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1 Introduction 
 
 

1.1 Nucleic acids and their biological functions 
 
The fundamental role of the deoxyribonucleic acid (DNA) as the depository of the genetic 

information for life was discovered in 1952 by A. Hershey and M. Chase (1). In eukaryotes 

the DNA is organised in chromosomes, 23 homologous pairs in humans, whereas in 

prokaryotes it usually consists of a single circular DNA molecule (2). The DNA undergoes 

a replication process, which enables the genetic information of an organism to be passed 

to the two daughter cells created after cell division, and to a recombination process, which 

allows chromosomes to exchange genetic information producing new combinations of 

genes. This reshuffling of genetic information on chromosomes permits a damaged 

chromosome to repair itself by using a second copy (allel) as a guide and it furthermore 

increases the genetic variation, which is important for a rapid evolution (2). DNA can also 

excert important biological functions and, as an example, bacterial DNA containing 

unmethylated CpG motifs is able to activate immune responses through the interaction 

with a specific cellular receptor, the toll-like receptor 9 (TLR9) (3;4). The DNA also 

specifies non-coding ribonucleic acids (ncRNAs) through the process of transcription. 

Importantly, the genetic sequence information is also transcribed into coding messenger 

RNAs (mRNAs), which after further processing are translated into proteins. This process 

involves the ribosomal RNAs (rRNAs) as structural and functional components of the 

ribosomes and the transfer RNAs (tRNAs). The translation of the nucleotide (nt) sequence 

is accomplished at the ribosome through a specific recognition-based system in which 

specific amino acids are transferred from tRNAs into a growing polypeptide chain using 

the mRNA as template. 

In recent years it turned out that in addition to protein biosynthesis, a variety of 

ncRNAs play important or essential roles in the cell, e.g. the regulation of gene 

expression, protein trafficking, RNA processing and modification. The class of ncRNA 

molecules includes catalytic RNAs (ribozymes), which catalyse chemical reactions and 

the group-I and group-II introns which perform self-splicing (5;6). An example of the 

former is the RNA subunit of the ribonucleoprotein ribonuclease P (RNase P) which is 

essential for the 5´-end maturation of precursor tRNAs. It has recently been discovered 

that even the ribosome can be regarded a ribozyme, since the center of the 

peptidyl-transferase activity is located on the RNA component (7-9). 

Moreover, several RNAs have been discovered which bind small metabolites and, 

as a consequence, switch their conformation and function. They are called riboswitches 

(10-12). These molecules possess a specific domain, sometimes referred to as ´aptamer 
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domain´, which functions as a sensor and presents the ligand binding site, and a second 

domain, called expression platform, that transduces ligand binding events into conforma-

tional changes leading to the control of gene expression (10;13). Most of the riboswitches 

occur in bacteria, but functional riboswitches of one type, the thiamine pyrophosphate 

riboswitches, which are involved in controlling gene expression via mRNA splicing, have 

been discovered also in eukaryotes (10;14). 

Other ncRNAs include small nucleolar RNAs, which are essential for rRNA 

processing and modification (pseudouridylation and methylation), small nuclear RNAs that 

compose the pre-mRNA splicing machinery, as well as U7 snRNA, which is essential for 

the histone mRNA 3´-end formation (15). In addition, studies suggest that U1-U6 and 7SK 

ncRNAs play an important role in the regulation of transcription via an association with 

specific transcriptional factors (16;17). In bacteria, the 6S ncRNA was also found to be 

involved in the transcriptional regulation by a direct interaction with the RNA polymerase 

(18). 

Other ncRNAs involved in ´housekeeping´ functions include the telomerase RNA, 

required for chromosome end replication, the signal recognition particle RNA, involved in 

protein sorting within the cell, and the guide RNAs, which direct insertion or deletion of 

uridine residues in mRNA (15;18;19). In addition it has been shown that antisense RNAs 

regulate gene expression (4). 

Only in the late 1990s and early 2000, a new class of ncRNA was discovered and 

named micro RNA (miRNA). The miRNAs are involved in gene regulation and have been 

found in many metazoans, from Caenorhabditis elegans to Homo sapiens (20). Endo-

genous miRNAs or exogenously introduced small interfering RNAs (siRNAs) are loaded 

into the RNA-induced silencing complex (RISC) after having been processed by the 

protein Dicer. This complex partially or fully recognises complementary mRNA molecules 

via base-pairing, and leads to a suppression of protein biosynthesis (20). This mechanism 

of the regulation of gene expression is called RNA interference (RNAi). It has been shown 

that miRNAs suppress translation via both the direct block of protein synthesis or the 

induction of target mRNA degradation, whereas siRNAs act only through target mRNA 

destruction (20;21). In addition, miRNAs and siRNAs were found to be involved in a form 

of RNA interference by which they trigger the downregulation of transcription of a 

particular gene or genomic region. This is usually accomplished by a modification of 

histones, often methylation or by the induction of heterochromatin formation. In this case, 

the complex that binds the small RNA and interacts with the DNA is called the 

RNA-induced transcriptional silencing (RITS) complex (22-24). 
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In addition, a new and unexpected role of the ncRNAs has been described very recently 

by Rassoulzadegan et al. (25), in which a novel mode of epigenetic inheritance was 

associated with the zygotic transfer of RNA molecules. 

 

1.2 Nucleic acids as therapeutics and as tools in molecular 
biology 

 
Based on the natural functions of nucleic acids, new synthetic drugs and tools to explore 

biological systems have been developed. So far, a great number of ribozymes, 

deoxyribozymes, siRNAs, miRNAs, antisense oligonucleotides, triple-helix-forming oligo-

deoxynucleotides (TFOs), CpG-containing oligonucleotides, decoys and aptamers, has 

been produced synthetically and applied successfully for therapeutic purposes and for 

understanding and manipulating biological processes (4;26). 

 

1.2.1 Catalytic nucleic acids, antisense oligonucleotides, siRNAs and 

miRNAs 
 
The catalytic potential of RNA has been employed in therapeutic applications and for 

target validation. Ribozymes bind to a substrate RNA through Watson-Crick base pairing 

and cleave the target transcripts in a sequence-specific fashion. Based on the discovery 

that even DNA possesses a catalytic activity, deoxyribozymes have been developed (27). 

Those molecules showed high similarity with their RNA homologues presenting some 

advantages, such as an increased stability, an easier synthesis and in some cases higher 

turnover rates (4). These catalytic nucleic acids can be delivered or expressed in cells, in 

which they direct the cleavage events.  

Similarly, the targeted inactivation of gene expression in vitro and in vivo has been 

achieved by using siRNAs, miRNAs and antisense oligonucleotides. The high inhibitory 

effect of siRNAs on their target mRNAs expression, make them very useful drugs for 

targeting specific transcripts involved in diseases (28;29). The miRNA class present less 

sequence specificity towards their targets than the siRNA class. This is due to the 

mechanism of action of the miRNAs which does not require a perfect sequence 

complementarity with their targeted sequence (28). 

Like the two classes described above, the reverse-complementary antisense 

oligonucleotides are used in living cells to manipulate gene expression at the mRNA level. 

They are known to find their target unassisted, and once bound they can block expression 

via a steric mechanism by obstructing the ribosome. Alternatively, they can form an 

RNA-DNA hybrid that can be a substrate for ribonuclease H (RNase H), thereby leading to 

target degradation (29;30). 
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1.2.2 Triple-helix-forming oligodeoxynucleotides 
 
A strategy based on the regulation of gene expression at the gene-level employs the 

TFOs that target a given gene by homologous recombination. In a sequence-specific 

fashion these molecules bind to the major groove of the (double-stranded DNA) dsDNA 

and, for stable hybridisation and Hoogsteen bonds formation, require in their sequence a 

series of purines (10 to 30 nt) on one strand and pyrimidines on the other. The formation 

of a triple helix by these oligonucleotides is limited to polypurine tracts of dsDNA. TFOs 

are used in vitro and in vivo, to block transcription and to induce site-specific mutations 

(4;31;32). 

 

1.2.3 CpG-containing oligonucleotides, decoys and aptamers 
 
Chemically synthesised oligonucleotides containing CpG motifs have been used for 

therapeutic purposes. The targeted activation of TLR9 using these synthetic 

oligonucleotides improves the treatment of infectious diseases and also of cancer, as 

demonstrated by the results obtained in human clinical trials (3;4). It was also shown that 

CpG-containing oligonucleotides should be at least 18 nt in length in order to exploit their 

function effectively (33). 

Decoys are usually 30-100 nt in length and fold in complex three-dimensional (3D) 

structures and shapes, which are required for the interaction with and recognition of their 

targets. They are widely used for target validation and for therapeutic application, and 

their function is based on their ability to compete with the real ligand of the target protein 

or structure (34). They present a structure which mimics or is identical to the real ligand, 

thus acting as ligand antagonists (35). 

The observation that decoys can be used to inhibit target functionality, suggested 

that other highly structured RNA molecules might be able to bind and inhibit a given 

target. Concurrent with this observation, synthetic high-affinity nucleic acids ligands, 

named aptamers (36), were selected from a large pool of randomised sequences by a 

process called systematic evolution of ligands by exponential enrichment (SELEX), 

described in detail in section 1.5.2 (37). So far, the SELEX process has been used to 

successfully select high-affinity DNA or RNA ligands against a variety of targets 

(35;38;39). Like decoys, aptamers are 30-200 nt long molecules, and their high affinity 

and specificity of aptamers is based on their ability to fold into complex, 3D shapes 

rivalling those of the targets (26;40;41). Aptamers have a very broad application range, 

since they are used for target validation, for clinical application and as well as diagnostic 

agents (42-47). Additionally, due to their high similarity in function and affinity towards the 

targets, aptamers are used as substitutes for antibodies and applied in several systems as 
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capture agents, to monitor protein-nucleic acids and protein-protein interactions (48). 

Recently, a high-affinity ligand selected against a plasma membrane receptor, the 

prostate-specific membrane antigen receptor, has been coupled to siRNAs and used to 

mediate siRNA cell type-specific delivery (49). These molecules possess a number of 

advantages which make them good candidates for therapeutic applications, such as their 

very high affinity and specificity towards their targets, the possibility to be selected against 

almost any molecule, the high inhibitory potential, the lack of toxicity and immunogenicity 

(34;43). 

 

1.3 Advantages and disadvantages in the use of nucleic 
acid-based tools and drugs 

 
Nucleic acid-based drugs and tools are routinely used in vitro, and in some cases their in 

vivo application has been successful, as confirmed by the number of nucleic acid-based 

therapeutics applied in clinical trials and approved by the regulatory agencies 

(4;28;50;51). Chemically synthesised nucleic acids can be delivered into cells, 

alternatively they be can be expressed endogenously from a vector, thus allowing a 

continued production of these molecules intracellularly (52). However, their instability in 

physiological fluids and their poor cellular uptake limit their use in vivo. To overcome these 

limitations several strategies have been adopted, such as the use of improved delivery 

systems, and the insertion of chemical modifications (Fig. 1.3.1) that confers stability 

against exo- and endonucleases without affecting their biological activity (28;53;54). 

 

Fig. 1.3.1: Chemical modifications of nucleic acids: 2´-O-methyl (2´-O-Me), 2´-O-methoxyethyl 
(2´-O-MOE), 2´-deoxy-2´-fluoro (2´-F), locked nucleic acid (LNA), 4´-Thio sugars and backbone modifications 
are shown. 
 

The delivery of nucleic acid-based therapeutics is one of the most challenging aspects of 

their in vivo application, and has to fulfil a number of criteria: (i) the delivery should be cell 
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type-specific, (ii) the nucleic acid should be able to gain entry to the cell through the 

plasma membrane, and (iii) once intracellular, it should encounter its target. Several 

approaches have been used to achieve delivery efficiency, namely complexation or 

conjugation of nucleic acids with lipids, polymers, cell-penetrating peptides, small 

molecules, aptamers and antibodies (55-57). Besides the local administration of nucleic 

acid-based therapeutics that allows a site-specific localisation of the drugs, the systemic 

application of nucleic acids conjugated to aptamers or antibodies also has led to an 

extremely high cell type-specific and efficient delivery in vivo (49;58). 

 

1.4 Nucleic acid-protein interactions 
 
The interactions between nucleic acids and proteins are of fundamental importance for the 

survival of cells. Most proteins bind to nucleic acids in an evolved sequence-dependent 

fashion (59;60). Major characteristics of protein-nucleic acid interaction include high 

specificity for the interacting polypeptide domain and the recognised nucleic acid 

sequence motif. Also the binding strength of both partners may be of great importance for 

biological activity as, for example, in case of repressor-operator interactions (61). The 

sequence-specific binding proteins are capable of selecting the correct sequence out of a 

huge number of potential sequences. This remarkable ability is still poorly understood, 

despite a variety of models which have been proposed (60). 

 

1.4.1 DNA-protein interactions 
 
Many proteins which are involved in DNA replication, recombination and repair, but also 

structural proteins exert their functions via interactions with DNA in a 

sequence-independent way. Others are able to precisely define sites for DNA replication, 

DNA methylation, DNA cleavage, or transcription initiation and termination by 

sequence-specific recognition. The latter is the result of interactions between defined DNA 

sequences and proteins with stringent binding selectivity (62). Examples of 

sequence-specific binding proteins are the repressors and the transcription factors, which 

regulate gene transcription by binding to a particular set of DNA sequences, and thus 

activating or inhibiting the transcription of genes (61). Other proteins which recognise 

specific DNA sequences include the TATA box-binding proteins, and restriction enzymes 

which bind to specific motifs, and cut the double helix (63). 

The structure of the dsDNA is relatively uniform, and consists of a negatively charged 

sugar-phosphate backbone and a core of stacked base pairs whose edges are exposed in 

major and minor grooves. The pattern of functional groups exposed in the DNA grooves 
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provides each DNA sequence its chemical signature which is recognised by the 

sequence-specific binding proteins, allowing them to read the DNA sequence. Most 

proteins bind the DNA by interactions with bases located in the major groove, where they 

are more accessible (59;64). 

The surfaces of these proteins are chemically complementary to their cognate DNA 

sequences, and the stabilisation of the complexes is given by a series of favourable 

electrostatic and van der Waals interactions between the molecules. In addition, all 

protein-DNA complexes contain a large number of contacts with the negatively charged 

phosphates that include salt bridges with positively charged amino acid side chains and 

hydrogen bonds with the uncharged backbone or side chain atoms in the proteins (59). A 

combined analysis of protein sequence and protein structural data showed that the 

sugar-phosphate DNA backbone contacts are well conserved among all DNA-binding 

protein families, while in most cases the base contacts are highly conserved only among 

the sequence-specific proteins belonging to the same family (63). 

 

1.4.2 RNA-protein interactions 
 
RNA molecules are flexible structures that display a variety of structures, including a short 

stretch of double helix (A-form), hairpin loops, bulges and pseudoknots (65). The motifs 

which stabilise the tertiary structures are relatively small and often involve backbone 

functional groups and non-canonical base pairs, creating geometries and surfaces used in 

RNA-protein recognition (66). 

Several proteins bind to RNA in a sequence-independent fashion, as the 

heterogeneous nuclear ribonucleoprotein and serine-arginine-rich protein families which 

associate non-specifically with nascent transcripts or have redundant activities in splicing 

(62). Others display very high sequence specificity, as the aminoacyl-tRNA synthetases 

which directly recognise the anticodon sequence of their respective tRNAs (67). 

Information concerning RNA structures and the basis of the molecular interactions 

with proteins has been obtained after solving the crystal structures of the ribosome and its 

subunits. The structure of the big subunit proves that the site of peptide-bond formation, is 

composed entirely of RNA and that the proteic component contributes to the neutralisation 

of negative charges on the rRNA backbone and stabilises certain tertiary folds (8;9). 

The interface properties of the protein-RNA complexes reveal that proteins tend to interact 

with RNA where it forms complex secondary structure elements such as stem-loops and 

bulges. In addition, non-canonical base pairing, which may occur in loop regions of RNA 

structures, are also features which are preferentially recognised by proteins (65). In RNA 

binding sites van der Waals interactions play a more relevant role than hydrogen bonds, 
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and a preferential binding to guanine and uracil was observed. Moreover, the positively 

charged residue arginine and the single aromatic residues phenylalanine and tyrosine, 

play important roles in the binding to RNA molecules (65). 

Despite the ability of the RNA molecules to adopt a great variety of non-canonical 

and tertiary structures when compared to the DNA molecules, it appears that most of the 

base and backbone contacts (both hydrogen bonding and van der Waals), as well as the 

modes of secondary structure interactions observed for RNA recognition are similar to the 

ones observed for duplex- and single-stranded-specific DNA binding proteins (67). 

 

1.5 Approaches for identifying nucleic acid ligands to proteins 
 
Nucleic acid-binding proteins, as described above, often possess a high affinity and in 

some cases, a high specificity for their target sequences.  

Several strategies have been developed to identify sequences, which are naturally 

bound by nucleic acid-binding proteins. These comprise deoxyribonuclease (DNase) 

footprinting (68), enzyme-linked immunosorbant assay (ELISA) (69), phage display (70), 

analysis of chromatin immunoprecipitated DNA by polymerase chain reaction (PCR) (71), 

and screenings in which duplex DNA molecules are immobilised on surfaces and protein 

binding is detected by plasmon resonance (72) or fluorescence (73). However, for the 

identification of nucleic acid ligands to a variety of targets, including proteins and other 

molecules, which naturally lack the nucleic acid-binding ability, primarily two methods are 

employed, namely a selection on microarrays and SELEX (37). These two approaches 

are described in more detail below. 

 

1.5.1 The microarray approach 
 
Since its introduction as a technique for large-scale DNA mapping, sequencing, and for 

transcriptional profile analyses, the microarray technology has been applied to many other 

areas by adapting the basic concept and combining it with other techniques (74-76). For 

example, the interaction between proteins, such as transcription factors, and DNA has 

been studied using on-chip chromatin immunoprecipitation (ChIP-chip) (Fig. 1.5.1), 

whereby a protein is ultraviolet- (UV-) crosslinked to DNA, and immunoprecipitated via a 

specific antibody (Ab) (77-79). The hybridisation of the isolated DNA to a genomic DNA 

fragments identifies its position, and therefore the genomic position of the protein binding 

site. This method is the most widely used for identifying in vivo transcriptional 

factor-binding sites in a high-throughput fashion, and has recently been applied as well to 

study histone modifications, histone-modifying proteins and chromatin remodelling (76). 
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Fig. 1.5.1: ChIP-chip technique. The genomic DNA is 
incubated in the presence of the DNA-binding protein. The 
DNA-protein complexes are stabilised by UV-crosslinking, 
followed by immunoprecipitation of the complexes using a 
specific Ab. The protein is then removed by digestion and 
the DNA molecules after labelling are hybridised to a DNA 
microarray. The origin of the precipitated DNA-fragments is 
deduced from their binding positions. Figure taken from 
Hoheisel (74) 

 

 

 

 

 

 

Another method for the in vivo identification of binding sites utilises a DNA-binding protein 

fused to DNA adenine methyltransferase (Dam), which marks DNA near the target sites of 

the protein (76). In this approach, the protein of interest and Dam are co-expressed as a 

fusion construct. When the protein binds its specific sequence on DNA, Dam methylates 

the adenines within GATC sites in the vicinity of the binding sites. The methylated sites 

are detected by digestion with a methyl-specific restriction enzyme, followed by 

amplification, labelling and hybridisation to a microarray. This approach has been used to 

identify binding sites for sequence-specific transcriptional factors, DNA methyltransferase, 

chromatin and chromatin-associated proteins (76). Compared to the ChIP-chip approach, 

this method has the advantage of not requiring the use of specific antibodies. However, it 

is not suitable for the detection of post-translational modifications, and does not permit 

high-resolution mapping of binding sites, because methylation by the Dam extends over a 

few kilobases from the targeted-binding site. 

As an alternative to the in vivo approaches, the binding of protein to nucleic acid 

sequences can be analysed in vitro directly by using epitope-tagged proteins (74;80). With 

this method, the proteins are incubated with microarrays that contain spots of nucleic acid, 

and once bound to their binding sites, they are detected with a labelled Ab. This technique 

allows the determination of in vitro binding specificities of individual proteins in a single 

day, and has been used successfully to study the recognition via transcription factors of 

specific sequences (80). 
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In addition to the strategies described above, several aptamer-based microarrays have 

been developed to analyse potential aptamer-protein interactions (81), or as protein 

capture agents for the detection and quantification of the level of individual proteins in 

complex biological mixtures (82;83). This approach presents the advantages of screening 

a pool of potential aptamers for binding affinity to a specific target protein conveniently in a 

single measurement. Additionally, any protein bound to an aptamer microarray can be 

easily removed by denaturation, allowing the reuse of the microarray. Despite these 

benefits, this approach is not widely used. The number of different sequences that an 

aptamer-based array contains is in a range of 1015, making the production of such an 

array difficult and costly. 

 

1.5.2 The SELEX approach 
 
The process of the systematic evolution of ligands by exponential enrichment, SELEX, 

was introduced for the first time in 1990 by Tuerk et al. (37) who selected high-affinity 

RNA ligands for the T4 DNA polymerase. 

 

 

 

 

 

 

 

 

Fig. 1.5.2: Schematic representation of the SELEX process. (A) SELEX procedure for DNA aptamers. A 
pool of randomised DNA sequences flanked by constant primer sites (green) is subjected to a selection 
process, the unbound species are removed and the selected species are amplified and analysed. The 
enriched library is used to repeat the selection cycle. (B) The SELEX procedure for RNA aptamers is similar to 
the method used for DNA aptamers but includes two additional steps, namely a reverse transcription and a T7 
RNA polymerase transcription. Over iterative rounds, high-affinity and specific aptamers can be selected. 
 

Using this approach RNA and DNA aptamers are selected in vitro from libraries containing 

random sequences of up to a few hundred nt (Fig. 1.5.2 A and B). The selection is based 

on the ability of the nucleic acids to bind target molecules with high affinity and specificity. 

Therefore the 3D structures of selected aptamers reveal highly optimised scaffolds for 

specific target recognition (38;44). 
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Over the last few years, a large number of aptamers have been evolved against a variety 

of targets such as amino acids, oligosaccharides, proteins, organic dyes, antibiotics, 

biological cofactors, cell surface epitopes and even complex structures such as whole 

virus particles, red blood cell membrane, live African trypanosomes and mammalian 

endothelial cells (38;39;41;46;84). 

The selection of high-affinity ligands, which are able to discriminate between even 

very closely related targets, such as the amino acids arginine and citrulline, or different 

conformational states of the same protein, revealed an exceptional specificity of aptamers 

(38;44). The target discrimination by aptamers is based on different effects, and the 

network of specific hydrogen bonds plays a key role in the discrimination of arginine and 

citrulline. In the protein-aptamer complexes, the ligands are structurally more complex, 

and this results in a high number of discriminatory interactions, which include stacking, 

shape complementarity, electrostatic interactions, and hydrogen bonds (38). 

Although the basic principles of SELEX have remained mostly unaltered since its 

conception, the original protocol was modified to allow the isolation of aptamers with 

specific desired properties (40). The toggle-SELEX, for instance, permits the isolation of 

aptamers with a broader range of specificities by selecting against related targets in 

alternating cycles (34). The tailored-SELEX, instead, involves the ligation and cleavage of 

primer sites before and after amplification, allowing the isolation of shorter aptamer 

sequences that are more readily synthesised chemically (85). In the photo-SELEX, 

aptamers containing light-sensitive nt are UV-crosslinked to their targets, increasing 

binding affinity (43;86). Recently, a non-SELEX approach has been described (87), 

whereby aptamers were selected against the human Ras protein. In the non-SELEX 

approach, the steps of amplification and strand separation are omitted leading to a faster 

and simpler selection method compared to the original protocol. 

The SELEX approach allows the selection of aptamers against targets that do not 

normally bind nucleic acids, and this possibility increases the potential functions and 

applications of nucleic acids, as therapeutics and tools in molecular biology. However, 

using this method only very tight binders can be selected, with an extremely high affinity 

towards their targets (dissociation constant values, Kd, in the low nanomolar to picomolar 

range) (44), making this system not suitable for the identification of natural binding motifs 

of nucleic acid-binding proteins, since such interactions need to be reversible to allow 

gene regulation. Selected aptamers bind at sites on their targets that cannot be predicted 

in theory. Usually they show epitope dominance, but only in some cases the dominant 

epitopes overlap with the functional domains of the target protein, e.g. substrate binding 

pockets or allosteric sites, thereby modulating the biological function of the molecule 

(40;44;48). Additionally, the application of aptamers is hampered by technical problems 
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that are related to their size and ways of syntheses or endogenous expression, 

respectively. 

 

1.6 Recognition of proteins by short oligonucleotides 
 
Short oligonucleotides, below 12 nt in length, have been shown to specifically interact with 

target proteins (88;89). Due to their small size, these short nucleic acids lack the 

disadvantage of a costly chemical synthesis, which is the main limiting factor in the use of 

aptamers, while preserving advantages, such as the possibility of screening libraries 

systematically to identify binders, and of a rational drug design. Pinskaya et al. (88) 

showed that a phosphorothioate- (PS-) modified octanucleotide bound to the human 

immunodeficiency virus type 1 (HIV-1) integrase (IN). This oligonucleotide was derived 

from the long terminal repeats (LTRs) of HIV-1. The binding to the IN was 

sequence-specific, although the high affinity of this short oligonucleotide for the protein 

was due to its PS-modified backbone. Furthermore, Wyatt et al. (89) showed that an 

11mer oligonucleotide, which was coupled with an acridine group, bound with high 

specificity to the surface glycoprotein 120 (gp120) of HIV-1 and was able to inhibit 

gp120-mediated cell fusion. Even though the specificity was due to the sequence, also in 

this case the high affinity was due to the presence of a hydrophobic moiety, which played 

a key role for the interaction with this protein by forming additional contacts between the 

enzyme and the oligonucleotide. 

Although these two examples are highly specialised cases that cannot be 

generalised, they indicate that short oligonucleotides may be able to specifically bind to 

polypeptides. For this reason, I considered to investigate in a ´proof of concept study´ 

whether very short oligonucleotides may bind in a specific and biologically meaningful way 

to a given target protein of interest. 

The reverse transcriptase (RT) of HIV-1, described in detail below, was chosen as a 

target because it naturally binds to nucleic acids and is an essential component of the 

HIV-1 life cycle. Furthermore, previous studies have proved that long oligonucleotides 

(aptamers) can be selected which are highly specific for this protein and which have been 

shown to interfere with the enzymatic activity leading to a reduction of viral replication 

(84;90-97). A technical advantage was the fact that large amounts of highly pure HIV-1 RT 

could be obtained from recombinant bacteria. In addition, the 3D structure is known and 

could be used for modeling studies, and cell-based infectivity assays for testing potential 

inhibitors are available. 
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1.7 HIV and the reverse transcriptase 
 
The HIV is a member of the Lentivirus genus, which belongs to the Retroviridae family. As 

all other retroviruses, HIV presents an RNA genome, which is reverse-transcribed to viral 

dsDNA by the viral RT upon entering a new host cell. However, the lentiviruses present a 

number of unique aspects that are not common to the other members of the Retroviridae 

family, such as their long incubation period (Lenti-, latin for ´slow´), their ability to infect 

some types of non-dividing cells, the target receptors and co-receptors which are distinct 

from those used by other retroviruses, and additional regulatory and accessory proteins 

which are not encoded by the genome of other retroviruses (98;99). Other members of the 

Lentivirus genus are the simian immunodeficiency virus (SIV), the equine infectious 

anaemia virus (EIAV) and the feline immunodeficiency virus (FIV). 

In 1983, the HIV-1 was identified as the causative agent for acquired 

immunodeficiency syndrome (AIDS) (100;101), and only three years later a second type 

of HIV, called HIV-2, was discovered. Like the original virus, HIV-2 also leads to AIDS, but 

with a longer incubation time and a lower morbidity (99). 

The HIV-1 RT was employed as model target in this study. Therefore, in the 

following sections, the HIV-1 and in particular its encoded RT will be described.  

 

1.7.1 The HIV-1 and its replication cycle 
 
The HIV-1 mature virion is a roughly spherical particle (approximately 100 nm in diameter) 

(Fig. 1.7.1). As all other lentiviruses, HIV-1 is enveloped by a lipid bilayer derived from the 

membrane of the host cell. The glycoprotein gp120 is exposed on the surface and 

anchored to the lipid bilayer via interactions with the transmembrane glycoprotein 41 

(gp41). In addition to the virally encoded proteins, the envelope also contains several 

cellular membrane proteins which are derived from the host cell, including major 

histocompatibility antigens, actin and ubiquitin (102;103). A matrix, formed by the matrix 

protein (MA), lines the inner surface of the viral membrane and surrounds the capsid, 

which located in the center of the virus and is composed by the capsid protein (CA or 

protein 24, p24). Included in the capsid are two copies of the RNA viral genome (~ 9 kb), 

stabilised by interaction with the nucleocapsid protein (NC), and also three virally encoded 

enzymes, namely the protease (PR), the RT and the IN. In addition, virus particles also 

package the accessory proteins, negative regulatory factor (Nef), virus infectivity factor 

(Vif) and viral protein R (Vpr) (102;104). 
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Fig. 1.7.1: Schematic drawing of the 
HIV-1 virion organisation and the HIV-1 
replication cycle. The general features of 
the mature HIV virion are shown (top), in 
which the approximate locations of the 
gp120, the gp41, the envelope, the CA, and 
the dimeric RNA genome are indicated. 
Upon recognition of the target cell, the virus 
envelope fuses with the host plasma 
membrane and the virus capsid is released 
into the cell. The RNA genome undergoes 
a reverse transcription by the RT. The viral 
DNA is then integrated into the 
chromosome of the host cell. The 
transcription of the integrated viral DNA 
leads to full-length genomic RNAs, which in 
part undergo a splicing process. All 
transcripts are exported to the cytoplasm. 
Viral proteins are then translated and 
transported to the plasma membrane. 
Progeny virions are released from the 
infected cell by budding, followed by a 
proteolytic maturation of the virions. Figure 
modified from Balvay et al. (105). 
 

 

 

 

 

The HIV-1 primarily infects cells in the human immune system which bear the CD4 

receptor, such as helper T cells (specifically CD4+ T cells), macrophages and dendritic 

cells (106), and its replication cycle is shown in Fig. 1.7.1. 

The first stage of the HIV-1 entry process involves the binding of HIV-1 gp120 

glycoprotein to the cell surface CD4 antigen. After the virus has attached to CD4, gp120 

glycoprotein undergoes conformational changes and displays a co-receptor-binding site, 

which allows its binding to co-receptors, such as the chemokine receptors CCR5 and 

CXCR4 (107-110). Once the virus has fused with the target cell, the uncoating event 

occurs, resulting in the release of the viral nucleic acids from the capsid into the host cell 

cytoplasm (102;111). This process has not yet been satisfactorily elucidated. The viral 

RNA genome, is reverse transcribed by the viral RT, which catalyses the conversion of 

viral RNA into double-stranded complementary DNA (see 1.7.2). Once synthesised, the 

viral DNA is transported to the nucleus as part of a pre-integration complex which includes 
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the IN, and seems to include the MA, the RT, the Vpr viral proteins, as well as the cellular 

host protein high-mobility-group I (102). 

After its translocation to the nucleus, the viral DNA is integrated into the chromosome of 

the host cell by the viral IN enzyme. Here, the IN interacts with sequences at the end of 

the LTRs (102;111). Following the integration into the host chromosome, the transcription 

of the integrated provirus leads to the generation of a large number of viral RNAs, which 

fall into three main classes: (i) unspliced full-length genomic mRNAs which are first 

translated to the group-specific antigen precursor (Gag) as well as the group-specific 

antigen precursor polymerase (GagPol) polyproteins and are then packaged into progeny 

virions as genomic RNA, (ii) partially spliced mRNAs (~ 5 kb) which encode for the gp120, 

gp41, Vif, the viral protein U (Vpu) and Vpr proteins, and (iii) the small (< 2 kb) mRNAs 

which are translated into the regulator of virion expression (Rev), the transactivator protein 

(Tat) and Nef (98;102). The full-length and partially spliced mRNA transcripts are exported 

into the cytoplasm via a mechanism which is mediated by the virus protein Rev. Once in 

the cytoplasm the Gag polyprotein is translated from the unspliced mRNA, and a 

translational frame-shift results in the generation of GagPol precursor proteins (105). The 

formation of viral particles requires the multimerisation of the precursor proteins Gag and 

GagPol. The MA, CA, and NC domains drive the multimerisation of retroviral precursor 

proteins (112). In addition, experimental evidence showed that viral RNA might function as 

a scaffold in this multimerisation process (113). 

The amino- (N-) terminally myristoylated matrix domain of the polyproteins directs 

the binding to the cellular membrane where it interacts with the cytoplasmic tail of gp41 

(98;102). Two copies of the viral RNA genome are packaged in a budding viral particle, 

and this process is mediated by the NC domain of the assembling viral Gag polyproteins 

(114;115). The tRNALys3, used as a primer during the reverse transcription, is also 

selectively packaged into the virus by the Gag, and the ´thumb´ subdomain within the 

GagPol precursor (116). During or shortly after virus release from the plasma membrane, 

the viral particles undergo to a maturation process, in which the polyproteins are cleaved 

by the viral PR to produce the viral enzymes, as well as the MA, CA and NC structural 

proteins, followed by a rearrangement of the structural proteins to form the infectious virus 

particle (102;103). 

The accessory proteins encoded by HIV-1, namely Nef, Vif, Vpr and Vpu are usually 

dispensable for viral growth in many in vitro systems (104;117). However, these proteins 

play important roles during the viral life cycle in vivo. Nef, for example, has been shown to 

be involved in the modulation of cellular receptors, including CD4, MHCI, MHCII and 

CD28, to enhance viral infectivity, and to interfere with the host cell signal transduction. Vif 

stimulates the reverse transcription and plays a role in counteracting host anti-virus 
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factors (118;119), while Vpr is involved, as described above, in the nuclear import of the 

pre-integration complex, in the induction of apoptosis and it interferes with the host cell 

cycle progression. The Vpu instead plays a role in the CD4 degradation and promotion of 

the virus release. 

 

1.7.2 The HIV-1 RT and the reverse transcription 
 
The RT derives from a proteolytic processing of the GagPol precursor by the viral PR 

(120). Initially the cleavage produces a homodimer of two p66 (66 kDa) molecules, and 

the subsequent proteolytic removal of carboxy(C)-terminus of one of the subunits results 

in the mature p66/p51 RT heterodimer (Fig. 1.7.2 A). The larger subunit, p66, contains 

both polymerase and RNase H domains, while the smaller subunit, p51 (51 kDa), lacks 

the RNase H domain. 

Several crystal structures of RT non-complexed (121;122), and complexed with 

non-nucleoside inhibitors (123-127) or with nucleic acids (128-131) have been solved in 

the last years, therefore detailed structural data are available. 

Based on its resemblance of the polymerase domain to a right hand, the four 

subdomains have been designated as fingers, palm, thumb, and connection (Fig. 1.7.2 A) 

(129). The finger subdomain is composed of mixed β-strands and three α-helices, and the 

palm includes five β-strands that form hydrogen bonds with four β-strands positioned at 

the base of the thumb. A helical bundle forms the thumb subdomain of the enzyme, 

whereas the connection subdomain, which connects the polymerase and RNase H 

domains, is composed of a large β-sheet and two α-helices. 

Although the subdomains of p66 and p51 are folded similarly, they have a 

completely different spatial arrangement (132). The p51 subunit has a compact structure, 

and is assumed to play a largely structural role in the RT heterodimer (128), while the p66 

has a more extended structure and forms a large cleft (Fig. 1.7.2 A). 

The HIV-1 RT is enzymatically active only as a dimer (133;134), and the 

dimerisation involves first the rapid association of the two subunits, followed by a slow 

conformational change yielding a fully active form (135). Experimental data show that the 

interaction between the thumb domain of p51 and the RNase H domain of p66 plays a 

major role in the conformational change required for the proper folding of the binding sites 

for the primer/template (p/t) and the tRNA, for the maturation and the activation of the 

heterodimeric RT. The thumb subdomain of the p51 is rotated away from the palm, 

allowing significant interactions with the RNase H subdomain. 

A comparison of the structure of RT complexed with dsDNA and the unliganded RT 

revealed a rotation of the thumb domain of about 30-40° closing off the DNA-binding cleft 
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and representing a transition from an open to a closed state (121;128). Additionally, minor 

structural changes occur in the RNase H domain. 

