actual ligand hIL-6, aptamer AIR-3A and non-binding variant 
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AIR-3A_G17U (representing unspecific RNA interaction). Also, additional influence of pre-incubation 

with AIR-3A prior to immunostaining was analyzed. 

 

Figure 41: Cellular uptake of hIL-6R in dependence of presence of different effectors. Uptake was monitored 
by Flow Cytometry detection of hIL-6R immunofluorescence on BaF3_hIL-6R cells. Cells were harvested, 
washed and kept on ice for immunostaining (anti-hIL-6R primary AB, APC-labeled secondary AB). Effectors were 
added to cell suspensions in 1x PBS: hIL-6 (10 ng/mL), AIR-3A or AIR-3A_G17U (100 nM each). One experiment 
included extra incubation with AIR-3A (100 nM) prior to AB staining and further aptamer presence during 
time-course study. Samples were taken after 10, 30 and 60 min, washed and analyzed counting at least 10000 
cells per sample. Cellular auto fluorescence was taken from untreated cells and subtracted from all samples. 
Measured mean fluorescence was then normalized to AB fluorescence without further effector treatment at 
respective time points. Plotted data represent means from three independent experiments except for pre-
incubation with AIR-3A, which was taken from a single experiment. Asterisk (*) marks statistically significant 
proliferation differences referred to reference indicated by bar (p ≤ 0.05). 

As represented in Figure 41, AIR-3A incubation induced fluorescence reduction compared to sole AB 

treatment at different time points. Presence of ligand hIL-6 or non-binding RNA AIR-3A_G17U did not 

result in a statistically significant change of fluorescence intensities. Only AIR-3A clearly reduced 

signal intensities by 10% after 10 min incubation to 15% after 30 and 60 min. As an exemplary 

reference, influence of additional 10 min pre-incubation with AIR-3A was plotted, resulting in 

fluorescence reduction by 32 to 37%. This decrease in immunofluorescence argues for reduced 

uptake of hIL-6R or indicates increased lysosomal localization in dependence of AIR-3A, which is 

discussed in the following section. 
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6. Discussion 

Aptamers are short monomolecular oligonucleotides (20-70 nt) that display affinity towards a certain 

target molecule which they specifically recognize. This specific binding property results from 

intramolecular folding that makes each aptamer unique in its 3D-structure. Different classes of 

molecules can serve as targets for aptamer selection ranging from small ions to macromolecules like 

proteins. Application of aptamers is often directed towards therapeutics or diagnostics. They can 

either display inhibitory properties or their recognition potential is used for directed delivery of 

effectors (e.g. markers, drugs) to the target. In that respect the structure-function relationship of 

aptamers is of interest. Hydrogen bonds, electrostatic interactions, π-effects, cationic contributions 

and van der Waals forces can influence the interaction with the target. 

Oligonucleotides can adopt different structures of which the helical duplex (as found in DNA) is the 

most prominent. In the case of aptamers, the intramolecular assembly results in paired, helical 

structures and unpaired bulged or loop regions.2 For unpaired stretches, further interactions are 

possible. One example is the formation of G-quadruplexes. This structural motif is characterized by 

sets of four Hoogsteen-bonded guanines that are arranged in a near planar fashion (G-tetrad). 

Several tetrads can stack on top of each other, forming a GQ which is stabilized by cations that are 

coordinated in-between the tetrads. Sites with the potential for GQ formation were found all over 

the genomes and transcriptomes of different species with significant enrichment in functional 

regions such as promotors or telomeres.239 Thus they were suggested to play a role in regulation of 

biological functions as they display for example repressive or progressive influence on translation in 

vitro.63, 67 

One aptamer combining specific target recognition with the structural GQ motif is AIR-3. AIR-3 was 

selected for binding to human Interleukin-6 receptor (hIL-6R) by Cindy Meyer in 2009 (published in 

2012).191 Dysregulation of hIL-6R, its ligand Interleukin-6 (hIL-6) and the respective signaling cascade 

is connected with severity and progression of diseases as rheumatoid arthritis, multiple sclerosis and 

cancer.203-205 The 106 nt RNA aptamer AIR-3 has high affinity for recombinant hIL-6R (Kd = 20 nM). Its 

truncation AIR-3A, consisting of the 19 nt GQ forming binding motif, was shown to bind hIL-6R 

positive cells (Kd = 8.5 nM) and undergo endocytosis in complex with hIL-6R.232 Recently, it was also 

used for targeted drug delivery of photosensitizer chlorin e6 and nucleoside analog 5-fluoro-2′-

deoxyuridine (5-FdU).163, 212 Despite these advances in applications of AIR-3A, structural resolution 

remained limited to the discovery of the GQ which folds with parallel topology and the identification 

of essential guanines to maintain affinity.211, 232 

Part of this thesis dealt therefore with the elucidation of structural aspects of AIR-3 and AIR-3A not 

investigated so far. 
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6.1.  Structural investigation of AIR-3 and AIR-3A 

In course of this thesis, the dependency of AIR-3A GQ formation on cations was investigated. 

In former works, this was analyzed with respect to Na+ and K+ presence, using thermal melting 

UV-spectroscopy and CD spectroscopy. Potassium dependent formation of a GQ in AIR-3A with a 

parallel stranded topology was revealed.232  

Against this background, folding was now investigated under influence of different cations and cation 

concentrations. 

6.1.1. Cationic influence and dimerization of AIR-3A 

CD spectroscopy detected titration experiments are suitable to characterize folding kinetics and 

determine the GQ affinity for a certain cation as well as the reaction order. Use of ideal salt 

concentrations is beneficial to rule out unspecific cationic interactions that might falsify structure 

analysis. For AIR-3A titrations were conducted in presence of K+, Li+, Ba2+, NH4
+ and TMA+, and GQ 

formation was monitored as a difference in ellipticity at 262 nm. Concentrations ranged from 100 nM 

to 100 mM. Lithium was used as a control to represent the “unfolded” state as Li+ cations are known 

to interfere with GQ folding.  

For potassium, a K+
1/2 value of 159 ± 12 µM was found. This is remarkable, as assays were usually 

performed at K+ concentrations of 10 mM, which is far beyond the saturation concentration found 

herein.232 The fraction folded plot (Figure 12B) illustrated the saturation curve which contained one 

point of inflection. This indicated that only one binding site for K+ and, consequently, two G-tetrads 

were present (two-tier GQ).  

For comparison with the literature, a titration experiment on a GQ-forming RNA from Arabidopsis 

thaliana presented by Mullen et al. is shown in Figure 42. This example for the G3A G-quadruplex 

illustrates that fraction folding plots give valuable information on the reaction order. Two transitions 

were visible in that case, resulting in two different K+
1/2 values. 

 

Figure 42: Exemplary illustration of a GQ (G3A) showing a two-transition folding. (A) CD titration and (B) fit to 
two transitions using a three state Hill Equation. Two transitions from unfolded to intermediate to fully folded 
were detected by K+ titration on G3A. Figure taken unmodified and caption adapted from Mullen et al. 
(Figure S3).229 
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It can therefore be concluded that for AIR-3A only one transition occurred. Alternatively, the 

obtained data could be interpreted as simultaneous binding of two K+. The fit according to a 

two-state Hill equation resulted in a mean Hill-coefficient (representing the number of binding sites) 

of n = 1.5. Comparative fits with fixed parameters of n = 1 or n = 2 on this plot (Figure 43) showed 

that n = 1 displayed a less suitable fit than the assumption of two binding sites. Additionally, the 

determined value of 1.5 binding sites would match the hypothesis of AIR-3A dimers complexing three 

K+. 

  

Figure 43: Comparative fits with fixed parameters for evaluation of the experimentally determined Hill 

coefficient (see Figure 12). To evaluate the fit obtained for the fraction folded plot of CD-detected K+ titrations 
on AIR-3A, Hill coefficients were fixed to n = 1 (black curve) or n = 2 (red curve). As seen from the plot, the 
assumption of two K+ bound fitted better with the data and resembled the experimental fit. 
 

