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1. Introduction 

 

1.1 Zinc Finger Transcription Factors 

 

1.1.1 The Zinc Finger Motif 

Transcription factors are specialized nuclear proteins with the ability to bind 

to DNA in order to regulate transcription. Thereby, these proteins contain a DNA 

binding domain and a domain involved in protein-protein interaction, which allows 

the transcription factors to stimulate gene expression (Brennan et al., 2008). In 

other functions transcription factors may serve as architectural proteins, which 

induce chromatin structural rearrangements to facilitate the entry of additional 

activator or repressor complexes.  

The specificity involved in the control of transcription requires that regulatory 

proteins bind with high affinity to the correct region of DNA. Many DNA-binding 

proteins contain independently folded domains for the recognition of DNA, and in 

turn, these domains belong to a large number of structural families. A eukaryotic 

DNA-binding transcription factor was first identified containing a helix-turn-helix 

(HTH) motif more than twenty years ago on Cro, CAP, and λ–repressor (Anderson 

et al., 1981; Mckay and Steitz, 1981; Pabo and Lewis, 1982). Other structure 

domains were identified as the zinc finger (zf) motif, the helix-loop-helix motif, 

leucine zippers, and fork head domains (Brown, 2006). The zf motif is, however, 

the most abundant DNA binding motif in transcription factors (Brennan et al., 2008) 

and it has recently received much attention because of its multifunctionality.  

A zf motif was first proposed in 1983 for the protein transcription factor IIIA 

(TFIIIA; Hanas et al., 1983). Subsequent analysis revealed the presence of small 

zinc-based domains (termed ‘‘zinc fingers’’) in a wide variety of other proteins 

involved in gene regulation. Over the past decades, more than 14 classes of such 

zinc-based domains have been discovered and partly characterized (Berg and Shi, 

1996; Matthews and Sunde, 2002). The zinc finger proteins of classical Cys2His2 

and nonclassical Cys2Cys2 type are broad families of proteins implicated in both 

transcriptional regulation and RNA processing (Ladomery and Dellaire, 2002). 

The most dominant and best studied class of zinc fingers is the classical zf, 

the Cys2His2 type, which was initially identified in TFIIIA (Fig. 1-1 A). The Cys2His2 

zf proteins form the largest family (around 900 members) in more than 2000 
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hypothetical human genes that encode transcriptional activators (Fig.1-1 B). This 

class of proteins is also the largest family of activators in D. melanogaster, C. 

elegans, and S. cerevisiae. These Cys2His2 zf domains are characterized by 

tandem arrays of sequences that approximate the consensus template of the 

general zf (Tyr,Phe)-X-Cys-X2-4-Cys-X3-Phe-X5-Leu-X2-His-X3-5-His, where X 

represents more variable amino acids. They all have the same structural 

framework, but achieve specificity through variations in key residues. Each of 

these zf domains consists of two antiparallel ß-strands followed by one α-helix. 

The three-dimensional structure explains the conserved sequence features: the 

cysteine and histidine side chains coordinate the zinc and the three other 

conserved residues (Tyr or Phe, Phe, Leu) pack to form a hydrophobic core 

adjacent to the metal coordination unit. Structurally, the classical zf is little more 

than a polypeptide loop folded back on itself with the aid of a zinc ion (Klug, 1995). 

 

 

 

 

Fig. 1-1 (A) Schematic presentation of a single Cys2His2 zinc finger domain. A zinc 

ion is used in a purely structural role to stabilize a very small functional protein domain or 

finger. (B) Genome-wide comparisons of transcription activator families in 

eukaryotes. The relative sizes of transcriptional activator families among Homo sapiens, 

D. melanogaster, C. elegans, S. cerevisiae are indicated. The transcription factors families 

shown are the largest of their category out of the 1502 human protein families (adapted 

from Tupler et al., 2001). 

 

A B
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Krüppel is one of the most predominant families containing Cys2His2 type 

zfs. The Krüppel is a member of the ‘gap’ class of segmentation genes of 

Drosophila melanogaster, the mutation of which causes contiguous groups of 

segments of the fruit fly embryo to fail to develop. Krüppel encodes a protein that 

contains a DNA-binding motif composed of several ‘zinc fingers’ of the Cys2His2 

type (Schuh et al., 1986). In mammals, a group of transcription factors were found 

to exhibit close homology to the zf portion of Krüppel. For example, ZFY/ZFX and 

GLI transcription factors are subfamilies of Krüppel zfs (Page et al., 1987; Kinzler 

et al., 1988). 

Another predominant zf familiy is the RanBP2 zinc finger of the Cys2Cys2 

type. It contains four cysteines and a conserved tryptophan upstream of the zf. Its 

consensus template can be presented by Trp-X-Cys-X2,4-Cys-X3-Asn-X6-Cys-X2-

Cys, where X presents more variable amino acids. The RanBP2 zf of the Cys2Cys2 

type is found in different proteins that are mainly involved in nuclear transport or 

localized to the nuclear envelope. Examples of the proteins containing such a 

domain are TLS (FUS), TAFII68 (RBP56), and EWS (Crozat et al. 1993; Bertolotti 

et al. 1996; Ladomery and Dellaire, 2002).   

Although zfs typically occur in tandem arrays and many transcription factors 

have three or more zfs, each zf folds and functions independently as a mini-

domain. Many investigations have been carried out concerning the general 

features of single zf architecture. Single zf, a peptide containing just 30 amino 

acids that corresponds to the ‘‘zinc finger’’ domain of transcription factor IIIA, can 

fold in the presence of zinc. The specific binding activity of the zf motif to nucleic 

acids is dependent on the presence of zinc. It is interesting to note that a zf motif 

has a relatively small number of fully conserved residues. The structural stability is 

mainly provided by the zinc coordination and by the conserved hydrophobic core 

that flanks the zinc binding site. Metal binding and canonical hydrophobic residues 

seem to be necessary and sufficient to determine the structure of this class of zf 

peptides (Michael et al., 1992).   

 

1.1.2 The Nucleic Acid Binding Properties  

Zf transcription factors are complex proteins, involved in DNA-, RNA- or 

protein-protein interactions of the transcription. The initial structural information 

about these interactions came from the crystal structure of the three zf domains 
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from the mouse transcription factor Zif268 bound to a DNA target site (Pavletich 

and Pabo, 1991). The α-helix of each zf in this complex lies in the major groove of 

the double helix and interacts with the DNA bases through amino acid side chains 

from the NH2-terminal portion of this helix. Each zf domain contacts a contiguous 

3-bp subsite, with the majority of the base-specific contacts directed to one DNA 

strand (Fig. 1-2).  