The adoption of an open conformation by the p66 subunit results in the formation of a 

large cleft in the polymerase site that exposes the three catalytic residues aspartate 

(D)110, D185, and D186 (128). This is the catalytically competent conformation of RT, 

which can accommodate a nucleic acid template. 

The RT is conformationally flexible, and experimental evidence described by 

Kensch et al. (136) shows that the unliganded RT can exist in two different conformations, 

and the equilibrium between these two states is temperature-dependent. At physiological 

temperatures the open/closed equilibrium is shifted towards the closed conformation 

whereas at low temperatures the open conformation is energetically favoured.   

Fig. 1.7.2: HIV-1 RT and the process of reverse transcription. (A) Ribbon diagram of HIV-1 RT [protein 
data bank (PDB): 1RTD] in an open conformation. The p66 and p51 subunits are shown in yellow and red, 
respectively. Indicated are the fingers, palm, thumb, and connection subdomains of the two subunits and the 
RNase H domain of p66 subunit. (B) Reverse transcription process. The RNA is shown in red and the DNA in 
blue. Figure modified from Held et al. (137). 
 

The HIV-1 RT, as described above, catalyses the conversion of the viral RNA genome 

into dsDNA (98;138). To perform this process, the RT has a RNA- and DNA-dependent 

polymerase activity as well as an RNase H activity to cleave the template RNA during the 

reverse transcription. 

The reverse transcription occurs in serial steps shown in Fig. 1.7.2 (B), and is 

initiated by using the host cell tRNALys3 as a primer which is annealed to the viral RNA 

primer binding sequence (PBS). The PBS is complementary to the 18 3´-terminal nt of the 
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tRNALys3 (139). The RT bound to the RNA/tRNA hybrid starts the DNA synthesis, which 

proceeds to the 5´-end of the RNA molecule, generating a DNA/RNA hybrid. The RNase 

H degradation of the copied 5´-end of the RNA genome by RT releases the DNA fragment 

known as the minus-strand strong stop DNA. By using short regions of homology 

(R regions), the minus-strand strong stop DNA is transferred from the 5´- to the 3´-end of 

the genome. The 3´-end of the minus-strand strong stop DNA is used to prime the 

synthesis of the minus-strand DNA. This transfer step is chaperoned by the NC, which 

has been shown to facilitate the annealing between the transactivation response element 

(TAR) RNA and complementary TAR DNA stem-loop structures. This is achieved by 

binding and destabilisation of the secondary structure of the cTAR DNA by NC, to inhibit 

self-priming, and to promote the annealing of cTAR to TAR RNA (140;141). 

The RNase H degradation of the RNA genome during minus-strand synthesis 

leaves behind an RNA polypurine tract (PPT) fragment and a central polypurine tract 

(cPPT), which prime the plus-strand DNA synthesis. The tRNALys3 bound to the PBS is 

removed by RNaseH, thereby allowing second-strand transfer to take place, followed by 

strand displacement synthesis, which allows complete extension of both DNA copies. The 

DNA product also contains a duplicated U3-R-U5 region, called LTRs, as a result of the 

two strand transfer reactions.  

The viral accessory protein Vif has been found to modulate the RNA- and 

DNA-dependent DNA polymerase activity of RT via a stimulation of the binding of the viral 

RT to the primer by increasing the association rate and by decreasing the thermodynamic 

barrier for complex formation, and finally via increasing the polymerisation rate of 

HIV-1 RT (142). 

 

1.7.3 The HIV-1 RT as a target for therapeutic intervention 
 
During the last two decades, many efforts have been made to keep the AIDS disease 

under control and several compounds have been formally approved as anti-HIV drugs. 

These compounds can be divided into: (i) the RT inhibitors, (ii) the PR inhibitors and the 

(iii) fusion inhibitors (143;144). 

In addition, a variety of new anti-HIV agents are at present in clinical or preclinical 

development. Some of the new agents are directed against already therapeutically 

validated viral targets such as RT, PR, gp120 and gp41 targets, others instead are 

developed to interfere with other fundamental viral processes such as the viral adsorption 

and entry, the proviral DNA integration, the transcription transactivation, or the viral 

particles budding and maturation (107;111;143;145-147). 
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Furthermore, several attempts have been made to regulate viral replication by using 

nucleic-acid based inhibitors. For example, synthetic siRNAs have been used in vitro to 

degrade the viral RNA genome (148-150), others strategies employ decoys, antisense 

oligonucleotides, ribozymes or aptamers towards regulatory regions of the viral genome 

(151-153).  

The RT is one of the most attractive targets for inhibiting HIV replication since: (i) it 

is a crucial enzyme in the viral replication cycle; (ii) its properties are different from those 

of the other cellular DNA polymerases; and (iii) it is active in the cytoplasmic compartment 

of the infected cell, separate from the nuclear and mitochondrial DNA polymerases (154). 

The first drug approved by the U.S. Food and Drug Administration for the treatment 

of AIDS was the RT inhibitor 3´-azido-3´-deoxythymidine (AZT or zidovudine) (155). The 

AZT belongs to the class of nucleoside RT inhibitors (NRTIs), which also includes the 

didanosine, zalcitabine, stavudine, lamivudine, abacavir and emtricitabine. Other RT 

inhibitors are the nucleotide RT inhibitors (NtRTIs), such as tenofovir disoproxil fumarate, 

and the non-nucleoside RT inhibitors (NNRTIs), such as nevirapine, delavirdine and 

efavirenz (143). 

The NRTIs are administered as unphosphorylated pro-drugs, and consequently 

recognised by cellular kinases after their entry into the host cell. Once phosphorylated, the 

NRTIs and the NtRTIs act as competitive inhibitors with respect to the natural 

deoxynucleotide triphosphates (dNTPs). They are incorporated into the growing DNA 

chain, and act as chain terminators because they lack a 3´-hydroxyl (3´-OH) group on the 

ribose or pseudo-ribose moiety. This prevents 3´-5´ phosphodiester bond formation, 

blocking further extension of the DNA (102;156). 

The NNRTIs are allosteric non-competitive inhibitors. They bind to a hydrophobic 

pocket adjacent to the polymerase active site on the p66 subunit and induce structural 

modifications that decrease the nt incorporation rate by displacement of the catalytic D 

residues, thus inhibiting catalysis without blocking substrate binding (102;156;157). 

Although these drugs delay the progression of the disease, they do not cure it, as 

the infection readily leads to drug-resistant mutants (158-160). In addition, long-term 

treatment with antiretroviral NRTI has revealed important adverse effects ranging from 

mild (myopathy) to fatal in some cases (pancreatitis, liver failure and lactic acidosis). Most 

of these side-effects are due to the inhibition of the mitochondrial DNA polymerase γ by 

the NRTI, which leads to a decreased mitochondrial energy-generating capacity 

(161;162). 

As an alternative to the currently used anti-RT drugs, a variety of RT-directed 

high-affinity ligands have been developed and tested for their inhibitory potential (84;90-

97). Tuerk et al. (163), applying the SELEX procedure to the HIV-1 RT, has identified an 
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RNA pseudoknot which displayed both an extremely high affinity (Kd = 25 pM) and a 

strong inhibitory effect (164;165). Most of the selected aptamers prove to interfere with 

more than one step during the reverse transcription process (137). Hannoush et al. (97) 

selected aptamers that proved to inhibit the RNase H activity of RT without a measurable 

inhibitory effect on polymerase activity by directly screening a limited library of chemically 

synthesised RNAs designed to adopt hairpin and ´dumb-bell´ configurations. 

In addition, many new approaches have been developed to inhibit the RT function 

by modulation of the interfaces between the subunits of the enzyme (166). These 

strategies employ peptides and small molecules as RT dimerisation inhibitors (167;168). 

 

1.8 Aim of the study 
 
The aim of my study was to investigate whether (i) specific interactions between very 

short non-structured oligonucleotides and proteins do occur and if so, (ii) the binding 

affinity is strong enough to be biologically relevant.  

As a model system I chose hexameric oligonucleotides and the HIV-1 RT for the 

following reasons: oligonucleotide species should be as short as possible, on the other 

hand; a certain minimal sequence space of 46 (4,096) seemed to be necessary for a 

combinatorial approach. The HIV-1 RT was chosen as model target since the 3D structure 

of RT is known allowing detailed modeling studies and the binding of high-affinity 

aptamers shows that RT can interact with non-substrate like nucleic acids. Additionally, 

highly pure and active enzyme can be obtained in large amounts and several cell-based 

systems for testing potential viral inhibitors are available. 

Hexanucleotides which exhibit high specificity and affinity towards HIV-1 RT should 

then be studied in order to characterise their mode of binding, to locate their binding site 

on the protein, and to analyse their biological effects on protein function and virus 

replication. 

Finally, the feasibility of combinatorial selection approaches for the search of 

hexanucleotides which specifically bind to a given target protein was investigated. 
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2 Materials and Methods 
 
 

2.1 Materials 
 
2.1.1 Devices 
 
Axioskop 2  Carl Zeiss, Göttingen 
Biotrap Gel chamber  Schleicher & Schuell, Dassel 

Blotting device GE-Healthcare, Chalfont St. Gilles (UK) 

CO2 incubator Thermo electron corp., Waltham, MA (USA) 

Centrifuge Beckman Avanti J-25 Beckman, Fullerton, CA (USA) 

Centrifuge Hettich Rotixa 120R  Hettich, Tuttlingen 

Dewar flask Schott, Mitterteich 

DNA Thermal Cycler Biometra, Göttingen 

Electroporation apparatus  Bio-Rad, München 

Electroporation cuvette (2 mm) Bio-Rad, München 

Electrophoresis Power Supply-EPS 3500  GE-Healthcare, Chalfont St. Gilles (UK) 

ELISA-Reader Bio-Rad, München 

FPLCa) system GE-Healthcare, Chalfont St. Gilles (UK) 

Fluoroskan Microplate Reader  Labsystems, Helsinki (Finland) 

Hand-held fluotest lamp Heraeus, Hanau 

HPLCb) Waters 510  Waters, Milford, CA (USA) 

Gel chamber for agarose gels Mini-Sub® Cell GT Bio-Rad, München 

Gel dryer  Bio-Rad, München 

GradiFrac fraction collector  GE-Healthcare, Chalfont St. Gilles (UK) 

Hoefer SG30 gradient maker  GE-Healthcare, Chalfont St. Gilles (UK) 

Image Eraser  GE-Healthcare, Chalfont St. Gilles (UK) 

Incubator (bacteria) Heraeus, Hanau 

NanoDrop® spectrophotometer ND-1000  Nanodrop, Wilmington, DE (USA) 

Peristaltic pump Minipuls3  Gilson, Middleton, WI (USA) 

pH meter 761 Calimatic  Knick, Berlin 

PhosphorImager screen GE-Healthcare (Chalfont St. Gilles, UK) 

Precision balance METTLER PM 480  Delta Range Mettler-Toledo, Giessen 

Power supply GE-Healthcare, Chalfont St. Gilles (UK) 

Rotors JA-25.50 and JLA-10.500  Beckman, Fullerton, CA (USA) 

Scintillation counter (liquid) Wallac 1409  Perkin Elmer, Boston, MA (USA) 

Spectrophotometer Beckman DU-600  Beckman, Fullerton, CA (USA) 

Sequencing gel electrophoresis apparatus  Bio-Rad, München 

Shaker KS 250 basic  IKA Labortechnik, Staufen  

Speed Vac SC 110-A  Faust, Bochum 

Spectrophotometer DU 650  Beckman, Fullerton, CA (USA) 

Table centrifuge 5415 C  Eppendorf, Hamburg 

Thermocycler Uno II  Biometra, Göttingen 

TRIO-Thermoblock  Biometra, Göttingen 

Typhoon 8600 Variable Mode Imager  GE-Healthcare, Chalfont St. Gilles (UK) 

Ultrasonicator Sonorex Super RK 103 H  Bandelin, Berlin 
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Vacuum pump Werner Hassa, Lübeck 

Vortex Vibrofix VF1 IKA Labortechnik, Staufen 

Water bath W22 Prufgerate-Werk, Medingen  

a) FPLC, fast protein liquid chromatography; HPLC, b) high performance liquid chromatography. 

 

2.1.2 Chemicals 
 
All solutions were prepared with ultra pure Milli-Q water which had been distilled using an 

ion exchange cartridge (Millipore, Witten, Germany). All reagents used were molecular 

biology grade unless otherwise stated. All chemicals not listed below were purchased 

from the companies Merck (Darmstadt, Germany), Roth (Karlsruhe, Germany) and 

Sigma-Aldrich (Deisenhofen, Germany). 

 
Acetic acid Roth, Karlsruhe 

Acetone  Roth, Karlsruhe  

Agarose Cambrex Bioscience, Rockland, ME (USA) 

Ammonium peroxodisulphate (APS) Serva, Heidelberg 

Ammonium sulphate [(NH4)2SO4] Gerbu Biochemicals, Gaiberg 

Ampicillin (Amp) Serva, Heidelberg 

AZT T. Restle 

β-Mercaptoethanol  Sigma-Aldrich, Deisenhofen 

1,3-Bis[tris-(hydroxymethyl)-methylamino]-propane Sigma-Aldrich, Deisenhofen 

Boric acid Sigma-Aldrich, Deisenhofen 

Bromophenol blue  Sigma-Aldrich, Deisenhofen 

Calcium chloride (CaCl2) Roth, Karlsruhe 

NHS-fluoresceina) Pierce, Rockford, IL (USA) 

Chloroform/isoamyl alcohol (24:1, v/v) Roth, Karlsruhe 

Coenzyme A Sigma-Aldrich, Deisenhofen 

Coomassie brilliant blue R-250 Sigma-Aldrich, Deisenhofen 

Cyanogen bromide (CNBr) Sigma-Aldrich, Deisenhofen 

Diethanolamine Merck, Darmstadt 

Dimethyl sulphoxide (DMSO) Serva, Heidelberg 

Dithiothreitol (DTT)  Sigma-Aldrich, Deisenhofen 

D-Luciferin Sigma-Aldrich, Deisenhofen 

Ethanol  Merck, Darmstadt 

Ethidium bromide (EtBr) Serva, Heidelberg 

Ethylenediaminetetraacetic acid (EDTA) Merck, Darmstadt 

Ethyleneglycoltetraacetic acid (EGTA) Merck, Darmstadt 

Ficoll 400 Sigma-Aldrich, Deisenhofen 

Fluorescein diacetate (FDA) Invitrogen, Carlsbard, CA (USA)  

Fluorescein-5-maleimide Pierce, Rockford, IL (USA) 

Formic acid  Roth, Karlsruhe  

Glutaraldehyde (pentanedial) Sigma-Aldrich, Deisenhofen 

Glycerol  Merck, Darmstadt 
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Glycine Roth, Karlsruhe 

Isopropyl-β- D-thiogalactopyranoside (IPTG) Gerbu Biochemicals, Gaiberg 

Isopropanol Merck, Darmstadt 

Kanamycin Sigma-Aldrich, Deisenhofen 

Lithium chloride (LiCl) Merck, Darmstadt 

Magnesium chloride (MgCl2) Merck, Darmstadt 

Magnesium sulphate (MgSO4) Sigma-Aldrich, Deisenhofen 

Methanol Merck, Darmstadt 

N,N,N´,N´,-tetramethylethylendiamin (TEMED) Roth, Karlsruhe 

NP-40 (detergent) LKB, Bromma (Sweden) 

Phenol/chloroform (1:1, v/v) Roth, Karlsruhe  

Phenyl methyl sulforyl fluoride (PMSF)  Roth, Karlsruhe  

Polyethylene glycol 8000 (PEG 8000) Sigma-Aldrich, Deisenhofen 

Potassium chloride (KCl)  Merck, Darmstadt 

Potassium dihydrogen phosphate (KH2PO4)  Merck, Darmstadt 

Potassium hexacyanoferrate (III) [K3Fe(CN)6] Sigma-Aldrich, Deisenhofen 

Potassium hexacyanoferrate (II) trihydrateb) Sigma-Aldrich, Deisenhofen 

Roti-Block  Roth, Karlsruhe  

Rotiphorese gel 40%c) Roth, Karlsruhe  

Rotiphorese gel 30%d) Roth, Karlsruhe  

Scintillation cocktail  Roth, Karlsruhe  

SideStep lysis and stabilisation buffer  Stratagene, La Jolla, CA (USA) 

Silane GE-Healthcare, Chalfont St. Gilles (UK) 

Skim milk DIFCO, Detroit, MI (USA) 

Sodium acetate (NaC2H3O2·3H2O) Merck, Darmstadt 

Sodium chloride (NaCl) Roth, Karlsruhe  

Sodium dodecylsulphate (SDS) Sigma-Aldrich, Deisenhofen 

Sodium-125iodide (Na125I)  Hartmann Analytic, Braunschweig 

Sodium phosphate dibasic (Na2HPO4) Roth, Karlsruhe  

Stains-All Sigma-Aldrich, Deisenhofen 

Streptomycin sulphate (C21H39N7O12·1.5H2O4S) Sigma-Aldrich, Deisenhofen 

S-TIBOe) T. Restle 

SYBR gold Invitrogen, Carlsbard, CA (USA) 

Trihydroxymethylaminomethane (Tris)  Sigma-Aldrich, Deisenhofen 

Trichloroacetic acid (TCA)  Sigma-Aldrich, Deisenhofen 

Triton-X 100 Sigma-Aldrich, Deisenhofen 

Tween 20 (detergent) Roth, Karlsruhe  

Urea  Sigma-Aldrich, Deisenhofen 

X-Galf) Sigma-Aldrich, Deisenhofen 

Xylene cyanol  Roth, Karlsruhe  

a) NHS-fluorescein, 5-(and 6-)carboxyfluorescein succinimidyl ester; b) Potassium hexacyanoferrate (II) trihy-
drate, [K4Fe(CN)6·3H2O]; c) Rotiphorese gel 30%, acrylamide/bisacrylamide (37.5:1); d)

 acrylamide/bisacryl-
amide (19:1); e) S-TIBO, tetrahydro-imidazo[4,5,1-jk][1,4]-benzodiazepin-2(1H)-one; f) X-Gal, 5-Bromo-4-chlo-
ro-3-indolyl β-D-galactopyranoside. 
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2.1.3 Columns for HIV-1 RT purification 
 
Diethylaminoethyl- (DEAE-) Sephacel   GE-Healthcare, Chalfont St. Gilles (UK) 

Fractogel EMD Trimethylaminoethyl (TMAE)  Merck, Darmstadt 

Heparin Sepharose CL-6B  GE-Healthcare, Chalfont St. Gilles (UK) 

HiLoad 26/60 Superdex 75 prep grade  GE-Healthcare, Chalfont St. Gilles (UK) 
 

2.1.4 Kits 
 

Bio-Rad protein assay  Bio-Rad, München 

BCIP/NBTa) solution  Calbiochem, Darmstadt 

Developing and fixative solutions Kodak, Rochester, NY (USA) 

ECL™b) western blotting reagent  Pierce, Rockford, IL (USA) 

INNOTEST™ HIV Ag monoclonal Ab Innogenetics, Ghent (Belgium) 

QIAfilter plasmid maxi kit  Qiagen, Hilden 

Miniprep kit  Sigma-Aldrich, Deisenhofen 

pGEM-T easy vector system  Promega, Madison, WI (USA) 

TOPO-TA cloning system Invitrogen, Carlsbard, CA (USA) 

Silver stain kit Bio-Rad, München 
 
a) BCIP, 5-bromo-4-chloro-3-indolylphosphate and NBT, nitroblue tetrazolium; b) ECL, enhanced chemilumi-
nescence. 
 

2.1.5 Consumables 
 

Oligonucleotide-based arrays BF-BIOlabs, Freiburg 

Cell culture flasks (25, 75 and 162 cm2)  Greiner, Frickenhausen 

Cell culture plates (24-, 12-, 6-well)  Greiner, Frickenhausen  

Cell scraper Greiner, Frickenhausen 

Centrifuge tubes (15 or 50 ml) Greiner, Frickenhausen  

Dialysis tube (MWCOa) 12.0-14.0 kDa) Spectrum, Breda (The Netherlands)  

DEAE paper  Whatman, Brentford (UK) 

Gel filtration micro columns (NICK, G-50, G-25)  GE-Healthcare, Chalfont St. Gilles (UK) 

GenElute plasmid miniprep kit  Sigma-Aldrich, Deisenhofen 

Hyperfilm™ ECL GE-Healthcare, Chalfont St. Gilles (UK) 

Immobilon-P membrane (PVDFb) membrane)  Millipore, Witten 

IODOGEN-tubes Pierce, Rockford, IL (USA) 

Membrane filters (0.45 µm)  Schleicher & Schuell, Dassel 

3MM paper  Whatman, Brentford (UK) 

Ni-NTA magnetic agarose beads  Qiagen, Hilden 

Phase lock gel  Eppendorf, Hamburg 

Plastic visible cuvette Brand, Wertheim 

Polygram CEL 300 PEI/UV254 Macherey & Nagel, Düren 

Protran nitrocellulose filter BA85 (0.45 µm)  Schleicher & Schuell, Dassel 

Scalpels Feather, Köln 

Specra/Por micro dialyzer (MWCOa) 25 and 3 kDa)  Spectrum ,Breda (The Netherlands) 

Syringes Becton Dickinson, Franklin Lak., NJ (USA) 
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Ultra centrifugal filters 30 MWCOa) (Amicon)  Millipore, Witten 

Ultrafree centrifugal filter device (Biomax-100)  Millipore, Witten 

96-well luminometer plates (white) Greiner, Frickenhausen 
 
a) MWCO, molecular weight cut-off; b) PVDF, polyvinyl difluoride. 

 

2.1.6 Cell lines, cell culture media and cell culture reagents 
 
Human Burkitt-lymphoma (BJA-B) (169), Human Embryonic Kidney (HEK)293 T (170) and 

HEK293 (171) cell lines were obtained from the Institute of Molecular Medicine, Lübeck, 

Germany. 

 
DMEM with GlutaMAX I and sodium pyruvate  Invitrogen, Carlsbard, CA (USA) 

Fetal calf serum (FCS) Gibco-BRL, Eggestein 

Fibronectin from bovine plasma  Calbiochem, Darmstadt 

Lipofectamine 2000  Invitrogen, Carlsbard, CA (USA) 

199 medium Invitrogen, Carlsbard, CA (USA) 

Opti-MEM I Invitrogen, Carlsbard, CA (USA) 

RPMI 1640 Invitrogen, Carlsbard, CA (USA) 

Trypan blue  Invitrogen, Carlsbard, CA (USA) 

Trypsin/EDTA (0.05% Trypsin, 0.025% EDTA)  Linaris, Wertheim-Bettingen 
 

2.1.7 Bacterial strains and bacterial culture medium 
 

Escherichia coli (E. coli) JM109 
Genotype: recA1, endA1, gyrA96, thi, hsdR17 (rK.,mK+), relA1, supE44, ∆(lac-proAB), 
[F´, traD36, proAB, lacIqZ∆M15] 
Source: Promega, Madison, WI (USA) 
 
E. coli TOP10 
Genotype: F- mcrA ∆(mrr-hsdRMS-mcrBC) φ80lacZ∆M15 ∆lacX74 recA1 araD139 
(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG 
Source: Invitrogen, Carlsbard, CA (USA) 
 
E. coli XL1 blue 
Genotype: recA1 endA1 gyrA96 thi-l hsdR17 supE44 relA1 lac 
Source: T. Restle 
 
Luria-Bertani (LB) medium 0.5% (w/v) yeast extract 
(pH 7.5) 1.0% (w/v) tryptone 
 1.0% (w/v) NaCl 
 
For agar plates 15g/l agarose were added to LB medium 
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SOC medium 2% (w/v) tryptone 
(pH 7.0) 0.5% (w/v) yeast extract 
 10 mM NaCl 
 2.5 mM KCl 
 10 mM MgCl2 
 20 mM MgSO4 
 20 mM glucose 
 

2.1.8 Enzymes, molecular weight markers and antibodies 
 

BenchMark pre-stained protein ladder   Invitrogen, Carlsbard, CA (USA) 

Calf intestinal alkaline phosphatase (CIP) New England Biolabs, Beverly, MA (USA) 

DNA ladder (10 bp, 100 bp and 1 kb) Invitrogen, Carlsbard, CA (USA) 

Kaleidoscope prestained standard  Bio-Rad, München 

Lysozyme  Serva, Heidelberg 

Mark12 unstained protein standard  Invitrogen, Carlsbard, CA (USA) 

Monoclonal HIV-1 RT-directed Ab (MAb 20)  T. Restle (172) 

Monoclonal TLR9-directed Ab FITC-conjugated IMGENEX, San Diego, CA (USA) 

Mung Bean nuclease  Promega, Madison, WI (USA) 

PageRuler prestained protein ladder  Fermentas, Burlington, Ontario (Canada) 

Polyclonal donkey anti-rabbit IgG FITC-conjugated Jackson ImmunoResearch, Suffolk (UK) 

Polyclonal goat anti-firefly luciferase Ab Promega, Madison, WI (USA) 

Polyclonal goat anti-HIV-1 Ab Acris, Herford 

Polyclonal goat anti-rabbit IgG AP-conjugated Ab Dako, Hamburg 

Polyclonal goat anti-rabbit IgG HRP-conjugated Ab Dako, Hamburg 

Polyclonal rabbit anti-goat IgG Ab Jackson ImmunoResearch, Suffolk (UK) 

Polyclonal rabbit anti-goat IgG HRP-conjugated Ab Dako, Hamburg 

Polyclonal rabbit anti-HIV-2 RT (K38) T. Restle 

Polyclonal rabbit anti-human β-actin Ab Abcam, Cambridge (UK) 

Polyclonal rabbit anti-p24 Ab B. Müller 

Proteinase K  Fermentas, Burlington, Ontario (Canada) 

RNase A/T1 Mix  Fermentas, Burlington, Ontario (Canada) 

RNasin  Promega, Madison, WI (USA) 

S1 nuclease GE-Healthcare, Chalfont St. Gilles (UK) 

Thermophilus aquaticus (Taq) DNA polymerase  New England Biolabs, Beverly, MA (USA) 

Terminal deoxynucleotidyl transferase  Fermentas, Burlington, Ontario (Canada) 

T4 polynucleotide kinase Fermentas, Burlington, Ontario (Canada) 

T4 RNA ligase Fermentas, Burlington, Ontario (Canada) 
 
Abbreviations: IgG, immunoglobulin G; FITC, fluorescein isothio-cyanate; AP, alkaline phosphatase; HRP, 
horseradish peroxidise. 
 

2.1.9 Proteins 
 

Alexa488-labelled HIV-1 RT: p66194CAlexa488/p51 T. Restle 

  p66K287CAlexa488/p51  T. Restle 

  p66/p51K281CAlexa488  T. Restle 
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Bovine serum albumin (BSA)  Promega, Madison, WI (USA) 

Casein from bovine milk  Sigma-Aldrich, Deisenhofen 

EIAV RT T. Restle 

HIV-1 RT see 2.2.4 and from T.Restle 

6xHis-tagged HIV-1 RT T. Restle (173) 

HIV-2 RT  T. Restle 

Human prion protein (hPrP) T. Restle 

p51 subunit of HIV-1 RT  T. Restle 

TLR9 E. Latz 

T7 RNA polymerase  T. Restle 
 

2.1.10 Nucleotides 
 

[γ-32P]-dATP, 3000 Ci/mmol, 10 mCi/ml  Perkin Elmer, Boston, MA (USA) 

[3H]-dTTP, 110 Ci/mmol, 2.5 mCi/ml  Perkin Elmer, Boston, MA (USA) 

[5,6-3H]-UTP, 35 Ci/mmol, 2.5 mCi/ml  Perkin Elmer, Boston, MA (USA) 

ddNTP Fermentas, Burlington, Ontario (Canada) 

dNTP Peqlab Biotechnologie, Erlangen 

Fluorescein-12-ddCTPa)  Perkin Elmer, Boston, MA (USA)  

a) ddCTP, dideoxycytidine triphosphate. 

 

2.1.11 Nucleic acids 
 
2.1.11.1 Plasmids/vectors 
 

M13mp18 
Features: single-stranded DNA (ssDNA), lacZ 
Source: New England Biolabs, Beverly, MA (USA) 
 
pDMI.1 
Features: kanr, lac IQ-repressor 
Source: T. Restle (175) 
 
pcDNA 3.1 (-)/Myc-His/lacZ 
Features: ampr, neor, lacZ, f1 ori, pUC ori, SV40 ori, 
Source: Invitrogen, Carlsbard, CA (USA) 
 
Pcz VSV-G wt 
Features: ampr, vsv-g, zeor 
Source: G.J. Jármy (174) 
 
pGEM-T  
Features: ampr, f1 ori, lacZ 
Source: Promega, Madison, WI (USA) 
 
pGJ3-Luci 
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Features: ampr, gag, pol, rev1, δenv, rev2, luc, zeor 
Source: G.J. Jármy (174) 
 
pRT1 66/51.1 
Features: ampr, coexpression of p66 and p51 subunits of HIV-1 RT 
Vector: pKK 233-2  
Source: T. Restle (175) 
 
pCRII-TOPO 
Features: ampr, kanr, lacZ, f1 ori, pUC ori 
Source: Invitrogen, Carlsbard, CA (USA) 
 

2.1.11.2 Chemically synthesised and in vitro transcribed nucleic acids 
 

Table 2.1.1: Primers used in this study 

name sequence (5´ to 3´) supplier 

M13 forward primer d(GTA AAA CGA CGG CCA G) Metabion, Martinsried 

M13 reverse primer  d(CAG GAA ACA GCT ATG AC) Metabion, Martinsried 

M13/pUC (-47) 
d(CGC CAG GGT TTT CCC AGT CAC 

GAC) 

New England Biolabs, 

Beverly, MA (USA) 

Primer Flo1 d(TCC CTG TTC GGG CGC CAC) IBA, Göttingen 

Primer PA 
d(TGC AGG CTC GAG TTA ATT AAC 

TGA) 
IBA, Göttingen 

Primer PB d(TGT ATT GCG GCC GCT GAT CTA GA) IBA, Göttingen 

Adaptor PB 
d[TGT ATT GCG GCC GCT GAT CTA 

GA(G)14] 
IBA, Göttingen 

Poly(rA)/oligo(dT)12-18 Poly(rA)/oligo(dT)12-18 p/t 
GE-Healthcare, 

Chalfont St. Gilles (UK) 

Primer sara 
r(GGG UUA AUC UCU GCA UGG CGC 

CCG AAC AGG GAC AA) 
T. Restle 

Primer T7 d(TAA ATA CGA CTC ACT ATA) T. Restle 
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Table 2.1.2: Oligodeoxyribonucleotides (DNA) used in this study 

name sequence (5´ to 3´) supplier 

Hex-0  AGA GAG IBA, Göttingen 

Hex-1  TCA AAA IBA, Göttingen 

Hex-2  TCA TGA IBA, Göttingen 

Hex-4  GTC TAA IBA, Göttingen 

Hex-5  GGC AAC IBA, Göttingen 

Hex-FB1 ATA GAG IBA, Göttingen 

Hex-FB2 GCT TAT IBA, Göttingen 

Hex-FB3 TCG TGA IBA, Göttingen 

Hex-FB4 GTA GAG IBA, Göttingen 

Hex-FB5 TTT TTT IBA, Göttingen 

Hex-S1  CGA CCG IBA, Göttingen 

Hex-S3  TCG TGT IBA, Göttingen 

ATC GTG T IBA, Göttingen 

TTC GTG T IBA, Göttingen 

CTC GTG T IBA, Göttingen 

GTC GTG T IBA, Göttingen 

TCG TGT A IBA, Göttingen 

TCG TGT T IBA, Göttingen 

TCG TGT C IBA, Göttingen 

TCG TGT G IBA, Göttingen 

(TCG TGT)2 IBA, Göttingen 

(TCG TGT)3 IBA, Göttingen 

(TCG TGT)4 IBA, Göttingen 

(TCG TGT)5 IBA, Göttingen 

Elongated derivatives 

of Hex-S3 

(TCG TGT)6 IBA, Göttingen 

Pentamer-FB1 CCG GG IBA, Göttingen 

Pentamer-FB2 CAT GA IBA, Göttingen 

Polyadenylic acid PolyA (Mw~ 900,000, Length~ 2,500 b) 
Sigma-Aldrich, 

Deisenhofen 

RT1t49 aptamer (92) 
ATC CGC CTG ATT AGC GAT ACT CAG AAG 

GAT AAA CTG TCC AGA ACT TGG A 
T. Restle 

Sense si2B GCC TCA GCA CGT ACC TCT ATT Biomers, Ulm 

Template Flo6 
TGT GGA AAA TCT CTA GAC GTG GCG CCC 

GAA CAG GGA 
IBA, Göttingen 

Template sara (52mer) 
TTG TCC CTG TTC GGG CGC CAT GCA GAG 

ATT AAC CCT ATA GTG AGT CGT ATT A 
T. Restle 

Template T7 

GGG GCG GAC ATT GAT AAG CAG CGA GTG 

ACA TTC CCT GTC ACC TAT AGT GAG TCG 

TAT TA 

T. Restle 
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Table 2.1.3: Oligoribonucleotides (RNA) used in this study 

name sequence (5´ to 3´) supplier 

antisense 2B UAG AGG UAC GUG CUG AGG CTT Biomers, Ulm 

Hex-0 AGA GAG IBA, Göttingen 

Hex-1 UCA AAA IBA, Göttingen 

Hex-2 UCA UGA IBA, Göttingen 

Hex-4 GUC UAA IBA, Göttingen 

Hex-5 GGC AAC IBA, Göttingen 

Hex-S3 UCG UGU IBA, Göttingen 

ACG UGU IBA, Göttingen 

UAG UGU IBA, Göttingen 

UCA UGU IBA, Göttingen 

UCG AGU IBA, Göttingen 

UCG UAU IBA, Göttingen 

Derivatives of Hex-S3 

(positional mutants) 

UCG UGA IBA, Göttingen 

UCG UG IBA, Göttingen 

CGU GU IBA, Göttingen 

UCG U IBA, Göttingen 

CGU G IBA, Göttingen 

GUG U IBA, Göttingen 

Shortened derivatives of 

Hex-S3 

GUG IBA, Göttingen 

Pseudoknot aptamer (163) 
GGG AGA UUC CGU UUU CAG UCG 

GGA AAA ACU GAA 
T. Restle 

RNA MS2 - 
Roche Applied 

Science, Penzberg 

 

 

Table 2.1.4: Chemically modified oligonucleotides used in this study 

name sequence (5´ to 3´) supplier 

5´-end 6-FAM Hex-S3R *UCGUGU IBA, Göttingen 

3´-end 6-FAM Hex-S3R UCGUGU* IBA, Göttingen 

3´-end Cy5 Hex-S3R UCGUGU* IBA, Göttingen 

Hex-1R -2´-F UCAAAA IBA, Göttingen 

Hex-S3R -2´-F UCG UGU IBA, Göttingen 

Hex-S3D -LNA TCG TGT IBA, Göttingen 

Hex-1D -2´-O-Me TCAAAA IBA, Göttingen 

Hex-S3D -2´-O-Me TCG TGT IBA, Göttingen 

Hex-1D -PS TCAAAA IBA, Göttingen 

Hex-S3D -PS TCG TGT IBA, Göttingen 

4-thio U-Hex-S3R UCGUGU IBA, Göttingen 

 
Abbreviations: 6-FAM, 6-carboxyfluorescein; Cy5, cyanin, 4-thio uracil, 4-thio U. 
Labels are indicated with * and chemically modified nt are underlined. 
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2.1.12 Buffers 
 
2.1.12.1 Staining, destaining solutions and buffers used in this study 
 
Coomassie blue staining solution 40% (v/v) methanol 
(gel) 10% (v/v) acetic acid 
 0.01% (w/v) Coomassie brilliant blue R-250 
 
Coomassie blue staining solution 40% (v/v) methanol 
(PVDF) 1.0% (v/v) acetic acid 
 0.01% (w/v) Coomassie brilliant blue R-250 
 
2x Denaturing loading buffer  7.0 M urea, 
(PAGE)  0.1% (w/v) bromophenol blue 
  0.1% (w/v) xylene cyanol 
  in 1x TBE buffer pH 8.0 
 
Destaining solution for Coomassie 40% (v/v) methanol 
(gel) 10% (v/v) acetic acid 
 
Destaining solution for Coomassie 40% (v/v) methanol 
(PVDF) 1.0% (v/v) acetic acid 
 
2x HEPES-buffered saline (HBS) 50 mM HEPES 
(pH 7.1) 280 mM NaCl 
 1.5 mM Na2HPO4 
 
10x Hybridisation buffer 0.25 M NaCl 
 0.20 M Tris-HCl pH 7.5 
 
6x Non-denaturating loading buffer 0.25% (w/v) bromophenol blue 
(PAGE) 0.25% (w/v) xylene cyanol 
 25% (w/v) Ficoll 400 
 in 1x TAE buffer pH 7.4 
 
10x Phosphate buffered saline (PBSb) 1.37 M NaCl 
(pH 7.4) 0.027 M KCl 
 0.081 M Na2HPO4 
 0.0147 M KH2PO4  
 
1x RT binding buffer 50 mM Tris-HCl pH 8.0 
 5 mM KCl 
 5 mM MgCl2 
 1 mM DTT 
 
10x Running buffer (SDS-PAGE) 0.25 M Tris-HCl pH 8.3 
 2.50 M glycine 
 10% (w/v) SDS 
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2x Sample buffer (SDS-PAGE) 0.10 M Tris-HCl pH 6.8 
 0.02 M DTT (or 10% (v/v) β-Mercaptoethanol) 
 4% (w/v) SDS 
 20% (v/v) glycerol 
 0.2% (w/v) bromophenol blue 
 
1x Sodium chloride/Sodium citrate 0.3 M NaCl 
(SCC) buffer (pH 7.0) 30 mM sodium citrate 
 
10x Tris-buffered saline (TBS) buffer 1.37 M NaCl 
(pH 7.6) 0.20 M Tris-HCl 
 3.8% (v/v) HCl 
 
1x TBS-T buffer is 1x TBS buffer with 0.1% (v/v) Tween-20 
 
1x Transfer buffer 0.025 M Tris-HCl pH 8.3 
(Western blotting) 0.190 M glycine 
 20% (v/v) methanol 
 
10x Tris-borate-EDTA (TBE) buffer 0.89 M Tris 
(pH 8.0) 0.02 M EDTA 
 0.89 M boric acid 
 
10x Triethanolamine (TAE) buffer 0.40 M Tris 
(pH 8.5) 0.01 M EDTA 
 0.20 M acetic acid 
 
10x Tris-EDTA (TE) buffer 0.10 M Tris 
(pH 7.5) 0.01 M EDTA 

 

2.1.12.2 Buffers used for HIV-1 RT purification 
 

Lysis buffer 25 mM Tris-HCl, pH 8.0  Buffer A 50 mM Tris-HCl, pH 8.0 
 5 mM DTT   25 mM NaCl 
 1 mM EDTA   1 mM DTT 
 0.4 mM PMSF   1 mM EDTA 
    6% (v/v) glycerol 
 
Buffer B  50 mM Tris-HCl, pH 8.0 1x RT 20 mM Tris-HCl pH 8.0 
 1 mM NaCl  storage buffer 10% (v/v) glycerol 
 1 mM DTT   1 mM EDTA 
 1 mM EDTA   1 mM DTT 
   6% (v/v) glycerol 



Materials and Methods  

 33 

 
Diethanolamine (DEA) buffer A 50 mM diethanolamine, pH 8.0 
 
 
DEA buffer B 50 mM diethanolamine, pH 8.0 
 1 M NaCl 
 
Gel filtration buffer  10 mM 1,3-bis[tris-(hydroxymethyl)-methylamino]-propane-HCl 
(pH 7.0) 250 mM ammonium sulphate 
 

 

 

2.2 Methods 
 
 

2.2.1 Microbiological techniques - cloning techniques 
 
2.2.1.1 Cloning of PCR products 
 
PCR products were cloned into pGEM-T easy and TOPO-TA cloning vectors according to 

the protocol of the manufacturers (Promega, Madison, WI, USA; Invitrogen, Carlsbard, 

CA, USA). They are based on the terminal-transferase activity of the Taq DNA 

polymerase which creates 3´-deoxyadenosine (A) overhangs on the PCR products.  The 

cloning site contains 5´-deoxythymidine (T) overhangs and topoisomerase I enzyme 

(TOPO-TA) or T4 DNA ligase (pGEM-T easy). 