Also at higher K+ concentrations, the amplitude did not increase in intensity which showed that 

saturation was reached at 1 mM. Another feature visible at higher K+ concentrations was the 

appearance of a shoulder peak at 300 nm. According to Pandey et al., this can indicate the presence 

of polymorphic GQ foldings.240 As expected due to its interference with GQ formation, Li+ (1-100 mM) 

influenced the CD signal by keeping it less pronounced and on background level (Figure 13). The 

shallow curve remaining is caused by general base stacking which occurs independently from GQ 

formation.241 

The concentration dependency of CD signal intensity found for titrations with Ba2+ revealed 

coordination of this cation by AIR-3A. In this case, saturation was already reached at 320 µM (Figure 

14). This reflects a greater affinity for Ba2+ compared to K+. Coordination and GQ-stabilizing effect of 

cations depend on charge and ionic radii. The ideal radius for coordination between two tetrads was 

found to be in the range of 1.3-1.5 Å.227 This corresponds to the ionic radius of K+ (1.33 Å) as well as 

Ba2+ (1.34 Å). In fact, the twofold charge of Ba2+ has a greater potential for electrostatic 

compensation of the negatively charged oxygens in the GQ than K+. The fraction folded plot indicated 

presence of only one transition and Ba2+ affinity was calculated to 3.35 µM with n = 2.4 binding sites. 

But as AIR-3A displayed faster saturation with Ba2+, the plot contained only one data point in the 

region of state-transition. The reaction order could therefore not be reliably determined.  
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Possible applications for barium cations coordinated within the GQ of AIR-3A are in the field of 

further structural investigations. Due to its high atomic number (Z = 56), Ba2+ is used as radiocontrast 

agent in X-ray imaging. This could be exploited insofar as GQ bound Ba2+ may function as inherent 

scattering agent in X-ray analysis of AIR-3A. 

Ionic radius of ammonium cations (NH4
+, 1.43 Å) also proved to be suitable for GQ coordination.227, 242 

For AIR-3A, this could be confirmed by CD-detected titration (Figure 15A). As one goal was to 

determine the number of K+ complexed within the GQ motif and gain information on the number of 

tetrad, native MS analysis was conducted, a method which is also suitable to monitor dimerization 

events. Generally, native MS aims at preserving quaternary structures to investigate complex 

topologies and dynamics. Interference of salts (present in standard buffers) with the sample during 

the ionization process is ruled out by application of volatile buffers. Usually, ammonium acetate 

represents a suitable system for native MS applications. However, coordination of NH4
+ by AIR-3A 

(confirmed by GQ formation in absence of K+ and presence of NH4
+) excluded this buffer system for 

the desired investigation. Trimethylammonium acetate (TMAA) represented an alternative which 

was successfully applied for AIR-3A in CD spectroscopy, allowing for GQ folding only when K+ was 

added to the solution (Figure 15B). The TMA+ cation is not complexed in the GQ, which is probably 

due to steric hindrance emanating from the methyl residues. 

Thereby, buffer conditions were optimized and preliminary native MS results confirmed the presence 

of dimers in solution (Figure 16). As remnant salt hampered the detection of distinct aptamer/K+-

complexes, the determination of K+ and, derived from that, tetrad numbers could not be achieved. 

Therefore, the desalting process will need to be optimized for future analysis by native MS. This 

could be realized by increasing the number of cycles of RNA precipitation and dissolving in TMAA 

(4.4.7) and better results might be obtained by precipitation of the RNA in presence of Li+ prior to 

desalting. Also, several controls would need to be included as for example desalted AIR-3A omitting 

K+ (to monitor if dimerization depends on GQ-formation and salt concentration), non-GQ forming 

G-rich oligonucleotides (to compare for K+ binding under other structural conditions) and native MS 

in presence of target hIL-6R to review the theory of template-assisted dimerization. Finally, the 

optimized procedure could be applied to investigate coordination-behavior of other cations such as 

Ba2+. 

A complementary method to investigate cation dependent GQ formation that would give useful 

additional information is UV-detected thermal melting. Also, different RNA concentrations could be 

applied in UV- and CD spectroscopy to identify intermolecular interactions that influence melting 

temperatures and ellipticity. Especially concerning the dimerization hypothesis, this could be useful. 

In the present study, concentrations of 5 µM were used in all titrations. 
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Dimerization was not only detected in MS analysis but also hinted at in different experimental 

results. As such, native PAGE analysis proved presence of higher migrating AIR-3A species in presence 

of K+ which did not occur with Li+ in the sample (Figure 17A). However, further bands next to the 

monomer in the Li+ treated sample were observed. Probably this was due to K+ present in the gel 

which led to formation of GQ intermediates during electrophoresis. 

Microscale Thermophoresis (MST) indicated that the concentration stoichiometry of AIR-3A and 

hIL-6R was 2:1 in solution (Figure 18), which could either support the dimerization theory or the 

presence of two binding sites for AIR-3A.  

Further validation of the dimerization process is needed. Additional experiments should include the 

investigation by MST in presence of Li+ which would help to identify whether dimers or two 

monomers bind to hIL-6R. For native PAGE in presence of Li+, K+ should be omitted completely. This 

could be achieved by analyzing K+ and Li+ treated AIR-3A in different gels, including controls for 

dimerizing and monomeric oligonucleotides each. In addition, different AIR-3A concentrations should 

be applied to detect possible concentration dependencies. Also, AIR-3A could be compared to other 

RNAs and DNAs with similar guanine content to reveal the cause of its apparent higher migration 

behavior. Figure 17B represents DLS data obtained for AIR-3A in preparation of small angle X-ray 

scattering (SAXS). Oligomerization of AIR-3A was visible at concentrations of 40 µM under standard 

conditions using PBS. This reflects the aggregation behavior of AIR-3A and is in favor of dimerization 

and oligomerization. Also, it represents a drawback for approaches in crystallizing the aptamer as fast 

nucleation kinetics and disordered aggregation are disadvantageous with respect to crystal 

formation. As in crystallization homogeneity is a precept, another drawback would be a polymorphic 

character which was indicated for AIR-3A by CD spectroscopy.243 For the actual SAXS measurement, 

buffer conditions could be optimized to achieve homogeneous particles.  

The SAXS experiment with AIR-3A was conducted by Katharina Berg, Erica Valentini and Eileen 

Magbanua (Hamburg) in an attempt to analyze the global shape and size of the aptamer. Figure 44 

shows the results. Also, molecular modeling of the possible GQ structure was realized by Martin 

Zacharias (TU Munich). SAXS data were modeled to yield the ab initio shape as shown in the 

superimposition of DAMMIN and SASREF model (Figure 44A). The structural parameters suggested a 

dimeric formation and confirmed the results discussed above. 
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Figure 44: SAXS data for AIR-3A suggest dimer formation in solution. A) Superimposition of ab initio and 
hybrid models obtained with DAMMIN (gray semi-transparent spheres) and SASREF (rainbow-colored sticks). 
Two molecules of AIR-3A fit as B) Illustration of p(r) distribution with derived structural parameters Rg and Dmax. 
The goodness-of-fits for (C) DAMMIN (χ2 = 1.118) and (D) SASREF (χ2 = 1.043) models with SAXS experimental 
data represented as blue dots and fits as red curves (these experiments were performed and analyzed by 
Katharina Berg and Eileen Magbanua (Hamburg University both), in cooperation with Erica Valentini (EMBL 
Hamburg) and Martin Zacharias (TU Munich)). 

 
The model supposed that dimerization occurred through tetrad stacking of two AIR-3A molecules 

(Figure 44A). The scattering curve is shown with superimposed fits (Figure 44C and D) as well as its 

Fourier transform p(r) representing the pair distribution, which describes the distance between 

electrons from the scattering sample (Figure 44B). The collected data suggested a maximum particle 

distance (Dmax) of 6.5 nm and the radius of gyration was calculated to Rg = 1.9 nm.  

In summary, stoichiometric analyses pointed at an RNA:protein-ratio of 2:1. Taking into account that 

in solution oligomerization of AIR-3A was observed by PAGE, DLS and SAXS it can be assumed that 

the binding species is dimeric. 

6.1.2. Structure probing for revelation of tetrad composition at nucleotide resolution 

Based on the findings from the experiments on cationic influence, structure probing analyses were 

carried out on AIR-3 and AIR-3A. Methods applied in the past to resolve structural features at 

nucleotide resolution were for example Damage Selection, which helped to identify the binding 

motif190 as well as nucleotide exchanges at different positions in AIR-3A to identify Gs that were 

essential for GQ integrity and target binding.211 The results showed that nucleotides G2, G4, G6, G7, 

G10, G12, G13, G15, G17, G18, G19 were crucial and G3, A5, U11, A16 beneficial to maintain affinity 

and stability, while exchange of G1, C8, U9 and U14 displayed little to no influence. In summary, 
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twelve out of thirteen guanines in AIR-3A were shown to have importance for the aptamer’s function 

of which the five Gs shown in bold were suggested to take part in GQ folding as their exchange 

resulted in significantly reduced melting temperatures.197, 211 

For further discussion, analysis of AIR-3A using the QGRS mapper software (a tool that predicts 

probability of GQ formation in quadruplex forming G-rich sequences)233 was looked at. 