In subsequent studies, several other Cys2His2 zf-DNA structures have been 

solved, including Tramtrak (Fairall et al., 1993), GLI (Pavletich and Pabo, 1993), 

YY1 (Houbaviy et al., 1996), GAGA factor (Omichinski et al., 1997) and TFIIIA 

(Nolte et al., 1998). In earlier studies it had been observed that multiple zinc 

fingers are required for sequence-specific DNA recognition (McColl et al., 1999; 

Wolfe et al., 1999; Matthews et al., 2002). In the case that only one or two fingers 

are present, additional secondary structure elements are generally used to 

facilitate DNA recognition (Wolfe et al., 1999). The DNA double helix is essentially 

regular, despite small, local, sequence-dependent variations, thus the specificity of 

recognition lies in a particular sequence of the bases. However, to date there are 

no general rules for zf-DNA recognition. The sequences bound by a series of zfs 

turned out not to be completely distinct from each other but instead overlapped: 

the same DNA triplet can be touched by amino acids from more than one finger 

(Pearson, 2008).  

 

 

Fig. 1-2 Zinc finger domains from Zif268 bind to a DNA target site. (A) Three zinc 

fingers of the protein Zif268 nestle alongside the bases in their stretch of DNA. (B) Amino 

acids in each finger associate with specific bases in the DNA (adapted from Pearson 

2008).  

A B 
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Today it is commonly known that zfs function through interaction with duplex 

DNAs, but some zf proteins may also function through specific interactions with 

RNAs. TFIIIA was first identified not as a transcription factor but as a protein that 

binds to 5S RNA in immature Xenopus oocytes (Picard and Wegnez, 1979). 

Subsequent studies found that RNA and DNA binding overlapped. For instance, 

separable functions of the nine zf elements in TFIIIA occurred via fundamentally 

different molecular mechanisms. TFIIIA binds to RNA on the basis of conserved 

secondary and/or tertiary structures, independent of the primary sequences (Pieler 

et al., 1984; Pieler et al., 1986; Theunissen et al., 1992). Clemens et al. (1993) 

have also reported that different sets of zinc fingers were found to be responsible 

for high affinity interactions with RNA and DNA. Additionally, zf proteins require 

also specific amino acids in α-helices for high affinity RNA binding.  

Over the past two decades, a number of Cys2His2 zf proteins from 

mammalians were found to be involved in RNA binding, e.g. p43 (Joho et al., 

1990), Xenopus XFG 5-1 (Koster et al., 1991), Xenopus Xfin (Andreazzoli et al., 

1993), Wilms tumor suppressor gene WT1 (Caricasole et al., 1996), the human 

and mouse MOK2 proteins (Arranz et al., 1997), hZFP100 (Dominski et al., 2002), 

Wig-1 (Mendez-Vidal et al., 2002), and JAZ (Chen et al., 2004). However, it has 

been an enigma how zf proteins bind to RNAs exactly. This has been resolved by 

the crystal structure of a three-zinc finger complex with 61 bases of RNA, derived 

from the central regions of the complete nine-finger TFIIIA-5SRNA complex (Lu et 

al., 2003). The structure reveals two modes of zf binding: first, the zfs interact with 

the backbone of a double helix; and second, the zfs specifically recognize 

individual bases positioned for access in otherwise intricately folded ''loop’’ regions 

of the RNA. Both of the two zf binding modes to RNA differ from that in common 

use for DNA. RNA molecules form complex structures comprising internal ‘loops’ 

and double helices, which are sometimes closed by hairpin loops. The zf domain 

seems to be able to recognize all of these different elements, either sequence-

dependent or structure-directed. 

In summary, zinc finger domains, although small, appear to be quite 

versatile. The Cys2His2 zf scaffold can be used for base-specific recognition of the 

DNA major groove, backbone recognition of the RNA major groove, and almost 

customized RNA base and loop recognition (Hall, 2005). 
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1.1.3 Disease-Associated Zinc Fingers  

Dysregulated or mutated transcription factors lead to the breakdown or 

abnormal control of the transcriptional machinery. Many transcription factors are 

multifunctional proteins and are implicated in human diseases including cancer, 

inflammatory diseases and heart diseases. For instance, transcription factors were 

shown to be key determinants in the orchestration of myeloid identity and 

differentiation fates. They show cell-lineage-restricted and stage-restricted 

expression patterns, indicating the requirement for tight regulation of their activities 

(Rosenbauer and Tenen, 2007). Therefore, transcription factors would potentially 

make good targets, e.g. for cancer diagnosis and even treatment of cancer 

(Brennan et al., 2008). A predominant feature of many disease-associated 

transcription factors is the zinc finger. In particular, the zf transcription factors of 

the Cys2His2 type are the most predominant class, which are largely involved in 

development and disease, especially cancer.  

The ZFY gene was first discovered in 1987 in the human Y chromosome, 

which encodes a zf protein ZFY (Page et al., 1987). All members of the ZFY gene 

family (ZFY and ZFX in human) encode highly homologous proteins with the same 

overall structure. All of them have thirteen zfs of the Krüppel Cys2His2 type, 

encoded by a single exon (Koopman et al., 1991). The ZFY gene family was 

suggested to have a fundamental cellular role in spermatogenesis (Koopman et 

al., 1991). Recent studies show that murine ZFX functions as a shared 

transcriptional regulator of embryonic and hematopoietic stem cells, suggesting a 

common genetic basis of self-renewal in embryonic and adult stem cells. The 

identification of ZFY should also facilitate the molecular dissection of self-renewal 

mechanisms in tumor-initiating cancer stem cells (Galan-Caridad et al., 2007).  

The GLI gene was originally identified to be amplified in glioblastoma 

(Kinzler et al., 1988), encoding a zf protein containing five repeats of the Cys2His2-

type zf motif. GLI was later found to be amplified in other tumors as well. It 

functions primarily as an oncogene if tumors arise, due to its overexpression, and 

therefore it is considered as a promising therapeutic target for tumor treatments 

(Berg, 1990; Matise and Joyner, 1999; Ladomery and Dellaire, 2002). Moreover, zf 

transcription factors of the GLI family play critical roles in the mediation and 

interpretation of Hedghog signals, which are associated with a surprising number 

of human diseases (Altaba et al., 1999; Kasper et al., 2006).  
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Matrin-3 was cloned and sequenced first from a rat insuloma cDNA library 

(Belgrader et al., 1991), encoding a zf protein containing one classical       

Cys2His2-type zf (Matsushima et al., 1997). It is a highly conserved nuclear matrix 

protein that has a positively charged N-terminal region and a negatively charged 

C-terminal domain. Matrin-3 belongs to the nuclear phosphoproteins of HeLa cells 

(Beausoleil et al., 2004). The bipartite nuclear localization signal of matrin-3 was 

characterized and found to be essential for its nuclear localization and also cell 

proliferation (Hisada-Ishii et al., 2007). In addition, the functions of matrin-3 could 

be regulated by both Ca2+-dependent interaction with calmodulin and caspase-

mediated cleavage (Valencia et al., 2007). In clinical studies, Matrin-3 showed 

significantly decreased levels of expression in fetal Down’s syndrome brain 

(Bernert et al. 2002) and Alzheimer disease (Berntenis et al., 2007).  