 

2.2.1.2 Transformation of E. coli JM109 and TOP10 cells 
 
Ligated products (see 2.2.1.1) were used to transform commercially available 

chemical-competent E. coli JM109 (Promega, Madison, WI, USA) or E. coli TOP10 

(Invitrogen, Carlsbard, CA, USA) cells as described in the following protocol. 

E. coli JM109 or E. coli TOP10 cells (50 µl) were mixed with ligation reaction (2 µl), and 

incubated on ice (20 min). Cells were then heat-shocked in a water bath at 42°C for 45 s 

and immediately chilled on ice (2 min). SOC medium (950 µl) was added, followed by 

incubation in an orbital shaker (1.5 h, 200 rpm, 37°C). The transformed cells were plated 

onto LB agar containing 100 µg/ml Amp and 80 µg/ml X-Gal. Plates were incubated for 

16 h at 37°C. White colonies, which generally contained inserts, were picked for further 

analysis. The transformation efficiency was in the order of 1 x 107 colony-forming units 

(cfu)/µg plasmid. 
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2.2.1.3 Transformation of E. coli by electroporation 
 
An amount of 100 ng of plasmid DNA was mixed with 80 µl of E. coli XL1 blue cells, 

incubated on ice (1 min), and transferred to a pre-cooled 0.1 cm electroporation cuvette, 

and immediately pulsed in the electroporator (Gene Amp II from Bio-Rad, München, 

Germany) at 1.8 kV, 25 µF, 200 Ω for 5 ms. LB medium (1 ml) was added to the bacteria 

and incubated under shaking (1 h, 200 rpm, 37ºC) to allow the bacteria to recover. 

Bacteria were concentrated by centrifugation (2 min, 4,000 x g, 23°C), the cell pellet was 

resuspended in 100 µl LB medium and spread onto agar plates containing Amp and 

X-Gal. Plates were incubated overnight at 37°C. The transformation efficiency was in the 

order of 1 x 108 cfu/µg plasmid. 

 

2.2.1.4 Screening of colonies by PCR 
 
For the rapid detection of transformation efficiency and to verify the presence of ligated 

DNA, single colonies of transformed bacteria were picked with a sterile toothpick and 

suspended into the PCR solution containing primers, buffer, Taq DNA polymerase, dNTP 

and buffer (see 2.2.2.5). In this case an initial step for 10 min at 95°C was introduced into 

the PCR program (see 2.2.2.5) in order to lyse the cells. The PCR products were 

analysed by TAE-agarose gel electrophoresis. 

 

2.2.1.5 Preparation of bacterial glycerol stocks 
 
To 1 ml of a bacteria culture [optical density at 600 nm (OD600) = 0.7], 20% (v/v) glycerol 

was added, the suspension was mixed gently, and then frozen rapidly in liquid nitrogen. 

The bacterial stock cultures were kept at - 80°C until further use. 

 

2.2.1.6 Preparation of plasmid DNA 
 
The LB medium (5 ml) supplemented with 100 µg/ml Amp was inoculated with a little 

amount of bacteria, collected from glycerol stocks with the tip of a sterile toothpick, and 

incubated (16 h, 37°C) in an orbital shaker. The culture was used for small scale DNA 

preparation (Miniprep kit from Sigma-Aldrich, Deisenhofen, Germany) or to inoculate 

200 ml of LB medium supplemented with 100 µg/ml Amp, followed by incubation (16 h, 

37°C) in an orbital shaker, for large scale DNA preparation (QIAfilter plasmid maxi kit from 

Qiagen, Hilden, Germany). Purification of plasmid DNA was performed following the 

supplier’s recommendations (Sigma-Aldrich and Qiagen). A Miniprep kit was used to 

isolate up to 20 µg of plasmid DNA, alternatively the QIAfilter plasmid maxi kit was used 

for obtaining pure plasmid DNA up to 500 µg from 200 ml bacterial culture. 
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2.2.1.7 Sequencing of DNA 
 
Plasmid DNA was sequenced at the company SeqLab (Göttingen, Germany) using 

sequencing primers M13 forward (16mer) or M13 reverse (17mer). 

 

2.2.2 Methods for nucleic acids 
 
2.2.2.1 Determination of nucleic acid concentration 
 
To determine the concentration of DNA or RNA in solution the absorbance was measured 

at a wavelength of 260 nm (A260) in a quartz cuvette (d = 1 cm) with a Beckmann 

spectrophotometer. The concentration of nucleic acids was determined by using the 

following conversions: 

 
1 A260 = 50 µg/ml dsDNA 

1 A260 = 37 µg/ml ssDNA 

1 A260 = 40 µg/ml ssRNA 

 
When the sequence of the nucleic acid and consequently the molar extinction coefficient 

were known, the concentration could be determined by the Lambert-Beer’s law: 
 

A = ε · c · d 
 
In which A is the absorbance, ε is the molar extinction coefficient, c is the concentration 

and d is the path length of the cuvette. The concentration of nucleic acids was as well 

determined using a NanoDrop® spectrophotometer ND-1000, which allows the analysis of 

1 µl of sample volume. 

 

2.2.2.2 Purification of nucleic acids by phenol/chloroform extraction 
 
For removal of contaminating proteins from nucleic acid solutions, one volume of 

phenol/chloroform (1:1, v/v) solution was added to the sample, mixed vigorously and 

centrifuged (5 min, 20,000 x g, 4°C) to separate the phases. The aqueous phase was 

transferred to a new tube and an equal volume of a chloroform/isoamyl alcohol (24:1, v/v) 

solution was added to remove any trace phenol followed by centrifugation (5 min, 

20,000 x g, 4°C). The aqueous phase was transferred into a new tube and the nucleic 

acids were precipitated by sodium acetate/ethanol precipitation (see 2.2.2.3). 

Phase lock gel vials were used in order to improve the recovery of the nucleic acids and to 

reduce the contamination by the organic phase. 
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2.2.2.3 Sodium acetate/ethanol precipitation 
 
Sodium acetate was added to the sample to a final concentration of 0.3 M, the solution 

was mixed and 3 volumes of 96% (v/v) ethanol in water were added. The sample was 

placed on ice for at least 30 min. The precipitated nucleic acid was recovered by 

centrifugation (15 min, 20,000 x g, 4°C), the supernatant discarded, and the nucleic acid 

pellet rinsed with a 70% (v/v) ethanol/water solution. After a second centrifugation step, 

the supernatant was discarded, and the pellet dried in the Speed Vac SC 110-A. The 

lyophilised nucleic acids were then dissolved in water or TE buffer. 

 

2.2.2.4 Isopropanol precipitation 
 
RNA was precipitated by adding 0.4 M lithium chloride and an equal volume of 96% (v/v) 

isopropanol to the sample. After incubation (30 min, -20°C), the sample was centrifuged 

(30 min, 20,000 x g, 4°C). The pellet was washed with 70% (v/v) ethanol in water, 

centrifuged, the supernatant discarded, and the pellet dried in the Speed Vac SC 110-A. 

The lyophilised RNA was then dissolved in water or TE buffer. 

 

2.2.2.5 Polymerase chain reaction 
 
For amplification of DNA fragments a PCR was performed using the Taq DNA 

polymerase. An amount of 25 ng DNA was used as template, 0.5 µM each of forward and 

reverse primers, 200 µM of each dNTP and 1.0 U of Taq DNA polymerase. The steps of 

the PCR are listed below: 

 
  denaturing 94°C 2 min 

denaturing 94°C 15 s 
  annealing T°C * 45 s         25x 
  elongation 72°C 45 s 
  elongation 72°C 10 min 
  cooling 4°C ∞ 

 
 
The annealing temperatures and the corresponding p/t hybrids are listed below: 

 

Table 2.2.1: Primers and annealing temperature 

forward primer reverse primer annealing T°C 

Primer PA Primer PB 60°C 

Primer B M13 reverse primer 50°C 
 

PCR products were analysed by TAE-agarose gel electrophoresis (see 2.2.2.6). 
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2.2.2.6 Non-denaturing TAE-agarose gel electrophoresis 
 
PCR products and plasmids were analysed by non-denaturing agarose gel 

electrophoresis. The concentration of agarose was adapted to the length of the DNA 

samples (Table 2.2.2). The required amount of agarose was dissolved by heating (usually 

2 min at 800 W in a microwave oven) into a suitable volume (usually 100 ml) of 1x TAE 

buffer, and 0.006% (w/v) EtBr was added. The agarose solution was then poured into a 

gel casting chamber and allowed to solidify. Samples were diluted in non-denaturing 

loading buffer and gels were run horizontally at 8 V/cm length of gel, for about 1 h in 

1x TAE running buffer. The DNA bands were visualised under UV light. 

 

Table 2.2.2: Concentration of agarose used for non-denaturing 
agarose gel electrophoresis 

agarose (%) DNA fragment sizes (bp) 

0.5 1,000-30,000 

0.7 800-12,000 

1.0 500-10,000 

1.2 400-7,000 

1.5 200-3,000 

2.0 50-2,000 
 

2.2.2.7 Polyacrylamide gel electrophoresis (PAGE) 
 
Stock solutions for the preparation of polyacrylamide gels were filtered via a 0.45 µm filter 

and degassed under vacuum prior to addition of APS and TEMED. 

Radio- or fluorescent-labelled samples investigated by denaturing or non-denaturing 

PAGE were visualised by autoradiography or by fluorescence-detection, respectively. 

In the case of radiolabelled probes, the gels were exposed to PhosphorImager 

screens for about 1 h, followed by scanning with the Typhoon 8600 scanner. For the 

fluorescent-labelled probes, the gels could be directly scanned on the Typhoon 8600 

without prior exposure to a screen. When the nucleic acids were not labelled, gels were 

stained with Stains-All. 

 

Denaturing PAGE 
 
Single-stranded nucleic acids were analysed by PAGE under denaturing conditions. The 

gel solution was prepared by mixing a solution of acrylamide/bisacrylamide (19:1) to 

7 M Urea, 0.05% (w/v) APS and 0.1% (v/v) TEMED in 1x TBE. The final concentration of 

acrylamide was adjusted depending on the length of the samples to be analysed (Table 

2.2.3). The gel solution was poured into a chamber, formed by two glass plates separated 
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by spacers, 0.1-1.0 mm in thickness, and polymerised. Gels were pre-run for 30 min in 

order to achieve a temperature of 55°C. An equal volume of denaturing loading buffer was 

added to the samples which were heated (5 min, 95°C) before loading. Gels were 

generally run (0.5-1 h), using 1x TBE as running buffer, at 20 V/cm (gels were 1.0 mm 

thick and 15 cm long). Sequencing gels were run at a voltage of 30  mV/cm (gels were 

0.1 mm thick and 45 cm long), followed by fixation in 10% (v/v) acetic acid (5 min at 

23°C), and dried for 2 h at 80°C. 

 

Table 2.2.3: Concentration of acrylamide used for PAGE 

denaturing PAGE non-denaturing PAGE 

acrilamide (%) fragment sizes (nt) acrylamide (%) fragment sizes (bp) 

4.0 100-500 3.5 100-2,000 

5.0 70-300 5.0 75-500 

6.0 45-70 8.0 50-400 

8.0 35-45 12.0 35-250 

10.0 25-35 15.0 20-150 

20.0 8-25 20.0 5-100 
 

Non-denaturing PAGE 
 
Double-stranded nucleic acids were analysed by PAGE under non-denaturing conditions. 

A solution of acrylamide/bisacrylamide (19:1) containing 0.05% (w/v) APS and 

0.1% (v/v) TEMED was prepared in 1x TBE and used to prepare 1.0 mm thick gels. The 

final concentration of acrylamide was adjusted depending on the length of the samples to 

be analysed (Table 2.2.3). The samples were diluted into non-denaturing loading buffer 

and loaded onto the gel. Gels were run, using 1x TBE as running buffer at 4°C, at 10 

V/cm, for about 2 h. One of the two strands was radio- or fluorescent-labelled for detection 

by autoradiography or fluorescence measurement. 

 

2.2.2.8 Hybridisation of nucleic acids 
 
This procedure was used in order to hybridise complementary single-stranded nucleic 

acids to form double-stranded nucleic acids. The two matching single strands were mixed 

in a molar ratio 1:1 in hybridisation buffer. The samples were then denatured (5 min, 

95°C), and allowed to cool down to 23°C. To test the hybridisation efficiency, samples 

were resolved by non-denaturing PAGE (see 2.2.2.7). In the case of the p/t hybridisation 

procedure, the template strand was used in a 1.3 molar excess over the primer, to 

achieve the complete annealing. 

 



Materials and Methods  

 39 

2.2.2.9 Radiolabelling of the 5´-termini of single-stranded nucleic acids 
 
Synthetic single-stranded nucleic acids have a free 5´-OH group and can be directly 

labelled by T4 polynucleotide kinase as described below. Instead in vitro transcribed RNA 

was subjected to 5´-dephosphorylation by CIP prior to 5´-end-radiolabelling with poly-

nucleotide kinase. 

 

Radiolabelling of synthetic single-stranded nucleic acids 
 
Single-stranded nucleic acids were 5´-end-labelled by an incubation of 10 pmol of DNA or 

RNA, 30 mCi of [γ-32P]-dATP with T4 polynucleotide kinase (30 min, 37°C). Reactions 

were stopped by heating the samples (5 min, 95°C). Labelled short oligonucleotides 

(< 10 nt) were directly analysed by denaturing PAGE, since, due to their small size, a 

separation from the contaminating [γ-32P]-dATP by a phenol/chloroform extraction was 

impossible. Gels were analysed by exposure to a PhosphorImager screen. The screen 

was scanned on the Typhoon 8600 scanner and the relative amount of radioactivity was 

determined by the program ImageQuant 5.2 (Molecular Dynamics, Sunnyvale, CA, USA). 

The percentage of radioactivity of the short oligonucleotide was determined by comparing 

the counts per min (cpm) of the labelled short oligonucleotides and the free [γ-32P]-dATP. 

Labelled long oligonucleotides (> 10 nt) were purified by phenol/chloroform 

extraction (see 2.2.2.2). The aqueous supernatant was gel-filtrated on a G-25 micro 

column in order to remove the contaminating excess [γ-32P]-dATP. The determination of 

the amount of labelled oligonucleotide was performed by thin layer chromatography (TLC) 

(see 2.2.2.10). 

 

Radiolabelling at the 5´-termini of RNA transcribed in vitro 
 
Prior to the labelling of the 5´-end of RNA with polynucleotide kinase, CIP was used to 

´cleave off´ the 5´-terminal phosphate groups of the in vitro transcribed RNA. Five nmol of 

RNA were incubated (1 h, 37°C) with 20 units of CIP following the supplier’s instructions 

(New England Biolabs, Beverly, MA, USA). The reaction was stopped by heating (10 min, 

70°C). Dephosphorylated RNA could then be used as substrate for the 5´-end labelling by 

T4 polynucleotide kinase (see above). 

 

2.2.2.10 Thin layer chromatography (TLC) 
 
In order to quantify the amount of radiolabelled oligonucleotide, 2 µl of collected samples 

(see 2.2.2.9) were loaded onto a TCL plate (Polygram CEL 300 PEI/UV254), and TCL was 

performed in 0.6 M potassium dihydrogen phosphate, pH 3.5. When the leading front of 
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the buffer had reached the end of the plate, the plate was dried and exposed to a 

PhosphorImager screen for 15 min. The screen was scanned on the Typhoon 8600 

scanner and the relative amount of radioactivity was quantified by the program 

ImageQuant 5.2 (Molecular Dynamics, Sunnyvale, CA, USA). By comparing the cpm of 

the labelled oligonucleotides before and after the purification from excess [γ-32P]-dATP, 

the concentration of the labelled probe was determined. 

 

2.2.2.11 Extraction of DNA fragments from non-denaturing polyacrylamide gels 
 
Radiolabelled DNA (see 2.2.2.9) was visualised by autoradiography and the gel slice 

containing the DNA band was excised with a scalpel. The slice was cut into small pieces 

and 400 µl of water was added, followed by vortexing for 1 min and incubation at 37°C for 

3 h. The elution of DNA was further continued for 12 h at 4°C. The fragments of 

polyacrylamide were removed by centrifugation (20 min, 20,000 x g, 23°C). The 

supernatant was carefully transferred to a fresh tube and the DNA was dried in the Speed 

Vac SC 110-A. The lyophilised DNA was then dissolved in water or TE buffer and stored 

at -20°C. 

 

2.2.3 Methods for proteins 
 
2.2.3.1 Determination of protein concentration by measuring A280 
 
The absorbance of proteins in solution was measured at a wavelength of 280 nm in a 

quartz cuvette (d = 1 cm) with a Beckmann Spectrophotometer. The protein concentration 

was calculated on the base of the Lambert-Beer’s law (see 2.2.2.1) and the extinction 

coefficients (Table 2.2.4) were calculated using the amino acid composition of the proteins 

and the computer program ´Protein Identification and Analysis Tools on the ExPASy 

server´ (http://www.expasy.org/tools/protparam.html) (176). 

 

 

Table 2.2.4: Molar extinction coefficients 
of proteins used in this study 

Protein ε (M
-1

cm
-1

)
 

HIV-1 RT 260,450 

HIV-2 RT 238,150 

EIAV RT 223,180 

p51 subunit of HIV 1 RT 124,180 

T7 RNA polymerase 140,000 
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2.2.3.2 Determination of protein concentration by the Bradford method 
 
For mixtures of proteins and when the primary structure was not available, the 

concentration was determined by the Bradford assay (Bio-Rad protein assay kit from 

Bio-Rad, München, Germany), which is based on the binding of the Coomassie Blue 

G250 dye to proteins. The protein solution (200 µl) was mixed to 800 µl of Bradford 

reagent followed by incubation at 23°C for 5 min and the measurement of the absorption 

at 595 nm. The concentration was obtained from a calibration curve with known amounts 

of BSA. 

 

2.2.3.3 Concentration and dialysis of proteins 
 
For concentration, buffer exchange, and desalting, ultrafiltration centrifugal filters (MWCO 

30,000 kDa) were used following manufacturer’s instructions (Spectrum, Breda, The 

Netherlands). The dialysis of protein solutions was done using Specra/Por micro dialyzers 

(MWCO 25.0 and 3.5 kDa) for small (< 50 µl) volumes, and Spectrum Dialysis tubes 

(MWCO 12.0-14.0 kDa) for large volumes. 

 

2.2.3.4 SDS-PAGE 
 
The SDS-PAGE was performed according to Laemmli (177) to analyse purity, molecular 

mass, and concentration of proteins, under denaturing conditions. The discontinuous 

SDS-PAGE was conducted on a vertical gel casting system in 0.75 mm gels. Gels were 

run in 1x running buffer at 5 V/cm until the samples reached the resolving gel, then a 

higher voltage (15 V/cm) was applied. Prior to electrophoresis, samples were diluted in 

1x sample buffer and heated (5 min, 95°C). Stacking and resolving gels were prepared as 

summarised in Table 2.2.5. 

To generate 10-20% (w/v) linear gradient SDS-PAGE, equal volumes of the 

solutions of the two concentrations [10 and 20% (w/v)] were poured into the two chambers 

of the Hoefer SG30 gradient maker. The denser solution was poured into the mixing 

chamber. The gradient was created as described in the supplier manual. The gel solution 

from the mixing chamber was pumped by a peristaltic pump into the gel casting system. 

After SDS-PAGE, proteins were stained using Coomassie blue staining solution for 

about 1 h at 23°C and destained for about 2 h in destaining solution. Alternatively, when 

the protein amount was very low, a Silver stain kit (Bio-Rad, München, Germany) was 

used for staining. This method allowed the detection of 1 ng/band of protein as compared 

to 30-100 ng/band detected by Coomassie blue staining. Silver staining of SDS-PAGE 

gels was performed following supplier’s recommendations (Bio-Rad, München, Germany). 
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Table 2.2.5: Stacking and resolving gels used in this study 

stacking gel  resolving gel 
 

5% (w/v)  10% (w/v) 12% (w/v) 15% (w/v) 20% (w/v) 

Rotiphorese gel 

30% 
0.5 ml 

 

1.7 ml 2.0 ml 2.5 ml 3.3 ml 

1.5 M Tris-HCl, 

pH 8.8 
- 

 

1.3 ml 1.3 ml 1.3 ml 1.3 ml 

1.0 M Tris-HCl, 

pH 6.8 
0.38 ml 

 

- - - - 

10% (w/v) SDS 30 µl  50 µl 50 µl 50 µl 50 µl 

H2O 2.1 ml  1.9 ml 1.6 ml 1.1 ml 0.3 ml 

TEMED 3 µl  5 µl 5 µl 5 µl 5 µl 

10% (w/v) APS 30 µl  50 µl 50 µl 50 µl 50 µl 
 

2.2.3.5 Western blotting of SDS-PAGE gels 
 
For western blotting, unstained SDS-PAGE gels were used (see 2.2.3.4). This protocol 

was performed using specific antibodies directed against the proteins of interest. A piece 

of Immobilon-P membrane of the same size of the SDS-PAGE gel was hydrated in 

methanol for 1 min and washed in distilled water for 5 min. The gel and the membrane 

were soaked in 1x transfer buffer for 10 min to remove electrophoresis salts and 

detergents.  

For each gel, 6 pieces of 3MM paper were soaked in 1x transfer buffer and the 

transfer cassette was then assembled as follows: 

 
(-) anode 
3 layers of 3MM paper 
SDS-PAGE gel 
Immobilon-P membrane 
3 layers of 3MM paper 
(+) cathode 
 
The blotting was performed at 0.8 mA per cm2 gel area, for 2 h at 23°C, using a blotting 

device from GE-Healthcare (Chalfont St. Gilles, UK). 

 
For the detection of proteins, the membrane was rinsed for 15 min in 1x TBS-T buffer to 

remove contaminating SDS followed by blocking in 1x Roti-block solution under shaking 

(1 h, 200 rpm, 23°C). The blocking solution was removed, and the membrane rinsed in 

TBS-T for 15 min. The primary Ab was added in TBS-T and the membrane was incubated 

under shaking (for conditions see Table 2.2.6). The membrane was washed (3 times, 
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5 min each) with TBS-T and the AP- or HRP-conjugated secondary Ab in TBS-T was 

added and incubated under shaking (for conditions see Table 2.2.6). 

 

Table 2.2.6: Antibodies tested and suitable conditions 

Antibody dilution in TBS-T (v/v) incubation conditions 

goat anti-HIV-1 Ab 1/2,000 16 h at 4°C 

goat anti-rabbit IgG HRP-conjugated Ab 1/2,000 1 h at 23°C 

goat anti-rabbit IgG AP-conjugated Ab 1/10,000 1 h at 23°C 

rabbit anti-goat IgG Ab 1/10,000 1 h at 23°C 

rabbit anti-goat IgG HRP-conjugated Ab 1/2,000 1 h at 23°C 

rabbit anti-human β-actin Ab 1/5,000 1 h at 23°C 

rabbit anti-p24 Ab 1/2,000 16 h at 4°C 
 

As substrate for AP a BCIP/NBT solution was used as described by the supplier 

(Calbiochem, Darmstadt, Germany). The membrane was incubated until the bands 

appeared (about 15 min). The reaction was stopped by rinsing the membrane with water. 

Stained membranes were photographed and stained with Coomassie blue staining (1 h, 

23°C), and destained for 2 h in destaining solution. 

Alternatively, in the case of the HRP-conjugated secondary Ab, an ECL™ western 

blotting reagent was used. The staining protocol was performed as described by the 

supplier (Pierce, Rockford, IL, USA). After 1 min of incubation with the substrate, the 

membrane was exposed to a Hyperfilm™ ECL for a maximum of 30 min followed by the 

development of the film using developing and fixative solutions. After their development 

the membranes were stained with Coomassie blue. 

 

2.2.3.6 Radioactive labelling of HIV-1 RT 
 
The procedure of the radiolabelling of protein was performed by W. Wünsche. HIV-1 RT 

was radiolabelled with iodine-125 (125I) by using a commercial Na125I solution (Hartmann 

Analytic, Braunschweig, Germany). Briefly, 100 µl of 5 µM Na125I solution (pH 8.0) were 

placed in an IODOGEN-tube and incubated for 6 min at 23°C to oxidise the iodide to 

reactive periodate. A volume of 96 µl of reaction mixture was incubated with 60 µg of 

protein for 6 min at 23°C followed by incubation on ice for 10 min. Iodinated HIV-1 RT was 

analysed by SDS-PAGE (see 2.2.3.4). 

 

2.2.3.7 Fluorescent labelling of proteins 
 
The NHS-fluorescein was used for labelling proteins at lysine residues. The protocol was 

performed according to the supplier’s instructions (Pierce, Rockford, IL, USA). The protein 
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(1 mg) was dialysed against a solution containing 20 mM sodium phosphate and 150 mM 

NaCl (pH 7.0), for 12 h at 4°C. A 24-fold molar excess of the fluorescent dye was added to 

the protein solution and incubated 2 h on ice. Contaminating free NHS-fluorescein was 

removed from the labelled proteins by gel-filtration (G-50 or G-25 micro columns). 

Fluorescein-5-Maleimide was used for the labelling of cysteine residues on proteins.  The 

protein (1 mg) was dialysed against Tris-HCl buffer (pH 7.0) for 12 h at 4°C. The 

fluorescent dye was added in a 25-fold molar excess to the protein to be labelled, followed 

by incubation for 12 h at 4°C. Excess of dye was removed by gel-filtration (G-50 or G-25 

micro columns). 

Labelled proteins were analysed by SDS-PAGE (see 2.2.3.4). The absorbances of the 

protein and of the fluorophore were determined by the NanoDrop® spectrophotometer 

ND-1000 and the labelling efficiency was calculated as described by the manufacturer 

(Pierce, Rockford, IL, USA). 

 

2.2.4 Expression and purification of recombinant HIV-1 RT 
 
The HIV-1 RT was expressed in E. coli and purified using the protocol originally described 

in reference (175).  

Briefly, LB medium, supplemented with 100 µg/ml Amp and 25 µg/ml Kanamycin, 

was inoculated with bacteria (E. coli M15/pRT1 66/51.1, pDMI.1) from glycerol stock and 

grown for 16 h at 37°C in an orbital shaker. The bacterial culture was used to inoculate 6 l 

of LB medium (0.5 l medium per 1 l Erlmeyer flask) containing 100 µg/ml Amp and 25 

µg/ml Kanamycin such that the OD600 of the final bacterial culture reached a value of 0.1. 

The 6 l bacterial culture were incubated in an orbital shaker (200 rpm, 37°C) until the 

OD600 reached a value of about 0.8-1.0 and then p66 and p51 (gene) expression was 

induced by adding IPTG to a final concentration of 0.4 mM. Induced bacteria were further 

cultivated in Erlmeyer flasks for additional 4 h at 37°C under shaking (200 rpm) and 

harvested by centrifugation (30 min, 5,000 x g, 4°C). The culture supernatant was 

discarded and the bacterial stored at -80°C. 

 

2.2.4.1 Bacterial lysis 
 
Frozen bacteria were thawed and resuspended in lysis buffer (see 2.1.12.2) (3 ml lysis 

buffer/g wet bacteria), and the suspension incubated on ice for 30 min. An amount of 3 mg 

lysozyme per ml of bacterial solution was added, followed by stirring (20 min, 4°C). The 

solution was subjected to sonication by Ultrasonicator Sonorex Super RK 103 H using a 

TT 13 Titanium flat tip (Bandelin, Berlin, Germany) (continuous mode, 17 times for 20 s, 
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40% duty cycle) and centrifuged (45 min, 27,000 x g, 4°C). The supernatant was collected 

and NaCl added (final conc. of 1 M). 

 

2.2.4.2 Precipitation of proteins by ammonium sulphate (I) 
 
From the supernatant, proteins were precipitated by the addition of ammonium sulphate 

(390 g/l). After incubation for 30 min on ice, the precipitate was collected by centrifugation 

(20 min, 27,000 x g, 4°C), and the pellet resuspended in 3 ml buffer A (see 2.1.12.2) per 1 

g of pellet. 

 

2.2.4.3 Precipitation of nucleic acids by streptomycin sulphate 
 
An amount of 40 mg/ml (final concentration) streptomycin sulphate was added to the 

solution, followed by incubation on ice for 30 min under slow stirring. The solution was 

then centrifuged (40 min, 27,000 x g for at 4°C), and the supernatant introduced into a 

Spectrum Dialysis tube (Spectrum, Breda, The Netherlands) and dialysed against 2 l of 

buffer A initially for 4 h at 4°C, followed by the replacement of the buffer A (see 2.1.12.2) 

with a fresh buffer A and dialysed for 12 h at 4°C. 

 

2.2.4.4 Anion exchange column (DEAE) 
 
Prior to the chromatography, the DEAE-Sephacel column (GE-Healthcare, Chalfont St. 

Gilles, UK) was equilibrated in buffer A (see 2.1.12.2) and the protein solution was loaded 

onto the column at a flow rate of 2 ml/min. Due to the high isoelectric point of HIV-1 RT (pI 

= 9.3), it was not retained on the column at the pH of the running buffer, instead almost 

90% of the bacterial proteins bound to the DEAE-Sephacel matrix. The RT was present in 

the flow-through. Fractions were collected by a GradiFrac fraction collector, analysed by 

SDS-PAGE, and stained with Coomassie blue stain. Those fractions containing RT were 

combined and further purified. 

 

2.2.4.5 Affinity chromatography on Heparin 
 
A Heparin Sepharose CL-6B column (GE-Healthcare, Chalfont St. Gilles, UK) was 

equilibrated in buffer A (see 2.1.12.2) and the pooled fractions were loaded onto the 

column at a flow rate of 1.0 ml/min. The column was washed with buffer A until the level of 

A280 of the flow-through reached a stable baseline. The protein was eluted using a linear 

gradient of 25 mM to 1 M NaCl by addition of buffer B (see 2.1.12.2). The fractions were 
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analysed by SDS-PAGE and stained with Coomassie blue stain. Those fractions 

containing RT were pooled and further processed. 

 

2.2.4.6 Precipitation of proteins by ammonium sulphate (II) 
 
Proteins were precipitated from the eluate by addition of ammonium sulphate as 

described in 2.2.4.2. After centrifugation, the protein pellet was then resuspended in gel 

filtration buffer (5 ml total volume). 

 

2.2.4.7 Gel filtration 
 
Prior to the gel filtration chromatography, a HiLoad 26/60 Superdex 75 prep grade column 

(GE-Healthcare, Chalfont St. Gilles, UK) was equilibrated in gel filtration buffer 

(see 2.1.12.2) and the resuspended proteins were loaded onto the column. Fractions were 

collected at a flow rate of 2 ml/min and analysed by SDS-PAGE and Coomassie blue 

stain. The fractions containing RT were combined and subjected to further purification. 

 

2.2.4.8 Anion exchange chromatography (TMAE) 
 
A Fractogel EMD TMAE-column (Merck, Darmstadt, Germany) was equilibrated in DEA 

buffer A (see 2.1.12.2) and the pooled fraction proteins were loaded onto the column. The 

column was washed with DEA buffer A until a stable baseline (A280) was reached before 

elution with DEA buffer B (see 2.1.12.2). The fractions were collected right after the 

beginning of the salt gradient and were analysed for the presence of RT by SDS-PAGE 

and Coomassie blue stain. 

The fractions containing RT were pooled and the protein concentrated using ultra 

filtration centrifugal filters (MWCO 30,000 kDa), according to the manufacturer’s 

instructions (Merck, Darmstadt, Germany) followed by buffer exchange to the storage 

buffer (see 2.1.12.2). The protein concentration was determined (see 2.2.3.1) and the 

solution then shock-frozen in liquid nitrogen for storage at -80°C. 

 

2.2.4.9 Testing for RNase contamination of protein preparations 
 
All protein preparations were tested for RNase contamination in order to verify whether 

they were suitable for working with RNA. The investigated protein (5 µM) was incubated 

for 1 h at 37°C in the presence of 1.5 µg RNA MS2 from the bacteriophage MS2, in a total 

volume of 15 µl. Samples were resolved by denaturing PAGE and gels were stained with 

SYBR gold for 10 min and visualised by UV light. Alternatively, 10 nM of 5´-end 
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radiolabelled RNA (see 2.2.2.9) was incubated with 5 µM protein in a total volume of 

50 µl, at 37°C for different lengths of time and the reaction products were separated by 

denaturing PAGE (see 2.2.2.7). Gels were exposed to a PhosphorImager screen and 

analysed after scanning of the screen on the Typhoon 8600. 