The calculations revealed that two-tier QGs of AIR-3A are thermodynamically favored. The tool 

predicts eleven overlapping GQs of which those that contain 19 or 18 nt as well as the hypothesized 

17 nt GQ (Figure 10) are listed in Table 26. Shorter predicted GQs were omitted as from the 

nucleotide exchange analyses relevance of nucleotides present in position G2 to G19 was proved. 

The probability of occurrence is represented by the G-score which can reach a maximum value of 21 

(high probability). The most probable foldings predicted for AIR-3A with scores of 19 and 20 are 

depicted in the first column (Table 26). 

Variation between them is characterized by differences in contribution of the 5’- and 3’-terminal Gs. 

In general, these three resemble each other and their co-existence is probable due to their similar 

and high G-scores. Furthermore the high number of Gs located in the termini might cause a switching 

in their GQ integration which would contribute to the heterogeneity of foldings. The four less 

probable variants neglect contributions of central guanines to the GQ and will not be discussed 

further. 
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Table 26: Probable GQs in AIR-3A as predicted by QGRS mapper. 

scheme nt AIR-3A section (5‘→3‘ direcJon) 

GQ motif underlined 

G-score 

 

18 GGGGAGGCUGUGGUGAGG 20 

 

19 GGGGAGGCUGUGGUGAGGG 20 

 

18 GGGAGGCUGUGGUGAGGG 19 

 

17 GGGAGGCUGUGGUGAGG* 19   

- 18 GGGGAGGCUGUGGUGAGG 14 
- 19 GGGGAGGCUGUGGUGAGGG 14 
- 18 GGGGAGGCUGUGGUGAGG 12 
- 19 GGGGAGGCUGUGGUGAGGG 11 

*formerly hypothesized folding of AIR-3A197 

 

In theory, AIR-3A could also form three-tire GQs, but due to the fact that this is thermodynamically 

inconvenient, neither predictions nor G-scores were determinable. For the sake of completeness, 

however, one example is presented in Figure 45. In this hypothesized three-tier GQ, all guanines 

except for G1 would be involved in GQ formation. The connecting loops contain only one nucleotide 

each. Also, bulges formed by C8 and U9 as well as by U14 would be present. 

 



____________________________________DISCUSSION____________________________________ 
 

89 
 

 

Figure 45: Assumption of a three-tire GQ formed by AIR-3A. Hypothetic folding of AIR-3A into a three-tire 
parallel stranded quadruplex complexing two K+. 
 

Although this folding model integrates all relevant Gs into the GQ, it is unlikely to form. The loops in 

this model are much shorter than in the high scored folding predictions (Table 26). Although large 

loops can destabilize GQ integrity30 and increase nuclease susceptibility, loops in general often 

mediate interactions244 and may therefore be beneficial for AIR-3A affinity towards hIL-6R. 

Now, these findings were complemented with secondary structure analysis by in-line probing (ILP) 

and RNase T1 protection assays to gain more information on the identity of quadruplex associated 

guanines. Protection from RNase T1 cleavage is a method particularly suitable for GQ investigations 

as it probes only Gs. The endoribonuclease specifically cleaves guanine residues in unpaired RNA 

strands. Gs that are involved in G-tetrad formation are thereby less susceptible to RNase attack. 

Thus, RNAs that form G-quadruplexes display a different cleavage pattern under conditions 

promoting GQ folding (K+ present) compared to being unfolded. 

An approach that is suitable to generally monitor structural deviations in RNA under different 

conditions is in-line probing. This method probes susceptibility of nucleotides towards hydrolysis 

under slightly alkaline conditions (pH 8.3). It can for example be used to identify nucleotides involved 

in target interaction. Also, folded and unfolded GQs can be analyzed as Gs undergoing 

tetrad-formation become less susceptible to in-line cleavage. 

Both methods have in common that by cleavage RNA fragments are generated which can be 

separated (e.g. by gel electrophoresis) and quantified to identify positions that are differentially 

affected depending their folding state. 

Structure probing analyses on AIR-3 and AIR-3A revealed a general T1 protection of Gs in the GQ 

region and also observed ILP reactivities among them were similar. This gives rise to the assumptions 

that 

a) either all Gs took part in GQ formation, forming a three-tier bulged GQ (Figure 45) or  

b) different GQ foldings co-existed at once of which protection/reactivity patterns overlayed in the 

probings, resulting in similar signal intensities for all Gs.  

In conclusion, this indicated that the hypothesized GQ structure (Figure 10) is only one of several 

possible foldings. These could be further analyzed and differentiated by structural analyses of AIR-3 
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variants with different G exchanges as for example the variants tested in former studies.226 In a first 

step, the retained ability for GQ formation as well as target affinity should be confirmed. Reducing 

the variability for tetrad contribution among the guanines might then decrease the polymorphic 

properties.  

In detail, the analysis of AIR-3 confirmed the probability for C39 to U42 to form a loop region. 

Moreover, the reactivity profile indicated predicted loop positions A36, U42, U45, G46 and A47 as 

well as tetrad associated G37 and G43 to take part in target interaction. Another new observation 

was the shift in reactivity for GQ flanking sites C26 to U30 and A52 to U55 in presence of hIL-6R. A 

possible explanation is an induced fit mechanism, causing the AIR-3 quadruplex to adopt an 

energetically favorable conformation when interacting with the target protein. Yet, also in presence 

of hIL-6R, no singular folding was observed. 

From the findings on GQ folding it can be assumed that AIR-3A is polymorphic. The other possibility 

of AIR-3A forming a three-tier bulged QG is less probable when data from SAXS and molecular 

modeling (see 6.1.1) are included, because then the RNA model can no further be superimposed on 

the SAXS models. One discrepancy facing polymorphism of AIR-3A represents its high affinity to 

target protein hIL-6R and the fact that AIR-3A cannot be eluted from the surface of target cells by 

high salt washes. This means that binding cannot be exclusively mediated by ionic interactions. 

6.2.  Derivatization of AIR-3 and AIR-3A 

Next to structural aspects, also derivatives of AIR-3 and AIR-3A were investigated in the present 

study. On the one hand, a drug delivery approach with nucleoside analog gemcitabine was 

conducted based on recent findings by Kruspe et al.163, 212 On the other hand, derivatization with 

deoxy pyrimidines was assayed as a complementation to former findings on base- and 

suger-modifications of the aptamers.226, 245
 

Gemcitabine is a therapeutically relevant analog of cytosine with cytostatic properties which is 

applied in pancreatic cancer therapy.156, 157 Nucleoside analog delivery was already realized for AIR-3 

by derivatization with 5-fluoro-2'-deoxyuridine (5-FdU), using the aptamer as a potent prodrug.240 

Now gemcitabine, included as intrinsic modification in AIR-3, was tested for its cytotoxic potential 

towards target cells (BaF3_hIL-6R). Different AIR-3 variants comprising gemcitabine, 5-FdU, stabilized 

pyrimidines (2’FU and 2’FC) or combinations of these were investigated. 

Variants were successfully produced by in vitro transcription and analyzed for stability and target 

affinity. It was found that gemcitabine provided a stabilizing modification, especially in combination 

with 5-FdU or 2’FU, where half-lives significantly increased from less than one minute for the 

unmodified aptamer to 51 min and > 200 min, respectively. Affinity towards hIL-6R was tested by 

filter retention assays and cellular binding and was confirmed for all tested variants. This represents a 



____________________________________DISCUSSION____________________________________ 
 

91 
 

remarkable feature of AIR-3 as it was now shown to bear intrinsic modification by two different 

nucleoside analogs as well as 2’-F-pyrimidines under retained binding capacity. 

Although target cells were generally susceptible to gemcitabine as confirmed in the dose response 

assay (Figure 27), no specific cytostatic effect was obtained by treatment with AIR-3 derivatives 

containing only gemcitabine as a drug (Figure 28; AIR-3-Gem, AIR-3-Gem-2’FU, AIR-3-2’FU-2’FC). Only 

when combined with 5-FdU, specific cytotoxicity was observed as decreased proliferation and 

S-phase arrest (Figure 29 and Figure 30). However, the contribution of gemcitabine to the observed 

effects remained unclear. Compared to AIR-3-5FdU, effects of AIR-3-Gem-5FdU were found to be 

pronounced only 72 h after treatment with the prodrug. 