WT1 was first described in 1990 as a tumor suppressor gene associated 

with Wilms tumour (nephroblastoma) and encodes a typical transcription factor 

with four zfs of the Krüppel Cys2His2 type (Call, et al., 1990; Gessler et al., 1990). 

It is involved in the development of several organ systems, and is both a tumor 

suppressor and oncogene (Ladomery and Dellaire, 2002; Morrison et al., 2008).  

In addition, several other disease-associated zinc finger transcription factors 

of the Cys2His2 type are described in the literature (Engelkamp and Heyningen, 

1996; Ladomery and Dellaire, 2002; Rosenbauer and Tenen, 2007; Hanna et al., 

2007; Brennan, et al., 2008, Wernig et al., 2008). Besides the common zfs of the 

Cys2His2 type, many disease-associated zf proteins contain Cys2Cys2 fingers. For 

instance, TAFII68 (also known as RBP56) and TLS (also known as FUS) belong to 

the TET family (TLS/FUS, EWS, TAFII68), which has Cys2Cys2 zf of the RanBP2 

family. TLS was cloned from a breakpoint associated with myxoid liposarcoma 

(Crozat et al., 1993); TAFII68 is a TBP-associated factor encoded by TAF15 

(TATA-binding protein, basal transcription). TAFII68 shares extensive 74% 

sequence similarity with TLS and both of them may both be present in TFIID 

complexes (Bertolotti et al., 1996). Wild-type TLS and TAFII68 can function as 

classical transcription factors in addition to their better-known functions in splicing 

and mRNA transport. They have been found in a variety of cancer-associated 

fusion genes, leading to form aberrant transcription factors. The formation of these 

fusion genes is thought to be one of the primary causes of cancer (Law et al., 

2006).  
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Today’s clinical practice has already been modified by the significant 

progress made in identifying transcription factors as the predominant components 

in myeloid differentiation and cancer. Research is on the way for the discovery of 

molecules that specifically alter the functions of transcription factors, so that new 

ways may be found to treat cancer (Rosenbauer and Tenen, 2007). Moreover, zf 

transcription factors dosage is critical at certain times in development (Engelkamp 

and Heyningen, 1996). Employing target-specific diagnostic tests would make 

early detection approaches feasible (Vogelstein and Kinzler, 2002). Early 

detections are perhaps the most promising and feasible means to reduce cancer 

deaths in a foreseeable future. 

 

 

1.2 In vitro Selection 

 

1.2.1 Systematic Evolution of Ligands by Exponential Enrichment 

Over the past two decades, oligonucleotides have emerged as a viable 

alternative to virus-mediated gene complementation, which has proven to be 

effective in the treatment of genetic diseases in clinical trials. Since the discovery 

in the early 1980s that RNA was not simply a passive carrier of genetic information 

but could participate directly in catalysis in living cells, the understanding of 

oligonucleotide structure and function has been in constant flux (Stark et al., 1978; 

Kruger et al., 1982). Some RNA molecules exhibit a function without being 

translated into proteins, such as tRNAs, rRNAs, ribozymes, high-affinity RNAs and 

small nuclear RNAs from splicesomes. The diagnostic and therapeutic potential of 

oligonucleotides has been explored using antisense oligonucleotides, ribozymes, 

decoy oligonucleotides, aptamers and, more recently, small-interfering RNAs 

(siRNAs) (Doudna and Cech, 2002; Hannnon, 2002: McManus and sharp, 2002; 

Barciszewski and Erdmann, 2003; Erdmann et al., 2006 and 2008; Kurreck, 2008).  

In 1989, Oliphant and his coworkers selected binding sites of the GCN4 

protein from a dsDNA pool with 23 nucleotides of random sequence. A year later, 

Tuerk and Gold (1990) selected RNA ligands to bacteriophage T4 DNA 

polymerase. The protocol for such in vitro selection experiments was introduced 

and called ‘Systematic Evolution of Ligands by EXponential Enrichment’ (SELEX). 

At the same time RNA ligands were isolated to bind a variety of organic dyes 
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(Ellington and Szostak, 1990) and individually characterized RNA-molecules with 

high affinities for selected targets were termed ‘aptamers’ (from the Latin ‘aptus’ 

meaning ‘fitting’ and the Greek work ‘meros’ meaning ‘particle’).  

The process of in vitro selection requires different methods of molecular 

biology, which are used to select those molecules from a combinatorial library that 

have a desired biological function. To apply genetic selections directly to 

populations of molecules, genotype and phenotype must be linked. In fact, 

oligonucleotides combine phenotype and genotype within one molecule. This 

means that every individual oligonucleotide not only forms a distinct three-

dimensional structure that is able to interact specifically with a potential target by 

shape complementarity, but at the same time contains the necessary information 

for its own propagation (Gold et al., 1995).  

High affinity molecules can be isolated from a library of completely random 

sequences that were generated by chemical synthesis. The initial library of 

oligonucleotides typically consists of a large number (1015 to 1016) of random 

sequences. In principle, larger libraries of up to 1020 oligonucleotides are 

technically feasible (Gold et al., 1995), but are rarely used in practice. 

Alternatively, a library based on a given secondary structure can be generated by 

mutagenesis. In most cases, the selection starts with a library of sequences that 

are completely random except for the flanking constant regions. This allows for a 

maximally unbiased sampling of the sequence space. Since the large initial pool of 

oligonucleotides typically saturates the relevant sequence space, the strongest 

binders already exist in the starting pool (Djordjevic, 2007).  