 

2.2.5 Enzymatic methods 
 
2.2.5.1 RNA-dependent DNA polymerase activity (RDDP) assay 
 
This assay was performed in the presence and in the absence of hexanucleotides in order 

to test their efficacy of inhibiting RDDP activity of HIV-1. This assay was also carried out 

to test the functionality of other RTs, e.g. HIV-2 RT and EIAV RT. The protocol was 

performed as described (165). Briefly, the activity of RT was determined by monitoring the 

incorporation of [3H]-dTTP into a poly(rA)/oligo(dT)12-18 p/t. The RT (325 nM) was 

preincubated 2 min at 25°C in the presence or absence of 65 µM hexanucleotide in 1x RT 

binding buffer. To the solution of the reaction, 1.1 µM [3H]-dTTP, 50 µM dTTP and 0.2 

OD260/ml poly(rA)/oligo(dT)12-18 were added. After incubation for 10 min at 37°C or 25°C, 

the reaction solution was spotted in duplicate onto 2 cm2 DEAE filters and allowed to dry. 

The filters were washed twice, for 5 min each time, in 1x SCC buffer to remove 

unincorporated free [3H]-dTTP and enzyme. After a final wash in 100% (v/v) ethanol for 

5 min, the filters were dried for 1 h at 80°C. As a background control, a reaction mixture 

lacking RT was loaded onto DEAE filters and washed together with the other filters. When 

dried, filters were added to 3 ml of the scintillation cocktail in a scintillation vial. The cpm 

were measured by a scintillation counter Wallac 1409. 

 

2.2.5.2 DNA-dependent DNA polymerase activity (DDDP) assay 
 
This assay was performed in the presence or absence of candidate inhibitors of HIV-1 RT. 

The primer Flo1 (18mer) was 5´-end-radiolabelled (see 2.2.2.9) and annealed to Flo6 

template as described in 2.2.2.8. The RT (0.75 nM) was preincubated for 2 min at 25°C in 

the absence or presence of 30 µM hexanucleotides. An amount of 1.5 nM DNA/DNA p/t 

and 100 µM each dNTPs was added to the reaction mixture. The reaction was run in 

1x RT binding buffer. The reaction mixture was incubated at 37°C or 25°C for different 

length of time (0,0.25, 0.5, 0.75, 1, 1.5, 2.5, 5, 7.5 and 10 min) and was stopped by the 

dilution of the sample in denaturing loading buffer and by heating for 5 min at 95°C. 

Products were then separated by denaturing PAGE (see 2.2.2.7). The gel was fixed in a 

solution of 10% (v/v) acetic acid, dried and then exposed to a PhosphorImager screen. 

The screen was scanned on the Typhoon 8600 scanner and the product formation was 
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then quantified by the program ImageQuant 5.2 (Molecular Dynamics, Sunnyvale, CA, 

USA). 

 
 
2.2.5.3 Fidelity of HIV-1 RT during DDDP activity assay 
 
The fidelity of HIV-1 RT in the DDDP activity assay was tested in the presence or absence 

of hexanucleotides. The assay was essentially performed as described in 2.2.5.2, except 

that one of the four dNTPs was systematically omitted in the reaction mix. To evaluate nt 

insertion and mispair extension of the primer by the RT, the samples were resolved by 

denaturing PAGE following the procedure described in 2.2.2.7. 

 

2.2.5.4 HIV-1 RT processivity assay 
 
Processivity assays were carried out in order to test the effect of candidate RT inhibitors 

on enzyme processivity during DDDP activity assay. The protocol used for this assay was 

modified from (178). The M13/pUC sequencing primer was 5´-end radiolabelled 

(see 2.2.2.9) and annealed to the M13mp18 template as described in 2.2.2.8. RT was 

incubated for 2 min at 25°C in the absence or presence of HexR in a 3,000-fold molar 

excess. The p/t was added to the protein solution followed by incubation for 3 min at 25°C 

or 37°C, in order to allow the binding of RT to its substrate. The binding mixture (15 µl) 

contained 10 nM HIV-1 RT, 10 nM p/t, and 30 µM hexanucleotides in 1x RT binding 

buffer. The primer-extension reaction was started by the addition of a solution containing a 

RNA trap (pseudoknot) and dNTPs to a final concentration of 1 µM and 500 µM, 

respectively. Under this condition, the primer was extended only once during the 

incubation and this was confirmed by the two control reactions with and without trap (see 

3.4.4). This reaction mixture was incubated for 3 min at 37°C or 25°C, and the products 

were resolved by 8% denaturing PAGE (see 2.2.2.7). After separation, the gel was 

analysed as described in 2.2.5.2. 

 

2.2.5.5 RNase H activity assay 
 
In order to test the effect of hexanucleotides on RNase H activity of HIV-1 RT, a 

RNA/DNA hybrid duplex substrate was used, where the 5´-end of the RNA primer was 

radiolabelled (see 2.2.2.9). The annealing of the RNA primer sara (35mer) and of its 

complementary template DNA sara (52mer) was performed as described in 2.2.2.8. 

HIV-1 RT (0.75 nM) was incubated with or without hexanucleotide (30 µM), for 2 min at 

25°C in 1x RT binding buffer. The RNA/DNA duplex substrate (1.5 nM) was added to the 

binding mixture and the reaction was run at 37°C or 25°C. The samples were collected 
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(10 µl/sample) after different time points (0, 0.25, 0.5, 0.75, 1, 1.5, 2.5, 5, 7.5 and 10 min) 

and the reactions were stopped by addition of denaturing loading buffer and heating for 5 

min at 95°C. The products of the reaction were resolved by 10% denaturing PAGE 

(see 2.2.2.7) and the gel was fixed in a solution of 10% (v/v) acetic acid, dried and then 

exposed to a PhosphorImager screen. The screen was scanned on the Typhoon 8600 

scanner and the depletion of substrate was then quantified by the program ImageQuant 

5.2 (Molecular Dynamics, Sunnyvale, CA, USA). 

 

2.2.5.6 T7 RNA polymerase activity assay 
 
This assay was performed to verify the T7 RNA polymerase functionality. The primer T7 

was 5´-end radiolabelled and annealed to the template T7 as described in 2.2.2.8. The 

reaction was performed in a total volume of 22 µl and the reaction solution contained 5 µM 

T7 RNA polymerase, 100 µM each dNTP, 0.5 µM p/t, 5 µM [5,6-3H]-UTP and 0.25 U/µl 

RNasin in T7 transcription buffer (40 mM Tris-HCl, pH 8.0, 5 mM DTT, 20 mM MgCl2 and 

1 mM spermidine). The reaction mixture was incubated for 2 h at 37°C and the samples 

were processed as described in 2.2.5.1. 

 

2.2.6 Binding assays 
 
2.2.6.1 p24 core protein-ELISA 
 
The p24-ELISA was performed in order to quantify the amount of p24 protein, and 

consequently the amount of HIV-1 pseudoviruses, in the cell supernatants of transfected 

cells as described (see 2.2.10.7). For this purpose, cells supernatant were diluted 1:5,000 

(v/v) in 1x PBSb and applied to an INNOTEST™ HIV Ag MAb ELISA kit. The protocol was 

performed according to the supplier’s instructions (Innogenetics, Ghent, Belgium). Briefly, 

diluted cell supernatants containing p24 antigen were incubated in a well together with a 

mixture of biotinylated anti-p24 monoclonal antibodies. The wells of polystyrene microtitre 

plates were coated with human polyclonal antibodies to HIV. After incubation for 1.5 h at 

37°C, HRP-conjugated streptavidin was added to the well and bound to the biotinylated 

antibodies. The addition of the peroxidase substrate to the well led to a colorimetric 

reaction in which the substrate was transformed into a blue colored product which turned 

to yellow after sulphuric acid addition. The optical density at 450 nm (OD450) was 

measured by an ELISA-Reader and the amount of p24 protein (ng/ml) was then 

calculated based on a standard curve. 
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2.2.6.2 Filter binding assay 
 
The filter binding assay was performed as described (164), in order to study affinities 

between proteins and radiolabelled nucleic acids. The rationale behind this assay is that 

nucleic acids being negatively charged do not bind to the nitrocellulose, which is 

negatively charged as well; instead most proteins have a net positive charge, and 

therefore bind to nitrocellulose. Consequently, the nucleic acid-protein complex is retained 

on the nitrocellulose and the exact amount of radiolabelled nucleic acid retained on the 

nitrocellulose filter is quantified by a scintillation counter. The nitrocellulose filters were 

pre-soaked in 1x binding buffer over night at 4°C in order to decrease the unspecific 

binding of nucleic acids to the filters.  

Radiolabelled oligonucleotides (1 nM) (see 2.2.2.9) and target proteins (0-25 µM) 

were incubated in 30 µl of 1x RT binding buffer for 2 min at 25°C. An aliquot (10 µl) of this 

mixture was filtered under reduced pressure through a pre-wetted nitrocellulose filter 

BA85 (0.45 µm) and rinsed with 3 ml of 1x RT binding buffer. As a background control, a 

solution containing only the radiolabelled nucleic acid in 1x RT binding buffer was 

subjected to the same procedure. When dried, filters were added to 3 ml of the scintillation 

cocktail in a scintillation vial. The radioactivity retained on the filters (cpm) was measured 

using the scintillation counter Wallac 1409. The background value was subtracted from all 

the other values. Moreover, to determine the total radioactivity in the binding solution, 

10 µl of binding solution containing radiolabelled nucleic acid and protein were directly 

poured into the scintillation cocktail (3 ml) and the radioactivity was then measured. The 

resulting value was set to 100% binding and used for the normalisation of the data. 

 

2.2.6.3 Electrophoretic mobility shift assay (EMSA) 
 
The EMSA or gel-shift assay, was performed to determine nucleic acid-protein 

interactions. The rationale behind this technique is that protein:nucleic acid complexes 

migrate more slowly than free nucleic acid molecules when subjected to non-denaturing 

PAGE. The protocol for the EMSA was performed as described (179). 

A solution (10 µl) containing 1 nM of radiolabelled nucleic acid (see 2.2.2.9), 5 µM 

protein and 5% (v/v) glycerol in 1x binding buffer was incubated for 10 min at 25°C. The 

samples were then directly loaded into a gel and resolved by 5% (w/v) non-denaturing 

PAGE. The gel was dried and exposed to a PhosphorImager screen. The screen was 

scanned on the Typhoon 8600 scanner and analysed by the program ImageQuant 5.2 

(Molecular Dynamics, Sunnyvale, CA, USA). 
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2.2.7 UV-crosslinking 
 
An amount of 250 pmol of HIV-1 RT and of 100 fmol radiolabelled 4-thio U-modified 

Hex-S3R (at position 4) (see 2.2.2.9) were preincubated in 1x RT binding buffer for 2 min 

at 25°C. Samples were then transferred onto a piece of Parafilm (10 µl per drop), placed 

on ice and irradiated for 20 min at 366 nm using a hand-held fluotest lamp. Samples were 

recovered from the parafilm and transferred into a new tube. The crosslinked protein was 

subjected to CNBr cleavage (see 2.2.8) or directly analysed by SDS-PAGE followed by a 

staining of the gel with Coomassie blue (see 2.2.3.4), drying and exposure to a 

PhosphorImager screen. The screen was scanned on the Typhoon 8600 scanner and 

formation of the product was then quantified by the program ImageQuant 5.2 (Molecular 

Dynamics, Sunnyvale, CA, USA). 

 

2.2.8 Cyanogen bromide (CNBr) cleavage of HIV-1 RT 
 
The CNBr cleavage of HIV-1 RT was performed as described (180). HIV-1 RT was 

precipitated in 20% (w/v) TCA for 1 h at -20°C, the solution was centrifuged (15 min, 

18,000 x g, 4°C), and the supernatant was discarded. The pellet was washed with 1 ml of 

ice-cold acetone followed by centrifugation (15 min, 18,000 x g, 4°C). The supernatant 

was discarded and the pellet was then air-dried and dissolved in 100 µl formic acid (70%) 

containing 3.5 g/l CNBr. The cleavage reaction was performed at 23°C for 24 h. Formic 

acid and CNBr were removed by centrifugal-lyophilisation in a Speed-vac. The pellet was 

dissolved in 50 mM Tris-HCl (pH 8.0) buffer and resolved by SDS-PAGE [10-20% (w/v) 

linear gradient] (see 2.2.3.4). Gels were stained with Coomassie blue as described in 

2.2.3.4. 

 

2.2.9 Modelling and docking studies 
 
Modelling and docking studies were performed by T. Restle (Institute for Mol. Med., 

University of Lübeck). Rigid-body docking studies of HIV-1 RT (Brookhaven PDB 

accession No.: 1HMV, 1RTH, 1RTD and 1HVU) and Hex-S3R were performed with the 

program Hex 4.2 (181). Molecular graphics images were produced using the UCSF 

Chimera package from the Computer Graphics Laboratory, University of California, San 

Francisco, CA, USA (182). 
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2.2.10 Cell culture techniques 
 
Standard protocols for cell cultures, e.g. media changes and cell splitting, were performed 

as described (183). Cell lines tested and suitable media are listed in Table 2.2.7. 

 

Table 2.2.7: Cell lines tested and suitable media 

cell line cell culture medium 

HEK293 T DMEM with GlutaMAX I and sodium pyruvate containing 10% (v/v) FCS 

HEK293 DMEM with GlutaMAX I and sodium pyruvate containing 10% (v/v) FCS 

BJA-B RPMI 1640 containing 10% (v/v) FCS 
 

2.2.10.1 Cryopreservation of human cells 
 
Healthy cells at the edge of confluence were harvested after trypsin treatment and 

counted. The cells were centrifuged (5 min, 2,000 x g, 23°C), and the supernatant was 

discarded. The cell pellet was resuspended to a concentration of 1 x 106 cells per ml by 

gentle mixing in cell culture medium containing 10% (v/v) DMSO. Aliquots of 1 ml each 

were placed into cryovials. Vials were transferred into a freezing container and placed into 

a -80°C freezer overnight. A day later, the vials were transferred into liquid nitrogen. 

 

2.2.10.2 Trypan blue staining for the determination of non-viable cells 
 
Trypan blue stain was used to distinguish viable from nonviable cells. An amount of 10 µl 

of cell suspension in PBSb was mixed into an equal amount of trypan blue solution 

[0.4% (w/v) in 0.85% (w/v) NaCl].  Within 5 min from the adding of the staining solution the 

cells were counted.  Viable cells excluded the dye and were not stained, while nonviable 

cells absorbed the dye and appeared blue. 

 

2.2.10.3 Fluorescein diacetate (FDA) test for the determination of viable cells 
 
The FDA is a nonfluorescent derivative of fluorescein which can be transported across cell 

membranes and deacetylated by nonspecific esterases in viable cells (184). The resultant 

fluorescein accumulates within cells allowing the fluorescence detection of living cells. For 

this test cells were plated in a 96-well plate, and washed twice in 1x PBSb. The plate was 

placed on ice, to reduce the velocity of the reaction and a solution of 20 µM FDA in 

1x PBSb was added (50 µl per well). 

Fluorescence emission was measured by Fluoroskan Microplate Reader at intervals 

of 1 min for 10 min in total. The excitation wavelength of the fluorescein is 488 nm and the 
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emission wavelength is 518 nm. The direct comparison of FDA hydrolysis rates between 

the investigated samples allowed the quantification of viable cells. 

 

2.2.10.4 Lipofectamine 2000-mediated transfection of human cells 
 
Lipofectamine 2000, a cationic lipid-based transfection reagent, was used to transfect 

DNA and RNA into human cells and the transfection was performed following the 

instructions provided by the supplier. Generally, the cells were placed into a 12-well- or 

24-well-plate and transfection was performed when the cells were at a high density 

(70-80% confluence). The medium used for the transfection was Opti-MEM I, which is a 

reduced serum medium and does not interfere with nucleic acids:Lipofectamine 2000 

complex formation. An appropriate amount of RNA or DNA was diluted in 50 µl of 

Opti-MEM I and the solution was gently mixed. Lipofectamine 2000 was diluted as well in 

50 µl of Opti-MEM I to a 100 µg/ml final concentration, and the solution was incubated for 

5 min at 23°C. The diluted Lipofectamine 2000 was combined with the diluted RNA or 

DNA and the resulting solution was incubated at 23°C for 30 min, to allow nucleic 

acids:Lipofectamine 2000 complexes to form. The complexes (100 µl) were diluted in 

400 µl Opti-MEM I and the resulting solution was added to each well. The plate was gently 

mixed and the cells were incubated for 4 h at 37°C in a CO2 incubator. The complexes 

were removed and fresh cell culture medium was added to the cells, followed by 

incubation for 24-72 h until they were ready to be assayed. 

 

2.2.10.5 Calcium phosphate-mediated transfection of human cells 
 
Calcium phosphate transfection was performed as described (185), to introduce DNA and 

RNA into cells. A precipitate containing calcium phosphate and nucleic acids was formed 

by slowly mixing a HEPES-buffered phosphate solution with a solution containing calcium 

chloride and nucleic acids. These nucleic acids precipitates are taken up by eukaryotic 

cells by an endocytic-type mechanism. The protocol was performed as follows. Cells were 

plated into a 12-well- or 24-well-plate and the transfection was performed at 70-80% cell 

confluence. The conditioned medium was removed, the cells were washed twice with 

1x PBSb, and 450 µl of fresh medium without FCS was added to the cells. Nucleic acids 

were diluted in water to 22.5 µl final volume and 2.5 µl of 2.5 M CaCl2 were added to the 

diluted nucleic acids. The solution was well mixed and 25 µl of 2x HBS buffer were added 

to the cells drop-wise. After the addition of the precipitated nucleic acids, the cells were 

incubated at 37°C in a CO2 incubator for 30 min. The medium was replaced by fresh cell 

culture medium and the cells were incubated for further 48-72 h before being assayed. 
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2.2.10.6 Determination of transfection efficiency by β-galactosidase assay 
 
The β-galactosidase assay was performed in order to determine the efficiency of the 

transfection. The vector pcDNA 3.1 (-)/Myc-His/lacZ was co-transfected with the nucleic 

acids under investigation. This vector carries a reporter gene, the lacZ gene, which 

encodes the β-galactosidase protein that hydrolyses X-Gal into a colorless galactose and 

4-chloro-3-brom-indigo, which forms an intense blue precipitate. An amount of 0.2 µg 

pcDNA 3.1 (-)/Myc-His/lacZ was used for the transfection of 200,000 cells, 24 or 48 h after 

transfection the cells were washed twice with 1x PBSb and fixed for 10 min in 0.1% (v/v) 

glutaraldehyde, followed by washing with 1x PBSb. The substrate solution was then added 

(1 ml per well) followed by incubation for 1.5 h at 37°C in a CO2 incubator. The substrate 

solution contained 1 mg/ml X-Gal, 5 mM potassium hexacyanoferrate (III), 5 mM 

potassium hexacyanoferrate (II) trihydrate, 1 mM MgCl2 in 1x PBSb. The transfected cells 

could be visualised and quantified because of their intense blue color. The relative amount 

of transfected cells was then calculated. 

 

2.2.10.7 HIV-1 pseudotyped viral vector assay 
 
This assay was used for the characterisation of candidate inhibitors for reverse 

transcription under single-cycle conditions. For this purpose, a replication-incompetent 

lentiviral vector system was used (originally described by Jármy et al.) (174). The 

production of pseudotyped viral vectors was performed by calcium phosphate 

co-transfection of HEK293 T cells with the plasmids pczVSV-G and pGJ3-Luci, in the 

presence or absence of the inhibitor in different concentrations. In a 12-well plate 

pre-coated with fibronectin from bovine plasma (1.7 µg protein/cm2), 200,000 cells per 

well were seeded, and grown in cell culture medium for 24 h before transfection. The cells 

were transfected by the calcium phosphate method (see 2.2.10.5) using the same amount 

of each plasmid (2 µg) and variable amounts of the inhibitor and were incubated for 

30 min at 37°C in a CO2 incubator. After that, the medium was exchanged and 1 ml per 

well of the cell culture medium and 10 mM sodium butyrate were added. Supernatants 

were harvested after a final incubation for 48 h and filtered through a 0.45 µm-filter to 

remove cell debris. HIV-1 pseudoviruses were detected and quantified by p24-ELISA, as 

described in 2.2.6.1, and used to infect HEK293 cells. 

Packaging cells were collected and lysed for western blotting as described 

in 2.2.3.5. Infection of HEK293 cells with pseudovirus-containing supernatants was 

performed as follows. A number of 10,000 cells per well were seeded in a 96-well 

luminometer plate and incubated in the cell culture medium for 24 h. Then the conditioned 

medium was replaced with pseudovirus-containing supernatants (100 µl/well) and the 
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cells were incubated at 37°C in a CO2 incubator. After 24 h, the medium was removed and 

the cell viability monitored by the conversion of FDA (50 µl/well) as described in 2.2.10.3. 

The activity and consequently the expression of the firefly luciferase enzyme was 

measured in a Fluoroskan Microplate Reader after addition of 50 µl of the following buffer: 

28 mM Tricine (pH 7.8), 500 mM ATP, 250 mM coenzyme A, 250 mM D-luciferin, 33 mM 

DTT, 200 mM EDTA, 15 mM MgSO4, 1.5% (v/v) Triton X-100 and 5% (v/v) glycerol.  

 

2.2.10.8 Cell lysis protocol for western blotting 
 
Packaging cells (see 2.2.10.7) were collected and lysed for western blotting. Conditioned 

medium was removed from the well and the cells were washed twice with 1x PBSb. 

One ml of 1x PBSb was added to each well and the cells were detached by scraping with 

a cell scraper. The cells were then harvested by centrifugation (5 min, 2,000 x g) and the 

cell pellet was resuspended in 40 µl of buffer containing 10 mM HEPES, 10 mM KCl, 

0.1 mM EDTA, 0.1 mM EGTA, pH 7.9, and incubated on ice for 15 min. An amount of 

20 µl lysis buffer [10% (v/v) NP-40 in 1x PBSb] was added to the cell suspension, followed 

by vortexing for 90 s. Cell lysates were centrifuged (2 min, 14,000 x g), and supernatants 

were transferred into new tubes and frozen at -80°C for further western blotting. 
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3 Results 
 
 

3.1 Binding of hexanucleotides to target proteins 
 
3.1.1 Hexanucleotides as ligands for target proteins 
 
In order to determine whether ´in principle´ hexanucleotides are able to interact with 

proteins in a way which is specific for the hexameric sequence and for the given target 

protein, five hexameric sequences, named Hex-1, Hex-2, Hex-S3, Hex-4 and Hex-5 

(Table 3.1.1) were investigated. As target proteins, the HIV-1 RT, which naturally interacts 

with nucleic acids (92;131;164;165;186), the firefly luciferase and the hPrP, were included. 

 

Table 3.1.1: Hexanucleotide sequences tested 
for binding to target proteins 

name RNA (5´ to 3´) DNA (5´ to 3´) 

Hex-1 UCA AAA TCA AAA 

Hex-2 UCA UGA TCA TGA 

Hex-S3 UCG UGU TCG TGT 

Hex-4 GUC UAA GTC TAA 

Hex-5 GGC AAC GGC AAC 
 

The hexanucleotide Hex-S3 was included for reasons of curiosity as it showed an 

enhanced uptake in human B cells, which indicated some kind of protein binding (33). The 

hexanucleotides Hex-1, Hex-2, Hex-4 and Hex-5 were chosen randomly. To study the role 

of the 2´-OH group at the ribose and the methyl group at the thymine for their interactions 

with the target proteins all hexanucleotides were investigated as RNA (designated with 

lower script ´R´) or DNA (designated with lower script ´D´). The binding of the 

hexanucleotides towards the target proteins was determined in a filter binding assay, 

which is based on the ability of the nitrocellulose filters to retain the nucleic acids 

complexed with proteins, and the results are shown in Fig. 3.1.1. 

At first all hexanucleotides showed a measurable binding towards the three 

investigated target proteins, except for the RNA hexanucleotides, which did not bind to 

hPrP. This binding was specific and depended on the nt sequence, since different 

hexanucleotides showed a clear differential binding (Fig. 3.1.1). Among all tested 

sequences, Hex-S3 showed the strongest binding with a 30-fold difference over Hex-1 

when incubated with HIV-1 RT as target protein. Secondly, the RNA and the DNA 

versions of the same sequence showed different bindings towards the same target, apart 

from Hex-S3 in the interaction with HIV-1 RT. This indicated that the replacement of a 

ribose by a deoxy-ribose or of an uracil by a thymine in the hexameric sequence led to 
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different binding properties (Fig. 3.1.1). This was particularly true for the hPrP, which did 

not bind to any of the RNA derivatives, while it showed a measurable binding to Hex-S3D, 

Hex-4D and Hex-5D. The RNA and DNA versions of Hex-5, which have an identical base 

composition and differ only by the substitution of the sugar at the 2´-position, showed a 

clear differential binding to the firefly luciferase, HIV-1 RT and hPrP, underlining the 

importance of the 2´-OH group in these interactions. Thirdly, the binding strength of the 

hexameric sequences was highly specific for the target protein, as shown in Fig. 3.1.1, 

with all hexanucleotides preferentially binding to the HIV-1 RT. 

 

Fig. 3.1.1: Binding of hexanucleotides to target proteins. RNA or DNA hexanucleotides (1 nM) 
radiolabelled at their 5´-end were incubated for 2 min at 25°C with 5 µM HIV-1 RT, 5 µM firefly luciferase, or 5 
µM hPrP. The assay was performed in RT binding buffer. The percentage of bound hexanucleotide was 
calculated based on the total amount of the input of hexanucleotide, and the values were normalised to the 
background level (0.05%) which was subtracted. 
 

Taken together, these results revealed that hexanucleotides interacted with the tested 

proteins in a way which was specific for the nt sequence and the target protein, and that 

the contributions of the sugar-phosphate backbone and the functional groups of the 

specific bases depended on the individual interaction. 

 

3.2 Interactions between Hex-S3 and HIV-1 RT in vitro 
 
In the filter binding assay (Fig. 3.1.1), Hex-S3 showed a strong and specific binding to 

HIV-1 RT, therefore, this interaction was investigated in greater detail. Furthermore, 

HIV-1 RT presented the following advantages: (i) the 3D structure is known allowing 

detailed modeling studies (124;129;132), (ii) binding of high-affinity aptamers shows that, 

in principle, RT interacts with non-substrate like nucleic acids (92;131;164;165), (iii) in 
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technical terms, highly pure and active enzyme can be obtained in large amounts (175), 

and (iv) the availability of appropriate cell based assays for testing potential inhibitors 

(174). 

 

3.2.1 Biochemical methods for studying Hex-S3-HIV-1 RT interactions 
 
The interactions between Hex-S3 and the target protein HIV-1 RT were studied by 

employing a filter binding assay (164) and an EMSA (95;187). In these assays a 

co-incubation of Hex-S3 and RT, for 2 min at 25°C in RT binding buffer, showed the 

optimum results. In a filter binding assay, Hex-S3 and control hexanucleotides were 

incubated with HIV-1 RT. As positive controls the following sequences were included: a 

high-affinity RNA aptamer pseudoknot (131;163-165), a DNA aptamer RT1t49 (92). The 

hexanucleotide Hex-1, which proved to be a poor RT-binder in the filter binding assay 

(Fig. 3.1.1), was chosen as a negative control. RNA as well as DNA backbones were used 

in this study. 

Fig. 3.2.1: Binding of hexanucleotides and controls to HIV-1 RT. (A) Relative binding of DNA and 
homologous RNA hexamers as well as the pseudoknot (RNA) and the RT1t49 (DNA) aptamers to RT (5 µM) 
determined by a filter binding assay. The percentage of bound oligonucleotide is shown relative to RT-directed 
aptamers (set 100%). (B) EMSA (for experimental conditions see 2.2.6.3) of radiolabelled Hex-S3R and 
controls (1 nM) incubated for 2 min at 25°C in the presence or absence of RT (5 µM). The binding mixtures 
were resolved by 5% non-denaturing PAGE. The free and the bound/shifted species are indicated. 
 

In Fig. 3.2.1 (A) the results of the binding assay are shown. Here, no binding was seen of 

the negative control Hex-1, as expected. In comparison to the two RT-directed aptamers 
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(100% binding), only 40% of Hex-S3 bound to RT. This indicated that Hex-S3 had a lower 

affinity for the protein compared to the RT-directed high affinity aptamers. 

The interaction between Hex-S3R and RT was further tested in an EMSA (Fig. 3.2.1 B). As 

negative and positive controls respectively, Hex-1R and a RNA aptamer pseudoknot 

(131;164;165) were included. As shown in Fig. 3.2.1, no shift was evident when the 

negative control (Hex-1R) was incubated with RT, instead a clear shift was seen in the 

case of the positive control (aptamerR) indicating the formation of a stable 

complex between the RT and its high affinity ligand. The mobility of Hex-S3R was partially 

retarded in the presence of RT, as shown in Fig. 3.2.1 (B), and this clearly implied the 

formation of RT:Hex-S3 complexes, although the smearing indicated that the stability of 

these complexes was not sufficient to produce a clear shift as seen for the positive 

control. The lack of an evident retardation in Hex-S3 mobility did not render this system 

suitable for further studies. 

 

3.2.2 Determination of the affinity of Hex-S3 for HIV-1 RT 
 
The binding affinity of Hex-S3 towards RT was determined in a filter binding assay 

(Fig. 3.2.2). Radiolabelled Hex-S3R and Hex-S3D were titrated with increasing amounts of 

RT and the equilibrium affinities (Kd) were calculated from the amount of hexanucleotide 

(cpm) retained on the filter. For Hex-S3R and Hex-S3D Kd values of 5.3 (± 0.5) µM 

(Fig. 3.2.2) and 9.4 (± 2.4) µM (data not shown), respectively, were determined. 

Based on the amount of radioactivity, 80% of the input of hexanucleotides was retained at 

the highest concentrations (20 µM protein) which indicated a saturation of the filters during 

the assay. 

The similar affinity towards RT further supported the assumption of a highly similar 

binding behaviour of Hex-S3R and its homologue Hex-S3D.  

 
 
 
 
 
 
 

Fig. 3.2.2: Affinity of Hex-S3R for HIV-1 RT. 
Titration of HIV-1 RT with radiolabelled Hex-S3R 
(1 nM) applying a filter binding assay. Experimental 
data were fitted to a quadratic equation (164) using 
the program GraFit3 (Erithacus Software, Surrey, 
UK) and yielded a Kd of 5.3 (± 0.5) µM. 
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3.2.3 Protein-target specificity of Hex-S3 
 
As previously shown, the binding of hexanucleotides to RT was highly specific for the nt 

sequence. To investigate whether Hex-S3 specifically binds to HIV-1 RT, a filter binding 

assay was performed in which the following proteins were compared: (i) the small subunit 

p51 of HIV-1 RT, (ii) HIV-2 RT which is highly homologous to the HIV-1 RT (60% aa 

identity plus 13% aa homology) (188), (iii) EIAV RT, (iv) T7 RNA polymerase, and (v) BSA 

(Fig. 3.2.3). As a negative control for Hex-S3, Hex-1R was included. The weak or absent 

binding of Hex-S3 to all other control proteins proved the high specificity of this 

hexanucleotide for HIV-1 RT. In particular, the discrimination between the structurally and 

functionally closely related polymerases was remarkable. Notably, Hex-S3R and Hex-S3D 

showed exactly the same specificity. 

 

Fig. 3.2.3: Specificity of Hex-S3 for 
HIV-1 RT. Radiolabelled Hex-S3 and 
control (1 nM) were incubated for 2 min 
at 25°C with 5 µM protein and binding 
mixtures were analysed using a filter 
binding assay. The binding was 
determined relative to Hex-S3R (set 
100%). 
 

 

 

 

 

 

3.2.4 Importance of nucleobases, functional groups and length of Hex-S3 for 

binding to HIV-1 RT 
 

The binding affinity and specificity of Hex-S3 as RNA or DNA backbone was shown to be 

highly comparable, indicating that the presence of the ribose rather than the deoxy-ribose, 

or the substitution of an uracil with a thymine in the hexameric sequence did not interfere 

with the binding behaviour. The importance of the nucleobases for the binding to RT was 

investigated by stepwise replacement of the original nt with an adenosine, which was not 

present in Hex-S3 (Fig. 3.2.4 A). Important contributions of the positions 3 to 6 opposed to 

the terminal nt at positions 1 and 2 were identified (Fig. 3.2.4 A). This showed that binding 

affinity and specificity required the stretch 5´-GUGU-3´ at the 3´-end of the molecule, and 

that the 5´-terminus was less important for the binding. Moreover, competition studies 

demonstrated that the phosphate group at the 5´-terminus of the hexameric sequence 

was not relevant for the binding to RT (data not shown). 
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Fig. 3.2.4: Filter binding assays of positional mutants, shortened and elongated derivatives of Hex-S3 
with HIV-1 RT. Radiolabelled oligonucleotides (1 nM) were incubated for 2 min at 25°C with 5 µM RT and 
analysed in a filter binding assay. The percentage of bound Hex-S3 was set 100%. (A) Mutational analysis of 
the importance of each nt position of Hex-S3R for binding to RT. An adenosine was introduced at each 
position replacing the original nt. Hex-1 served as a negative control. (B) Relative binding of Hex-S3R-derived 
pentanucleotides, tetranucleotides or a trinucleotide to HIV-1 RT. (C) The relative binding of Hex-S3D-derived 
heptanucleotides (1 nM) to 5 µM HIV-1 RT (white bars) and HIV-2 RT (back bars) was tested in a filter binding 
assay. Hex-1 served as negative control. The percentage of bound Hex-S3 was set 100%. (D) The relative 
binding of extended versions of Hex-S3D (1 nM) to 5 µM HIV-1 RT (white bars) and HIV-2 RT (black bars) was 
investigated using filter binding assay. Subscript numbers indicate repetitions of the Hex-S3D unit. 
 

In order to investigate whether this was also true for the hexameric backbone, i.e. simply a 

phosphodiester/sugar backbone, the binding of shortened versions of Hex-S3 was tested. 

The shortened derivatives of Hex-S3 included two 5´- and 3´-shortened pentamers, the 

three tetramers and one trimer (Fig. 3.2.4 B). Under the experimental conditions used in 

this assay no measurable binding to RT was noticed for both Hex-S3R-derived 

pentanucleotides and for the other shortened versions, as shown in Fig. 3.2.4 (B).  
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These findings suggested that a hexameric backbone was necessary for efficient binding 

to RT. Elongated versions of Hex-S3 were also tested for binding to RT and target 

specificity. All possible eight derivatives of Hex-S3 elongated by one nt at either terminus 

showed up to 4-fold stronger binding to RT while still being specific for the target, i.e. for 

HIV-1 RT versus HIV-2 RT (Fig. 3.2.4 C). However, extension to a 12mer or 18mer was 

accompanied, besides further increase in affinity, by a progressive decrease in specificity 

(Fig. 3.2.4 D). 

 

3.2.5 Binding of derivatives of Hex-S3 to HIV-1 RT and HIV-2 RT 
 
Next, the effect of specific chemical modifications of the sugar moiety and the phosphate 

backbone of hexanucleotides on the binding to HIV-1 RT and their target specificity was 

examined. The LNA, 2´-O-Me, PS and 2´-F modified hexanucleotides are known to exhibit 

an increased nuclease stability when compared to natural nt. Therefore, the binding of 

such chemically modified hexanucleotides and controls to the RT of HIV-1 and HIV-2 was 

tested in a filter binding assay (Table 3.2.1). 

    

Table 3.2.1: Relative binding of chemically modified 
Hex-S3 and Hex-1 to HIV-1 or HIV-2 RTs 

Name HIV-1 RT HIV-2 RT 

Hex-1D 3.0 ± 0.6 4.1 ± 0.2 

Hex-S3D 101 ± 1.4 10.4 ± 0.1 

Hex-1D -2´-O-Me 11.5 ± 2.1 nda) 

Hex-S3D -2´-O-Me 24.8 ± 1.7 nd 

Hex-S3D –LNA 53.6 ± 5.6 nd 

Hex-1D –PS 256.7 ± 36.4 159.2 ± 9.0 

Hex-S3D –PS 651.8 ± 121.0 307.7 ± 43.1 

Hex-1R 2.5 ± 0.6 0.0 ± 0.1 

Hex-S3R 100 ± 0.0 9.1 ± 2.6 

Hex-1R -2´-F 12.3 ± 1.4 12.6 ± 3.2 

Hex-S3R -2´-F 140.0 ± 34.8 0.3 ± 0.0 

4-thio U-Hex-S3R 110.7 ± 6.2 5.0 ± 5.0 
 

a) nd, not determined. 
 