As gemcitabine provided a further stabilizing modification in AIR-3 bearing 5-FdU, it is possible that 

after cellular uptake, lysosomal degradation of the aptamer was slowed down compared to 

AIR-3-5FdU resulting in a delayed effect. As gemcitabine, similar to 5-FdU, causes S-phase arrest,235 

cell cycle analyses did not provide sufficient information to discriminate between effects of the two 

drugs applied simultaneously. For future gemcitabine delivery approaches it would therefore be 

sensible to analyze treated cells additionally by other means. For example, occurrence of 

gemcitabine induced DNA strand breaks could be detected by TUNEL (Terminal deoxynucleotidyl 

transferase dUTP nick end labeling) assay. This method is suitable to selectively identify DNA strand 

breaks that result from apoptotic signaling cascades. Different causes of cell death can thereby be 

differentiated. During the assay, nicked DNA is in situ 3’-end labeled by the enzyme terminal 

deoxynucleotidyl transferase, which catalyzes the addition of dUTP (fluorescently or otherwise 

labeled). Fluorescent detection of the added dUTPs allows for fast quantification of damaged DNA in 

cell populations by Flow Cytometry.246-248 

Deoxy modifications applied on the one hand as deoxy pyrimidine integrations (AIR-3-dC-dU and 

AIR-3A-dC-dU; Figure 32) and on the other hand as an all-DNA analog of AIR-3 (DNA_AIR-3; Figure 33) 

turned out to interfere with the binding capacity of AIR-3 and AIR-3A, causing complete loss of 

affinity. Therefore, they were no suitable means of stabilization. 

Exchange of all nucleotides including guanines with deoxy analogs might have led to disturbed 

formation of the GQ as DNA is less likely to adopt the all-parallel GQ topology found in AIR-3(A). This 

may explain the negative impact on target affinity, and could be assayed further by CD spectroscopic 

analyses. As also exchange of pyrimidines only resulted in loss of affinity, it can be assumed that 

conformational changes occurred, causing the secondary structure and global shape of the aptamer 

to form differently as to not allow specific target interaction. This change on the level of secondary 

structures and GQ formation could be proven by adequate structure probing approaches 

(DMS probing, cation dependent RT pausing). With regard to this it has to be noted that hIL-6R 

specific DNA aptamer AID-1221 forms a GQ as well. The deviation in primary sequence between the 
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two aptamers is therefore supposed to be a crucial factor allowing GQ formation in AID-1 but not in 

DNA analogs of AIR-3(A). 

With these findings, in-depth exchange possibilities in AIR-3 were examined, which in summary 

represent the tolerance of this aptamer to be modified for use in different applications. Here, the 

presence of the GQ forming binding motif represents a benefit because as long as GQ formation is 

ensured, maintained binding capacity is probable. Modifications can therefore be applied more easily 

compared to differently structured RNAs, as quadruplexes are very stable and form with high 

cooperativity. This stability renders the oligonucleotides also less susceptible to nuclease 

degradation, a fact that can be enhanced by introduction of stabilizing nucleotide modifications as 

long as they don’t interfere with GQ folding. 

6.3. Analyses on AIR-3A target specificity 

AIR-3A displays specific binding towards its target hIL-6R. Yet, as G-quadruplex forming 

oligonucleotides often show binding towards other targets (especially to so-called G-quadruplex 

binding proteins), side specificities of AIR-3A were investigated. As such, binding was assayed on 

thrombin (a protein for which two different GQ-forming DNA aptamers (TBA and HD22)227, 236 were 

selected) and different cell lines with varying expression levels of hIL-6R. Additionally, AIR-3A-aided 

pull-down assays of cellular proteins from cell extracts were performed and analyzed by LC-MS to 

identify proteins that are targeted by the aptamer. 

By filter retention analysis, concentration dependent binding of radio labeled AIR-3A to thrombin 

(Kd = 343 ± 44 nM) was detected. Thrombin is supposed to have general affinity for GQs as from two 

independent SELEX approaches, GQ forming aptamers emerged. Compared to hIL-6R binding 

(Kd = 60 nM), thrombin is bound with less affinity which might be due to the fact that thrombin has 

specificity rather to anti-parallel than to parallel GQs. Usually, dissociation constants of GQs for their 

binding proteins are in the low nanomolar range.107 This finding can be regarded as a proof of 

principle and would need to be proved by binding studies on other GQ binding proteins such as 

nucleolin or FMRP, which have affinity for RNA GQs.111, 118 Unspecific binding is supposed to occur 

especially towards basic proteins as GQs create a polyanionic shape with high charge density.239 

Although the number of identified proteins that specifically bind GQs constantly increases, no 

common features or proof of function were constituted. As not only binding but also manipulation 

(e.g. stabilization/destabilization) of GQs by proteins was found, a link to regulative mechanisms 

seems likely.239  

Concerning cell specificity of AIR-3A, observed affinities were not necessarily correlated with 

expression levels of hIL-6R (Figure 35) as analyzed by Flow Cytometry detection of immunostains and 

fluorescently labeled aptamer. As such, cell lines LNCaP, PC3 and HeLa showed aptamer binding but 
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displayed only a marginal shift in hIL-6R detection. It may be that due to its GQ formation, AIR-3A is 

has affinity for other membrane bound proteins as well or, as non-GQ forming control AIR-3A_G17U 

was bound to a similar extent as AIR-3A by RPMI 8226, PC3, LNCaP and HEK 293, unspecific RNA 

binding occurred. 

The central aim of the subsequent pull-down experiments from cell extracts (from BaF3_hIL-6R, 

HEK 293 and HeLa) was to isolate and identify proteins that bind to AIR-3A as a GQ. Captured 

proteins revealed several bands in SDS-PAGE analysis (Figure 36) which argues for unspecific protein 

binding. The next step to elucidate aptamer-protein interactions was the mass spectrometric analysis 

of selected bands that occurred in presence of AIR-3A, but not when magnetic beads only or 

non-specifically binding RNA (tRNA and non-GQ forming control AIR-3A_G17U) were present (Figure 

36). One band from the BaF3_hIL-6R samples and two bands from HeLa pull-downs were selected. 

For each sample, the respective region in the control experiment was analyzed as well. HEK 293 

pull-downs yielded no visible differences. 

From the results obtained by LC-MS analysis, it was discovered AIR-3A binds other proteins of which 

some are exclusively targeted as they are not found in the control experiment using non-GQ RNA 

(Table 25). Although it was probable that AIR-3A targets other proteins next to hIL-6R that have 

affinity for GQs, no popular candidates were identified as specific targets of AIR-3A. For instance, 

nucleolin was identified in both the experiment and the control pull-down (Table 25). In general, the 

identified proteins were mainly either of RNA binding character (e.g. heterogeneous nuclear 

ribonucleoprotein R), cytoskeletal proteins (e.g. actin, tubulin, vimentin) or common contaminants 

such as keratin. Binding to cytoskeletal proteins reflects their high abundance rather than specific 

binding as was already suggested by von Hacht et al.107 From the fact that not even in the positive 

control (using AIR-3A for protein pull-down from lysate of BaF3_hIL-6R target cells) the target protein 

hIL-6R was detected, it can be assumed that basic optimization of the capturing procedure and/or 

MS analysis would be needed to obtain reliable results. Also, different salt concentrations should be 

tested during incubation and elution, to exclude unspecific RNA binding. To test the capturing assay 

in the first place and assure recovery of targeted proteins, addition of recombinant hIL-6R to the 

lysate could serve as a proof of principle.  

The impact of the proteins exclusively recognized by AIR-3A might then gain importance and could be 

further analyzed regarding their affinity towards other GQs and the characteristics of molecular 

interactions between GQs and proteins. In this manner, binding motifs could be identified that are 

not known to date. As the functions and properties of GQ binding proteins are not yet fully 

understood but remain subject of research, future findings may help to understand how interactions 

between GQs and proteins are connected with regulative properties.  
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Another considerable aspect is the possibility that the target molecule hIL-6R may be a GQ binding 

protein itself. Next to AIR-3, two other aptamers (AID-1 and RAID3), independently selected for 

hIL-6R, were shown to form GQs.209, 210 Additionally, AID-1 also has affinity for HIV-1 integrase which 

in turn is known to bind GQs.249 In contrast, aptamer TBA with specificity for thrombin does not bind 

to hIL-6R. 

Recently, von Hacht et al. identified several GQ binding proteins serving as targets for mRNA 

G-quadruplexes that were found to usually have exclusive affinity for specific targets.107 Against this 

background, side affinities for hIL-6R specific GQ aptamers can be considered as expected. 

Recapitulatory, the general possibility of AIR-3A binding to other proteins and cells with very low 

expression levels of hIL-6R was shown. Binding occurred in a concentration dependent manner even 

though it may be mediated by unspecific interactions, as the outcome of pull-down assays suggests. 