A typical process of SELEX of ssDNA aptamers is outlined in Figure 1-3. A 

DNA library is chemically synthesized with a region of random sequence flanked 

on each end by constant sequences. This DNA is amplified by a few cycles of the 

polymerase chain reaction (PCR). Subsequently ssDNA is obtained either by 

separation of unequal-length strands or digestion of one strand by an 

exonuclease. The ssDNA molecules are then partitioned based on whether they 

bind to the chosen target compound, e.g. by passing them through a target affinity 

column. The bound ssDNAs are eluted, amplified by PCR, and then the entire 

cycle is repeated. The ratio of target binding increases with successive rounds of 

selection. After several rounds, the pool becomes potentially dominated by the 

initially rare molecules that can bind to the target. The double-stranded DNA 



Introduction 

 

 

10

(dsDNA) that is generated in the last selection round is cloned and sequenced 

after sufficient enrichment. Consensus primary and secondary structure motifs are 

then analyzed on the basis of the alignment of cloned sequences. Subsequently, 

the aptamers are characterized with respect to the minimal sequence length that is 

indispensable for interacting and binding the target.   

 

 

 

Fig. 1-3 In vitro selection cycle (adapted from White et al., 2000). 

 

Both RNAs and ssDNAs can be designed by in vitro selection. RNAs have 

riboses containing 2’-hydroxyl groups, which are absent in ssDNAs, and can fold 

into more stable complex tertiary structures than ssDNAs. However, ligand-binding 

ssDNAs may be sometimes more suitable than RNAs as potential pharmacological 

reagents, because of their greater chemical stability and lower production costs 

(Ellington and Szostak, 1992). 
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1.2.2 Stability of Aptamers  

Aptamer biostability and bioavailability are very important for later diagnostic 

and therapeutic applications. However, the omnipresence of degrading enzymatic 

activities by nucleases accounts for rapid decomposition of oligonucleotides, 

especially in biological systems. Considerable improvements have been made 

over the past few years to the biostability of nucleic acid aptamers (Bunka and 

Stockly, 2006; Stoltenburg et al., 2007).  

Chemically modified oligonucleotide libraries compatible with polymerases 

were used to increase the nuclease resistance. Typical modifications concern the 

2’-position of the sugar in RNA libraries. Frequently, the ribose 2’-OH group of 

pyrimidine nucleotides is replaced with a 2’-NH2 or 2’-F group. Modifications of the 

phosphate backbone of nucleic acids were also applied to in vitro selections of 

aptamers. A common modification is the replacement of the non-binding oxygen in 

the phosphodiester linkage by sulfur (Jhaveri et al., 1998; Andreola et al., 2000; 

King et al, 2002).  

After a successful selection, further chemical modifications can be 

introduced in order to enhance biostability of the aptamers. For instance, a 

substitution of the 2’-OH groups of ribose to 2’-F, 2’-NH2 or 2’-O-methyl groups 

increases the nuclease resistance of RNA (Green et al., 1995; Ruckman et al., 

1998; Rhodes et al., 2000). The modification can also be made by a 3’-end 

capping with streptavidin-biotin, inverted thymidine (3’-idT that creates a 3’-3’ 

linkage) or several 5’-caps (amine, phosphate, polyethylene-glycol, cholesterol, 

fatty acids, proteins, etc.), to protect from exonuclease degradation (Dougan et al., 

2000; Marro et al., 2005). In addition, locked nucleid acids (LNAs) (Petersen and 

Wengel, 2003) are good candidates to stabilize aptamers. In LNA nucleotides, the 

sugar is made bicyclic by covalently bridging the 2’-oxygen and the 4’-carbon with 

a methylene (Darfeuille et al., 2004; Schmidt et al., 2004). This modification was 

successfully introduced after a selection to improve the properties of aptamers.  

Another elegant possibility to achieve biostability is the use of mirror-image 

oligonucleotides (Klussmann et al., 1996; Nolte et al., 1996). They are not 

susceptible to nucleases since nature did not evolve any respective enzymatic 

degrading activities. By mirror-image in vitro selection, unmodified DNA or RNA 

aptamers were isolated against the non-natural enantiomeric configuration of the 

target. After the SELEX experiment, the best candidates of aptamers are finally 
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synthesized using L-phosphoramidite building blocks in order to generate L-RNA- 

or L-DNA-oligonucleotides. By rules of symmetry, these L-oligocucleotides bind to 

the target in its natural configuration. Originally, biostable mirror-image aptamers 

were selected against the nucleoside adenosine (Klussmann et al., 1996) and the 

amino acid arginine (Nolte et al., 1996), and the term ‘‘Spiegelmer’’ (Spiegel is the 

German word for mirror) was coined to differentiate a ‘‘mirror-image aptamer’’ from 

a ‘‘normal aptamer’’. For all mirror-image in vitro selections, the mirror image of a 

given target molecule needs to be synthetically available. Therefore, peptides as 

well as small protein targets are synthesized by solid-phase peptide synthesis with 

unnatural building blocks. However, for larger protein targets, protein domains 

have to be identified that can be accessed by chemical synthesis.  

 

1.2.3 Aptamers against Peptides and Proteins 

Aptamers can be developed for molecules connected with nucleic acids, but 

also for molecules not associated with nucleic acids by nature. Single-stranded 

oligonucleotides can be selected to bind with high affinity to diverse targets such 

as organic dyes, amino acids, antibiotics, peptides, proteins, or vitamins. But so far 

most of the aptamers were selected for proteins or for peptides as special epitopes 

of a protein of interest. The reason for this is that proteins carry out a particularly 

wider range of structural and catalytic roles in biology and are extensively used in 

diagnostic, therapeutic and industrial applications. Great interest has also been 

generated in the development of methods for in vitro selection and directed 

evolution of proteins (Roberts and Szostak, 1997; Keefe and Szostak, 2001; Lamla 

and Erdmann, 2003). 

Aptamers bind to their targets by a combination of complementarities in 

shape, stacking interactions between aromatic compounds and the nucleobases of 

the aptamers, electrostatic interactions between charged groups or hydrogen 

bondings (Patel, 1997; Patel et al., 1997; Hermann and Patel, 2000). Numerous 

selections to a broad spectrum of proteins have now been reported, and it appears 

that it is possible to find high-affinity nucleic acid aptamers for most proteins (Gold 

et al., 1995, Wilson and Szostak, 1999; Klussmann, 2006; Djordjevic, 2007; 

Stoltenburg et al., 2007; Erdmann, 2008). Examples of peptide and protein targets 

are summarized in Table 1-1.  