Radiolabelled hexanucleotides were incubated as described (see 2.2.6.2). The 

percentage of bound Hex-S3 was set 100% binding. As previously shown the 2´-OH 

group did not substantially contribute to binding, whereas 2´-O-Me and LNA derivatives 

bound to RT with lower affinity. Furthermore, a 4-thio uracil at position 4 of Hex-S3 had no 

effect on binding affinity and specificity. An increased affinity to RT was observed for the 

PS derivatives of Hex-S3 and Hex-1. However, Hex-S3D-PS showed only 2.5-fold stronger 

binding to RT compared to Hex-1D-PS, while the unmodified Hex-S3D showed a 34-fold 
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stronger binding in comparison to the unmodified Hex-1D. Furthermore, the PS-derivatives 

also bound HIV-2 RT, thus a loss of specificity was observed. The 2´-F derivatives 

showed a binding strength and a target specificity which was comparable to the 

unmodified nt, indicating that the replacement of the 2´-OH group with 2´-fluoro did not 

have a substantial effect. Nevertheless, in comparison to the unmodified nt a lower 

binding to HIV-2 RT was observed for the Hex-S3-2´-F, resulting in an enhanced 

specificity of this hexanucleotide towards HIV-1 RT.  

 

3.2.6 Identification of the binding site of Hex-S3 on HIV-1 RT 
 
In order to locate the binding site on HIV-1 RT, a 4-thio uracil derivative of Hex-S3R (4-thio 

uracil at position 4), which proved to bind with the same affinity as the unmodified 

Hex-S3R (Table 3.2.1), was crosslinked by UV-treatment to HIV-1 RT. This experiment 

showed that only the large subunit p66 was crosslinked (Fig. 3.2.5 A).  
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Fig. 3.2.5: Site-specific binding of Hex-S3 to RT determined by UV-crosslinking and CNBr cleavage. (A) 

The UV-crosslinking was performed as described in detail in 2.2.7. Samples were separated by 10-20% linear 

gradient SDS-PAGE. Left panel, Coomassie blue-stained gel; middle panel, autoradiograph; right panel, 

overlay. After crosslinking, samples were subjected to CNBr cleavage. (B) 3D model of the binding site of RT 

for Hex-S3 based on docking studies and the constraints explained in 2.2.9. Color code: yellow, Hex-S3; 

green, CNBr fragment (aa 42-183); red, CNBr fragment (aa 231-356); blue, remaining portions of the large 

subunit p66; grey, small subunit p51. 

 

The following CNBr treatment and the separation of the resulting fragments by 

SDS-PAGE led to the identification of about 25 peptides having a molecular weight 

between 1.7 and 50 kDa. Considering the mechanism of the CNBr cleavage, in theory, 

only eight fragments of 1.7, 2.4, 2.9, 5.6, 8.63, 14.1, 14.7 and 23.07 kDa in size were 

expected after CNBr treatment of HIV-1 RT. The larger number of fragments obtained 

probably resulted from an incomplete cleavage of the protein. Among these fragments, 

only two were radiolabelled, namely a fragment of 14.7 kDa and a fragment of 16.5 kDa, 
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which was derived from the incomplete separation of the fragments 14.1 kDa and 2.4 kDa. 

These two peptides were isolated from the gel and their N-terminal amino acid sequence 

determined. One fragment (aa 42-183, indicated by green color in Fig. 3.2.5 B) carried 

approximately one third and the second fragment (aa 231-356, indicated by red color in 

Fig. 3.2.5 B) about two thirds of the label (Fig. 3.2.5 A). 

Further information on the binding site of Hex-S3 was derived from competition 

experiments with a 18/36mer Flo1/Flo6 p/t (186), a RNA aptamer (131;163;164), as well 

as the non-nucleoside inhibitor S-TIBO (189). TIBO has been shown to stabilise an open 

conformation of RT, i.e. rotation of the p66 thumb domain of about 30-40° generating a 

large nucleic acid binding site (126;136), whereas the RNA aptamer induces a closed 

conformation. These competition studies showed that S-TIBO increased the binding 

strength of the hexanucleotide towards RT (Fig. 3.2.6 A) no matter if it was added prior to 

or after the incubation of Hex-S3R with the protein. These results showed that Hex-S3 had 

a higher affinity to RT when the enzyme had an open conformation. The p/t and aptamer 

competed for hexanucleotide binding but not vice versa (Fig. 3.2.6 A and B). 

In this case no difference was seen after the addition of the competitors p/t and 

aptamer prior to or after the incubation of the radiolabelled hexanucleotide with RT. 

Increasing amounts of Hex-S3R did not compete with the radiolabelled p/t for binding to 

RT (Fig. 3.2.6 B). Rigid-body docking studies of HIV-1 RT and Hex-S3 based on the 

experimentally derived constraints were performed by T. Restle (Fig. 3.2.5 B, 3.2.6 C 

and D). According to the model derived thereof, Hex-S3 bound the p66 subunit at the 

bottom of the thumb domain pointing towards the nucleic acid binding cleft of the viral 

polymerase. Binding of this hexanucleotide ligand required the thumb domain to be in an 

upright position. 
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Fig. 3.2.6: Competition study and structure of the p66 subunit of HIV-1 RT complexed with Hex-S3. (A) 
The competition of Hex-S3R with S-TIBO, p/t and aptamer pseudoknot for the binding to RT was determined 
by a filter binding assay. Radiolabelled Hex-S3R (1 nM) was incubated for 2 min at 25°C with 5 µM RT in the 
presence or absence of 20 µM S-TIBO, 20 µM p/t or 20 µM aptamer. The competitors were added prior to or 
after the incubation of Hex S3 with RT. The percentage of bound hexanucleotides was determined and 
normalised to the amount of input of hexanucleotide. (B) Radiolabelled p/t (1 nM) was incubated with RT (5 
µM) in the presence of an increasing amount of Hex-S3R. (C) Surface rendering of p66 showing Hex-S3 
complexed with the enzyme in an open conformation (PDB: 1RTH, top panel) or close conformation (PBD: 
1HMV and 1HVU, bottom panel). Color code: magenta, Hex-S3 and gray, p66 subunit. (D) Surface rendering 
of p66 complexed with a DNA/DNA p/t substrate (1RTD) and Hex-S3; front view (left panel) and back view 
(right panel). Color code: yellow, Hex-S3; green and red, p/t substrate; blue, large subunit p66 of HIV-1 RT. 
Modelling studies performed as described in 2.2.9. 
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3.3 Use of Hex-S3 as HIV-1 inhibitor in human cells 
 
The low cellular uptake and rapid degradation in physiological fluids are the two main 

factors which limit the application of nucleic acid-based drugs (190;191). Due to their 

small size hexanucleotides may be less prone to enzymatic degradation. Furthermore, 

they may be more readily taken up by cells in comparison to longer nucleic acids (> 20 nt). 

Several experiments were thus performed to investigate their resistance against endo- 

and exonucleases and their cellular internalisation. Moreover, Hex-S3R which showed a 

high specific binding to HIV-1 RT was tested in human cells by using a recombinant 

replication-incompetent proviral HIV-1 construct (174). 

 

3.3.1 Determination of the stability of unmodified hexanucleotides  
 
In order to determine whether hexanucleotides may be less prone to enzymatic 

degradation in comparison to longer nucleic acids (> 20 nt) and may be suited to the 

in vitro application, e.g. as inhibitors using a replication-incompetent HIV-1-based system, 

and to the in vivo application, the intracellular stability and the stability in fetal calf serum 

and cell culture media were tested. 

 

3.3.1.1 Stability in fetal calf serum and cell culture media 
 
The serum stability of hexanucleotides with an unmodified phosphodiester backbone was 

determined and compared to longer nucleic acids (24mer). The longer oligonucleotides 

consisted of tetrameric repeats of hexameric sequences in order to exclude 

sequence-specific influences on the nuclease resistance. Radiolabelled RNA and DNA 

hexanucleotides or Hex-S3-derived 24mers were incubated in standard binding buffer 

containing 1% (v/v) FCS at 37°C. The fraction of uncleaved oligonucleotides plotted over 

time is shown in Fig. 3.3.1 (A). The unmodified hexamers showed an increased nuclease 

resistance when compared with 24mers, which was particularly true for the RNA. The 

half-life times (t1/2) of Hex-S3R, (Hex-S3R)4, Hex-S3D, (Hex-S3D)4 were 1.2 (± 0.2) min, 

0.1 (± 0.1) min, 3.4 (± 0.3) min and 2.5 (± 0.2) min, respectively. Thus, the Hex-S3D was 

the most resistant one (15-fold) whereas the t1/2 of Hex-S3R was increased 6-fold in 

comparison to the 24mer. Despite the higher resistance of the hexanucleotides compared 

to the longer oligonucleotides to nuclease degradation, their t1/2 was in the order of a few 

minutes which was not sufficient for their application in vivo. However, for the in vitro 

application of hexanucleotides, the stability in serum was not relevant since human cells 

could be incubated and treated with inhibitors in customised culture media which do not 
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contain serum. Therefore, the stability of Hex-S3 and of a chemically modified 2´-F 

derivative in cell culture media was tested (Fig. 3.3.1 B). 

The 2´-F derivative of Hex-S3 showed a binding strength and a target specificity 

which was comparable to the unmodified ones (Table 3.2.1), thus combining the 

advantages of an increased nuclease resistance with a chemical modification that did not 

affect binding behaviour. In this assay, radiolabelled hexanucleotides (10 nM) were 

incubated at 37°C in cell culture media (DMEM, RPMI 1640, 199 medium) and the 

samples collected after different time points were analysed by PAGE. In all tested media 

both unmodified and 2´-F modified hexanucleotides were stable during the incubation time 

(Fig. 3.3.1 B). Consequently they could be applied in vitro without loss of activity.  

 

 

Fig. 3.3.1: Stability of hexa- and oligonucleotides in FCS or cell culture media. (A) Hex-S3R or Hex-S3D 
were compared to the respective derivatives, (Hex-S3R)4 and (Hex-S3D)4, for their resistance to nucleases in 
FCS. Radiolabelled oligonucleotides (10 nM) were incubated with 1% (v/v) FCS at 37°C. Reactions were 
stopped at intervals (0, 0.5, 1, 2.5, 5, 10 and 20 min) and samples were separated by 20% denaturing PAGE. 
In the graph, the fraction of uncleaved oligonucleotides was plotted as a function of time. (B) Unmodified 
Hex-S3 and the 2´-F Hex-S3R derivative were tested for nuclease resistance in 199 cell culture medium. 
Samples were collected after 0, 0.5, 1 or 2 h from the beginning of the incubation and resolved by 20% 
denaturing PAGE. In the graph, the fraction of uncleaved hexanucleotides was plotted as a function of time. 
 

3.3.1.2 Intracellular stability 
 
The intracellular stability of the hexanucleotides and thus their biological availability as 

inhibitors were determined after calcium phosphate-mediated transfection of HEK293T 

cells with fluorescently labelled hexanucleotides. The degradation of internalised Hex-S3R 

(6-FAM label at the 5´-end, 5´-6-FAM) (Fig. 3.3.2) was determined by fluorescence 

measurement of the band corresponding to the undegraded hexanucleotide (6mer). The 

amount of Hex-S3R at time 0 after the transfection was set to 100%. After 1 h, 70% on the 

internalised hexanucleotide was degraded. After 2, 4, 6 and 24 h, the amounts of intact 

Hex-S3R in the cells were 14, 3, 3 and 2%, respectively. The pattern of the degradation 
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products clearly indicated a degradation process rather than a loss of the fluorescent 

label. Since 5´-FAM-6 Hex-1R and 3´-Cy5 Hex-S3R showed an intracellular stability 

identical to the 5´-6-FAM Hex-S3R the degradation process was independent of the 

hexanucleotide sequence and of the position or chemical nature of the fluorescent label 

(data not shown). The amount of hexanucleotide internalised at time 0 min after 

transfection was determined to be about 2.5 x 105 (100%) molecules per cell, thus, after 

24 h about 5 x 103 (2%) molecules were still present in each cell. Despite the fact that the 

hexanucleotides were subjected to a rapid intracellular degradation, these results showed 

that a considerable number of hexameric molecules was still bioavailable even after a 

long time of incubation. 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3.2: Intracellular stability of Hex-S3R. HEK293T cells (2.0 x 105 cells) were transfected, by calcium 
phosphate-mediated transfection, with 8 µM Hex in a 500 µl final volume. After transfection, the cells were 
washed and collected by centrifugation (2,000 x g, 3 min) at different time points (0, 1, 2, 4, 6 and 24 h). The 
cell pellets were lysed by resuspension in SideStep lysis and stabilisation buffer which protects RNA from 
degradation. The samples were resolved by 20% denaturing PAGE and the gels were scanned by a Typhoon 
8600 scanner. The amount of Hex-S3R at time 0 h after transfection was set to 100%. ´C´, control 5´-FAM-6 
Hex-S3R not applied to the cells. 
 

3.3.2 Cellular uptake of naked hexa- and oligonucleotides 
 
One of the major obstacles in developing nucleic acid-based drugs is their delivery across 

the cell membrane to the cytoplasm where they can act. Naked nucleic acids are known to 

penetrate the cell membrane inefficiently, with only a few molecules gaining entry in to the 

cell (192). These data were obtained for oligonucleotides longer than 20 nt. Therefore, 

small molecules, such as hexanucleotides, may show an enhanced cellular delivery 

compared to longer nucleic acids. Thus, the cellular uptake of hexanucleotide was 

compared to longer oligonucleotides. In this assay the BJA-B cell line was used since it is 

able to take up nucleic acids readily from the extracellular milieu (33). Unmodified 

phosphodiester backbone Hex-S3 RNA or DNA and Hex-S3-derived oligonucleotides 

(24mer) were compared. RNA and DNA hexanucleotides or Hex-S3-derived 24mers were 

radiolabelled and applied to the cells. After incubation for 30 min at 37°C in 

FCS-free medium (Opti-MEM I), the cells were washed for 30 min at 37°C with 

1% (v/v) FCS to ascertain the degradation of oligonucleotides adherent to the outer 
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surface of the cell membrane. Thus false positive signals were avoided allowing the 

quantification of internalised oligonucleotides by PAGE (Fig. 3.3.3). No uptake of 

hexanucleotides was apparent, whereas for the Hex-S3-derived 24mers a small band was 

visible, indicating an enhanced uptake of longer oligonucleotides by BJA-B cells in 

comparison to hexanucleotides. These findings showed that only longer oligonucleotides 

were readily taken up by the cells, but no spontaneous internalisation of hexanucleotides 

was observed. Therefore, the mechanism of cell entry employed by the longer 

oligonucleotides is not available for the shorter ones. 

 

Fig. 3.3.3: Uptake of naked hexa- and 

oligonucleotides. BJA-B cells (6.0 x 105 cells) were 

incubated in 500 µl Opti-MEM I medium containing 

1 nM 5´-end radiolabelled Hex-S3 RNA or DNA and 

respective Hex-S3-derived 24mers [(Hex-S3R)4 and 

(Hex-S3D)4]. After 0 or 30 min of incubation, the cells 

were washed with 1x PBSb and incubated for 30 min at 

37°C with Opti-MEM I containing 1% (v/v) FCS. Cells 

were lysed by the resuspension in SideStep lysis and 

stabilisation buffer which protects RNA and DNA from 

degradation. Samples were resolved by 20% 

denaturing PAGE. ´C´, control Hex-S3R, Hex-S3D, 

(Hex-S3R)4 or (Hex-S3D)4 not applied to the cells. 

 

 
 

 

3.3.3 Biological activity of Hex-S3 in a self-inactivating HIV-1 system 
 
In order to investigate whether Hex-S3 was able to exert biological effects, i.e. to interfere 

with the production of HIV-1 viral particles and their infectivity in human cells in a negative 

way, a recombinant replication-incompetent proviral HIV-1 construct [pGJ3-luci, (174)] 

was used. This system is based on a replication-defective HIV-1 viral vector which 

contains a defective HIV-1 genome in which the envelope (env) and most of the regulatory 

and accessory genes of HIV-1 were removed and which, instead, contains the firefly 

luciferase as a marker gene (Fig. 3.3.4 A). The cells were co-transfected together with the 

pczVSV-G vector which encoded for the vesicular stomatitis virus G glycoprotein (VSV-G) 

(Fig. 3.3.4 A). Pseudoviruses produced by the transfected cells contains the rudimentary 

HIV-1 RNA genome with the marker gene, RT and PR proteins surrounded by CA and 

MA proteins from HIV-1. The viral envelope was a VSV-G-containing membrane.  
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Fig. 3.3.4: Replication-defective HIV-1 viral vector system. (A) Genome organisation of HIV-1 and 
schematic drawings of the two plasmid constructs used in the assays. The vector pGJ3-luci encodes a 
defective HIV-1 genome and contains the firefly luciferase as a marker gene, the pczVSV-G vector encodes 
for the vesicular stomatitis virus G glycoprotein (VSV-G). (B) Schematic representation of the assay. HEK293T 
cells were co-transfected with the two vectors (pGJ3-luci and pczVSV-G) and hexanucleotides. The viral gene 
expression was analysed by western blotting of the packaging cell lysates. The pseudoviruses produced by 
the packaging cells were quantified by p24-ELISA and used to infect HEK293 cells. Their infectivity was 
determined by measurement of the firefly luciferase activity. 
 
The viral particles represent infectious, replication-incompetent derivatives of HIV-1 

capable of a single round of infection. Packaging HEK293T cells were co-transfected with 

the luciferase-harbouring defective HIV-1 genome and the plasmid-encoded packaging 

functions, which led to the release of infectious recombinant particles that were 

subsequently used to infect recipient cells in which the luciferase gene expression was 

determined to monitor infectivity (Fig. 3.3.4 B). The viral gene expression pattern was 
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analysed in ´packaging cells´ as described (see 3.3.3.2). The quantity of pseudoviruses 

released from the transfected cells was monitored by a p24-specific ELISA. 

 

3.3.3.1 Effect of Hex-S3 on viral particles infectivity 
 
The effect of Hex-S3 on the infectivity was tested in the replication-defective HIV-1 viral 

vector system described above (see 3.3.3). The cells were co-transfected with the two 

vectors and increasing amounts of hexanucleotides. The pseudoviruses produced were 

used to infect recipient cells and the infectivity was monitored by the activity of the firefly 

luciferase  and the results are shown in Fig. 3.3.5 (A) (the initial experiment was 

performed by Sandra D. Laufer) (193). Increasing amounts of Hex-S3R were related to a 

strong, concentration-dependent decrease of firefly luciferase activity in infected HEK293 

cells, but not in case of the control Hex-1R. The half-maximal inhibitory concentration 

(IC50) value for Hex-S3R was calculated by GraFit5 (Erithacus Software, Surrey, UK) and 

determined to be 1.8 (± 0.2) µM.  

Fig. 3.3.5: Biological activity of Hex-S3R in a self-inactivating HIV-1 system (193). (A) Packaging 
HEK293T cells were co-transfected with Hex-S3R (□) or Hex-1R (○), with a luciferase-harbouring defective 
HIV-1 genome and with plasmid-encoded packaging functions. Released infectious recombinant particles after 
48 h were used in a consecutive step to infect recipient cells. The hexanucleotides were co-transfected in the 
first step at increasing concentrations and the luciferase activity was measured after the infection of HEK293T 
cells. The data were normalised to the number of viable cells. (B) Supernatants of packaging cells transfected 
with 12 µM Hex-S3R (□) or Hex-1R (○) were collected at different time points (0, 10, 24, 36 and 48 h) and used 
to infect HEK293 cells. The infectivity was monitored by the luciferase activity and values were normalised to 
the number of viable cells. 
 

In order to follow the effect of Hex-S3 on viral particles infectivity over the course of 48 h 

after transfection, a time-course experiment was performed. Cells were transfected with 

12 µM Hex-S3R or Hex-1R, a dose which has been proved for Hex-S3R to inhibit luciferase 

activity up to 1,000-fold in comparison to the control Hex-1R. The supernatants from the 

packaging cells were collected at different time points and used to infect recipient cells. 
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The infectivity of viral particles was time-dependent as shown in Fig. 3.3.5 (B), and 

reached a maximum level in 36 h after transfection. Pseudoviruses produced by cells 

which were treated with Hex-S3R, showed a persistent low level of luciferase activity, 

indicating a constant and long-term influence of Hex-S3 on the infectivity of viral particles.  

Regarding an assessment of the particular step of the viral life cycle that could be 

affected by Hex-S3R, a number of additional experiments were performed with the 

following results: the co-transfection of hexanucleotides together with packaging functions 

of HIV-1 using the single-round replication systems described, yielded a reduced amount 

of viral particles released from transfected cells, as monitored by a p24-specific ELISA, 

when Hex-S3R was used versus a control hexamer (Hex-1R), as shown in Fig. 3.3.6 (white 

bars). Moreover, the infectivity of these viral particles was investigated in an infectivity 

assay, and the activity of the firefly luciferase for both hexanucleotides, as shown in 

Fig. 3.3.6 (black bars), was comparable to their relative amount, determined by 

p24-ELISA.  

 

 

 

 

 

 

Fig. 3.3.6: Comparison of viral particles infectivity versus viral particles amount. The cell supernatants 
from packaging cells treated with Hex-S3 as RNA or DNA and Hex-1 as RNA or DNA were used in an 
infection assay, and the infectivity was monitored by the luciferase activity (black bars). They were also tested 
in a p24-ELISA assay to determine the amount of p24, (amount of viral particles) in the cell supernatants 
(white bars). The p24 amount was monitored by the optical density value measured at 450 nm (OD450), 
obtained after the colorimetric reaction described in detail in 2.2.6.1. 
 

In spite of this, when equal amounts of p24 antigen, corresponding to an equal number of 

viral particles (produced in the presence of Hex-S3R or a control hexanucleotide) were 

subsequently applied to infect HEK293T cells, there was no difference to the observed 

reporter gene activity (data not shown). This strongly suggested that the Hex-S3-specific 

inhibitory step occurred in packaging cells rather than during the second round of 

infection. Additionally, Hex-S3D and negative control Hex-1D were tested in this system, 

the infectivity and the amount of the viral particles released by transfected cells were 

strongly reduced in both cases. The transfection efficiency of the two vectors was 

unaffected by the addition of either DNA or RNA hexanucleotides, suggesting a 
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sequence-unspecific involvement of the DNA hexanucleotides in a step which affects the 

production of viral particles and their release. 

 

3.3.3.2 Effect of Hex-S3 on viral gene expression 
 
The Hex-S3-specific inhibitory effect of Hex-S3R on the production of viral particles and 

their release was further investigated by an analysis of the viral gene expression in the 

packaging cells. This was achieved by western blotting using a goat polyclonal Ab 

directed against HIV-1 viral components and a rabbit polyclonal Ab specific for the p24 

protein (CA) and for the Gag precursor (194;195). 
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Fig. 3.3.7: Effect of Hex-S3R on viral gene expression and Gag processing. (A) The schematic drawing of 
the Gag precursor (55 kDa) and of its processing into the CA, MA, p2, NC, p1 and p6gag viral proteins. (B) The 
detection of HIV-1 proteins in packaging cell lysates by western blotting by using a polyclonal Ab directed 
against the whole HIV-1 viral components. The lines ´Hex-1R´, ´Hex-S3R´, ´vectors´ and ´cells´ indicate cell 
lysates from packaging cells treated with 12 µM Hex-1R, 12 µM Hex-S3R, only vectors or non-transfected cells, 
respectively. Samples were resolved by a 12% SDS-PAGE. The secondary Ab used in this assay was 
conjugated to the HRP, and the development of the signals was performed by using the ECL system. The 
β-actin was used as a loading control. (C) The same samples were resolved by a 15% SDS-PAGE, and a 
western blotting was performed by using a polyclonal Ab specific for the CA and the Gag viral proteins. 
Proteins were detected after incubation with a HRP-conjugated secondary Ab. The β-actin was used as a 
control.  (D) Quantification of western blot bands in figure C and determination of the ratio between Gag and 
β-actin (white bars) or CA and β-actin (black bars). 
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The specificity of the first Ab towards all HIV-1 proteins allowed the direct comparison of 

the viral protein synthesis among differently treated packaging cells. The second Ab, 

which was specific for the CA and Gag proteins, was used to investigate the processing of 

Gag precursor as shown in Fig. 3.3.7 (A).  

The Gag precursor is a polyprotein with a molecular mass of about 55 kDa, which 

undergoes to cleavage at specific sites by the viral PR to produce the CA (24 kDa), the 

MA, the NC and other viral proteins. Briefly, HEK293T cells were transfected with the 

described vectors encoding the viral proteins and 12 µM Hex-S3R or Hex-1R. The cells 

were collected and lysed 48 h after the transfection. The lysates were analysed by 

western blotting using the antiserum against HIV-1 (Fig. 3.3.7 B) or the antiserum directed 

against CA/Gag proteins (Fig. 3.3.7 C). The pattern and the intensity of bands obtained 

from the cells treated with Hex-S3R or Hex-1R or only vectors were identical, which 

indicated that Hex-S3R did not affect viral protein expression (Fig. 3.3.7 B and C). To test 

the effect of Hex-S3R on Gag precursor processing, the amount of CA and Gag proteins 

was determined and normalised to β-actin, loading control (Fig. 3.3.7 D). The ratio 

between CA and Gag proteins was the same in all samples, without an evident 

accumulation of Gag precursor, which showed that Hex-S3R had no influence on the 

processing of the precursor. 

 

3.4 Effect of Hex-S3 on HIV-1 RT enzymatic activities and 
functions 

 
Based on the experimental results which showed that Hex-S3 was able to reduce HIV-1 

infectivity and bound with a low micromolar affinity to HIV-1 RT, enzymatic assays were 

performed to elucidate whether Hex-S3R was an inhibitor of enzymatic activity and 

functions of HIV-1 RT. Therefore, standard RT assays were performed in the presence or 

absence of Hex-S3R and using Hex-1R as a negative control. Some of these biochemical 

assays imitated distinct steps of the viral genome replication (Fig. 1.7.2 B), like the RDDP, 

the DDDP and the RNase H assays. Others were based on the intrinsic properties of RT, 

namely the RT processivity and fidelity. All assays were performed at 25°C, the optimum 

temperature for the binding of Hex-S3R to the RT (see 3.2.1), or at physiological 

temperature, 37°C. In each experiment, the RT was preincubated for 2 min at 25°C in the 

absence or presence of Hex-S3R or Hex-1R to allow the binding of the hexanucleotides to 

the protein and consequent formation of RT:HexR complexes. 
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3.4.1 The RDDP assay 
 
The effect on the RDDP enzymatic activity of RT by Hex-S3R was tested in a standard RT 

assay using poly(rA)/oligo(dT)12-18 as p/t (Fig. 3.4.1 A). The RT was preincubated in the 

absence or presence of HexR and the reaction was started by addition of p/t, [3H]-dTTP 

and unlabelled dTTP to the binding mixture. The assay was performed at 25°C or at 37°C 

and the reaction time was 10 min. The activity of RT alone or preincubated with Hex-S3R 

or Hex-1R was determined by monitoring the incorporation of [3H]-dTTP into the growing 

chain (Fig. 3.4.1 B). Hex-S3R did not affect the RDDP activity of RT, since the amount of 

incorporated [3H]-dTMP was comparable to the one obtained with RT alone (control) or 

incubated with Hex-1R.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.1: RDDP activity of RT in the presence of Hex-S3R. (A) Schematic depiction of the RDDP assay. 
Poly(rA) template is in red and the oligo(dT) primers in blue. (B) The assay was performed at 25°C and 37°C 
and the RT activity was determined by the quantification of incorporated [3H]-dTMP in percentage. In the 
´control´ experiment, RT alone (325 nm) was incubated with the p/t (0.2 OD260/ml) and the values were set 
100%. In ´Hex-S3R´ or ´Hex-1R´, RT was preincubated with 65 µM Hex-S3R or Hex-1R, respectively, before 
addition of the p/t. 
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3.4.2 The DDDP assay 
 
The ability of Hex-S3 to affect the DDDP activity of HIV-1 RT was assayed by measuring 

the decrease in the formation of extension product from a p/t substrate (Fig. 3.4.2 A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4.2: DDDP activity of RT in the presence of Hex-S3R. (A) Schematic representation of the DDDP 
assay. The template Flo6 (36mer) annealed to a 5´-radiolabelled (*) Flo1 primer (18mer) was used in this 
assay. Both strands are DNA and indicated in blue. (B) The reaction was performed by RT (0.75 nM) at 25°C 
in the absence of hexanucleotides, panel ´control´, or in the presence of 30 µM Hex-S3R, middle panel, or of 
30 µM Hex-1R, right panel. The samples were collected after different periods of time from the beginning of the 
reaction (0, 0.25, 0.5, 0.75, 1, 1.5, 2.5, 5, 7.5 and 10 min). (C) Primer-elongation profiles of RT ´control´ (○), 
RT treated with Hex-S3R (●), or RT treated with Hex-1R (□). The reactions were performed at 25°C, left panel, 
or at 37°C, right panel. The percentage of 36mer product was calculated and plotted as a function of time.  All 
reactions were analysed by 10% denaturing PAGE and quantified. 
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The Flo1 primer (18mer) was radiolabelled at the 5´-terminus and annealed to Flo6 

template (36mer) (186).  

The RT was preincubated in the absence or presence of Hex-S3R or Hex-1R 

(negative control). The p/t (1.5 nM) was added to the binding mixture, the reaction was 

started by the addition of dNTPs and the assay was performed at 25°C or 37°C. In 

Fig. 3.4.2 (B) is shown the extension of the radiolabelled primer as a function of time. The 

amount of the 36mer product was comparable to reactions in which only RT was used 

(control) or where RT was preincubated with Hex-S3R in large molar excess. The amount 

of product was quantified and plotted over the time, as shown in Fig. 3.4.2 (C). The 

primer-elongation profiles produced by RT with or without Hex-S3R were identical, thus 

Hex-S3 did not affect the DDDP activity of the enzyme. 

 

3.4.3 The RT fidelity assay 
 
The HIV-1 RT is particularly error-prone since it lacks 3´→5´ proofreading activity 

(196;197). The insertional fidelity of RT, i.e. the ability of the enzyme to misincorporate nt 

during the polymerisation, was determined during a DDDP assay in the presence or 

absence of Hex-S3R or Hex-1R. The p/t (Flo1/Flo6) used in this assay (Fig. 3.4.2 A and 

3.4.3 A) (186), was correctly paired and the primer Flo1 was 5´-end radiolabelled. RT was 

preincubated in the absence or presence of HexR. The p/t was added to the binding 

mixture and the reaction was started by the addition of all four or only three dNTPs. The 

result of the misincorporation assay performed at 25°C and at 37°C, in the presence or 

absence of HexR is shown in Fig. 3.4.3 (B). When all four dNTPs were available in the 

reaction mixture, RT elongated the 18mer primer to a 36mer final product. However, when 

one of the four dNTPs was missing the primer-elongation mainly stopped at the specific 

nt-sites. To a certain extent RT was able to incorporate a wrong nt, proceeding the 

polymerisation to a 36mer final product. For each reaction, the amount of product (36mer) 

was calculated as a percentage of the amount obtained in the control reaction, as shown 

in Fig. 3.4.3 (C). 

The primer-elongation profiles did not differ between RT alone, RT complexed with 

Hex-S3R or RT incubated with Hex-1R, indicating that the fidelity of the enzyme was 

unaffected. 
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Fig. 3.4.3: Fidelity of RT in the presence of Hex-S3R. (A) Sequences of the template (Flo6) and of the 
annealed primer (Flo1) 5´-end radiolabelled (*). (B) The misincorporation assay was performed at 25°C, left 
panel, or at 37°C, right panel. The reaction mixtures contained all four dNTPs, lane ´dNTP´, or only three 
dNTPs, lanes ´- dATP´, ´- dCTP´, ´- dGTP´, and ´- dTTP´. Control reactions ´C´ were performed without the 
addition of dNTPs, as ´1´ only RT, as ´2´ RT incubated with Hex-S3R, and as ´3´ RT incubated with Hex-1R. 
The primer-extension reactions were analysed by 10% denaturing PAGE. (C) For each reaction the amount of 
product (36mer) was calculated as a percentage of the amount obtained in the control reaction. 
 

3.4.4 The RT processivity assay 
 
The ability of Hex-S3R to alter RT processivity was tested in a DDDP assay (Fig. 3.4.2 A). 

The M13/pUC primer (24mer) was 5´-end radiolabelled and annealed to the M13mp18 

template (7.25 kb). The assay was performed under conditions which allowed a 

single-round of primer-extension. Briefly, RT was preincubated in the absence or 

presence of Hex-S3R or Hex-1R. The p/t was added to the protein solution followed by 

incubation for 3 min at 25°C or 37°C, to allow the binding of RT to the p/t. The extension 
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reaction was started by the addition of a mixture containing the RNA trap (pseudoknot) 

(131;164;165) and dNTP followed by incubation for 3 min at 25°C or 37°C. The RNA trap 

bound to RT and blocked the p/t binding site, preventing a further interaction and 

elongation of the substrate by the RT. As shown in Fig. 3.4.4 (lines marked ´P´, 

processivity), the primer (24mer) was extended by RT up to 600 nt. 

The reaction was performed at 25°C or at 37°C. However, neither at 25°C nor at 

37°C Hex-S3R interfered with RT processivity. To confirm the single-round 

primer-extension during the processivity assay, two additional control experiments were 

performed (Fig. 3.4.4). In the first control experiment, indicated as lines ´- trap´, RT was 

preincubated with or without HexR, as described above, followed by the addition of the p/t 

and incubation for 3 min at 25°C or at 37°C. The reaction was started by adding dNTPs 

and stopped after 3 min. The absence of the trap allowed multiple rounds of 

primer-extension, as shown in Fig. 3.4.4, and more primer could be extended than in a 

single-round extension experiment. In the second control experiment, the binding of the 

enzyme to the p/t was blocked as follows. A trap solution containing RNA trap, p/t and 

dNTPs was added to RT or RT:HexR, followed by incubation for 3 min at 25°C or at 37°C. 

This experiment was performed to test the ability of the RNA trap, pseudoknot, to really 

act as a trap for RT, blocking the p/t binding site on the enzyme, and the results are 

shown in Fig. 3.4.4, lines ´+ trap´. 

 
Fig. 3.4.4: Processivity of HIV-1 RT 
in the presence of Hex-S3R. The 
assay was performed at 25°C (left) or 
at 37°C (right). The template M13mp18 
(ssDNA) annealed to a 5´-radiolabelled 
M13/pUC primer (24mer) was used in 
this assay. The line ´1´ indicates RT 
(10 nM) without preincubation with 
hexanucleotides, and the lines ´2´ and 
´3´ indicate RT (10 nM) incubated with 
30 µM Hex-S3R or with 30 µM Hex-1R, 
respectively.  In the lines indicated with 
´- trap´, RT or RT:Hex complexes were 
premixed with p/t (10 nM), and then the 
reaction was started by the addition of 
dNTP, allowing multiple rounds of 
primer-extension. In the line indicated 
´+ trap´, RT or RT:Hex complexes 
were mixed with a trap mixture 
containing the RNA trap (1 µM), p/t and 
dNTP. This condition inhibited the 
binding of RT to the labelled p/t. In the 
lines indicated as ´P´ (processivity), the 
p/t was preincubated with RT or 
RT:Hex complexes, and the reaction 
was started by the addition of a trap 
solution containing RNA trap, and 
dNTP. All reactions were analysed by 
8% denaturing PAGE. ´M´, ssDNA 
mass ladder. 
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3.4.5 The RNase H activity assay 
 
HIV-1 RT exhibits RNase H activity, which specifically degrades the RNA in RNA/DNA 

hybrid duplexes. To determine the effect of Hex-S3R on RNase H activity of RT, the 

enzyme was preincubated with or without HexR and the reaction was started by the 

addition of a RNA/DNA heteroduplex substrate, in which the 5´-end of the RNA primer 

(35mer) was radiolabelled (Fig. 3.4.5 A). In this assay the dNTPs were omitted from the 

reaction mixture and the assay was performed at 25°C or at 37°C. The pattern of the RNA 

cleavage by RT in the presence or absence of hexanucleotides when the assay was 

performed at 25°C is shown in Fig. 3.4.5 (B). 

Samples were collected at different time points, the hydrolysis profiles were 

quantified and the percentage of intact RNA primer was determined for all reactions as 

shown in Fig. 3.4.5 (C). 