The impact that the G-quadruplex motif in the aptamer has on these protein interactions remains to 

be clarified as does the role of hIL-6R in GQ binding. Yet, it should be kept in mind that the proposed 

induced fit mechanism, indicated by conformational changes in AIR-3 upon binding (6.1.2), argues for 

specific structural features of AIR-3A, making it suitable for strong an selective interaction with 

hIL-6R depending on the environmental conditions. There are numerous questions that remain to be 

solved concerning the common properties of GQ binding proteins as well as the endogenous 

functions and the interplay of the GQs targeting them. 

6.4. Endocytic fate 

Receptor mediated endocytosis is the common endocytic path among signal transduction associated 

receptors and it often is clathrin mediated. Lysosomal localization of hIL-6R was known to occur238 

and has also been suggested for AIR-3A.197, 211 In this work, the aptamer’s influence on subcellular 

localization and turnover of hIL-6R were investigated as well as the endocytic whereabouts of AIR-3A 

itself. 

By means of antibody detection, hIL-6R was co-localized with lysosomes and partially with transferrin 

(mTrf), which is an indicator for clathrin mediated endocytosis. AIR-3A co-localized with subcellular 

hIL-6R signals partially and its fluorescence was vesicularized, which suggested that the fluorescent 

species was trapped within the vesicle. As expected from the results obtained from hIL-6R, AIR-3A 

also showed partial co-localization with mTrf. From the fact that some foci were spotted 

independently, AIR-3A and hIL-6R may not be limited to the clathrin mediated pathway. Lysosomal 

localization of the aptamer was confirmed. Whether this represents a naturally occurring 

phenomenon or was merely induced by antibody interaction remains unclear. A more reliable 

method would be the detection of ligand hIL-6 to monitor trafficking and the natural incidence of 

lysosomal fate of hIL-6R.  
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The influence of AIR-3A presence on the abundance of lysosomal degradation was not clearly 

resolved. A hint towards this assumption is the reduction of hIL-6R immunofluorescence with 

aptamer present compared to other effectors (Figure 41). On the one hand, AIR-3A could have an 

impact on hIL-6R presentation on the cellular surface, but as fluorescence decay was shown to be 

larger than in presence of the actual target hIL-6, the aptamer must take a part in cellular regulation 

that is not yet understood. On the other hand, fluorescent detection of anti-hIL-6R antibody was 

realized using APC-labeled secondary antibody. APC is a protein and is thereby more likely to be 

affected by lysosomal degradation in its fluorescence properties than other organic dyes. Therefore, 

experiments could be repeated with another dye sturdier in presence of lysosomal enzymes such as 

for example fluorescein or rhodamine based dyes. Consequently, increased degradation of APC by 

lysosomal proteases would explain decreased fluorescence and argues for increased lysosomal fate 

of hIL-6R after interaction with AIR-3A. All these findings give rise to the consideration that AIR-3A 

might possess regulatory function on cellular endocytosis of hIL-6R and possibly other processes. This 

may be connected with the fact that AIR-3A is supposed to bind hIL-6R in domain D1 which is 

responsible for hIL-6R transport.195 To clarify if regulative effects of AIR-3A exist, further 

investigations would need to be considered. As such, one possibility would be to monitor changes in 

cellular mRNA levels in response to AIR-3A treatment, detected by deep sequencing. 

In this context, a predicted mRNA for RASSF1, a gene encoding Ras association domain-containing 

protein 1, might represent an interesting study subject for further investigation. If verifiable, this 

mRNA may represent a natural equivalent of AIR-3A, as it contains a variant of this aptamer 

(AIR-3A_C8A_U14A). It could function as a possible control element for Ras protein signal 

transduction. By signal transduction induced upon hIL-6 binding, hIL-6R is linked to this signaling 

pathway. How interaction between this membrane-bound receptor and a possible cellular mRNA 

could take place remains however questionable. 

Possible first experiments to link this mRNA to possible regulatory functions of AIR-3A include 

a) verification of its existence for example by RT-PCR, b) template generation and in vitro 

transcription of the respective fragment, c) evaluation of hIL-6R affinity, d) intracellular cross-linking 

of the mRNA and isolation of cross-linked associated proteins. 

This hypothesis is vague and would need intense consideration. However, regulative effects of 

AIR-3A, such as modulation of hIL-6R uptake and trafficking, represent an interesting field to 

continue research on this aptamer, as it may help to increase understanding of dysregulations in 

hIL-6R homoeostasis which are associated with inflammation and disease. 
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7. Future prospects 

In the present study, insight into the structural properties and target specificity of hIL-6R RNA 

aptamer AIR-3A was gained. Although this GQ forming aptamer has been dealt with in earlier 

publications and was subjected to intensive characterization, the focus lay now on clarification of GQ 

folding in dependence of cation presence and identity and the contribution of nucleotides to 

quadruplex formation as well as target binding interaction. It turned out that several features had 

been undiscovered so far. In this regard, it was found that no specific structuring can be determined, 

but that AIR-3A displays a polymorphic GQ and that it is likely to oligomerize in solution as well as in 

presence of target molecule hIL-6R. 

 

Concerning structural elucidation of AIR-3 and AIR-3A, it can be assumed that, due to the 

polymorphic character of the GQ, further analyses should be conducted on less variable variants. 

Design of aptamers derived from AIR-3A that fold into defined quadruplexes may be beneficial with 

regard to the possibility of broadening the scope of analysis methods applicable. As such, NMR and 

X-ray crystallography could yield valuable information on the 3D-structure as well as on the process 

of folding and the degree of association. 

Comparison of different variants could then help to investigate the interaction surfaces of RNA and 

protein and gain knowledge on the properties that make hIL-6R a suitable target for GQs. With the 

polymorphic AIR-3A, these methods cannot be used, as signals of the different species overlay and 

impede analysis. 

 

Regarding secondary structure analyses, AIR-3A variants could be subjected to chemical and 

enzymatic probing. Here, SHAPE could be another option to identify flexible nucleotide positions.250 

Also probing with RNase U2,47 which cleaves A-specific, could be used as a complement to RNase T1. 

Footprinting experiments in presence of hIL-6R could then also help to find out which nucleotides 

mediate target interaction.251, 252 Interaction could further be monitored by UV cross-linking 

experiments as presented in former works.197, 245 These approaches could be optimized for 

identification of amino acid residues involved in RNA binding.253-255 

 

In this work, the proposed lysosomal fate of AIR-3A after cellular uptake197 was confirmed. For future 

investigations, the cellular whereabouts and trafficking, as well as stability of the aptamer are of 

interest. This could be examined in a time resolved manner. On the one hand, it could be achieved by 

co-localization with further cellular compartments using faster techniques compared to cLSM such as 

confocal spinning disc laser microscopy. Also, double labeled AIR-3A (two different fluorescent dyes 
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conjugated to 5’- and 3’-end allowing for Förster resonance energy transfer (FRET)) could thereby be 

followed throughout the cell with the benefit of detecting degradation of the aptamer as a decay of 

FRET signal intensity and differentiation of the fluorescence of the two dyes. Another method 

yielding high spatial and time resolution is represented by in-liquid transmission electron microscopy 

(TEM).256 This novel technique was already applied for visualization of DNA functionalized gold 

nanoparticles as a proof that electron microscopy works in aqueous solution, and it is currently 

worked on for application in cellular detection. Against this background, coordination of cations with 

scattering potential (such as Ba2+) could serve as a labeling to visualize AIR-3A during endocytosis and 

inside the cell by in-liquid TEM. Further cations suitable in this respect, such as Sr2+, could be 

analyzed by CD detected titrations as well. 

 

To quantify cellular uptake of AIR-3A as well as its stability, quantitative real time PCR could be 

applied.257 After incubation with AIR-3A, surface bound aptamer could be removed and cells cultured 

for different time periods, after which total RNA is isolated and analyzed by RT-PCR for abundance of 

AIR-3A. This could give information on the extent of lysosomal degradation and help to compare 

intracellular stability of derivatized AIR-3(A). Also, influence of aptamer treatment on the 

transcriptome could be investigated with respect to regulative properties. 

Before further aptamer aided drug deliveries are established, stabilization of AIR-3A should be 

focused on. Next to 2’F modifications (which are only applicable for AIR-3, but not for AIR-3A), 

integration of 3’-inverted thymidine or 5’-PEG could increase the half-life.131 

The efficiency of drug delivery and release could be improved by addition of endosomal escape 

agents.106 This would for example enable application of siRNA-AIR-3A conjugates. Targeted delivery 

could also be achieved by aptamer-functionalized drug-encapsulating liposomes.258 This would 

increase the drug load per aptamer molecule and result in a more pronounced cytotoxic effect. 

Further targets of AIR-3A could be identified by intracellular crosslinking. However, in preparation of 

such experiments, optimization of the pull down experiments established in this study would be 

necessary to verify AIR-3A specificity and reproducibility of the assay. 