 



Introduction 

 

 

13

Table 1-1 Examples of peptide and protein targets for in vitro selection  

 

Target Aptamer K D References

Peptides and Proteins:  

T4 DNA polymerase RNA 5-30 nM Tuerk and Gold, 1990

α-Thrombin DNA 

RNA 

200 nM 

<1-4 nM 

Bock et al., 1992 

White et al., 2001

HIV-1 RT RNA 

DNA 

DNA 

~5 nM 

~1 nM 

180-500 pM 

Tuerk et al. 1992 

Schneider et al., 1995 

Mosing et al., 2005

Bacteriophage R17 Coat Protein RNA 5.4 nM Schneider et al., 1992

Rho (E. Coli) RNA 1 nM Schneider et al., 1993

VEGF RNA 

RNA 

DNA 

0.1-2 nM 

50-130 pM 

130-500 nM 

Jellinek et al., 1994 

Ruckman et al., 1998 

Ikebukuro et al., 2007

HIV-1 integrase RNA 10-800 nM Allen et al., 1995

Substance P  RNA 

L-RNA 

190 nM 

40 nM 

Nieuwlandt et al., 1995 

Eulberg et al., 2005

Basic fibroblastic growth factor RNA 350 pM Jellinek et al., 1995

Immunglobulin E RNA 

DNA 

DNA 

30-35 nM 

10 nM 

23-39 nM

Wiegand et al., 1996 

Wiegand et al., 1996 

Mendonsa and Bowser, 2004

HIV-Rev RNA 19-36 nM Xu and Ellington, 1996

PDGF DNA 100 pM Green et al., 1996

L-Selectin DNA 1.8-5.5 nM Hicke et al., 1996

Taq DNA polymerase DNA 0.04-9 nM Dang and Jayasena, 1996

Interferon-γ RNA 2.7 nM Kubik et al., 1997

Vasopressin L-DNA 1.2 μM Williams et al., 1997

P-Selectin RNA 19-39 pM Jenison et al. 1998

C5 protein RNA 2-5 nM Biesecker et al., 1999

Factor VIIa  RNA 11 nM Rusconi et al., 2000

ppERK2/ERK2 RNA 4.7-50 nM Seiwert et al., 2000

Oncostatin M RNA 7 nM Rhodes et al., 2000

HIV-1 Tat RNA 120 pM Yamamoto et al., 2000

MCP-1 (mouse) RNA 180-370 pM Rhodes et al., 2001

Microcystin DNA 1 mM Nakamura et al., 2001

Streptavidin RNA 

RNA 

DNA 

70-200 nM 

7 nM 

57-85 nM 

Srisawat and Engelke, 2001 

Tahiri-Alaoui et al., 2002 

Stoltenburg et al., 2005

  



Introduction 

 

 

14

Tabel 1-1 (continued)  

Taget Aptamer K D References

Prion protein (PrPc) RNA 0.1-1.7 nM Proske et al., 2002

GnRH L-RNA 

L-DNA 

190 nM 

45 nM 

Leva et al., 2002 

Wlotzka et al., 2002

Amyloid peptide βA4(1-40) RNA 29-48 nM Ylera et al., 2002

Neurotensin receptor NTS-1 (rat) RNA 370 pM Daniels et al., 2002

Factor IXa RNA 650 pM Rusconi et al., 2002

Angiopoietin-2 RNA 2.2 nM White et al., 2003

RNase H1 DNA 10-80 nM Pileur et al., 2003

Bovine thrombin  RNA 164-240 nM Liu et al., 2003

PrPsc fibrils RNA 23.4 nM Rhie et al., 2003

Neuropeptide calcitonin  

gene-related peptide 1 

RNA 2.5 nM Vater et al., 2003

Colicin E3 RNA 2-14 nM Hirao et al., 2004

Ghrelin RNA 35 nM Helmling et al., 2004

Neuropeptide  

nociceptin/orphanin FQ 

RNA 300 nM Faulhammer et al., 2004

HGF DNA 19-25 nM Saito and Tomida, 2005

Hepatitis C virus NS3 helicase DNA 140 nM Zhan et al., 2005

Hepatitis C virus RdRp DNA 1.3-23.5 nM Jones et al., 2006

Protein kinase C delta DNA 122 nM Mallikaratchy et al., 2006

Tumor marker MUC1 DNA 0.1-34 nM Ferreira et al., 2006

Transcription factors:  

E2F RNA 

RNA 

4 nM 

100 pM

Ishizaki et al., 1996 

Giangrande et al., 2007

NF-κB RNA 

RNA 

1.34 nM 

10-40 nM 

Lebruska et al., 1999 

Wurster and Maher et al., 2008

TTF1 DNA 3.3-67 nM Murphy et al., 2003

TBP (yeast) RNA 3-10 nM Fan et al., 2004

HSF RNA 20-40 nM Zhao et al., 2006

TFIIB RNA 1 nM Sevilimedu et al., 2008

Zinc finger peptides or proteins: 

WT1 RNA 

RNA 

700 nM 

13.8-87.4 nM

Bardeesy and Pelletier, 1998 

Zhai et al., 2001

HIV-1 nucleocapsid protein RNA 0.84-1.4 nM Kim et al., 2002 

Kim and Jeong, 2003 

Jeong et al., 2008

TFIIB RNA 1 nM Sevilimedu et al., 2008
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Since small peptides are less complex targets than proteins and can also be 

synthesized chemically, aptamers were selected successfully against some 

peptides. A small peptide like substance P has been used as a target for selection 

(Nieuwlandt et al., 1995). Xu and Ellington (1996) have selected aptamers against 

a peptide fragment of the Rev protein of human immunodeficiency virus type 1 

(HIV-1). Amyloid peptide βA4 (1-40), which is involved in the pathology of 

Alzheimer’s disease by deposition in the brain, has been studied as a target to 

select high-affinity RNA aptamers (Ylera et al., 2002). In addition, biostable L-RNA 

spiegelmers were designed for several peptide targets: GnRH, neuropeptide 

CGRP1, neuropeptide N/OFQ, Ghrelin, and substance P (Wlotzka et al., 2002; 

Vater et al., 2003; Faulhammer et al., 2004; Helmling et al., 2004; Eulberg et al., 

2005). 

As mentioned above, most of the aptamers were selected for proteins. 

However, only a few of them have been generated against transcription factors 

that recognize specific DNA sequences. RNA ligands were isolated that bind to the 

E2F family of proteins and these RNAs succesfully blocked E2F binding to its DNA 

binding site (Ishizaki et al., 1996; Giangrande et al., 2007). Other well known 

examples are RNA aptamers specific for either the p50 and p65 subunit of the 

classical NF-κB heterodimer (Lebruska and Maher, 1999; Wurster and Maher, 

2008). In addition, DNA aptamers were selected to recognize specifically the 

thyroid transcription factor 1 (TTF1) (Murphy et al., 2003). Fan and colleagues 

(2004) generated RNA aptamers against the yeast transcription factor TATA-

binding protein (TBP), which inhibit transcription in crude cell extracts. 