The ability of RT to hydrolyse the RNA primer was comparable at 25°C or at 37°C. 

The t1/2 for the substrate was determined and is summarised in Table 3.4.1. 

 

Table 3.4.1: Half-life of RNA in RNA/DNA hybrid duplexes during incubation 
with HIV-1 RT in the presence of Hex-S3R and controls 

sample t1/2 (±±±± SD) min, at 25°C t1/2 (±±±± SD) min, at 37°C 

control 1.63 (± 0.13) 1.84 (± 0.19) 

Hex-S3R 1.15 (± 0.10) 2.10 (± 0.15) 

Hex-1R 1.01 (± 0.10) 1.22 (± 0.10) 
 

Both Hex-S3R and Hex-1R affected the RNase H activity of RT at 25°C, leading to a faster 

degradation of the RNA substrate. This effect was clearly unspecific and independent of 

the hexameric sequence. At 37°C Hex-S3R did not affect the RNase H activity of RT as 

shown by the substrate-degradation profiles and by the t1/2 values, which did not differ 

significantly from the ones obtained with RT alone (control). However, RT treated with the 

non-binder Hex-1R showed a reduced t1/2 value, which reflected an enhanced RNase H 

activity. 
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Fig. 3.4.5: RNase H activity in the presence of Hex-S3R. (A) Schematic depiction of the RNase H assay. In 
the heteroduplex, the RNA strand is radiolabelled at the 5´-end (*) and indicated in red while the DNA is in 
blue. (B) A 10% denaturing PAGE showing the RT-mediated RNase H cleavage of the RNA primer (35mer) 
5´-end radiolabelled. The reaction was performed using RT (0.75 nM) at 25°C in the absence of 
hexanucleotides, panel ´control´, or in the presence of 30 µM Hex-S3R, middle panel, or 30 µM Hex-1R, right 
panel. Samples were collected after different periods of time from the beginning of the reaction (0, 0.25, 0.5, 
0.75, 1, 1.5, 2.5, 5, 7.5 and 10 min). (C) RNase H hydrolysis profiles of RT ´control´ (○), RT treated with 
Hex-S3R (●), or RT treated with Hex-1R (□). The reactions were performed at 25°C, left panel, or at 37°C, right 
panel. The percentage of intact primer was calculated and plotted as a function of time.   
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3.5 Combinatorial selection of hexanucleotide ligands in solution 
for HIV-1 RT 

 
The experimental data obtained in the use of Hex-S3 as a ligand for HIV-1 RT, as well as 

an inhibitor of HIV-1 viral particles production in vitro, supported the fact that even very 

short oligonucleotides were able to bind specifically to a given target protein and exert 

biological activity. 

Based on these findings, it would be advantageous to be able to select the 

target-specific hexanucleotides from a random pool of all possible sequences. As targets 

relevant pathology-related proteins could be used and the best-binding hexameric species 

would be tested for their ability to interfere with the activity of the target. In order to 

establish whether a combinatorial approach for the selection of hexanucleotide ligands 

binding to HIV-1 RT, chosen as model target, was feasible several methods were 

evaluated, comprising chromatographic methods, the selection using microbeads, and a 

filter binding approach (see 3.5.1 and 3.5.3).  

In this study the development of a combinatorial approach in solution is described. 

In addition, the sequencing of the selected hexanucleotides required the development of a 

cloning strategy which involved their elongation by a terminal transferase and 

primer-ligation by the T4 RNA ligase (see 3.5.3.1). Attempts to use the RNA analogs, i.e. 

hexaribonucleotides as substrates for terminal deoxynucleotidyl transferase, poly(dA) 

polymerase, and T4 RNA ligase showed extremely little product or failed, indicating that 

very short RNAs were poor substrates for those enzymes. Therefore, the following 

experiments were performed with hexanucleotides having a DNA backbone. 

 

3.5.1 Comparison of in vitro selection approaches for the identification of 

HIV-1 RT-binding hexanucleotides 
 
In order to select HIV-1 RT-binding hexameric DNA species, several combinatorial 

selection approaches were employed, namely chromatographic methods, a 

microbead-based approach and a filter binding-based method (Fig. 3.5.1). All methods 

were at first tested for their stringency, which was evaluated based on the background 

level obtained by use of appropriate controls, i.e. Hex-S3 as binder and Hex-1 as 

non-binder for HIV-1 RT. In each system RT was incubated either with radiolabelled 

Hex-S3 or Hex-1 and the RT:Hex complexes were subjected to selection. 

The first approach was based on gel filtration chromatography using ´MicroSpinTM 

G-50´ columns with a MWCO of 50 kDa. This allowed the separation of preformed 

RT:Hex complexes, which presented a MW greater than 50 kDa, from the free and 

unbound hexanucleotides (MW about 2 kDa). 



Results 

 84 

 

Fig. 3.5.1: Selection approaches for the search of target-specific hexanucleotides. Schematic drawing of 
the different selection approaches tested in this study.  Hex-S3 and Hex-1 were incubated with HIV-1 RT and 
the binding mixture was subjected to a selection procedure based on chromatography, the capture on 
microbeads or on filter. Three gel filtration (GF) chromatographic methods were tested, i.e. ´Microspin´, 
gravity-flow-based GF and GF under high performance liquid chromatography (HPLC) conditions. 
 

HIV-1 RT (10 µM) was incubated either with radiolabelled Hex-S3D (10 nM) or with 

radiolabelled Hex-1D (10 nM), which served as a negative control. The binding mixtures 

(50 µl) were incubated for 2 min at 25°C, in RT binding buffer, which were the optimal 

experimental conditions for the binding of Hex-S3 to RT (see 3.2.1). The mixtures were 

applied to the columns, followed by a centrifugation. The eluted radioactive 

RT:Hex complexes were then measured by a scintillation counter Wallac 1409. The 

percentage of eluted radioactivity, which was calculated in relation to the total radioactivity 

applied to the column, was similar for Hex-S3D (25%) and for Hex-1D (20%), rendering the 

system unsuitable for the separation of binders for RT from non-binders (data not shown).  

Other chromatographic methods tested were a gravity-flow-based gel filtration 

chromatography and a HPLC. Resins used for the gravity flow were Sephadex G-15, G-25 

and G-75 (GE Healthcare). For the HPLC a Superdex 200 HR 10/30 (GE Healthcare) was 

used. In the first case, when radiolabelled Hex-S3D or Hex-1D were incubated with the 

HIV-RT and applied to gravity-flow chromatographic columns, the retention time of both 

hexanucleotides/RT mixtures was the same, without any discrimination between the 

binder and the non-binder species (data not shown). For the HPLC gel chromatography, 

10 µM unlabelled Hex-S3D or Hex-1D were incubated with or without 10 µM HIV-1 RT, in a 

total volume of 50 µl, under the conditions described above. The retention times of free 

HIV-1 RT or free hexanucleotide were 15 min and 29 min, respectively. Using this system, 

no RT:Hex complexes were detected in the chromatogram (data not shown). 

Furthermore, a microbead-based approach was performed, in which nickel-nitrilotriacetic 

acid (Ni-NTA) magnetic agarose beads (Qiagen) were used. In this approach, HIV-1 RT 

containing an affinity tag of six consecutive histidine residues (6xHis tag) was immobilised 
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on the beads. Immobilised RT (2.5 µM) was incubated with 20 nM radiolabelled hexanu-

cleotides in a total volume of 55 µl, under the experimental conditions described above. 

The purification of RT:Hex complexes from free, unbound hexanucleotides was performed 

by the collection of the microbeads with a magnet, which was followed by washing with 

RT binding buffer and elution of the bound hexanucleotides using a 1M NaCl solution. The 

main disadvantage of this approach was the presence of Ni2+ on the surface of the beads, 

since nucleic acids showed affinity for this metal ion. This did not allow a separation of 

hexanucleotides bound to RT from the ones interacting with the metal ion. 

The last approach in solution employed for the selection of hexanucleotides against 

RT was a filter binding-based system, which was successfully used to select of aptamers 

against various targets (37;37;163) and which is described in detail in 3.5.2. 

 

3.5.2 Selection of HIV-1 RT-binding hexanucleotides by filter binding 
 
In a combinatorial selection approach based on a filter binding method, a radiolabelled 

randomised pool of hexanucleotides, containing all 4,096 (46) existing hexameric species, 

was subjected to selection for binding to HIV-1 RT on nitrocellulose filters. 

Hexanucleotides (10 nM) were incubated for 10 min at 37°C with 10 µM HIV-1 RT, in a 

total volume of 40 µl and in buffer containing 50 mM Tris-HCl (pH   8.0), 50 mM KCl and 6 

mM MgCl2. An aliquot (20 µl) of this mixture was filtered under reduced pressure through 

a pre-wetted nitrocellulose filter BA85 (0.45 µM) and rinsed with 3 ml of buffer.  

In order to optimise the elution of hexanucleotides from the filters, a variety of 

conditions were compared. Initially, the extraction step was performed as described (37) 

by using a solution containing 2 M urea, 6 mM sodium citrate (pH   5.0), 0.3 mM EDTA 

and 70% (v/v) phenol (pH   5.2). In a separate experiment only 70% (v/v) phenol in water 

was used. The filter was transferred to a microcentrifuge tube and vortexed after the 

addition of the extraction solution. The extracted hexanucleotides were collected from the 

upper phase after centrifugation. Alternatively, 100% (v/v) acetone was applied to the 

filter, and the extracted hexanucleotides were lyophilised. All these methods involved the 

use of phenol or acetone, which proved to dissolve the nitrocellulose filters. The 

fragmented nitrocellulose was difficult to separate from the eluted hexanucleotides without 

the loss of a large amount of sample. Therefore, an alternative method was employed, in 

which hexanucleotides were eluted from the filter via addition of 1 ml water to the filter, 

followed by heating at 95°C for 10 min. The amount of DNA recovered was about 90% 

(cpm) of the DNA bound to the filter prior to the elution, which correspond to 0.3% (600 

amol) of the input DNA. The level of background was determined by filtering hexa-

nucleotides in the absence of RT, and the unspecifically bound DNA was calculated to be 
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the 0.04% of the input DNA. Accordingly, approximately 15% of ´selected´ hexanucleo-

tides were unspecifically retained by the nitrocellulose filter. 

 

3.5.3 Processing and identification of selected hexanucleotides 
 

3.5.3.1 Poly(dC) tailing, primer ligation, amplification and cloning of selected 

hexamers 
 
Selected hexanucleotides were subjected to poly(dC) tailing at the 3´-terminus by the 

terminal deoxynucleotidyl transferase, followed by primer ligation at the 5´-end and 

amplification of elongated hexanucleotides by PCR, as schematically represented in 

Fig. 3.5.2 (A).  

The tailing reaction performed by the terminal deoxynucleotidyl transferase was very 

efficient since the number of dCMT incorporated at the 3´-end of the hexanucleotides was 

in a range of 40 to 90 nt, as shown in Fig. 3.5.2 (B). Tailed products were then 

precipitated in ethanol and ligated at their 5´-terminus with a primer PA (sequence shown 

in Table 2.1.1). Tailed hexanucleotides were incubated for 20 h at 25°C with 0.5 units T4 

RNA ligase, 50 µg/ml BSA, 1 mM ATP, 25% (w/v) PEG 8000, and 50 nM primer PA in 

20 µl final volume. The reaction was stopped by heating at 95°C for 5 min. Ligated 

products were precipitated in ethanol and amplified by PCR in the presence of Taq 

polymerase and primers PA, PB and adaptor PB (sequences shown in Table 2.1.1). The 

PCR products were resolved by TAE-agarose gel electrophoresis (Fig. 3.5.2 C), cloned in 

the pCRII-TOPO or pGEM-T easy vectors and sequenced.  
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Fig. 3.5.2: Processing of the selected hexanucleotides. (A) Schematic drawing of the cloning strategy for 
the sequencing of hexanucleotides.  A poly(dC) tail was introduced at the 3´-end of the selected species, 
followed by ligation at their 5´-end with the primer PA and amplification via Taq polymerase and primers PA, 
PB and adaptor PB. (B) The tailing reaction was performed for 10 min at 37°C using 1 unit of terminal 
deoxynucleotidyl transferase and 7.5 µM dCTP in a final volume of 20 µl. Tailed products were resolved by 
15% denaturing PAGE. As a control, hexanucleotides prior to the tailing reaction are shown. (C) Ligated and 
tailed hexanucleotides were subjected to PCR, as follows. Briefly, elongated hexanucleotides were amplified 
in the presence of 0.02 units/µl of Taq polymerase, 0.8 mM dNTP, 0.5 µM primer PA, 0.5 µM primer PB, 
0.1 nM adaptor PB. PCR products, ´PCRp´, were resolved by 3% TAE-agarose gel electrophoresis. The frame 
on the right shows lanes ´M´, ´C´ and ´PCRp´ of the gel after scanning with a longer exposure time. ´C´, PCR 
reaction in which water replaced the hexanucleotide solution. ´M´, mass ladder. 
 

3.5.3.2 Analysis of selected sequences 
 
From 130 clones analysed, 35 contained selected hexanucleotide sequences. The 

sequence analysis of the cloned species revealed seven different sequences, five 

hexamers and two pentamers (Fig. 3.5.3). The two pentamers probably resulted from a 

truncation phenomenon during the processing of the selected species. The most 
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abundant species were Hex-FB1 and Hex-FB2, which were found in 46% and 28% of the 

clones respectively.  

Fig. 3.5.3: Aligned sequences from the HIV-1 RT binding pool after the selection round. The numbers 
indicate the length (nt) of the cloned inserts and the frequency of occurrence of the individual sequence. The 
primer fixed sequences are shaded in green and blue. Sequences were aligned using the program Genedoc 
(198) and only the differences are shown. Identical and missing nt are represented by dots and dashes, 
respectively. 
 

As further control the random pool of hexanucleotides was also subjected to processing 

and sequencing in order to determine whether there was a bias for certain sequences 

(performed by W. Wünsche). The sequence analysis of the 61 cloned species showed 

that Hex-FB1 was present in two clones, Hex-FB4 in one clone, while none of the other 

selected species were found (data not shown). The nt frequencies in percentage found at 

each varied position and the derived consensus sequence are presented in Table 3.5.1. 

 

Table 3.5.1: Nucleotide frequencies at each position and derived 
consensus sequence 

position (5´ to 3´) 
nucleotide 

I II III IV V VI 

A 41 21 54 25 33 3 

C 39 25 13 16 26 10 

G 10 38 23 51 20 75 

T 8 16 8 7 10 10 

Na) 2 0 2 2 0 2 

consensus sequence A G A G A G 
 

a) ambiguous sequencing result. 
 

3.5.4 Binding of selected hexanucleotides and controls to HIV-1 RT 
 
The interaction of the seven selected sequences and controls with HIV-1 RT was 

analysed by a filter binding assay. In this assay, selected species were incubated with RT 

under the conditions which were used during the selection procedure (in selection buffer, 

high salt, at 37°C, 10 min), or under conditions which were established to be the optimum 

for the binding of Hex-S3 to RT (in RT binding buffer, low salt, at 25°C, 2 min). The results 

are shown in Fig. 3.5.4. 

As controls, Hex-S3D and Hex-S1 were included. The Hex-S1 was identified by W. 

Wünsche and showed a moderate affinity towards RT. The Hex-0, which was also 
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included as a control, was the consensus sequence derived from the starting pool of 

hexanucleotides (Table 3.5.1). At high temperature and salt conditions, the binding of the 

hexamers and pentamers to RT was below 5% binding, as shown in Fig. 3.5.4,  

Hex-S3 and Hex-S1 showed a 1.5% binding, while Hex-0 showed 0.15% binding to 

RT. Among the selected species, Hex-FB4 and Pentamer-FB2 showed a comparable 

binding to RT, whereas Hex-FB1, Hex-FB2, Hex-FB3, Hex-FB5 and Pentamer-FB1 bound 

more strongly to RT than Hex-S3 (Fig. 3.5.4).  

 

Fig. 3.5.4: Filter binding assay of selected sequences with HIV-1 RT. The investigated species and 
respective sequences are shown on the left panel. The radiolabelled oligonucleotides (1 nM) and HIV-1 RT 
(5 µM) were incubated in a final volume of 30 µl under two different conditions, namely at 37°C, high salt or 
25°C, low salt. The percentage of binding of each sequence was determined by normalisation to the total input 
of hexanucleotide. 
 

At a low temperature and ionic strength the two pentameric species showed about 

one-tenth of the binding in comparison to hexameric species (Fig. 3.5.4). Under these 

conditions, 0.1% Hex-0 bound to RT, while the three hexanucleotides, Hex-FB2, Hex-FB3 

and Hex-FB5 showed a higher binding to RT compared to Hex-S3. The Hex-FB4 and 

Hex-FB1 respectively, showed the same binding or lower binding to enzyme when 

compared to the control Hex-S3. Interestingly, Hex-FB4 and Hex-0, which differed by only 

one nt at the second position from the 5´-end, showed a completely different binding 

behaviour. This clearly implied the loss of binding properties by the replacement in that 

sequence context of a T with a G at the second position from the 5´-end. Hex-FB4, too, 

differed from Hex-FB1 by a single nt and the replacement of an A with a G at the first 

position from the 5´-end, did not prove to affect the binding at a high temperature and high 

ionic strength, while it led to almost 2-fold increased binding at a low temperature and salt 

concentration. Moreover, the selected Hex-FB3 differed from the control Hex-S3D by one 
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nt (T versus A at the 3´-end). The binding strength of the selected Hex-FB3 was slightly 

higher than for Hex-S3D under both tested experimental conditions, indicating that the 

replacement of the last nt with an A increased binding strength for RT. 

 

3.6 Development of an oligonucleotide-based array 
 
As a more specific and systematic alternative to the in vitro selection of target-specific 

hexameric species, a hexanucleotide array-based approach was conceived. This 

approach would circumvent the cloning steps for sequencing and eliminate the introduced 

bias, furthermore truncated sequences would not occur and a large number of targets 

could be screened simultaneously. This array would contain all possible 4,096 (46) 

hexameric sequences, and allow the rapid and specific detection of target proteins bound 

to immobilised hexanucleotides, combining the advantages of applying a very limited 

amount of sample to the possibility of high-throughput screening. Accordingly, to test 

whether such an array-based approach was feasible, an oligonucleotide-based array, 

including selected oligo- and hexanucleotides was developed, and its features and 

processing described in the following chapter.  

 

3.6.1 Oligonucleotide-based array design 
 
As a first approach and for establishing the conditions under which an array-based 

selection can be successfully performed a small array containing ten oligo- and hexameric 

sequences was designed. The sequences were chosen based on their binding behaviour 

in solution towards HIV-1 RT and control proteins, i.e. Hex non-RT-binders (Hex-1 and 

Hex-0), Hex RT-binders (Hex-S3, Hex-S1 and Hex-4) and oligonucleotides [ss-45mer, 

(Hex-S3D)4, (Hex-S3DC→A)4, ODN2080D and a RT-directed DNA aptamer] (sequences 

shown in Table 3.6.1). 

Hexanucleotides were included in the array as DNA or RNA backbones. The DNA 

oligonucleotides, and particularly the well-characterised high-affinity RT-directed DNA 

aptamer, called RT1t49 (92), served as positive controls for the binding of HIV-1 RT to 

immobilised single-stranded nucleic acids. As further control for the protein-binding 

specificity, two oligonucleotides, namely the (Hex-S3)4, and the ODN2080 were chosen on 

the basis of their ability to interact with the TLR9 in vitro (33), whereas (Hex-S3DC→A)4 

was described as not being able to interact and therefore included as a negative control. 
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Fig. 3.6.1: Features of the oligonucleotide array. (A) Schematic representation of printed hexameric and 
oligomeric nucleic acids. The hexanucleotides were covalently linked by their 5´-end to the surface by a tether, 
while control oligonucleotides were immobilised at their 5´-termini through a biotin-streptavidin interaction. (B) 
Chemistry of the linkers used for the array. Four different linkers of increasing lengths were used (21-, 38-, 72- 
and 106-atoms). (C) Schematic drawing of the array. The nucleic acids were spotted on the matrix within an 
area of 6.6 mm per 7.5 mm, and the space assigned to the DNA or RNA nucleic acids is shown. (D) Quality 
control of spotted nucleic acids. Unspecific binding sites were blocked with 2% (w/v) casein, the array washed 
and incubated for 10 min at 37°C with 3.33 µM fluorescein-12-ddCTP and 100 units of terminal 
deoxynucleotidyl transferase in a total volume of 100 µl. The reaction was stopped by the addition of 10 mM 
EDTA, the array was then washed, fixed in acetone for a few seconds and scanned on a Typhoon scanner. 
 

Table 3.6.1: Sequences used in this study 

nucleic acid sequence (5´ to 3´) 

Hex-1 TCA AAA 

Hex-0 AGA GAG 

Hex-S3 TCG TGT 

Hex-S1 CGA CCG 

Hex-4 GTC TAA 

ss-45mer DNA T20CT GTA CAG GTA GCA ATG GCA GGT GC 

(Hex-S3D)4 TCG TGT TCG TGT TCG TGT TCG TGT 

(Hex-S3DC→A)4 TAG TGT TAG TGT TAG TGT TAG TGT 

ODN2080D TCG TCG TTC CCC CCC CCC CCC CCC 

DNA aptamer (RT1t49) 
ATC CGC CTG ATT AGC GAT ACT CAG AAG 

GAT AAA CTG TCC AGA ACT TGG A 
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The hexameric sequences were linked at their 5´-termini by a tether to a solid surface. 

Long control oligonucleotides were 5´-end biotinylated and bound to the support via 

immobilised streptavidin, as shown in Fig. 3.6.1 (A). Linkers having a length of 21-, 38-, 

72- and 106-atoms (Fig. 3.6.1 B) were tested in order to examine the influence of the 

tether dimension on the binding efficiency and specificity. The arrays were developed on 

glass slides coated by matrix, namely nitrocellulose, epoxy or CodeLink. The nucleic acids 

were spotted on the matrix within an area of 6.6 mm per 7.5 mm, as shown in Fig. 3.6.1 C, 

and DNA as well as RNA hexameric- backbones were used. The amount of nucleic acid 

per spot was determined to be about 1 fmol, each nucleic acid was printed in duplicate per 

slide, with a spot diameter of 300 µM and a distance between two spots of 600 µM 

(Fig. 3.6.1 D). The quality of the printed spots was determined via analysis of quantity and 

density of the hexa- and oligonucleotides immobilised within each spot on the array. This 

was performed by 3´-end fluorescent labelling of the immobilised nucleic acids followed by 

scanning and analysis of the fluorescent signals. The identically arrayed spots of the 

different sequences after fluorescent labelling are shown in Fig. 3.6.1 (D). 

 
3.6.2 Establishment of experimental conditions for the array analysis 
 
Conditions for the array processing were established to investigate in an unequivocal and 

highly specific way the differential binding of HIV-1 RT and control proteins to the selected 

hexameric species. Therefore, several experimental conditions were investigated to 

minimise unspecific binding of the target, to increase detection sensitivity, and resolution. 

 

3.6.2.1 Strategies for the detection of bound target protein 
 
In order to monitor the binding of HIV-1 RT to immobilised hexanucleotides and controls, 

two detection strategies were employed. First radio- or fluorescent-labelled proteins were 

applied to the array. Alternatively unlabelled proteins were detected by fluorescently 

labelled Ab directed against the bound protein (Fig. 3.6.2). 

The HIV-1 RT was labelled with 125I as described in detail in 2.2.3.6. The iodinated 

protein was resolved by SDS-PAGE, the gels were exposed to a PhosphorImager screen 

and scanned on a Typhoon 8600 scanner (Fig. 3.6.3 A). The labelling efficiency of the 

smaller subunit p51 of HIV-1 RT was much greater than for the larger subunit, p66. The 

lower limit of detection was determined to be 150 amol protein. The radiolabelled protein 

was applied to the array, following the experimental conditions described in 3.6.3. 
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Fig. 3.6.2: Schematic depiction of an array-based screen for protein-hexamer interactions. Arrays, 
before incubation with the target protein, were incubated with an optimised blocking solution for 2 h in order to 
decrease unspecific binding of the protein to the matrix. The binding was monitored by using radio- or 
fluorescently-labelled protein (a) or unlabelled protein followed by detection of bound protein with a 
fluorescently-labelled protein-directed Ab (b). After the binding step, arrays were washed and dried, and 
signals were detected by a Typhoon 8600 scanner. 
 

After washing and drying, the array was exposed for 2 h to a PhosphorImager screen and 

the screen was then scanned. As shown in Fig. 3.6.3 (B), via exposing the array to the 

screen, the radioactive signal was spread over the whole surface of the array. Therefore, 

a second labelling system was employed, which was based on the fluorescent-labelling of 

protein. Site-directed Alexa488 labelled RT, as well as cysteine- or lysine-specific 

fluorescein-labelled proteins were used. The Alexa488 labelled HIV-1 RT was a kind gift 

from T. Restle, and a fluorochrom was introduced at amino acid position 194 or 287 of the 

p66 subunit (p66E194CAlexa488/p51 and p66K287CAlexa488/p51) or at position 281 of the p51 

subunit (p66/p51K281CAlexa488). These proteins were shown earlier to preserve all 

enzymatic activities (136;164;199). The lower detection limit with fluorescently labelled 

protein was determined to be between 1 fmol and 100 amol (Fig. 3.6.3 C). The arrays 

were incubated with fluorescently labelled RT, washed and the fluorescence intensity was 

detected by a Typhoon 8600 scanner (Alexa488: 495/519 nm excitation/emission, 

fluorescein: 494/518 nm excitation/emission). The employment of fluorescently labelled 

protein combined the advantages of a low background with a very clear differential binding 

of the protein to immobilised oligo- and hexameric sequences, as shown in Fig. 3.6.3 D 

and A. Independent of the label chemistry, position or amount, the binding behaviour was 

identical among the tested RTs indicating that the binding characteristics were not 

affected by the fluorescent moiety of the protein (data not shown). 
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Fig. 3.6.3: Detection of fluorescently labelled protein. (A) The detection limit of radiolabelled RT was deter-
mined by an analysis of radiolabelled protein via 15% SDS-PAGE, followed by exposure for 2 h of the gel to a 
screen and the scanning of the screen. Three different amounts of labelled RT were used, i.e. 0.15, 1.5 and 
15 fmol. The two subunits of RT are indicated as ´p66´ and ´p51´. The autoradiograph (left panel) and 
coomassie blue stained gel (right panel). ´M´, mass ladder. (B) Result obtained with an array incubated with 
500 nM radiolabelled RT, after exposure to a PhosphorImager screen (2 h) and scanning. (C) The detection 
limit of fluorescently labelled protein was determined by scanning of spotted p66/p51K281CAlexa488 in different 
amounts on a CodeLink matrix. (D) The results obtained with an array treated with 500 nM 
p66/p51K281CAlexa488. 
 

Alternatively, the arrays were incubated with unlabelled RT followed by the detection of 

the bound protein via a FITC-conjugated RT-specific monoclonal Ab (MAb 20) (172). The 

array was incubated with unlabelled RT, washed and incubated with FITC-labelled Ab, 

followed by scanning (FITC: 506/529 nM excitation/emission) on a fluorescence scanner. 

The direct comparison between the direct and the indirect detection systems is shown in 

Fig. 3.6.4. The protein bound to the immobilised hexanucleotides and the controls is 

highlighted in green (upper panel) and the intensity of each spot was determined (lower 

panel). By using the direct detection system (Fig. 3.6.4 A), the experiment showed a 

strong binding of RT to the oligonucleotides as well as a binding to the hexamers Hex-S1, 

Hex-4 and Hex-S3, while no signal was detected for the non-binders, Hex-0 and Hex-1, 

which was consistent with the binding data observed in solution. In contrast, using an 

indirect detection system (Fig. 3.6.4 B), only the strong interaction between RT and the 

longer oligonucleotides was clearly visible. However, the differences in the binding 

between the hexanucleotides were diminished and close to background level. 
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Fig. 3.6.4: Comparison between direct and indirect detection methods of bound protein. (A) An array 
treated with 500 nM p66/p51K281CAlexa488 was scanned and the intensity of each spot was determined and 
normalised to the DNA aptamer value which was set to 100% intensity/spot. (B) Results obtained with an 
array incubated with 500 nM unlabelled RT, followed by washing and incubation with 500 nM FITC-labelled 
RT-directed Ab. The intensity of the spots was determined and normalised as described in (A). All oligo- and 
hexameric sequences examined were DNA. 
 

3.6.2.2 Importance of surface chemistry and of the linker length on RT binding 

efficiency and specificity 
 

As previously described, the nucleic acids were printed on glass slides coated with three 

different matrixes, namely nitrocellulose, epoxy and CodeLink matrixes. This was 

performed in order to determine which of the three matrixes would fulfill the requirements 

of specificity, sensitivity and resolution. The testing of the different matrixes was 

performed by W. Wünsche and the best results were achieved by using the CodeLink 

surface (data not shown), which was then employed for all further experiments. The 
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CodeLink matrix (GE Healthcare) consisted of a hydrophilic polymer containing 

N-hydroxysuccinimide ester groups designed to minimise unspecific binding. 

Furthermore, the effect of the linker length on RT binding specificity and efficiency was 

evaluated. The linkers used in this study are shown in Fig. 3.6.1 (B). As described 

previously, hexanucleotides immobilised at their 5´-end via a 21-, 38-, 72- or 108-atoms 

linker to the surface were incubated with fluorescently labelled RT. The bound protein was 

detected via a scanning of the array on a fluorescence scanner and the results are 

summarised in Fig. 3.6.5 (A). Interestingly, the intensity of the signal per spot decreased 

proportionally with increasing linker length. This was true for the two RT-binding species, 

Hex-S3 and Hex-S1, but did not apply to Hex-0 and Hex-1 (negative controls) which did 

not show any signal. Both 21- and 38-atoms long linkers gave rise to the best signals, 

indicating that longer linkers may fold on themselves or sterically inhibit the binding of the 

protein. Moreover, the fluorescence signals were specific for the linker-bound 

oligonucleotides since nuclease treatment prior to the binding of RT abolished the 

fluorescence on the solid matrix and the linker alone did not give rise to any signal as well 

(Fig. 3.6.5 B). 

 

Fig. 3.6.5: Comparison of different linker lengths for the binding of RT to immobilised hexanucleo-
tides. (A) Hexanucleotides covalently attached to 21-, 38-, 72- or 106-atoms linkers were incubated with 
500 nM p66/p51K281CAlexa488 and the binding results were directly compared.  (B) Previous to the incubation 
with 500 nM p66/p51K281CAlexa488, the array was treated with a solution containing 400 units of Mung Bean- 
and 400 units of S1-nucleases in a total volume of 100 µl. The reaction was stopped by the addition of 10 mM 
EDTA and the array was then incubated with the labelled protein, washed and scanned by a fluorescence 
scanner. 
 

3.6.2.3 Procedures for blocking the array-slides and incubation conditions 
 
To minimise unspecific binding of fluorescently labelled proteins to the CodeLink coated 

slides, several blocking solutions and conditions were tested. The experiments concerning 

the optimisation of the blocking procedure were performed by W. Wünsche. Blocking 

solutions were prepared in RT binding buffer and contained either 1% (w/v) BSA 
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(RNase-free or non-RNase-free), 2% (w/v) skim milk or 2% (w/v) casein from bovine milk. 

Additionally, the Array-block (BF-BIOlabs) blocking reagent of unknown composition was 

also tested. The arrays were incubated in the blocking solution up to 20 h. Already after 2 

h of incubation at 23°C, the background level reached a minimum. Among all tested 

blocking solutions the 2% (w/v) casein in RT binding buffer was the most efficient in 

saturating the unspecific binding sites on the coated surface and was therefore used in all 

further experiments. One of the disadvantages in the use of the 2% (w/v) casein was its 

contamination with nucleases, which led to a very rapid degradation of the RNA 

hexanucleotides. Therefore, the binding of RT to RNA hexanucleotides could not be 

tested under these experimental conditions. On the contrary, the DNA hexanucleotides 

immobilised on the array or free in solution showed a very high stability against nucleases 

when incubated for 4 h in this blocking solution. Moreover, as a further control, the binding 

of casein to printed oligo- and hexamers or to radiolabelled oligonucleotides free in 

solution was also tested, respectively, via the incubation of the array with 

fluorescein-labelled casein or via filter binding assay. As expected, casein showed very 

little affinity towards the oligonucleotides and without any significant sequence-specificity.  

Experiments were performed in order to improve the binding of RT to printed 

hexanucleotides. The binding of a protein to a given ligand depends on the ionic 

composition and strength of the incubation buffer, hence several binding solutions were 

tested, which included RT binding buffer, RT binding buffer containing 0.1% (v/v) Tween 

20, PBSb with or without 0.1% (v/v) Tween 20, 1x PBSb containing 100 µg/ml BSA, or 

customised PBSb solution containing 100 mM, 50 mM or 5 mM NaCl. The binding of 

fluorescently labelled RT was compared to control proteins. The solution which yielded the 

highest specificity with a very high signal/noise ratio was the modified PBSb solution with 

100 mM NaCl and 0.1% (v/v) Tween 20. 

Fluorescently labelled RT was incubated up to 16 h on the array for an optimisation 

of the incubation time. This long incubation led to degradation of the immobilised nucleic 

acids, but already after 10 s from the beginning of the incubation, RT showed a moderate 

and differential binding to the oligo- and hexamers. The prolongation of the incubation 

yielded a proportional increase in the spot intensity, but the relative signal intensities 

between the investigated species remained the same.  

The washing step was also optimised and varied from a few seconds up to 48 h. A 

proportional detachment of protein was detected during the washing time, but a complete 

detachment was not seen even after 48 h of washing step. 

This array-based method proved to be extremely sensitive since as little as 5 nM 

fluorescently labelled RT needed to be applied to the array leading to get a clear and 

specific pattern of highlighted spots. Furthermore, a FITC-conjugated firefly directed-Ab 
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used as a control protein proved to bind preferentially specific sequences on the array 

(see 3.6.3) when incubated in RT binding buffer. However, the Ab did not show any 

binding towards radiolabelled hexa- and oligomers in solution in a filter binding assay 

under the same experimental conditions. 

 

3.6.3 Binding of HIV-1 RT and control proteins to printed hexanucleotides 
 
A variety of conditions was tested to achieve an unequivocal detection of proteins which 

bound specifically to the immobilised oligo- and hexamers. The main steps in the array 

processing are summarised in Table 3.6.2. 

 

Table 3.6.2: Main steps in the array processing 

step duration solution 

1. blocking 2 h at 23°C 2% (w/v) casein in RT binding buffer 

2. washing 3x, 10 s each PBSb, with 100 mM NaCl and 0.1% (v/v) Tween 20 

3. incubation with RT                2 min at 23°C PBSb with 100 mM NaCl and 0.1% (v/v) Tween 20 

4. washing 3 x, 10 s each PBSb, with 100 mM NaCl and 0.1% (v/v) Tween 20 

5. fixing 2x, 10 each 100% (v/v) acetone 

6. drying 2 min at 23°C  

7. scanning 2 min/array  
 

The binding of p66/p51K281CAlexa488 and of a FITC-conjugated firefly directed-Ab (control) 

was monitored under two different experimental conditions, i.e. in RT binding buffer or in 

PBSb, low NaCl (100 mM NaCl). The two buffers differed in their salt content, with the RT 

binding buffer containing a lower amount of salt. The control FITC-conjugated firefly 

luciferase directed-Ab showed specific binding to Hex-S3D, Hex-S1D, Hex-4D, (Hex-S3D)4, 

(Hex-S3DC→A)4 and ODN2080, when incubated in RT binding buffer. No binding was 

seen in PBSb, low NaCl buffer (Fig. 3.6.6 A). Under both experimental conditions, RT 

showed a strong binding towards the DNA RT-directed aptamer, the ODN2080 and all the 

oligonucleotides, as well as the binding to the hexamers Hex-S1D, Hex-S3D and Hex-4D 

(Fig. 3.6.6 A and B), which was consistent with the binding data of Hex-S3 observed in 

solution (see 3.1.1 and 3.5.4). A similarly clear consistency was observed in the use of the 

non-binders Hex-0 and Hex-1, albeit the unspecific binding of RT to the negative controls 

was higher in lower salt conditions (Fig. 3.6.6 B). 