 

To tackle the task of signaling inhibition, experiments could be designed to multimerize AIR-3A in a 

controlled manner. Alternatively, conjugation of AIR-3A and RAID3 would be possible. This could 

result in an aptamer derivative with higher affinity and slower off rate. Although neither RAID3 nor 

AIR-3A alone affect receptor interaction with hIL-6 or gp130, the conjugate might interfere with it by 

sheer size.  
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Finally, the other aptamers with hIL-6R specificity could be subjected to further analysis. As such, 

identification of the binding site of AID-1 might give insight into the GQ binding potential of the 

receptor. Especially as AID-1 was shown to compete for binding with AIR-3A,259 and is therefore 

supposed to target the same site, this could yield valuable information. RAID3 showed no 

competition and therefore complements AIR-3A. Structural analyses could be performed to further 

characterize this aptamer. As RAID3 has already been stabilized and was shown to be internalized by 

target cells, it represents an alternative tool for aptamer mediated drug delivery using the hIL-6R 

system. 
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10. Appendices 

10.1. GHS hazard statements 

Table 27: Hazard statements according to GHS. 

code statement 

H225 Highly flammable liquid and vapour. 

H226 Flammable liquid and vapour. 
H301 Toxic if swallowed. 

H302 Harmful if swallowed 

H303 Maybe harmful if swallowed. 

H312 Harmful in contact with skin. 

H314 Causes severe skin burns and eye damage. 

H315 Causes skin irritation. 
H317 May cause an allergic skin reaction. 

H319 Causes serious eye irritation. 

H331 Toxic if inhaled. 

H332 Harmful if inhaled. 

H334 May cause allergy or asthma symptoms or breathing difficulties if inhaled. 
H335 May cause respiratory irritation. 

H340 May cause genetic defects. 
H341 Suspected of causing genetic defects. 

H350 May cause cancer. 

H351 Suspected of causing cancer. 

H360 May damage fertility or the unborn child. 

H361 Suspected of damaging fertility or the unborn child. 

H372 Causes damage to (affected) organs through prolonged or repeated exposure. 
H411 Toxic to aquatic life with long lasting effects. 
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10.2. GHS precautionary statements 

Table 28: Precautionary statements according to GHS. 

code statement 

P201 Obtain special instructions before use. 
P202 Do not handle until all safety precautions have been read and understood. 

P210 Keep away from heat/sparks/open flames/hot surfaces. - No smoking. 

P261 Avoid breathing dust/fumes/gas/mist/vapours/spray. 

P264 Wash ... thoroughly after handling. 

P270 Do not eat, drink or smoke when using this product. 

P280 Wear protective gloves/protective clothing/eye protection/face protection. 
P281 Use personal protective equipment as required. 

P301 IF SWALLOWED: 

P302 IF ON SKIN: 

P304 IF INHALED: 

P305 IF IN EYES: 

P307 IF ON CLOTHING 

P308 IF exposed or concerned: 
P310 Immediately call a POISON CENTER or doctor/physician. 

P311 Call a POISON CENTER or doctor/physician. 

P312 Call a POISON CENTER or doctor/physician if you feel unwell. 

P313 Get medical advice/attention. 

P330 Rinse mouth. 

P331 Do NOT induce vomiting. 

P337 If eye irritation persists, … 
P338 Remove contact lenses if present and easy to do. Continue rinsing. 

P341 If breathing is difficult, remove victim to fresh air and keep at rest in a position comfortable 
for breathing. 

P342 If experiencing respiratory symptoms: 

P351 Rinse cautiously with water for several minutes. 
P352 Wash with plenty of soap and water. 

P405 Store locked up. 

P501 Dispose of contents/container in accordance with local/regional/national/international 
regulation 
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10.3. Hazardous compounds according to GHS 

Compounds used and their hazardous categorization according to the Globally Harmonized System of 

Classification and Labeling of Chemicals (GHS) are given in Table 29. 

Table 29: List of hazardous compounds. 

compound GHS label H-statements P-statements 

5-Fluoro-2’- 
deoxyuridine 

GHS06, GHS08 H301, H315, H319, H341  P201, P202, P264, P270, 
P280 P301+P310 

Gemcitabine GHS07, GHS08, 
GHS09 

H302, H312, H315, H319, 
H340, H351, 
H360, H372, H411 

P264, P280, P201, P202, 
P281, P260, 
P273 P362+P364 

Acrylamid GHS06, GHS08 H350, H340, H361f, 
H301f, 372, H332, H312, 
H319, H315, H317 

P201, P280, P301+P310, 
P305+P351+P338, 
P308+P313 

APS GHS03, GHS07, 
GHS08 

H272, H302, H315, H319, 
H334, H335, H317 

P280, P305+P351+P338, 
P302+P352, P304+P341, 
P342+P311 

Barium chloride dihydrate GHS06 H301, H332  P308+P310 
DTT GHS07 H302, H315, H319 P302+P352, 

P305+P351+P338 
Acetic acid GHS02, GHS05 H226, H314 P280, P301+P330+P331, 

P307+P310, 
P305+P351+P338 

Ethanol GHS02 H225 P210 
Ethidium bromide GHS06, GHS08 H330, H341, H302, H315, 

H319, H335 
P281, P302+P352, 
P305+P351+P338, 
P304+P340, P309, P310 

Isopropanol GHS02, GHS07 H225, H319 H336 P210, P233, 
P305+P351+P338 

Methanol GHS02, GHS06, 
GHS08 

H225 H331, H311, H301, 
H370 

P210 P233, P280, 
P302+P352, P309+P310 

Sodium acetate Not hazardous 
according to GHS 

  

Natriumhydroxid GHS05 H314, H290 P280, P301+P330+P331, 
P309+P310, 
P305+P351+P338 

Hydrochloric acid, conc. GHS05, GHS07 H314, H335 P260, P301+P330+P331, 
P303+P361+P353, 
P305+P351+P338, P405, 
P501 

Propidium iodide 
 

GHS06, GHS07, 
GHS08 

H301, H315, H319, H332, 
H335, H340, H341 
 

P201, P281, 
P301+P310 
P305+P351+P338 
P330 

Sodium-dodecyl-sulfate GHS02, GHS06 H228, H311, H302, H335, 
H315, H319 

P210, P280, P304+P340, 
P305+P351+P338, 
P309+P310 

Tetramethylethylendiamin GHS02, GHS05, 
GHS07 

H225, H332, H302, H314 P210, P233, P280, 
P301+P330+P331, 
P305+P351+P338, 
P309+P310 

Tris GHS07 H315, H319, H335 P261, P305+P351+P338 
Trypan blue GHS08 H350 P280, P201, P202, 

P308+313 
P405, P501 
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10.4. CMR substances 

CMR substances used in course of this work are given in Table 30. 

Table 30: CMR substances used in this work. 

CAS number compound Application and amounts used Category 

I or II 

79-06-1 Acrylamide 30-40% aqueous solutions for polymerization. 
Total amount: 500 mL 

K: 1B 
M: 1B 
RF: 2 

56-65-5 γ32P-ATP radio labeling of nucleic acids 
Total amount: 300 µL 

 

1239-45-8 Ethidium bromide 10 mg/mL aqueous solutions for staining of 
polyacrylamide gels 
(0.5 mg/mL final concentrations). 
 Total amount: 30 mL 

M: 2 

25535-16-4 Propidium iodide aqueous solutions for staining of cellular DNA 
(10 µg/mL). 
Total amount: 30 mL 

M: 1B 

 

10.5. List of proteins identified by LC-MS analysis (5.3.2) 

Table 31: Proteins (murine) from BaF3_hIL-6R lysate identified by LC-MS. 

Protein 

UniProt 

Accession 

code 

MW 

[kDa] 
Band 

Unique 

peptides 

ATP synthase subunit alpha, mitochondrial Q03265 56,27 ② 11 

ATP synthase subunit beta, mitochondrial P56480 50,10 ①, ② 6 

Tubulin alpha-1A chain P68369 50,12 ①, ② 6 

Tubulin alpha-1B chain P05213 49,88 ①, ② 6 

Tubulin alpha-1C chain P68373 41,71 ①, ② 4 

Actin, cytoplasmic 1 P60710 41,77 ①, ② 4 

Actin, cytoplasmic 2 P63260 49,93 ①, ② 4 

Tubulin alpha-3 chain P05214 53,66 ①, ② 5 

Vimentin P20152 49,64 ①, ② 5 

Tubulin beta-5 chain P99024 49,88 ①, ② 4 

Tubulin beta-2A chain Q7TMM9 49,92 ①, ② 4 

Tubulin beta-2B chain Q9CWF2 49,55 ①, ② 4 

Tubulin beta-4A chain Q9D6F9 49,80 ①, ② 4 

Tubulin beta-4B chain P68372 59,72 ①, ② 5 
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Table 32: Proteins (human) from BaF3_hIL-6R lysate identified by LC-MS. 