Furthermore, RNA aptamers were selected against the heat shock factor (HSF) 

transcription activator (Zhao et al., 2006). It seems that the selection of aptamers 

against different transcription factors is just at the beginning.  

Although Cys2His2-type zf proteins form the most abundant family in 

transcription factors and are potential biomarkers in cancer and other diseases, 

few selections have been used to identify aptamers that bind to these zf proteins. 

Three selections of RNA aptamers have previously been performed, which are 

capable of binding to zf proteins: WT1 (Bardeesy and Pelletier, 1998; Zhai et al., 

2001), HIV-1 nucleocapsid protein (Kim et al., 2002; Kim and Jeong, 2003; Jeong 

et al., 2008), and TFIIB (Sevilimedu et al., 2008). However, among these zf 

proteins, only the WT1 transcription factor contains four contiguous classical zfs of 
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the Cys2His2-type. Aptamer selection against a single zf motif has so far not been 

demonstrated yet.  

The single zf motif is, however, an attractive and challenging target for 

selection. Many selection results provide support for the concept that DNA-binding 

domains in transcription factors tend to be included in the preferred (RNA) aptamer 

binding site, when transcription factors are the target of (RNA) aptamer selection 

(Lebruska and Maher, 1999; Cassiday and Maher, 2002; Huang et al., 2003; Zhao 

et al., 2006). Since zf transcription factors are very complex targets for developing 

molecular ligands, zf domains containing normally multiple zinc fingers would be 

the best choice as the preferred target. On the other side, as mentioned previously 

a single Cys2His2 zf peptide already forms a stable tetrahedral structure with the 

help of metal ion-coordination and the zf motif is highly conserved in many zf 

proteins. Friesen and Darby (2001) reported that a single Cys2His2 zf can be 

sufficient to confer RNA binding. Therefore, specific aptamers for recognition of zf 

transcription factors seem feasible to be constructed for a single zf motif. These 

aptamers will help to study the interaction of a single zf motif to nucleic acids and 

will have further value to identify natural binding sequences for that specific motif. 

Once aptamers are selected against a single peptide with a well-ordered zf 

structure, there is a fair chance that the zf structure could be recognized by 

aptamers in proteins containing related zfs. Such zf-binding ligands will be very 

useful for diagnostic and even therapeutic applications in related diseases, 

especially cancer.  

 

1.2.4 Applications 

Aptamers have high affinities comparable to those observed for monoclonal 

antibodies, but inherit many advantages over antibodies. For instance, aptamers 

have high reproducibility in their production and seem not to be immunogenic. 

They can distinguish between chiral molecules and recognize a distinct epitope of 

a target molecule (Jenison et al., 1994; Michaud et al., 2003). In addition, SELEX 

of aptamers is the selection of ligands beyond natural systems by use of 

chemically produced oligonucleotide libraries. The properties of aptamers can be 

changed and further modified on demand. Selection conditions can be 

manipulated to obtain aptamers with properties desirable for in vitro diagnostics. 

Toxins as well as molecules that do not elicit good immune responses can be used 
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to generate high-affinity aptamers. Moreover, little or no batch-to-batch variation is 

expected in aptamer production. They can maintain structure and function by 

being denatured and regenerated carefully, which can be a problem with 

antibodies (Mukhopadhyay, 2005). They are also stable to long-term storage and 

can be transported at ambient temperature (Jayasena, 1999; Stoltenburg et al., 

2007). Therefore, aptamers have important research, diagnostic and therapeutic 

applications. 

For research applications, in vitro selection is widely used to recognize RNA 

motifs to which a given protein binds strongly (Djordjevic, 2007). Catalytic nucleic 

acid aptamers can also be identified by SELEX. Aptamers are often able to 

interfere with a biological function of the target molecule and can be widely used in 

medical and pharmaceutical research.  

Aptamers can also be used in diagnostic applications, as an alternative to 

antibodies, and also in analytical chemistry, with applications that range from 

separation techniques (affinity chromatography, affinity capillary electrophoresis, 

capillary electrochromatography, and flow cytometry) to biosensors (Kleinjung et 

al., 1998; Erdmann et al., 2006; Stoltenburg et al., 2007; Djordjevic, 2007). Most 

diagnostic applications of aptamers rely on ligand-induced conformational 

changes, so called ‘aptamer beacons’. Aptamer-based microarrays are now being 

developed (Collett et al, 2005; Yamanomo-Fujita and Kumar, 2005; Cho et al., 

2006). An interesting development in the diagnostic application of aptamers was 

recently reported in a simple assay based on ligand interactions with aptamers 

bound to the surface of gold nanoparticles (Liu and Lu, 2006). The broad market of 

immunological diagnostics in the medical area will create an increasing 

competition between antibody- and aptamer-based test kits. The enzyme linked 

oligonucleotide assay (ELONA), based on ELISA technology, is one example for 

using aptamers instead of antibodies (Drolet et al., 1996). It is therefore highly 

likely that aptamers will be used in standardized diagnostic test kits in the near 

future (Stoltenburg et al., 2007).  

For therapeutic applications, several aptamers, which are known to inhibit 

various target proteins, are currently tested in pre-clinical and clinical trials. As far 

as these targets mediate the control of the expression of a gene, the cognate 

aptamers constitute specific artificial modulators of biological processes, mimicking 

the behavior of decoy or antisense sequences. As specific binders, aptamers are 
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potential inhibitors of protein function. Aptamers, selected in vitro against a purified 

peptide or protein, retain their binding efficacy on endogenous targets and may 

modulate their biological functions. The first approved aptamer with therapeutic 

function is an anti-human vascular endothelial grow factor (VEGF) aptamer 

(Tucker et al., 1999). The PEGylated form of this aptamer was called Pegaptanib 

and is used as the medicinal active component of the newly developed drug for the 

treatment of wet age related macular degeneration. The pharmaceutical product 

Macugen® (pegaptanib sodium injection) from Pfizer Inc./OSI Pharmaceuticals 

was approved in December 2004 for USA and in January 2006 for Europe 

(Maberley, 2005; Chapman and Beckey, 2006).  