In addition, competition experiments were carried out in order to examine whether 

the binding of the RT towards immobilised Hex-S3D could be competed by the addition of 

free Hex-S3D. The array was incubated with fluorescently labelled RT in the presence of a 

large molar excess (5 x 106:1) of free Hex-S3D or Hex-1D to the immobilised hexamer. The 

Hex-1D served as a negative control. After the incubation, the arrays were scanned and 



Results  

 99 

the results obtained showed an unexpected and clear lack of competition between the 

free and bound Hex-S3D.  

 

Fig. 3.6.6: Binding of RT and control protein to immobilised hexa- and oligomers under two different 
experimental conditions. (A) Arrays incubated with 500 nM p66/p51K281CAlexa488 or FITC-conjugated firefly 
luciferase directed-Ab (Ab α Luci) (100 µl total volume) in PBSb, low salt or RT binding buffer. Shown are 
hexanucleotides linked with a 21-atoms tether. (B) Quantification of arrays incubated with 
p66/p51K281CAlexa488 in PBSb, low salt or RT binding buffer. The intensity per spot in percentage was obtained 
as the average value of two different spots of the same sequence linked with a 21-atoms tether, and 
normalised to the DNA aptamer control which was set 100% intensity/spot.  
 

Other control proteins were used in these assays including the T7 RNA polymerase, the 

BSA, the HIV-2 RT, the TLR9 and the p51 subunit of HIV-1 RT. In all cases, direct 

fluorescent-labelling of the proteins was performed, and only for a few, i.e. HIV-2 RT and 

TLR9, the indirect detection via a fluorescently labelled Ab was also employed. In RT 

binding buffer, and at 500 nM protein concentration, T7 RNA polymerase and HIV-2 RT 

showed some binding to the printed sequences, with a pattern which resembled the one 

obtained with HIV-1 RT. However, the ratio between the signal and the noise was very 

low, making an interpretation of the data difficult. Instead, when incubated in PBSb, low 
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NaCl buffer, none of those proteins showed any binding to the immobilised hexa- and 

oligomers. 

 

3.6.4 Recycling of used arrays 
 
Due the high cost of the arrays, a number of procedures for their regeneration was tested. 

Used arrays were treated with proteinase K or trypsin in order to degrade the bound 

protein, otherwise the bound protein was denatured by urea treatment. All methods 

proved to be effective only ta a certain percentage of the recycled array, and a 

comparable efficiency (data not shown). Briefly, arrays were incubated for 2 h at 37°C in 

the presence of 2 mg of proteinase K or of a solution containing 0.05% (w/v) trypsin and 

0.025% (w/v) EDTA. The proteinases were inactivated by the addition of 5 mM PMSF, 

followed by incubation for 15 min at 23°C. Alternatively, used arrays were incubated with 7 

M urea for 2 h at 23°C. After an extensive washing recycled arrays were scanned to test 

the complete removal of the bound protein (Fig. 3.6.7). To test whether the degradation or 

denaturation processes affected the integrity of the oligo- and hexamers immobilised on 

the surface, a few treated arrays were reincubated with fluorescently labelled RT, followed 

by a scanning of the bound protein on a Typhoon scanner. The results are shown in 

Fig. 3.6.7 where a representative array treated with proteinase K, was reused. Although 

the recycling methods showed a certain effectiveness, the background level on reused 

arrays was higher when compared to new arrays. 

 

 

 

 

Fig. 3.6.7: Recycling of used arrays. An array incubated with p66E194CAlexa488/p51 was scanned prior (left 
panel) and after (middle panel) the treatment with proteinase K. After inactivation of the protease by PMSF 
and extensive washing, the array was reincubated with p66E194CAlexa488/p51 and the results are shown in the 
right panel. 

before proteinase K treatment after proteinase K treatment recycled arraybefore proteinase K treatment after proteinase K treatment recycled array
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4 Discussion 
 
 

4.1 Proof of concept: hexanucleotides as a promising class of 
nucleic acid-based therapeutics 

 
This work shows that interactions between hexanucleotides and target proteins occur 

(see 3.1) and that the binding was highly specific to the nt sequence and to the target 

protein (see 3.1 and 3.2). Here the HIV-1 RT and the hexanucleotide Hex-S3 (UCGUGU) 

were chosen for the proof of concept. The affinity of this hexanucleotide in the low 

micromolar range was related to biological activity in a cell culture system (see 3.3). 

This strongly suggests to consider hexanucleotides as a yet unexplored class of 

nucleic acid-based therapeutics, which may serve as lead compounds for drug 

development. 

This has to be seen in view of the fact that the chemical nature of nucleic acids 

allows them to take part in a variety of specific and biologically relevant interactions with 

different classes of molecules, which lay the basis for essential cellular processes. These 

interactions can be highly specific to the nt sequence, the 3D shape of the nucleic acid or 

a combination of both. 

In the specific case of protein-nucleic acid interactions, the binding and the 

stabilisation of the complexes are given by a large number of electrostatic interactions, 

van der Waals interactions, hydrogen bonds and salt bridges between the molecules 

(59;65). Many proteins bind to nucleic acids in a sequence-independent fashion, others, in 

contrast, have specifically evolved to bind particular nucleic acid sequences (59;60). For 

example, sequence-specific binding occurs during the recognition of transcriptional factors 

or restriction enzymes to their target DNA sequences (62;63). In this case, in order to 

achieve the necessary specificity the recognition and binding of the two molecules require 

a large number of contacts. In contrast, only a few contacts are needed to provide strong 

and specific binding in the interaction between small molecules, such as mono- and 

dinucleotide and their cognate nucleotide-binding proteins (200;201). 

As an extension of mono- and dinucleotides, it was attractive to speculate about a 

sequence-specific binding of short nucleic acids, such as hexanucleotides, to target 

proteins. This concept may allow the identification of hexanucleotides, which specifically 

bind to a target protein, and the interactions between the two molecules may be strong 

enough to interfere with the activity of the target protein. Thus, these results would be of 

fundamental importance for clinical drug discovery contributing to the development of 

novel drugs against the action of relevant pathology-related molecules and of novel tools 

in molecular biology as well. 
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Hexanucleotides as a distinct class of potential nucleic acid-based tools and drugs offer 

several major technical advantages that are not shared by almost all of other classes of 

nucleic acid-based drugs, such as for example aptamers, ribozymes and siRNA. 

Hexanucleotides are accessible to large scale chemical synthesis at low prices due to the 

possibility of solution synthesis. On the level of drug design, the structure-function 

relationship is simple for hexamer-target recognition. This promotes the screening of 

systematic libraries to identify lead compounds, and the chances of success of a rational 

drug design. In pharmacological terms such small molecules may be less prone to 

nuclease degradation and may show an enhanced cellular delivery compared to longer 

nucleic acids, leading to an improved pharmacokinetic profile. 

At a first glance the possible sequence space composed by hexanucleotides looks 

rather limited. However, if one considers the currently wide repertoire of chemical 

modifications of the sugar moiety, the nucleobases, and the internucleotide phosphates or 

linkages, then the sequence space that can be include in systematic combinatorial 

approaches is substantially increased.  

 

This is a proof of concept study in the use of an intracellular target protein, which 

immediately raises the problem of cellular and intracellular delivery. However, one should 

be aware of the fact that most pharmaceutically relevant targets are located at the cell 

surface. Therefore, promising future targets should include structures which are 

accessible from the extracellular site (receptors, e.g. ICAM-1) or the inner site of vesicles 

such as endosomes (receptors, e.g. TLR9). 

Moreover, molecules of only six nt in length are not assumed to fold into any 

secondary or tertiary structure, thus target specificity might occur through contacts along 

the quasi linear hexameric molecule. The study of such complexes would lead to new 

general insights into the field of protein-nucleic acids recognition and interactions. 

So far, the selection of nucleic acid ligands towards target proteins has been 

realised using the SELEX approach (see 1.5.2). In this case, high-affinity nucleic acid 

ligands are selected from large sequence spaces (~ 1015) against a given target protein. 

The resulting aptamers are long nucleic acids (30-200 nt), which bind their targets by 

adaptive recognition. Their high affinity and specificity is based on their ability to fold into 

complex, 3D shapes which fit into the architecture of the target binding sites (26;40). 

Previous studies have described the interactions between short chemically-modified 

oligonucleotides and target proteins. Pinskaya et al. (88) selected a PS-modified 

octanucleotide, which bound to HIV-1 IN with a high affinity, while Wyatt et al. (89) 

showed that an 11mer coupled with an acridine group was able to bind the surface 

glycoprotein gp120 of HIV-1 and inhibit gp120-mediated cell fusion. However, binding 
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affinity in those cases was not due to specific primary sequences, but rather to the ability 

of the PS-modified oligonucleotides to form higher quadruplex structures or the presence 

of a hydrophobic moiety in the molecule, respectively. 

With regard to those binding characteristics the work described here indicates a 

´real´ sequence specificity of target recognition.  

 

Effect of Hex-S3 on HIV-1 RT enzymatic activities and functions: The results of the 

crosslinking experiments and the binding assays indicated that Hex-S3 might be able to 

inhibit the enzymatic functions of HIV-1 RT despite the high Kd in comparison to the 

natural substrate p/t. Several assays which comprise RDDP, DDDP and the RNase H 

activities were performed to test this hypothesis (see 3.4). These assays imitated distinct 

steps of the viral genome replication. Additionally, the effect on the RT processivity and 

fidelity were studied. All assays were performed at optimum conditions for the binding of 

Hex-S3 to RT and under physiological conditions. The hexanucleotide was used in large 

excess over the p/t substrate and was complexed with RT prior to the addition of the p/t. 

In none of these assays Hex-S3 affected RT activity and functions. A possible explanation 

can be derived from the competition experiments, which showed that p/t competed for 

hexanucleotide binding but not vice versa. Apparently, the different affinities towards the 

enzyme for the p/t (Kd ~ 1 nM) and the Hex-S3 (Kd ~ 5 µM) precluded an inhibitory effect.  

 

Effect of Hex-S3 on viral particle formation and infectivity - Hex-S3 as anti-HIV-1 

agent in human cells: Hex-S3 was also tested in human cells by using a recombinant 

proviral HIV-1 construct (174) (see 3.3). Prior to this experiment, in order to determine 

whether Hex-S3 could be suited to this application, the stability and the cellular uptake in 

vitro were tested (see 3.3). 

Nucleic acid-based drugs are characterised by a low cellular uptake and rapid 

degradation in physiological fluids, which are the two main limitations for their application 

in vivo (190;191). Due to their small size, hexanucleotides may be less prone to enzymatic 

degradation and more readily taken up by cells in comparison to longer nucleic acids. 

Hence, the serum stability of hexanucleotides with an unmodified phosphodiester 

backbone was determined and compared to longer nucleic acids (24mers) (Fig. 3.3.1 A). 

The unmodified hexamers showed an increased nuclease resistance (Hex-S3R t1/2 ~ 1.2 

min, Hex-S3D t1/2 ~ 3.4 min) compared to the longer oligonucleotides [(Hex-S3R)4 t1/2 ~ 0.2 

min, (Hex-S3D)4 t1/2 ~ 2.5 min], which was particularly true for the RNA. It appears that 

such short molecules are less readily recognised as substrate by exo- and endonucleases 

than longer oligonucleotides. Despite the enhanced nuclease-resistance of the 

hexanucleotides, the t1/2 of these molecules in serum was in the order of a few minutes, 
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which is not sufficient for an adequate cellular delivery in vivo. Thus, for the therapeutic 

application of hexanucleotides, the insertion of chemical modifications (Fig. 1.3.1) that 

confers stability against exo- and endonucleases is necessary (28;53;54). 

For the in vitro application of hexanucleotides, the serum stability was not relevant 

since human cells could be incubated and treated with inhibitors in customised culture 

media which did not contain serum. Therefore, the stability of hexanucleotides in such cell 

culture media was tested (Fig. 3.3.1 B) and the results showed that they were stable 

during the incubation time (up to 2 h), and consequently could be applied in vitro without 

loss of activity.  

Next, the intracellular stability of the hexanucleotides and thus their biological 

availability was determined. The results showed that at time 0 h after transfection, an 

amount of about 2.5 x 105 molecules was present in each cell, but already after 4 h it was 

reduced to 7.5 x 103 molecules per cell. Interestingly, after 24 h about 5 x 103 molecules 

were still present in each cell, indicating that hexanucleotides were subjected to 

intracellular degradation, yet only up to a certain extent. Considering that for siRNAs only 

300 molecules per cell are needed to lead to a half maximal target suppression, this 

amount might be sufficient to be biologically active [(202) and our own observation]. 

The delivery of nucleic acids into cells is a key obstacle for their in vivo application, 

and has to fulfil a number of criteria: (i) the delivery should be cell type-specific, (ii) the 

nucleic acid should be able to gain entry to the cell through the plasma membrane, and 

(iii) once intracellular, it should encounter its target. Naked nucleic acids are known to 

inefficiently penetrate the cellular lipid membrane with only a few molecules gaining entry 

into the cell (191;192). In cultured cells, exogenously administered naked nucleic acids 

were proven to enter cells by a combination of fluid-phase (pinocytosis), adsorptive and 

receptor-mediated endocytosis (192). These data were obtained for oligonucleotides 

longer than 20 nt. Thus, it is conceivable that small molecules, such as hexanucleotides, 

may show an enhanced cellular delivery compared to longer nucleic acids. To address 

this question, the cellular uptake of naked hexanucleotide and longer oligonucleotides 

(24mers) was examined and compared (Fig. 3.3.3). Surprisingly, only longer 

oligonucleotides were readily taken up by cells, whereas no internalisation of 

hexanucleotides was observed. A possible explanation could be that due to their size 

longer oligonucleotides may be able via direct interaction to activate a specific cell 

membrane molecule such as a ´channel´ or ´receptor´ that somehow leads to their cellular 

uptake. Several studies described evidences for a ´receptor´-mediated naked DNA 

delivery, however none of these studies led to the identification of this receptor (203;204). 

On the contrary, hexanucleotides may be too small to activate this transport mechanism 

efficiently. Therefore, for the efficient in vitro and in vivo application of hexanucleotides, 
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there is the necessity of employing delivery systems in order to facilitate their cellular 

internalisation. In vitro this can be achieved, for example, via the complexation of 

hexanucleotides with cationic lipids (e.g. Lipofectamine 2000), or co-precipitation with 

calcium phosphate. 

In conclusion, the extended half-life in culture medium without serum, and the use of 

a delivery system allowed studying biological effects of hexanucleotides in vitro. 

 

The ability of Hex-S3 to exert biological effects, i.e. to negatively interfere with the 

production of HIV-1 viral particles and their infectivity in human cells, was analysed by 

using a recombinant proviral construct (174). This system is based on a replication-defec-

tive HIV-1 viral vector which contains a rudimentary HIV-1 genome where the env and 

most of the regulatory and accessory genes of HIV-1 are removed and which contains the 

firefly luciferase as a marker gene (Fig. 3.3.4 A). In this study, packaging HEK293T cells 

were co-transfected with the luciferase-harbouring defective HIV-1 genome, the 

plasmid-encoded VSV-G-envelope protein and hexanucleotides. Transfected cells 

released infectious recombinant particles that were subsequently used to infect recipient 

cells in which the luciferase gene expression was determined to monitor infectivity (Fig. 

3.3.4 B). The results showed that increasing amounts of Hex-S3R led to a strong, 

concentration-dependent decrease in firefly luciferase activity, which reflected infectivity, 

in newly infected HEK293 cells. The IC50 value for Hex-S3R was determined to be 1.8 (± 

0.2) µM (Fig. 3.3.5 A). If one compares this IC50 value with the ones observed, using the 

same viral system, for the two strong RT inhibitors, AZT (79 nM) and S-TIBO (101 nM) 

(193), the approximately 10-fold difference in comparison to these drugs is surprisingly 

low. 

Further experiments showed that the infectivity of the viral particles produced in the 

presence of only parental vectors was time-dependent (Fig. 3.3.5 B) and reached a 

maximum level at 36 h after the transfection. In contrast, pseudoviruses produced by the 

cells treated with Hex-S3R, showed a persistent low level of luciferase activity, indicating a 

constant and long-term influence of Hex-S3 on the infectivity of viral particles.  

To investigate at which stage of the HIV-1 life cycle the Hex-S3R interfered leading 

up to 1,000-fold decrease in viral particle infectivity, several aspects of the viral cycle were 

analysed. Fist, the production and release of pseudoviruses by packaging cells treated 

with Hex-S3R was monitored by a p24-specific ELISA. The results showed that treatment 

with Hex-S3R yielded a reduced total number of viral particles released (Fig. 3.3.6). 

However, when normalised to the amount of p24, those particles showed the same 

infectivity in comparison to particles produced in the presence of the negative control, 

Hex-1R. This strongly indicates that the Hex-S3R-specific inhibitory step occurred in 
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packaging cells rather than during the early steps of the infection, and that Hex-S3R was 

not incorporated into the viral particles causing inhibition of reverse transcription during 

the infection step. Hexanucleotides having a DNA backbone were also tested in this 

system. Interestingly, the infectivity and the amount of the viral particles released by the 

cells were strongly reduced by the treatment with each DNA hexanucleotide, independent 

of their sequence. Since the transfection efficiency of the two vectors was unaffected by 

the addition of either DNA or RNA hexanucleotides, this strong unspecific inhibition by the 

DNA hexanucleotides suggests a sequence-unspecific effect on viral particles production 

and release. 

Since no reverse transcription takes place in the packaging cells and Hex-S3R was 

unable to inhibit RT in vitro, the possibility was considered that Hex-S3R interfered with 

viral gene expression or the maturation of the Gag precursor. These two processes are 

essential for viral production and release, and in particular, alterations in Gag polyprotein 

processing were shown to strongly affect viral particle assembly and maturation 

(205;206). To address these possibilities, the viral gene expression and Gag precursor 

processing in packaging cells treated with Hex-S3R was investigated by western blotting. 

The results showed that Hex-S3R neither affected viral protein expression nor the Gag 

precursor processing (Fig. 3.3.7 B and C), suggesting an alternative mechanism whereby 

Hex-S3R interfered with the viral particle release. Importantly, the Ab used in this study 

was specific only for the Gag precursor and not for the GagPol precursor, therefore no 

data are available concerning the processing of the longer precursor, which could also be 

a step affected by Hex-S3R. 

Interestingly, the HIV-1 RT-directed aptamer pseudoknot was shown to interfere 

with viral particles production in a similar way as shown for the Hex-S3R (165), leading to 

a reduction of about 75% in viral particle production in cells co-transfected with infectious 

proviral HIV-1 DNA. In this system reverse transcription did not take place either, 

indicating that beyond its effect on RT and reverse transcription, this aptamer may be 

involved in alternative pathways which interfered with viral particle production. 

It is conceivable that Hex-S3R and pseudoknot may affect viral packaging by direct 

binding to the RT domain within the premature GagPol precursor. In this scenario the 

binding of Hex-S3R or pseudoknot to the GagPol precursor may interfere with the 

formation of Gag/GagPol complexes leading to altered Gag/GagPol ratios within the 

complexes. The ratio between the two precursors has been shown to play an important 

role in RNA genome dimerisation and packaging, and its alteration was shown to reduce 

infectivity of progeny viruses (207-210). Alternatively, the binding of Hex-S3R and 

pseudoknot to GagPol may interfere with the trafficking of those precursor complexes to 

the host cell plasma membrane. Mutations within the highly conserved residues in the 



Discussion  

 107 

primer grip domain of RT gene caused similar effects (211). Another possibility could be 

that the binding of the inhibitors to the GagPol precursor may affect selective packaging of 

the tRNALys3 primer into the viral particles (212-214). 

It is noteworthy that all the attempts to test Hex-S3R during the infection step failed, 

since the transfection of cells with Hex-S3R, prior or subsequent to their infection with viral 

particles led to a dramatic loss in cell fitness, leading to cell death (data not shown). 

Taken together these results showed that Hex-S3R blocked the assembly of 

infectious particles probably by physical interaction with RT within the GagPol precursor, 

although it was unable to interfere with the enzymatic activities of the viral polymerase 

in vitro. 

 

4.2 Combinatorial selection approaches for target-specific 
hexanucleotides 

 
The findings obtained in the use of Hex-S3 as ligand for HIV-1 RT, as well as inhibitor of 

HIV-1 viral particles production in vitro, support the view that even short oligonucleotides 

are able to bind specifically to a given target protein and exert biological activity. Thus, 

hexanucleotides may be considered an as yet unexplored class of compounds with a 

number of highly promising characteristics for drug development, such as simple chemical 

features, they are amenable for chemical optimisation, and accessible to large scale 

chemical synthesis. Furthermore, the option of screening systematic libraries to identify 

lead compounds and the possibility of a rational drug design exist. 

Their limited sequence space 46 (4,096) provides the possibility to perform a fast 

and systematic search for hexanucleotides that bind to a given target in a sufficiently 

specific and tight manner, thereby representing a first lead.  

 

One of the most crucial findings of this work is the high degree of consistency in 

qualitative terms between the sequence-specific binding of hexanucleotides to RT in 

solution versus the array-based setup which was surprising (see 3.6.3). Even though this 

may not be reflected by absolute affinities this finding suggests to make use of the array 

technology as a powerful and suitable tool for systematic and highly efficient search for 

hexanucleoitde binders. On the more mechanistic and academic level it seems to be 

worth to have a closer look and the thermodynamics and kinetics of the interaction of 

surface-bound hexamer and target. In terms of improvements of novel technology this 

study suggests to develop an array technology that is suitable to measure binding of very 

short oligonulceotides to proteins and other entities of pharmaceutical and biomedical 

interest, such as carbohydrate structures or lipoproteins. 
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As a combinatorial extension of this study, a selection approach in solution for the search 

of hexanucleotide ligands to HIV-1 RT was established (see 3.5). This approach involved 

cloning steps for sequencing which introduced a certain bias, therefore as a more reliable 

and sensitive alternative to this method, a hexanucleotide array-based approach was 

conceived. Accordingly, to test whether such an array-based approach was feasible, an 

oligonucleotide-based array, including selected oligo- and hexanucleotides was developed 

(see 3.6).  

 

Combinatorial selection in solution of HIV-1 RT-directed hexanucleotides: For the 

selection of target-directed hexanucleotides a SELEX based-approach (37) cannot be 

performed because flanking regions would be required, which serve as primers for the 

subsequent amplification by PCR. Very recently, a non-SELEX approach has been 

described (87) and applied for the selection of non-amplifiable libraries. In this system the 

steps of amplification and strand separation were omitted and the partitioning was 

performed via capillary electrophoresis. Remarkably, only three rounds of selection led to 

the identification of oligonucleotides (80 nt in length) with high affinity (Kd in the order of 

nM) for the target protein. 

In order to establish a combinatorial approach for the selection of hexanucleotides 

which bind to HIV-1 RT in solution, several methods were tested including 

chromatographic-, microbeads-, and filter binding-based approaches (Fig. 3.5.1). All 

methods were first tested for their stringency, whose evaluation was based on the 

background level when Hex-S3 was used as a positive and Hex-1 as a negative control. 

The attempts to use methods based on chromatography failed, since Hex-S3 and Hex-1 

showed the same retention time in the presence of HIV-1 RT using MicroSpin- and 

gravity-flow-based gel filtration chromatography, indicating that the systems were not 

stringent enough for an efficient separation of bound from unbound hexanucleotides. In 

HPLC RT:Hex complexes were not stable during the chromatography and were eluted as 

separate fractions. A microbead-based approach in which HIV-1 RT was immobilised on 

Ni2+-coated beads was unsuccessful because the nucleic acids bound to the surface of 

the beads. In a filter binding-based system which was previously successfully applied to 

select aptamers against various targets (37;163;215), about 50% of Hex-S3 and only less 

than 1% of Hex-1 bound to RT (Fig. 3.1.1), indicating that this system was sufficiently 

stringent and allowed the discrimination between binders and non-binders. However, only 

hexanucleotides having a DNA backbone could be used in this approach, since the 

cloning strategy, necessary for the sequencing of the selected species, required the use 

of enzymes, such as the terminal transferase and the T4 RNA ligase, which did not 

recognise RNA hexanucleotides as substrates. 
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A randomised pool of hexanucleotides having a DNA backbone, containing all possible 

4,096 (46) different sequences, was subjected to the selection procedure. After cloning, 

the sequence analysis of the selected species revealed seven different sequences, five 

hexamers (Hex-FB1, ATAGAG; Hex-FB2, GTCTAT; Hex-FB3, TCGTGA; Hex-FB4, 

GTAGAG; Hex-FB5, TTTTTT) and two pentamers (Pentamer-FB1, CCGGG; 

Pentamer-FB2, CATGA) (Fig. 3.5.3). The two pentamers resulted probably from a 

truncation during the cloning procedure. The most abundant species were Hex-FB1 and 

Hex-FB2, which were found in 46% and 28% of the clones, respectively.  

To determine whether in the starting random pool of hexanucleotides there was a 

bias for certain sequences, it was also subjected to cloning and sequencing. The 

sequence analysis of the starting pool showed that Hex-FB1 was present in two clones, 

Hex-FB4 in one clone, while none of the other selected species was found (data not 

shown). Based on the nt frequencies at each position a consensus sequence Hex-0 

(AGAGAG) could be derived (Table 3.5.1), which suggested that there was a bias for 

certain sequences in the original random pool. It is at present not clear whether the bias 

had already been introduced during the chemical synthesis of the starting pool or in 

subsequent cloning steps. Interestingly, the selected Hex-FB3 was almost identical to the 

control Hex-S3D (A versus T at the 3´-end), and Hex-FB2 differed only by one nt from 

Hex-4D (T versus A at the 3´-end) (Fig. 3.1.1 and Table 3.1.1). 

Thus, the selection from the random pool of hexanucleotides was successful and 

allowed the identification of novel species and sequences, which were very similar to 

known HIV-1 RT-binding hexanucleotides. 

 

In order to evaluate the relative affinities of the selected sequences for RT, they were 

compared in a filter binding assay. Under the conditions used during the selection 

procedure (high temperature and high salt conditions), the amount of the hexamers and 

pentamers bound to RT was below 5% of the input (Fig. 3.5.4). The Hex-S3 and Hex-S1, 

which were included as positive controls, showed a 1.5% binding, while Hex-0 showed 

0.15% binding to RT. Among the selected species, Hex-FB4 and Pentamer-FB2 showed a 

comparable binding to RT, whereas Hex-FB1 (5%), Hex-FB2 (3.5%), Hex-FB3 (2.5%), 

Hex-FB5 (4%) and Pentamer-FB1 (2%) bound more strongly to RT than Hex-S3. This 

showed clearly that the very stringent conditions applied during the selection procedure 

allowed the successful identification of a number of species which bound more tightly than 

Hex-S3 to the enzyme. 

The binding assay was also performed under the conditions established to be 

optimal for the binding of Hex-S3 to RT (low temperature and low ionic strength) 

(Fig. 3.5.4). In this case, all selected hexanucleotides and the control Hex-S3 showed 
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between 30% and 60% binding. The affinity of the two pentameric species was about 

one-tenth in comparison to the hexameric species (Fig. 3.5.4). Under these conditions, 

0.1% Hex-0 bound to RT, while the three hexanucleotides, Hex-FB2, Hex-FB3 and 

Hex-FB5 showed a higher binding (~ 60%) to RT compared to Hex-S3 (~ 50%). The 

Hex-FB4 and Hex-FB1 respectively showed the same binding (~ 50%) or lower binding (~ 

35%) to enzyme when compared to the control Hex-S3. Additionally, Hex-S1 showed 

lower binding (30%) to RT in comparison to Hex-S3. Accordingly, also under these milder 

experimental conditions three selected hexanucleotides (Hex-FB2, Hex-FB3 and 

Hex-FB5) bound with a higher affinity to RT than Hex-S3. However, for Hex-FB1, which, 

at high temperature and high ionic strength, showed almost 3-fold stronger binding to RT 

than Hex-S3, at lower stringency a loss of affinity was observed in comparison to Hex-S3. 

Instead, the Hex-FB4 and Hex-S3 displayed a similar binding behaviour under both 

experimental conditions. On the contrary, the binding of the pentameric sequences did not 

substantially change under different experimental conditions, indicating that even at a low 

temperature and ionic strength pentanucleotides were not tight binders for RT. This 

confirmed the previous results of filter binding assays using the truncated versions of 

Hex-S3 (Fig. 3.2.4 B). Interestingly, the replacement of a T with a G at the 2 position from 

the 5´-end in the sequence of Hex-FB1 (which led to the Hex-0 sequence), affected 

dramatically its affinity for the protein under both experimental conditions. The Hex-FB1 

too, differed from Hex-FB4 by a single nt and the replacement of an A with a G at the first 

position from the 5´-end, did not affect the binding at high temperature and salt conditions, 

while it led to almost 2-fold increased binding at low temperature and salt conditions. 

Moreover, the selected Hex-FB3 differed from the control Hex-S3D by one nt (T versus A 

at the 3´-end). Under both tested experimental conditions, the binding strength of the 

selected Hex-FB3 was slightly higher than for Hex-S3D. Also Hex-FB2 and Hex-4 (Fig. 

3.1.1) differed by one nt at their 3´-end (T versus A) and the replacement of a T with an A, 

in this case led to a 3.5-fold decreased binding towards RT. These data indicated a 

contribution of the 3´-end nucleotide to the binding. In the filter binding assay of the 

mutated (U versus A at the 3´-end) Hex-S3R and HIV-1 RT (Fig. 3.2.4 A) the same 

replacement led to a slight decrease of the affinity, providing further evidence in support of 

this assumption. However, the opposite effects in Hex-FB2 and Hex-FB3 point to a 

dominant role of the remaining sequence and thus confirmed the initial results of the filter 

binding assay (Fig. 3.2.4 A) with systematically mutated Hex-S3R hexanucleotides. 

Additionally, the individual hexanucleotides were different in their sensitivity towards the 

experimental conditions, and thus, there is an indication for different modes of binding.  
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Although the sequences may not have been equally represented in the original library, the 

applied selection procedure was able to overcome the bias since only two of the five 

identified hexanucleotides had a similar sequence. 

 

Towards an array-based selection of target-specific hexanucleotides; development 

of an oligonucleotide-based array: In order to facilitate the analysis and selection of 

hexanucleotides which bind to HIV-1 RT with high affinity, an array-based approach was 

conceived. This approach would render the cloning steps unnecessary. Furthermore 

truncated sequences would not occur, a large number of targets could be screened in 

parallel, and RNA could be investigated. This array would contain all possible 4,096 (46) 

hexameric sequences, and allow the rapid and specific detection of target proteins bound 

to immobilised hexanucleotides. Therefore, to test whether such an array-based approach 

is feasible, an oligonucleotide-based array, which included ten selected oligo- and 

hexanucleotides was designed and validated through a ´proof of concept´ RT binding 

assay. 

The sequences printed on the array included non-RT-binding hexanucleotides 

(Hex-1 and Hex-0), RT-binding hexanucleotides (Hex-S3, Hex-S1 and Hex-4) and 

RT-binding oligonucleotides [ss-45mer, (Hex-S3D)4, (Hex-S3DC→A)4, ODN2080D and a 

RT-directed RT1t49 aptamer (92)] (Table 3.6.1). The hexameric sequences were linked at 

their 5´-termini by a tether to the solid surface. The long oligonucleotides were 5´-end 

biotinylated and bound to the support via immobilised streptavidin. Each hexameric 

sequence was included as DNA or RNA. Attempts to detect the RNA homologues failed, 

since they had been subjected to a rapid degradation in the presence of blocking solution. 

Therefore, only the hexadeoxynucleotides could be tested for binding to RT. 

Several experimental conditions for the array processing were investigated to 

minimise unspecific binding of the target, increase the detection sensitivity, and resolution. 

A number of surface chemistries, linker lengths, blocking and binding conditions, and 

detection strategies were compared for affinity and specificity to the protein. Highest 

specificity, sensitivity and resolution, was observed when using a CodeLink surface (GE 

Healthcare), which consisted of a hydrophilic polymer containing NHS ester groups 

designed to minimise unspecific binding. Additionally, four different linker lengths (21-, 

38-, 72- or 108-atoms) were compared (Fig. 3.6.1 B). Interestingly, both short linkers gave 

rise to stronger signals compared to the longer ones, suggesting that longer linkers may 

fold on themselves and sterically hinder the binding of RT (Fig. 3.6.5 A). A nuclease 

treatment prior to the binding of RT abolished the fluorescent-signal and the linker alone 

did not give rise to a signal. Therefore, the fluorescent-signals were specific to the 

linker-coupled oligonucleotides (Fig. 3.6.5 B).  
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The unspecific binding to the matrix of fluorescently labelled RT was minimised by using 

an optimised blocking solution [2% (w/v) casein], which did not show a bias for the tested 

hexa- and oligonucleotides in control binding assays. 

The binding interactions between immobilised hexa- and oligonucleotides and RT or 

control proteins, i.e. FITC-conjugated firefly directed-Ab were highly dependent on the 

ionic strength. The buffer which led to the highest specificity with a very high signal/noise 

ratio was the modified PBSb solution with 100 mM NaCl and 0.1% (v/v) Tween 20. 

Interestingly, when the amount of the salt was below 100 mM, unspecific binding of the 

control proteins could be detected, while above 100 mM NaCl RT showed almost no 

binding towards the hexanucleotides (Fig. 3.6.6 A and B). This suggested that the ionic 

interactions played a fundamental role for the binding between hexanucleotides and 

proteins, by influencing the electrostatic component of these interactions. 

As detection strategies two methods were tested, i.e. a direct approach using 

labelled RT and an indirect approach in which bound RT was detected by a fluorescently 

labelled RT-directed Ab (Fig. 3.6.2). In the direct detection system two different labelling 

methods were applied, i.e. radio- and fluorescent-labelling.  

Despite its very high sensitivity (lower limit of detection = 150 amol protein), the use 

of 125I-radiolabelled RT proved to be unsuited for this application (Fig. 3.6.3 B) due to the 

detection procedure, which required the exposure of the array to a PhosphorImager 

screen prior to scanning, resulting in radioactive signal spread over the whole surface of 

the array. Therefore, a second labelling system was employed, which was based on the 

fluorescent-labelling of the protein (lower limit of detection = 0.1-1 fmol) (Fig. 3.6.3 C). In 

this case, a high binding specificity and low background were observed (Fig. 3.6.3 D and 

3.6.4 A). A second advantage of the direct detection was the fact that the binding 

behaviour of RT was unaffected by the chemistry, position or amount of a 

fluorescent-label. On the contrary, a reduced fluorescent-intensity per spot compared to 

the directly labelled RT was observed when using an indirect detection approach (Fig. 

3.6.4 B). Accordingly, only the strong interactions between RT and the longer 

oligonucleotides were still visible, while the differences in the binding among the 

hexanucleotides were diminished and closed to background level. 

Under the optimised conditions HIV-1 RT showed a strong binding towards the DNA 

RT-directed aptamer, the ODN2080 and all the oligonucleotides, as well as binding to the 

hexamers Hex-S1D, Hex-S3D and Hex-4D (Fig. 3.6.6 A and B), which was consistent with 

binding data of Hex-S3 observed in solution (see 3.1.1 and 3.5.4). Similar consistency 

was observed in the use of the non-binders Hex-0 and Hex-1 (Fig. 3.6.6 B). So far, for 

unknown reasons, the strong binding of RT to the immobilised hexanucleotides has been 

unable to be competed by the addition of free hexanucleotides. A possible explanation 
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would be an increased affinity of the proteins towards the densely immobilised 

hexanucleotides. 

In conclusion, the conceived array-based approach for the selection of hexanucleo-

tides is possible in principle. Furthermore, it has been shown that such arrays can be 

reused by removing bound protein, considerably reducing the costs. However, the 

optimisation of the blocking solution for the use of an RNA array remains an unsolved 

question. It remains to be seen whether hexanucleotides which bind to other proteins can 

be identified via this approach. Nevertheless, this should be possible in principle. 

Conditions which have to be met are the availability of labelled functional protein or of 

antibodies against these targets which do not compete for the binding to hexanucleotides.  

 

4.3 A detailed analysis of the interactions between target proteins 
and hexanucleotides 

 
Characterisation of the interactions between hexanucleotides and target proteins: 

In this study, to investigate whether specific interactions between short and unstructured 

hexanucleotides and given target proteins occur, a set of hexameric sequences were 

chosen, having either an RNA or a DNA backbone and their binding capability and 

specificity were compared. The RNA hexanucleotides were chosen, since the 2´-OH 

group at the ribose ring may allow additional contacts compared to the deoxy-ribose. In 

addition, RNA is known to interact with a variety of molecules, and displays a higher 

flexibility, which allows it to adopt a greater number of conformations. However, generally 

RNA is more prone to degradation than DNA due to the presence of the 2´-OH, making it 

less suitable for in vivo applications.  