Protein 

UniProt 

Accession 

code 

MW 

[kDa] 
Band 

Unique 

peptides 

Keratin, type I cuticular Ha3-I  O76009 45,911 ② 1 

Keratin, type I cuticular Ha3-II  Q14525 46,185 ② 1 

ATP synthase subunit alpha, mitochondrial  P25705 59,714 ② 7 

Keratin, type II cytoskeletal 1b  Q7Z794 61,864 ② 0 

Keratin, type I cuticular Ha4  O76011 49,392 ② 1 

Keratin, type II cuticular Hb3  P78385 54,161 ② 3 

Keratin, type II cuticular Hb1  Q14533 54,893 ② 3 

Keratin, type II cuticular Hb6  O43790 53,466 ② 3 

Putative keratin-87 protein  A6NCN2 29,099 ② 2 

Keratin, type II cytoskeletal 75  O95678 59,524 ② 1 

Keratin, type II cytoskeletal 79  Q5XKE5 57,8 ② 0 

Tubulin beta-8 chain  Q3ZCM7 49,744 ② 2 

Keratin, type I cuticular Ha2  Q14532 50,31 ② 0 

Tubulin beta-8 chain-like protein LOC260334  A6NNZ2 49,541 ② 2 

Keratin, type I cuticular Ha5  Q92764 50,329 ② 0 

Tubulin beta-6 chain  Q9BUF5 49,825 ② 2 

Antithrombin-III  P01008 52,569 ② 1 

Eukaryotic initiation factor 4A-I  P60842 46,125 ② 1 

14-3-3 protein gamma  P61981 28,285 ② 1 

14-3-3 protein theta  P27348 27,747 ② 1 

Canalicular multispecific organic anion transporter  O15438 
169,23
4 

② 1 

14-3-3 protein epsilon  P62258 29,155 ② 1 

Elongation factor 1-gamma  P26641 50,087 ② 1 

14-3-3 protein zeta/delta  P63104 27,728 ② 1 

Keratin, type I cuticular Ha6  O76013 52,214 ② 1 

Pyruvate kinase PKM  P14618 57,9 ② 1 
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Protein 

UniProt 

Accession 

code 

MW 

[kDa] 
Band 

Unique 

peptides 

14-3-3 protein eta  Q04917 28,201 ② 1 

Rho guanine nucleotide exchange factor 12  Q9NZN5 
173,12
5 

② 1 

Tubulin beta-1 chain  Q9H4B7 50,295 ② 1 

14-3-3 protein beta/alpha  P31946 28,065 ② 1 

Eukaryotic initiation factor 4A-II  Q14240 46,373 ② 1 

14-3-3 protein sigma  P31947 27,757 ② 1 

Serum albumin  P02768 69,32 ①, ② 19 

Keratin, type II cytoskeletal  P04264 66,00 ①, ② 14 

Keratin, type I cytoskeletal 10  P13645 58,79 ①, ② 12 

Keratin, type II cytoskeletal 2 epidermal  P35908 65,39 ①, ② 8 

ATP synthase subunit beta, mitochondrial  P06576 56,53 ①, ② 10 

Keratin, type I cytoskeletal 9  P35527 62,03 ①, ② 11 

Vimentin  P08670 53,62 ①, ② 7 

Tubulin alpha-1B chain  P68363 50,12 ①, ② 6 

Tubulin alpha-1A chain  Q71U36 50,10 ①, ② 6 

Tubulin alpha-1C chain  Q9BQE3 49,86 ①, ② 6 

Keratin, type I cuticular Ha1  Q15323 47,21 ①, ② 2 

Ig gamma-1 chain C region  P01857 36,08 ①, ② 4 

Actin, cytoplasmic 2  P63261 41,77 ①, ② 4 

Actin, cytoplasmic 1  P60709 41,71 ①, ② 4 

Elongation factor 1-alpha 1  P68104 50,11 ①, ② 5 

Putative elongation factor 1-alpha-like 3  Q5VTE0 50,15 ①, ② 5 

Glyceraldehyde-3-phosphate dehydrogenase  P04406 36,03 ①, ② 4 

Ig gamma-2 chain C region  P01859 35,88 ①, ② 3 

Ig kappa chain C region  P01834 11,60 ①, ② 4 

Tubulin beta chain  P07437 49,64 ①, ② 5 

Histone H4  P62805 11,36 ①, ② 3 

Tubulin alpha-3E chain  Q6PEY2 49,83 ①, ② 4 
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Protein 
UniProt 

Accession 

code 

MW 

[kDa] 
Band Unique 

peptides 

Tubulin beta-4A chain  P04350 49,55 ①, ② 4 

Alpha-enolase  P06733 47,14 ①, ② 3 

Tubulin alpha-3C/D chain  Q13748 49,93 ①, ② 4 

Tubulin beta-4B chain  P68371 49,80 ①, ② 4 

Ig gamma-4 chain C region  P01861 35,92 ①, ② 2 

Tubulin beta-2A chain  Q13885 49,88 ①, ② 4 

Elongation factor 1-alpha 2  Q05639 50,44 ①, ② 3 

Tubulin beta-2B chain  Q9BVA1 49,92 ①, ② 4 

Keratin, type II cuticular Hb5  P78386 55,77 ①, ② 4 

Histone H2B type F-S  P57053 13,94 ①, ② 3 

Actin, alpha skeletal muscle  P68133 42,02 ①, ② 2 

Histone H2B type 1-N  Q99877 13,91 ①, ② 3 

Actin, aortic smooth muscle  P62736 41,98 ①, ② 2 

Tubulin alpha-4A chain  P68366 49,89 ①, ② 3 

Histone H2B type 1-H  Q93079 13,88 ①, ② 3 

Histone H2B type 1-C/E/F/G/I  P62807 13,90 ①, ② 3 

60 kDa heat shock protein, mitochondrial  P10809 61,02 ①, ② 1 

Actin, alpha cardiac muscle 1  P68032 41,99 ①, ② 2 

Histone H2B type 1-D  P58876 13,93 ①, ② 3 

Histone H2B type 1-M  Q99879 13,98 ①, ② 3 

Histone H2B type 2-F  Q5QNW6 13,91 ①, ② 3 

Tubulin beta-3 chain  Q13509 50,40 ①, ② 3 

Actin, gamma-enteric smooth muscle  P63267 41,85 ①, ② 2 

Lysozyme C  P61626 16,53 ①, ② 2 

Histone H2B type 1-K  O60814 13,88 ①, ② 3 

Histone H2B type 1-L  Q99880 13,94 ①, ② 3 

Tubulin alpha-8 chain  Q9NY65 50,06 ①, ② 2 

Histone H2B type 3-B  Q8N257 13,90 ①, ② 2 

Histone H2B type 1-J  P06899 13,90 ①, ② 2 
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Protein 
UniProt 

Accession 

code 

MW 

[kDa] 
Band Unique 

peptides 

Galectin-1  P09382 14,71 ①, ② 2 

Histone H2B type 2-E  Q16778 13,91 ①, ② 2 

Histone H2B type 1-O  P23527 13,90 ①, ② 2 

Histone H2B type 1-B  P33778 13,94 ①, ② 2 

78 kDa glucose-regulated protein  P11021 72,29 ①, ② 1 

Beta-actin-like protein 2  Q562R1 41,98 ①, ② 1 

Histone H2A,J  Q9BTM1 14,01 ①, ② 1 

POTE ankyrin domain family member E  Q6S8J3 121,29 ①, ② 1 

Keratin, type I cytoskeletal 25  Q7Z3Z0 49,29 ①, ② 1 

Polyubiquitin-C  P0CG48 76,99 ①, ② 1 

Histone H2AX  P16104 15,14 ①, ② 1 

Histone H2A type 1-D  P20671 14,10 ①, ② 1 

Probable G-protein coupled receptor 115  Q8IZF3 77,67 ①, ② 1 

Keratin, type I cytoskeletal 27  Q7Z3Y8 49,79 ①, ② 1 

Histone H2A type 1 SV=2 P0C0S8 14,08 ①, ② 1 

Keratin, type II cuticular Hb2  Q9NSB4 56,62 ①, ② 1 

E3 ubiquitin-protein ligase makorin-1  Q9UHC7 53,32 ①, ② 1 

Hemoglobin subunit gamma-2  P69892 16,12 ①, ② 1 

Heat shock protein 75 kDa, mitochondrial  Q12931 80,06 ①, ② 1 

Polyubiquitin-B  P0CG47 25,75 ①, ② 1 

Ubiquitin-40S ribosomal protein S27a  P62979 17,95 ①, ② 1 

Hemoglobin subunit gamma-1  P69891 16,13 ①, ② 1 

Ubiquitin-60S ribosomal protein L40  P62987 14,72 ①, ② 1 

Histone H2A type 1-C  Q93077 14,10 ①, ② 1 

Histone H2A,Z  P0C0S5 13,55 ①, ② 1 

Heat shock protein HSP 90-alpha  P07900 84,61 ①, ② 1 

60S ribosomal protein L14  P50914 23,42 ①, ② 1 

Histone H2A type 1-J  Q99878 13,93 ①, ② 1 

Histone H2A type 1-B/E  P04908 14,13 ①, ② 1 
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POTE ankyrin domain family member F  A5A3E0 121,37 ①, ② 1 