Despite these very encouraging achievements, research on aptamers is still 

at the beginning. One disadvantage is the unavailability of a standardized protocol 

for aptamer development, which is applicable without specific modifications for 

different targets (Stoltenburg et al., 2007). Efficiency of aptamers in diagnostic and 

therapeutic applications should be enhanced by chemical modifications that 

provide resistance of oligonucleotides against enzymatic degradation in body 

fluids. To obtain highly stable molecules, mirror-image in vitro selection was 

developed. This procedure leads to Spiegelmers, which have all of the diversity 

characteristics of aptamers, but possess a structure with unsurpassed stability that 

prevents enzymatic degradation. Due to their highly nuclease-resistant properties, 

Spiegelmers have a promising future in aptamer-based applications.  
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2 Task  
 

The central task of this thesis is the isolation and characterization of DNA 

aptamers for zinc finger (zf) proteins. The Cys2His2 

With the help of in vitro selection (SELEX), DNA aptamers will be isolated 

against two zf peptide targets of choice in two separated processes. Both of the 

targets, ZFY and GLI, belong to the Krüppel Cys

zf class of DNA binding proteins 

is the most abundant class of transcription factors and largely involved in 

development and diseases, including cancer. Therefore, zf proteins are potential 

biomarkers for distinguishing different types of cells, such as normal vs. tumor cells, 

or even different types of stem cells. Zf transcription factors, however, are very 

complex targets for developing molecular ligands. Since a single zf peptide already 

forms a stable tetrahedral structure by metal ion-coordination, it seems feasible to 

construct specific molecular ligands for zf peptides in order to recognize transcription 

factors. However, very few zf proteins have been applied for aptamer selection. So 

far, aptamer selection against a single zf motif has not been demonstrated yet.  

2His2 

Once aptamers are raised against a zf structure, there is a fair chance that the 

zf structure will be recognized within the context of the whole protein with even 

related zfs. Therefore aptamers with higher affinities to zf peptides will be tested 

whether they bind to the whole protein or even a protein with related Cys

–type zf protein family and 

their correct tetrahedral folding in solution will be confirmed by experimental data. 

The selection protocol will be established and optimized. After the repeated cycles for 

enrichment, DNA molecules will be sequenced and characterized. The binding 

constants will be determined, the effect of metal binding will be investigated and the 

possible binding motif will be studied. In addition, the results from two selections will 

be compared.  

2His2

 

 zf. 

Moreover, a more complex mixture of proteins will be accounted for later possible 

employment of isolated aptamers, such as in diagnosis. However, no assay has been 

described yet for aptamer affinity capture of zinc finger proteins or transcription 

factors directly from cell extract or nuclear extract. In this work aptamer affinity 

capture assays will be established from a complex mixture of proteins in the cell 

extract or nuclear extract. The isolated proteins will be identified and analyzed.  
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3 Methods 

 

3.1 Molecular Biological Methods  

 

3.1.1 DNA Amplification  

Different PCR set-ups in different SELEX processes were applied for diverse 

amplification purposes. A thermostable DNA polymerase from the Thermus 

aquaticus, GenThermTM DNA polymerase (Rapidozym), was used for DNA 

extension. For preparative PCR, the PCR product was purified by denaturing 

polyacrylamide gel electrophoresis, unless a different protocol is given.  

 
Normal PCR: After each round of selection, the eluted single-stranded (ss)DNAs 

were amplified for the next round. In addition, the clones and aptamers were also 

amplified by PCR for different binding tests and characterization. Radioactive [α-32P]-

dCTPs (Amersham) were used in addition to the dNTPs in the PCR reaction for the 

radioactive labeling of oligonucleotides. In Tables 3-1 and 3-2, the protocol of PCR 

reaction and the temperature program are listed. For the experiments described 

below these protocols were applied, unless other descriptions are given.  

 

Table 3-1 Protocol of a 100 μl normal PCR 
 

Components Amounts (μl) End Concentration 
DNA template  1-10 pmol 

100 μM Forward primer 3 3 μM 
100 μM Reverse primer 3 3 μM 

50 mM MgCl2 4 2 mM 
dNTPs (25 mM) 0.8 0.2 mM 

10x PCR reaction buffer 10 1x 
GenThermTM polymerase 1 5 U/100μl 

 add dd H2O to 100 μl  
 

Table 3-2 PCR program 
 

Temperature (ºC) Time (min) Cycles 
95 3-5  
95 
62 
74 

1 
0.5 
0.5 

 
19 x 

74 4  
4 End  



Methods 

22 

Preparative PCR for First Round: The reaction condition and temperature program 

for the preparative PCR for the first round are shown in Tables 3-3 and 3-4. The 

concentrated primers and prolonged extension times were employed to ensure that 

each DNA template was amplified.  

 

Tabel 3-3 Protocol for a 100 µl preparative PCR 
 

Components Amounts (μl) End concentration 
DNA template  20 pmol 

100 μM Forward primer 5 5 μM 
100 μM Reverse primer 5 5 μM 

25 mM MgCl2 8 2 mM 
dNTPs (25 mM) 1 0.25 mM 

10x PCR reaction buffer 10 1x 
GenThermTM polymerase 1 5 U/100μl 

 add dd H2O to 100 μl  
 

Table 3-4 PCR program 
 

Temperature (ºC) Time (min) Cycles 
95 5  
95 
62 
74 

1.5 
1.5 
10 

 
15 x 

4 End  
 

PCR for Amplification of Cloned Sequences:  The supernatant (2 μl) of the boiled 

cells from each clone was used as a template for a 25 μl PCR reaction. The DNA 

library served as a positive control and a sample without DNA template was included 

as a negative control. The forward and reverse primers of the original DNA library 

were used to amplify the designed DNA fragment. Afterwards the PCR products were 

analyzed on a 2% agarose gel. The clones, of which the PCR products displayed a 

correct band of the length of the inserted DNA fragment, were then further prepared 

for sequencing.  

 

PCR for Sequencing:  For sequencing of the positive clones, a pUC/M13 primer 

was used for PCR as a forward or a reverse primer. The supernatant (2 μl) of the 

boiled cells from each positive clone was added to a 25 μl PCR reaction. The PCR 

products were purified by Nucleospin® Extract II (MACHEREY-NAGEL) according to 

the manufacturer’s protocol. 
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PCR with Unequal-Length Primers for the Production of ssDNAs:  During the 

selection cycles ssDNAs were obtained by PCR with unequal-length primers (Figure 

3-1; Williams and Bartel, 1995). Two strands of doube-stranded (ds)DNA with 

different length have different separation behaviors in a denaturing PAGE; therefore, 

they were readily separated by PAGE. 

 

 
 

Figure 3-1 The principle of PCR with unequal-length primers. The reverse primer-

terminator has a complement segment (reverse primer), terminator (HEGL), and a 

lengthener segment (poly-dA20). 