As target model targets, two proteins which play a major role in the development of 

important diseases were chosen, namely the HIV-1 RT (see 1.7.2) and the hPrP. The 

hPrP is a normal ubiquitous protein in mammalian cells, which through a posttranslational 

process can be converted into the human prion protein disease-related scrapie form 

(hPrPSc), leading to fatal neurodegenerative diseases (216;217). The firefly luciferase, 

which was also chosen as a model target, catalyses a reaction which yields visible light, 

and has a broad range of application as a tool in molecular and cellular biology (218). The 

three proteins used as targets in this ´proof of concept´, have completely different 

characteristics and the only one which is known to naturally interact with nucleic acids is 

the HIV-1 RT. 

To analyse the interactions between hexanucleotides and target proteins a filter 

binding assay was employed, in which the five different hexameric sequences were 

incubated with the target proteins. The results of this assay revealed that hexanucleotides 
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interacted with target proteins in a way which was specific to the nt sequence and the 

target protein (Fig. 3.1.1). All hexanucleotides preferentially bound HIV-1 RT (up to 80% 

bound hexanucleotide) rather than firefly luciferase and hPrP proteins (< 2% bound 

hexanucleotide), and this could be explained by the natural predisposition of RT to interact 

with nucleic acids, which the other two proteins lack. In addition, different sequences 

displayed different specificity and affinity towards the target proteins. This strongly 

indicated that the interactions were dependent on the pattern of functional groups at the 

bases. Furthermore, the RNA and the DNA versions of the same sequence showed, in 

most of the cases, a differential binding towards a given protein. This suggests that the 

functional groups at the 2´-position of the ribose and at the 5-position of the thymidine and 

uracil bases play important roles in dictating the affinity and specificity of these molecules. 

This was particularly true for the hPrP which bound only to hexanucleotides having a DNA 

backbone. 

Remarkably, the binding of Hex-S3 (UCGUGU and TCGTGT) to the RT was the 

only complex which was not affected by the replacement of those chemical moieties, 

since both RNA and DNA versions of Hex-S3 bound to RT with a comparable affinity. This 

suggested that in this case the six 2´-OH groups and the three 5-methyl groups in the 

hexameric RNA molecule did not influence its binding affinity towards RT and seemed to 

be dispensable for the binding to RT. 

Interestingly, the DNA and RNA versions of Hex-5 (GGCAAC), which have an 

identical base composition and differ only because of the replacement of deoxy-ribose 

with ribose, displayed a differential binding towards the target proteins. In this case, the 

lack of a 2´-OH led to a higher affinity towards HIV-1 RT and hPrP, while it reduced the 

binding to the firefly luciferase, indicating the importance of the functional group at the 

2´-position of the ribose in the interaction with these proteins. 

Taken together, this experimental evidence indicated that the contributions of the 

sugar-phosphate backbone and the functional groups of the specific bases depended on 

the individual interaction and a general rule could not be deduced. Each hexameric 

sequence has specific moieties that provide a special chemical signature to the molecule, 

which is differentially recognised by the target proteins. 

The strong binding of Hex-S3 to RT and the similarity in binding behaviour of its 

DNA and RNA versions to RT, made this hexanucleotide very attractive for further studies, 

and a more detailed analysis on this species was performed. The interactions between 

Hex-S3 and RT were studied in depth, and affinity, specificity, binding site and biological 

effects of Hex-S3 for the protein were determined. 
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Affinity and specificity of Hex-S3 for HIV-1 RT: The filter binding and the EMSA 

approaches, which are widely used to study nucleic acid-protein interactions, were 

employed to investigate the formation of Hex-S3-RT complexes (Fig. 3.2.1 A and B). The 

first method is based on the ability of the nitrocellulose filters to retain nucleic acids 

complexed with proteins, while the EMSA approach is based on the retardation in the 

mobility of nucleic acid-protein complexes compared to unbound nucleic acid when 

subjected to electrophoresis. The two positive controls, the RNA aptamer pseudoknot 

(131;164;165) and DNA aptamer RT1t49 (92) aptamers directed against RT, bound with a 

high affinity to RT in the filter binding assay and produced a clear shift in the EMSA. This 

could be explained by the high stability of the aptamer:RT complexes which display an 

off-rate in the order of 0.0002 s-1 (t1/2 ~ 1 h) (164), and by the high affinity of the two 

aptamers towards RT, which is reflected by Kd values of 25 pM (164) and 4 nM (92), 

respectively for the RNA and DNA aptamers. In both assays, the negative control, Hex-1, 

as expected, did not bind to RT, while Hex-S3 in the filter binding assay showed a 

relatively strong binding (40%) to RT in comparison to the aptamers (100%), and only a 

partial retardation in its mobility in the EMSA. These findings suggest that the stability of 

the complexes, probably reflected by a very fast off-rate of the hexanucleotide, may not be 

sufficient to allow the detection of RT:Hex-S3 complexes under the stringent EMSA 

conditions, but sufficient to be detected in a ´quick´ filter binding assay. 

 

Equilibrium binding experiments, employing a filter binding assay, radiolabelled Hex-S3 

and RT yielded apparent Kd values of 5.3 (± 0.5) µM for the Hex-S3R and 9.4 (± 2.4) µM 

for Hex-S3D (Fig. 3.2.2). These findings further suggested a high similarity in binding 

behaviour between Hex-S3R and the homologue Hex-S3D. Surprisingly, the maximum of 

bound hexanucleotide was reached at 80% and not at 100% as one would have expected. 

For this reason, as control experiments, equilibrium titrations of RT in the presence of 

RNA/DNA p/t were performed (data not shown) and led to an identical plateau ending at 

80% maximum binding. This was possibly due to a saturation of the filters during the filter 

binding assay or to a detachment of the bound nucleic acid during the extensive washing 

step. 

 

The high specificity of Hex-S3 for HIV-1 RT in comparison to hPrP and the firefly 

luciferase raised the question whether this was also true for other proteins including 

structurally and functionally related polymerases. Therefore, binding studies were 

performed with: (i) the small subunit p51 of HIV-1 RT, (ii) HIV-2 RT (iii) EIAV RT, (iv) T7 

RNA polymerase, and (v) BSA (Fig. 3.2.3). The results showed a highly specific binding of 

the DNA and RNA versions of Hex-S3 towards HIV-1 RT and a weak or absent binding to 
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all other proteins. This great reduction in binding in comparison to HIV-1 RT was 

especially surprising for HIV-2 RT which is highly homologous to the  HIV-1 enzyme (60% 

identity and 13% homology) (188;219). The EIAV RT also exhibits a high sequence 

identity (42%) to HIV-1 RT (220). In addition, all three RTs are heterodimers with a large 

subunit (66 kDa) and a small (51-58 kDa) that share a common amino terminus (221). 

The T7 RNA polymerase is less related to HIV-1 RT than the other RTs, but still it displays 

extensive structural homology to the HIV-1 RT (222;223). The lack of binding of Hex-S3 to 

the smaller subunit of HIV-1 RT suggested that the binding site on RT maybe be located 

on the p66 subunit on a surface created by the association of the two subunits in the 

heterodimer. The ability of Hex-S3 to differentiate between the structural and functional 

closely related polymerases was remarkable, and implied that a site-specific interaction 

between HIV-1 RT and Hex-S3 occurs. 

 

Role of the functional groups and hexameric backbone of Hex-S3 on the inter-

actions with HIV-1 RT: The binding affinity and specificity of Hex-S3 was shown to be 

unaffected by the exchange of ribose with deoxy-ribose, or the substitution of an uracil 

with a thymine. To elucidate the importance of the single nucleobases for the binding to 

RT a stepwise replacement of the original nt with an adenosine, which is absent in the 

Hex-S3 sequence, was performed and the Hex-S3 derivatives were assayed for binding to 

HIV-1 RT in a filter binding assay (Fig. 3.2.4 A). The result clearly indicated that the 

positions 3 to 6 (GUGU) played an important role in the interaction with RT, opposed to 

the terminal nt at positions 1 and 2. Thus, bases towards the 3´-terminus of the molecule 

were required for binding, while the 5´-terminus was less important. Furthermore, it was 

also demonstrated that the phosphate group at the 5´-terminus of the hexameric 

sequence was not relevant for the binding to RT and could be replaced by a 5´-OH group.  

The importance of the hexameric sugar/phosphate backbone in the interaction with 

the protein was also determined. The shortened derivatives of Hex-S3 tested showed no 

significant binding to RT (Fig. 3.2.4 B). This clearly implied that the hexameric backbone 

of Hex-S3 was essential for the interaction with RT. 

Heptanucleotides derived from Hex-S3 by addition of one nt at either terminus 

showed up to 4-fold stronger binding to RT while still being specific to the target, i.e. to 

HIV-1 RT versus HIV-2 RT (Fig. 3.2.4 C). The extension of the hexameric molecule to a 

12mer or 18mer showed a further increased affinity, but was accompanied by a loss of 

specificity (Fig. 3.2.4 D). A possible explanation for the loss of specificity and increased 

affinity is that the binding mode of Hex-S3, i.e. binding to a specific pocket on the protein 

surface, changes at increasing chain length in such a way that it resembles natural 

substrates of this polymerase. 
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Further studies using chemically modified Hex-S3-derivatives led to additional information 

on the role of functional groups on the Hex-S3 molecule for affinity and specificity towards 

RT (Table 3.2.1). The replacement of the 2´-H at the 2´-position of ribose with an 

O-methyl group led to a dramatic decrease in binding strength towards RT, while the 

substitution of the 2´-H with 2´-fluoro did not affect the affinity and a slight increase in 

specificity was observed. These findings implied that small groups at the 2´-position were 

tolerated, while bulkier groups such as an O-methyl were unfavourable due to steric 

hindrance. The LNA derivative modified at position 1 showed a decreased affinity to RT 

and this could be explained by a change in conformation of the hexameric molecule after 

the insertion of this nt which is modified by an extra bridge connecting 2´- and 4´-carbons, 

locking the ribose in 3´-endo conformation (Fig. 1.3.1) (28). 

The PS derivatives of Hex-S3 were also tested. These analogs have a sulfur atom in 

place of one non-bridging oxygen at each inter-nucleotide linkage (Fig. 1.3.1), and are 

isoelectronic with natural sugar-phosphate backbone. An increased affinity and a 

decreased specificity towards RT were observed, which is not surprising, since other 

studies described, besides the high affinity of PS-modified oligonucleotides toward their 

targets, their unspecific interaction with certain proteins, particularly those that interact 

with polyanions, and the reason behind this unspecificity is not yet fully understood (54). 

Furthermore, the substitution of oxygen with sulfur at position 4 of the uracil at position 4 

of the hexameric molecule had no effect on binding affinity and specificity. This derivative 

was chosen for further crosslinking experiments and the position 4 of the hexameric 

molecule was shown to play an important role in the binding to RT. 

Taken together these findings indicated that a hexameric backbone and the stretch 

5´-GUGU-3´ of Hex-S3 were necessary for efficient binding to RT. The elongation of the 

hexamer by one nt at either terminus increased affinity without affecting specificity. 

Further, the 2´-position at the sugar could tolerate small functional groups and at the 

bases could tolerate the presence of a methyl group at 5 position of thymine and the 

replacement at the uracil ring of the oxygen at the 4 position with a sulphur without 

changes in the binding behaviour. 

 

The binding site of Hex-S3 on HIV-1 RT: In order to map the binding site on HIV-1 RT, a 

4-thio uracil derivative of Hex-S3R, which was proven to bind with the same affinity and 

specificity as the unmodified Hex-S3R, was crosslinked by UV treatment to HIV-1 RT. The 

free-radical intermediate generated by photo-activation of 4-thio uracil is known to 

crosslink only at very close range (several Å) and to be quite indiscriminate with respect to 

reacting groups within a polypeptide chain (224). Therefore, this method allows the 

mapping of specific RNA-protein contacts. As described here, the fact that Hex-S3 did not 
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bind to the p51subunit of HIV-1 RT in a filter binding assay (Fig. 3.2.3), suggested that the 

binding site on RT may be located on the p66 subunit on a surface created by the 

association of the two subunits in the heterodimer. This first experimental evidence was 

confirmed by the results of the crosslinking experiment, since only the large subunit p66 

was crosslinked (Fig. 3.2.5 A). To determine whether Hex-S3 had a specific binding site 

within the p66 subunit, a CNBr treatment of the crosslinked protein was performed and 

among the resulting fragments only two were labelled, i.e. one fragment of 141 aa (aa 

42-183, indicated by green color in Fig. 3.2.5 B), which carried approximately one third of 

the label and the second fragment of 125 aa (aa 231-356, indicated by red color in 

Fig. 3.2.5 B), which carried about two thirds of the label (Fig. 3.2.5 A). The 141 aa 

fragment included part of the fingers and the palm subdomains, while the 125 aa fragment 

included the thumb and part of the palm subdomains of the polymerase domain. These 

findings implied a binding site of Hex-S3 in the vicinity of both labelled fragments, but 

pointing more in the direction of the thumb subdomain, since the 125 aa fragment carried 

60% of the label. 

Additional information on the binding site of Hex-S3 were derived from competition 

experiments with a 18/36mer Flo1/Flo6 p/t (186), a RNA pseudoknot aptamer 

(131;163;164), as well as the non-nucleoside inhibitor S-TIBO (189). The TIBO 

compounds belong to the class of the NNRTIs and block the RT reaction through 

interaction with a hydrophobic pocket adjacent to the polymerase active site on the p66 

subunit. This interaction causes structural modifications, which lead to a decreased nt 

incorporation rate (122;125;156;157). TIBO have been shown to stabilise an open 

conformation of the RT, i.e. a rotation of the p66 thumb domain of about 30-40°, 

generating a large nucleic acid binding site (126;225), which leads to an increased affinity 

of the enzyme for the p/t (122;226). Experimental evidence described in this study showed 

that S-TIBO increased the binding strength of the hexanucleotide towards RT (Fig. 3.2.6 

A), indicating that the binding of this hexanucleotide ligand required the thumb domain to 

be in an upright position. The RNA pseudoknot aptamer, which was also used in this 

study, induces and stabilises a closed conformation of the polymerase through extensive 

electrostatic interactions with several basic residues of the p66 thumb and in the p66 

fingers domain (131). This aptamer seems to inhibit RT by binding to a site that partly 

overlaps the p/t binding site (131;164). The competition studies showed that p/t and 

aptamer competed for hexanucleotide binding but not vice versa (Fig. 3.2.6). The inability 

of Hex-S3 to inhibit the interactions of RT with the natural p/t substrate or an aptamer (Fig. 

3.2.6 B) is probably the result of the different affinity of the p/t (Kd in the range of low nM) 

and aptamer (Kd = 25 pM) (164) for the protein compared to the one of the hexanucleotide 

(Kd ~ 5.3 µM). Additionally, the binding of Hex-S3 was affected by the addition of p/t and 
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when the p/t was bound to the enzyme no binding was noticed for the Hex-S3. This 

indicated that the bound p/t blocks the binding site of the hexanucleotide on the RT. On 

the other hand, when the hexanucleotide was bound to the RT the high affinity of the p/t 

for the protein displaced the hexanucleotide from its binding site, probably inducing a 

close conformation and so obliterating the binding site of the hexanucleotide on the 

protein that, as described above, binds to RT preferentially in a open conformation. 

A model was derived by rigid-body docking studies of HIV-1 RT and Hex-S3 based 

on these experimentally derived constraints (Fig. 3.2.6 C). According to this model, 

Hex-S3 bound the p66 subunit at the bottom of the thumb subdomain pointing towards the 

nucleic acid binding cleft of the viral polymerase, and the binding of Hex-S3 required the 

thumb domain to be in an upright position. 
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5 Conclusions and Perspectives 
 
 

Taken together, the findings described in this thesis strongly suggest that hexanucleotides 

might be considered as an as yet unexplored class of compounds with a number of highly 

promising characteristics for drug development. The results observed for Hex-S3, 

indicated that hexanucleotides in general may provide high specificity and sufficient 

binding affinity for a given target and, thus, represent attractive lead compounds. 

Several strategies can be envisaged to further increase the binding affinity and, 

hence, the biological activity of Hex-S3. First, rational drug design in the classical sense 

could be based on docking studies with the known 3D structure of HIV-1 RT. Second, 

saturation transfer difference nuclear magnetic resonance (STD NMR) (227) could be 

exploited to determine the critical residues for binding of Hex-S3 to RT, which in turn can 

be chemically modified potentially leading to increased binding strength. Third, systematic 

pools of unmodified or chemically modified hexanucleotides can be tested for specific 

binding to RT or any other target of interest in an array-based selection approach. This 

array would include all 4,096 hexanucleotides, and the positive and negative controls 

tested in the ´trial´ array. The results obtanined in the use of the ´trial´array further suggest 

a linker length of 21- or 38-atoms and a DNA backbone. This would allow, in principle, to 

perform an extremely rapid and systematic search for hexanucleotides that bind to a given 

target sufficiently specific and tight, thereby representing a first lead. Interesting targets 

would certainly be proteins which play an important role in diseases, e.g. the TLR9 (228-

230) and the intercellular adhesion molecule-1 (ICAM-1) (231;232), which are involved in 

inflammation and autoimmunity, and viral proteins, such as the hepatitis C virus 

RNA-dependent RNA polymerase (HCV polymerase) (233;234) and the hepatitis A virus 

3C proteinase (HAV 3C proteinase) (235;236), which are important in viral infections. 
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6 Summary 
 
 
The work described in this thesis addressed the question whether small nt were able to 

exhibit specific binding for target proteins with an affinity which is high enough to be 

biologically relevant. Such compounds might be suitable for drug development against a 

variety of infectious and other diseases.  

As a ´proof of concept´ I investigated the highly specific binding of the 

hexanucleotide UCGUGU (Hex-S3) to the HIV-1 RT, a key enzyme for viral replication. 

The results revealed that Hex-S3 interacted with HIV-1 RT in a way which was highly 

specific to the nt sequence and the target protein, since Hex-S3 did not bind to the highly 

related HIV-2 and EIAV RTs. Binding studies using a set of Hex-S3 derivatives indicated 

that the specific interaction depended on the length and sequence of the nt and occurred 

with an affinity of ~ 5.3 µM (Kd). Competition experiments and UV-crosslinking studies 

suggested a site-specific binding of Hex-S3 to the large subunit of RT (p66) at the bottom 

of the thumb subdomain pointing towards the substrate binding cleft of the viral 

polymerase. 

In human cells, Hex-S3 proved to suppress in a dose-dependent manner 

(IC50 ~ 1.8 µM) HIV-1 viral particle production by up to three orders of magnitude, 

indicating that it exerted specific and biologically relevant activity. However, in vitro 

biochemical analyses of the enzymatic activity of RT in the presence of Hex-S3 did not 

indicate a difference that could explain the observed strong inhibition of HIV-1 infectivity 

in cell culture. Thus, short hexanucleotides, can be selected which possess a high 

specificity for a given target protein and exert biological effects. 

In order to develop a method for the identification of hexanucleotide ligands from a 

random library covering the whole sequence space (4,096), which bind with high affinity to 

different proteins, the feasibility of combinatorial selection approaches was investigated. A 

selection approach in solution allowed the identification of seven different sequences, and 

five of them showed an improved affinity for HIV-1 RT, proving that the combinatorial 

selection of hexanucleotides can be successfully performed. However, this approach 

involved cumbersome cloning steps for sequencing that potentially might lead to the 

introduction of a bias for certain sequences, which are preferentially accepted by the 

cloning enzymes. Furthermore, an erroneous amplification might occur, leading to wrong 

sequence information and this approach is limited to DNA based hexanucleotides. 

Therefore, to overcome these limitations, a hexanucleotide array-based approach was 

conceived as a more reliable and sensitive alternative. A test array containing selected 

oligo- and hexanucleotides was designed and after an optimisation of the conditions for 

the analysis, shown to be a valid and promising alternative to the selection in solution.
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7 Zusammenfassung 
 
 
Spezifische Wechselwirkungen von Nukleinsäuren mit Proteinen sind von fundamentaler 

Bedeutung für den Metabolismus und die biologische Funktion aller lebenden Zellen. 

Auch für die Diagnostik- und Therapie-orientierte medizinische Forschung besitzen 

Nukleinsäureliganden von zellulären Proteinen eine große Bedeutung (44;45). 

Dementsprechend ist die Identifizierung und mechanistische Aufklärung natürlicher sowie 

im Labor entwickelter Nukleinsäureliganden Gegenstand intensiver aktueller Forschung. 

Insbesondere die Bindung von Nukleinsäuren an lösliche und membranständige 

Proteine ist in pharmakologischer und therapeutischer Sicht von Interesse und aus 

bisherigen Untersuchungen ist bekannt, dass die molekularen Wechselwirkungen von der 

Primärsequenz der Nukleinsäuren, ihrer dreidimensionalen Struktur (Konformation) oder 

einer Kombination aus beiden bestimmt sein können, jedoch lässt sich bislang kein 

allgemein gültiges Prinzip ableiten (59-64).  

Zur Identifizierung von Nukeinsäureliganden, die mit hoher Affinität an Proteine bin-

den, wurden verschiedene Strategien entwickelt. Hierzu zählen das Systematic Evolution 

of Ligands by Exponential Enrichment (SELEX) Verfahren (39) und Microarray-basierte 

Verfahren. Unter Verwendung von SELEX konnten in vitro aus randomisierten 

Bibliotheken einige hundert Nukleotide große RNA und DNA Aptamere von 

biomedizinischer Bedeutung (38) identifiziert werden. Die Aufklärung der 3D Struktur 

einiger Aptamere hat ergeben, dass ihre Spezifität auf einer stark angepassten, stabilen 

3D Struktur beruht (40;46). Grundsätzlich ist die Microarray-Technologie ebenfalls 

geeignet, die Bindung von Nukleinsäuren an Proteine in vitro nachzuweisen (80;86). 

Hierbei wird eine große Anzahl von Nukleinsäuren unterschiedlicher Sequenz auf einem 

Träger in einem Spot-Verfahren immobilisiert und die Bindung von Proteinen 

anschließend durch direkte oder indirekte (z.B. sekundäre markierte Antikörper) 

Methoden nachgewiesen (86). 

Die intrinsische Instabilität von Nukleinsäuren in physiologischen Flüssigkeiten und 

ihre begrenzte Aufnahme durch Zellen limitiert ihren Einsatz bislang in vivo. Um diese 

Einschränkungen zu überwinden, sind verbesserte Wirkstoff-Transportsysteme sowie 

chemisch veränderte Nukleinsäurederivate entwickelt worden, die bei einer unveränderten 

biologischen Aktivität eine erhöhte Stabilität gegenüber Exo- und Endonukleasen aufwei-

sen (28;54;55). Verschiedene hochaffine Nukleinsäureliganden sind gegen die Reverse 

Transkriptase des HIV-1 (HIV-1 RT) entwickelt worden, das eine zentrale Rolle im Infek-

tionszyklus dieses Virus einnimmt und somit einen geeigneten Ansatzpunkt zur Therapie 

der HIV-1 Infektion darstellt (74;156 158;163). Unter Verwendung des SELEX konnten 

Tuerk et al. (164) ein RNA Molekül (RNA pseudoknot) identifizieren, welches mit einer 



Zusammenfassung 

126 

sehr hohen Affinität (Kd = 25 pM) an die HIV-1 RT gebunden hat und eine starke inhibitori-

sche Wirkung gegenüber dem HIV-1 aufwies (165;166). Bei diesen inhibitorisch aktiven 

Nukleinsäuren handelte es sich im Allgemeinen um relativ große Moleküle, die in Lösung 

eine stabile Tertiärstruktur ausbilden. 

Auf der Basis dieser Ergebnisse, war es zunächst das Ziel meiner Arbeit zu unter-

suchen, ob auch relativ kleine Hexanukleotide, die in wässriger Lösung eine größere 

strukturelle Flexibilität besitzen, eine ausreichende Spezifität und Affinität in der Bindung 

an Proteine aufweisen können, um in der medizinischen Diagnostik oder Therapie erfolg-

reich eingesetzt werden zu können. Um diese Frage zu untersuchen, habe ich als Modell-

system die HIV-1 RT gewählt, da gegen dieses Enzym bereits erfolgreich hoch affine 

Nukleinsäureliganden isoliert werden konnten (s.o.) und es gleichermaßen ein zentrales 

Enzym des Replikationszyklus des HIV-1 ist, was die biologische Funktion bzw. deren 

Hemmbarkeit mit Hexameren erleichtern sollte. Weitergehend sollte die Interaktion u. a. 

unter Verwendung chemisch modifizierter Nukleotidliganden biochemisch charakterisiert 

werden, um einen tieferen Einblick in die molekularen Grundlagen der Bindung von 

kleinen Oligonukleotiden an Proteine zu erhalten. Es wurden u.a. DNA(HexD)- und 

RNA(HexR)-basierte Hexanukleotide, sowie 2´-Deoxy-2´-Fluoro, 2´-O-Methyl, Phosphor-

thioate, Locked Nucleic Acid (LNA) und 4-thio-Uracil modifizierte Derivate eingesetzt. 

Bindende Hexanukleotide sollten anschließend auf ihre inhibitorische Wirkung gegenüber 

den Enzymaktivitäten der Reversen Transkriptase sowie auf ihre antiviralen und pharma-

kologischen Eigenschaften, wie z.B. Serumresistenz, Membrangängigkeit und Halbwerts-

zeit im Zytoplasma, untersucht werden. Da es unter Verwendung geeigneter Selek-

tionsverfahren gelingen könnte, aus synthetischen Hexanukleotid-Bibliotheken Liganden 

gegen biomedizinisch relevante Proteine im allgemeinen zu identifizieren, war ein 

weiteres wichtiges Ziel meiner Arbeit, technische Bedingungen zu etablieren, unter denen 

eine derartige Selektion erfolgreich durchgeführt werden kann. 

 

Um die spezifische Bindung von Hexanukleotiden an die HIV-1 RT, die Luciferase der 

amerikanischen firefly (Photinus pyralis) und dem humanen Prion Protein (hPrP), 

nachweisen zu können, wurden Filterbindungsassays sowie der Electrophoretic Mobility 

Shift Assay (EMSA) eingesetzt. Vergleichende Bindungsstudien unter Verwendung von 

HexR und HexD unterschiedlicher Sequenz ergaben, dass alle ausgewählten Hexanukleo-

tide eine messbare Bindung an die drei untersuchten Proteine zeigten. Diese Bindung war 

sequenzabhängig und spezifisch für das jeweilige Protein, wobei die Beteiligung des 

Ribosephosphat-Gerüsts und der funktionellen Gruppen der Basen von der jeweiligen 

Interaktion abhingen und keine allgemein gültigen Aussagen gemacht werden konnten. 

Es konnte gezeigt werden, dass das Hexanukleotid Hex-S3 (Hex-S3R, UCGUGU; 
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Hex-S3D, TCGTGT) eine vergleichsweise hohe Affinität und Spezifität für die Bindung an 

die HIV-1 RT aufwies. 

 

Aus diesem Grund wurde dieser Komplex näher untersucht und die Affinität, Spezifität, 

die Bindungsstelle und biologische Wirkungen des Hex-S3 bestimmt. Die Affinitäts-

messung von Hex-S3R und Hex-S3D ergab Kd Werte von 5.3 (± 0.5) µM and 

9.4 (± 2.4) µM. Besonders bemerkenswert war die Beobachtung, dass das Hex-S3 keine 

Bindung an die strukturell und funktionell verwandten HIV-2 RT, equine infectious anemia 

virus (EIAV) RT und die T7 RNA-Polymerase zeigte. 

Die Bedeutung der einzelnen Basen, der funktionellen Gruppen sowie der Länge 

des Hex-S3 für die Bindung an HIV-1 RT wurde durch Einsatz synthetischer Derivate 

untersucht. Die 5´-terminale Sequenz 5´-GUGU-3´ sowie eine Länge des Backbones von 

sechs Phosphodiester-Bausteinen des Hexanukleotids waren für die Bindung von essen-

zieller Bedeutung, da Positionsmutanten und kürzere Nukleotide eine deutlich verringerte 

Bindung aufwiesen. Um die Bindungsstelle des Hex-S3 näher zu bestimmen, wurde eine 

Photoaffinitätsmarkierung mit einem radioaktiv markierten 4-thio-Uracilderivat (an 

Position 4) von Hex-S3R, gefolgt von einer CNBr-Spaltung, durchgeführt. Das Ergebnis 

deutete darauf hin, dass das Hex-S3 an die p66 Untereinheit an der Basis der 

„Daumenuntereinheit“ gebunden hat. Kompetitive Hemmexperimente mit einem 18/36mer 

primer/template (191), einem RNA Aptamer (164), sowie dem Nicht-Nukleosid Inhibitor 

S-TIBO (192) ergaben, dass sich das Hex-S3 unterhalb der Nukleinsäure-Bindestelle der 

viralen Polymerase erstreckte und dass sich die Daumenuntereinheit in einer horizontalen 

Position befand. 

Aufgrund der Bindungsdaten, war es vielversprechend die hemmende Wirkung des 

Hex-S3 in der Zellkultur auf die Produktion viraler Partikel und ihrer Infektiosität zu 

untersuchen. Hierzu wurde ein rekombinantes Replikations-inkompetentes HIV-1-System 

mit dem proviralen HIV-1 Konstrukt [pGJ3 luci (243)] in einem zellulären Assay eingesetzt. 

In diesem System werden HEK293 T-Zellen (packaging cells) mit zwei Vektoren ko-trans-

fiziert, welche die Bildung von Pseudoviren bewirken. Diese Viren sind infektiös, bilden 

jedoch nach Re-infektion keine infektiösen Partikel. Die virale Genexpression nach 

Transduktion wurde mit einem Luciferase-Reporterassay bestimmt. Die von den transfi-

zierten Zellen freigesetzten Pseudoviren wurden mittels ELISA unter Verwendung eines 

Antikörpers gegen das p24-Kapsidprotein quantifiziert und die virale Genexpression 

mittels Western Blot Analyse mit anti-HIV-1 Antikörpern bestimmt. Die Zugabe steigender 

Mengen von Hex-S3R bei Transfektion von Packaging-Zellen führte zu einer starken 

konzentrationsabhängigen Verringerung der Zahl infektiöser Partikel, wobei der IC50 Wert 

des Hex-S3R 1.8 (± 0.2) µM betrug. Des Weiteren zeigten die Hex-S3R Zellen eine 
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durchweg geringere Luciferase-Aktivität. Dies deutet darauf hin, dass die Hex-S3-

spezifische Hemmung der Bildung infektiöser Partikel in den Packaging-Zellen stattfand 

und nicht in der zweiten Infektionsrunde, wobei die virale Genexpression in den 

Packaging-Zellen und die Prozessierung des Gag-Vorläufermoleküls von der Wirkung des 

Hex-S3 unbeeinträchtigt waren. Da in den Packaging-Zellen keine reverse Transkription 

stattfindet und Hex-S3R RT in vitro nicht inhibieren konnte, wäre eine mögliche Erklärung 

die, dass Hex-S3R durch Interaktionen mit der RT innerhalb des Gag-Pol-Vorläufermole-

küls das „Assembly“ viraler Partikel beeinträchtigt.  

Die hemmende Wirkung des Hexanukleotids Hex-S3 auf die Bildung infektiöser 

viraler Partikel in vitro sowie die in Bindungsassays und im Crosslinking Experiment 

gezeigte spezifische Bindung an die HIV-1 RT, legten eine Beeinträchtigung einer der 

enzymatischen Aktivitäten des Enzyms nahe. Aus diesem Grund wurden Enzymaktivitäts-

messungen mit unterschiedlichen natürlichen Substraten durchgeführt. Obwohl Hex-S3 

die HIV-1 Infektiosität signifikant verringerte und mit mikromolarer Affinität (Kd ~ 5 µM) 

HIV-1 RT gebunden wurde, konnte keine Hemmung der enzymatischen Aktivitäten und 

Funktionen der HIV-1 RT in vitro nachgewiesen werden. Eine Erklärung hierfür ist 

wahrscheinlich eine nicht ausreichende Affinität des Hex-S3 im Vergleich zu der des p/t 

Substrats (Kd ~ 1 nM), wodurch keine kompetitive Hemmung bei der eingesetzten 

Konzentration erreicht  wurde. 

 

Aufgrund der spezifischen Bindung von Hexanukleotiden an Proteine, sah ich die Möglich-

keit der Selektion von HIV-1 RT spezifischen Hexanukleotiden aus einer randomisierten 

Bibliothek aller möglichen Sequenzen. Hierzu wurden zunächst Experimente in Lösung 

durchgeführt, in denen HIV-1 RT mit der Hexanukleotid-Bibliothek (46 = 4.096 Spezies) 

ko-inkubiert wurden und anschließend das Protein mit gebundenen Hexamer-Spezies 

mitels eines Filters abgetrennt und isoliert wurden. Nach Elution der gebundenen Hexa-

nukleotide konnten deren Sequenzen in einem speziellen Klonierungsverfahren bestimmt 

werden. Hierdurch gelang die Identifizierung von Sequenzen, die mit deutlich höherer 

Affinität als das Hex-S3 an die HIV-1 RT gebunden wurden. Somit ist die Selektion von 

bindenden Hexanukleotiden in einem kombinatorischen Ansatz grundsätzlich möglich. 

Das Verfahren zur Klonierung ist jedoch methodisch aufwendig und intrinsisch mit Fehlern 

behaftet. Um eine Verbesserung des Verfahrens zu erreichen, habe ich die Methodik für 

ein Array-Verfahren etabliert, in dem der Klonierungsschritt umgangen werden kann. Für 

diesen Ansatz wurde zunächst ein Versuchsarray entwickelt, auf dem selektierte 

Oligonukleotide mit bekannten Bindungseigenschaften immobilisiert wurden. Nach Inku-

bation des Arrays mit dem Protein konnte die Bindung direkt, bei Einsatz von 

fluoreszenzmarkierter HIV-1 RT, oder durch fluoreszenzmarkierte sekundäre Antikörper 
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nachgewiesen werden. Hingegen war der Einsatz radioaktiv markierten Proteins tech-

nisch unbefriedigend. Nach Optimierung der Blockierungsmethode des Arrays und der 

Waschbedingungen nach den Bindungsschritten konnten eindeutige Bindungsdaten 

erhalten werden. Die Ergebnisse zeigten, dass das Bindungsverhalten den Ergebnissen 

der Filterbindungsexperimente entsprach. Somit erscheint die Anwendung eines Array-

Verfahrens grundsätzlich möglich und vielversprechend. 

 

Zusammenfassend konnte gezeigt werden, dass Hexanukleotide trotz ihrer geringen 

Größe und ihrer hieraus resultierenden flexiblen Struktur grundsätzlich in der Lage sind, 

spezifisch an Proteine zu binden. Dies wurde für die HIV-1 RT beispielhaft gezeigt. 

Gleichermaßen besaß das hier untersuchte Hexanukleotid Hex-S3 in vitro eine 

hemmende Wirkung gegenüber der Bildung infektiöser viraler Partikel des HIV-1. 

Dennoch konnte keine hemmende Wirkung der enzymatischen Aktivitäten beobachtet 

werden. Kompetitive Bindungsexperimente lassen vermuten, dass keine ausreichende 

Affinität im Vergleich zum normalen Substrat erreicht wurde. Die erfolgreiche Selektion 

von weiteren hochspezifischen Sequenzen aus einer randomisierten Bibliothek von 

Hexanukleotiden in einem Filterbindungsexperiment sowie die Etablierung der Methodik 

für ein Array-basiertes Verfahren haben die Basis gelegt, um Sequenzen zu identifizieren, 

die verbesserte Bindungseigenschaften aufweisen. Die beobachtete biologische Wirkung 

legt jedoch nahe, dass Hexanukleotide eine Klasse von Molekülen darstellen, die eine 

Reihe von Charakteristika aufweisen, die sie für die Medikamentenentwicklung als 

geeignet erscheinen lassen. Hierzu zählen eine einfache synthetische Chemie, die eine 

Optimierung durch rationales Drug Design ermöglichen, der Zugang zur chemischen 

Synthese im großen Maßstab und insbesondere die Option des systematischen 

Durchsuchens von Bibliotheken, um Basisstrukturen zu identifizieren, die in ihren 

biomedizinischen Eigenschaften beliebig verändert werden können und als Grundlage für 

die Entwicklung neuartiger Medikamente dienen können. 
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