Hemoglobin subunit delta  P02042 16,05 ①, ② 1 

Histone H2A type 1-A  Q96QV6 14,23 ①, ② 1 

Probable E3 ubiquitin-protein ligase makorin-3  Q13064 55,61 ①, ② 1 

Hemoglobin subunit epsilon  P02100 16,19 ①, ② 1 

Histone H2A,V OS Q71UI9 13,50 ①, ② 1 

Histone H2A type 3  Q7L7L0 14,11 ①, ② 1 

Histone H2A type 2-C  Q16777 13,98 ①, ② 1 

Histone H2A type 2-B  Q8IUE6 13,99 ①, ② 1 

Keratin, type I cytoskeletal 28  Q7Z3Y7 50,54 ①, ② 1 

Histone H2A type 2-A  Q6FI13 14,09 ①, ② 1 

Heat shock protein HSP 90-beta  P08238 83,21 ①, ② 1 

Putative beta-actin-like protein 3 OS Q9BYX7 41,99 ①, ② 1 

Hemoglobin subunit beta  P68871 15,99 ①, ② 1 

Histo-blood group ABO system transferase  P16442 40,91 ①, ② 1 

Histone H2A type 1-H  Q96KK5 13,90 ①, ② 1 

 

Table 33: Proteins (human) from HeLa lysate identified by LC-MS. 

Protein 

UniProt 

Accession 

code 

MW 

[kDa] 
Band 

Unique 

peptides 

60 kDa heat shock protein, mitochondrial P10809 61,02 ③, ④ 19 

Actin, cytoplasmic 1 P60709 41,71 ③, ④ 5 

Actin, cytoplasmic 2 P63261 41,77 ③, ④ 5 

Alpha-enolase P06733 47,14 
③, ④ 7 

⑤, ⑥ 16 

ATP-dependent RNA helicase DDX3X O00571 73,20 ③, ④ 8 

ATP-dependent RNA helicase DDX3Y O15523 73,11 ③, ④ 5 

Cleavage and polyadenylation specificity factor subunit 6 Q16630 59,17 ④ 5 

Desmoplakin P15924 331,57 ④ 9 
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DnaJ homolog subfamily A member 1 P31689 44,84 ⑤, ⑥ 4 

Elongation factor 1-alpha 1 P68104 50,11 
③, ④ 6 

⑤, ⑥ 12 

Elongation factor 1-alpha 2 Q05639 50,44 
③, ④ 4 

⑤, ⑥ 7 

Far upstream element-binding protein 1 Q96AE4 67,52 ③, ④ 4 

G patch domain and KOW motifs-containing protein Q92917 52,20 ③, ④ 4 

Glyceraldehyde-3-phosphate dehydrogenase P04406 36,03 ③, ④ 5 

Glyceraldehyde-3-phosphate dehydrogenase P04406 36,03 ⑤, ⑥ 4 

Heat shock 70 kDa protein 1A/1B P08107 70,01 ③, ④ 19 

Heat shock 70 kDa protein 1-like P34931 70,33 ③, ④ 5 

Heat shock 70 kDa protein 6 P17066 70,98 ③, ④ 6 

Heat shock cognate 71 kDa protein P11142 70,85 ③, ④ 20 

Heat shock protein beta-1 P04792 22,77 ③, ④ 4 

Heat shock-related 70 kDa protein 2 P54652 69,98 ③, ④ 6 

Heterogeneous nuclear ribonucleoprotein F P52597 45,64 ⑤, ⑥ 6 

Heterogeneous nuclear ribonucleoprotein K P61978 50,94 ③, ④ 17 

Heterogeneous nuclear ribonucleoprotein L P14866 64,09 ③, ④ 5 

Heterogeneous nuclear ribonucleoprotein M P52272 77,46 ③, ④ 4 

Heterogeneous nuclear ribonucleoprotein Q O60506 69,56 ③, ④ 5 

Heterogeneous nuclear ribonucleoprotein R O43390 70,90 ④ 4 

Ig gamma-1 chain C region P01857 36,08 
③, ④ 4 

⑤, ⑥ 5 

Ig kappa chain C region P01834 11,60 ③, ④ 4 

Junction plakoglobin P14923 81,69 ④ 6 

Keratin, type I cytoskeletal 10 P13645 58,79 
③, ④ 21 

⑤, ⑥ 16 

Keratin, type I cytoskeletal 14 P02533 51,53 ④ 5 

Keratin, type I cytoskeletal 16 P08779 51,24 ④ 14 
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Keratin, type I cytoskeletal 18 P05783 48,03 ⑤, ⑥ 12 

Keratin, type I cytoskeletal 9 P35527 62,03 
③, ④ 25 

⑤, ⑥ 11 

Keratin, type II cytoskeletal 1 P04264 66,00 
③, ④ 27 

⑤, ⑥ 19 

Keratin, type II cytoskeletal 2 epidermal P35908 65,39 
③, ④ 16 

⑤, ⑥ 8 

Keratin, type II cytoskeletal 5 P13647 62,34 ③, ④ 9 

Keratin, type II cytoskeletal 6A P02538 60,01 ④ 4 

Keratin, type II cytoskeletal 6C P48668 59,99 ④ 4 

Keratin, type II cytoskeletal 8 P05787 53,67 ⑤, ⑥ 8 

Non-POU domain-containing octamer-binding protein Q15233 54,20 ③, ④ 7 

Nuclease-sensitive element-binding protein 1 P67809 35,90 
③, ④ 6 

⑤, ⑥ 4 

Nucleolin P19338 76,57 
③, ④ 15 

⑤, ⑥ 6 

Nucleophosmin P06748 32,56 ③, ④ 7 

Perilipin-3 O60664 47,05 ⑤, ⑥ 10 

Poly(U)-binding-splicing factor PUF60 Q9UHX1 59,84 ③, ④ 9 

Prelamin-A/C P02545 74,10 ③, ④ 20 

Probable ATP-dependent RNA helicase DDX17 Q92841 80,22 ③, ④ 4 

Probable ATP-dependent RNA helicase DDX5 P17844 69,11 ③, ④ 15 

Putative elongation factor 1-alpha-like 3 Q5VTE0 50,15 
③, ④ 6 

⑤, ⑥ 12 

Ras GTPase-activating protein-binding protein 1 Q13283 52,13 ③, ④ 9 

RNA-binding motif protein, X chromosome P38159 42,31 ⑤, ⑥ 6 

RNA-binding protein FUS P35637 53,39 ③, ④ 11 

RuvB-like 1 Q9Y265 50,20 ⑤, ⑥ 10 
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Serum albumin P02768 69,32 
③, ④ 21 

⑤, ⑥ 18 

Splicing factor 3A subunit 3 Q12874 58,81 ③, ④ 4 

Stress-70 protein, mitochondrial P38646 73,64 ③, ④ 14 

Trifunctional enzyme subunit beta P55084 51,262 ⑥ 4 

Tubulin alpha-1A chain Q71U36 50,10 ③, ④ 8 

Tubulin alpha-1B chain P68363 50,12 ③, ④ 10 

Tubulin alpha-1C chain Q9BQE3 49,86 ③, ④ 9 

Tubulin alpha-3C/D chain Q13748 49,93 ③, ④ 6 

Tubulin alpha-3E chain Q6PEY2 49,83 ③, ④ 6 

Tubulin alpha-4A chain P68366 49,89 
③, ④ 6 

⑤, ⑥ 4 

Tubulin alpha-8 chain Q9NY65 50,06 ③, ④ 4 

Tubulin beta chain P07437 49,64 ⑤, ⑥ 4 

Vimentin P08670 53,62 
③, ④ 14 

⑤, ⑥ 14 
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