 

3.1.2 Digestion of Phosphorylated Strands of dsDNA  

The selective digestion of phosphorylated strands was utilized to obtain 

ssDNA molecules for binding tests and aptamer characterization. With a 

phosphorylated reverse primer, dsDNA with a phosphorylated strand was prepared 

by PCR. Lambda exonuclease (Fermentas) was used to selectively digest the 

phosphorylated strand. The reaction mixture (Tab. 3-5) was incubated at 37ºC for 10 

to 30 min. The reaction was stopped by heating at 80ºC for 10 min. The ssDNA 

product was purified by gel electrophoresis or by YM-spin columns (Millipore, see 

manufacturer’s protocol).  

 

Table 3-5 Protocol for digestion by Lambda exonuclease 
 

Components Volumes End Concentration 

10x Digestion buffer 5 μl 1 x 

dsDNA  40 ng/μl 

Lambda exonuclease (10U/μl) 1 μl 0.2 U/μl 

 add ddH2O to 50 μl  
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3.1.3 Gel Electrophoresis  

 

3.1.3.1 Denaturing Polyacrylamide Gel Electrophoresis (PAGE) 

Denaturing PAGE was used for the analysis or purification of PCR or enzyme 

digestion products. For DNA or RNA molecules of 20-90 nucleotides in length, 10% 

gels were prepared (Tab. 3-6). TBE buffer (1x) was used as running buffer. The DNA 

and RNA samples were prepared in 10 µl of (1x) loading buffer for urea PAGE and 

heated to 95°C for 3 min. A voltage of 500-600 V (25-30 mA) was applied to the gel 

for 3-5 h. Following the separation, the gel was stained, the bands visualized, and a 

digital record of the gel made. For the preparative purification of DNA, the bands 

were excised from the gel and the DNA was extracted from the gel pieces.  

 

Table 3-6 Protocol for 10% Denaturing Polyacryamide Gel (8.3 M Urea) 
 

Components 10% 

30% Acrylamide/Bisacrylamide (37.5:1) 33.3 ml 

Urea 49.85 g 

10x TBE buffer 10 ml 

10% (w/v) APS 0.8 ml 

TEMED 80 μl 

 add ddH2O till 100 ml 

 

3.1.3.2 Agarose Gel 

The analysis of PCR products, the purification of plasmids and PCR products 

for ligation occurred on agarose gels. Agarose gels (2%) were used for DNA 

fragments of about 90-200 nt. Agarose powder (1 g) was mixed with 50 ml TAE 

buffer to prepare the gel solution. Samples were mixed with loading buffer for the 

agarose gel and a current of 110 V was applied.  

 

3.1.3.3 Denaturing SDS-PAGE 

The running gel and the stacking gel solution were prepared as shown in 

Table 3-7. The protein samples were mixed with an appropriate volume of 1x loading 

buffer for SDS gel and heated to 95ºC for 3 min to denature the proteins. The gel was 

run under 20 mA and 60 V in a SDS gel electrophoresis buffer. After the dye front 

had moved into the running gel, the voltage was increased to 100-120 V. Finally, the 
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protein gel was stained by Coomassie Roti® Blue. The sensitivity of the method was 

below 30 ng of protein.  

 

Table 3-7 Protocol for preparing gels for SDS-PAGE 
 

Gel components Stacking gel  
5% 

Running gel 
8% 15% 

Water 1.7 ml 3.45 ml 1.75 ml 
1 M Tris-HCl, pH 6.8 0.315 ml - - 

1.5 M Tris-HCl, pH 8.8 - 1.9 ml 1.9 ml 
10% (w/v) SDS 0.025 ml 0.075 ml 0.075 ml 
30%/0.8% (w/v) 

Acrylamide/Bisacrylamide 
 

0.415 ml 
 

2 ml 
 

3.75 ml 
10% (w/v) APS 0.05 ml 0.075 ml 0.075 ml 

TEMED 0.0025 ml 0.0045 ml 0.0075 
 2.5 ml 7.5 ml 7.5 ml 

 

 

3.1.4 Detection of Nucleic Acids on Gel 

 

3.1.4.1 Ethidium Bromide Staining  

Agarose or polyacrylamide gels were stained by soaking in a solution of EtBr 

(1 µg/ml in 1x TBE buffer) for 15 min and washed then with water for 2 min. To 

visualize DNA, the gel was placed on an ultraviolet transilluminator at 306 nm. The 

document and analysis of the gel image was achieved by a program of Quantity one 

from BioRad.  

 

3.1.4.2 UV Shadowing 

UV shadowing was applied for the preparative purification of nucleic acids. 

The technique used shortwave UV light (254 nm) and a fluor-coated (60 F254) TLC 

plate. The polyacryamide gel was covered with plastic film after electrophoresis. The 

gel was then put on top of the fluor-coated TLC plate in a dark room. The nucleic acid 

bands, which were separated on the gel, were visualized by shining a UV-light 

source at 254 nm on the surface of the gel. The positions of the bands of desired 

nucleic acids were marked and the gel pieces were cut. This step was performed as 

quickly as possible to avoid the possible damage of nucleic acids under UV light. The 

detection limit of UV shadowing was approximately 0.3 μg nucleic acids.  
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3.1.4.3 Autoradiography 

Polyacylamide gels with [32P]-labeled oligonucleotides were covered by a 

plastic film and marked by three phosphorescent markers. A sheet of X-ray film was 

placed on the gel and put in an X-ray film cassette in the darkroom. The gel and film 

were taped securely in place and imaged for a certain exposition time according to 

the strength of radioactivity (from 10 min to 24 h). However, for a longer exposition 

time, the gel has to be stored at -70ºC to prevent diffusion of nucleic acids. After the 

exposition time X-ray films were developed and fixed. For a preparative gel, the 

bands of nucleic acids were excised by the help of phosphorescent markers and the 

nucleic acids were eluted from gel sclices. 

 

3.1.4.4 Measurement of Radioactivity 

Quantitative measurement of 32P-labeled nucleic acids was accomplished by 

Cherenkov-counting. The 32P-labeled samples were placed in glass scintillation vials, 

which were loaded in the scintillation counter (LS 6000 SC, Beckman) with a special 

program for 32P Cherenkov-counting. This program displays values in cpm (counts 

per minute). This value reflects the number of atoms that are detected by counter as 

decayed. However, only part of dpm (disintegrations per minute) can be measured as 

decayed under consideration of count efficiency rate.  

cpm =count efficiency rate x dpm 

Since the count efficiency rate is the same for all samples measured, values in cpm 

were used for calculation.  

 

 

3.1.5 Gel Elution of Nucleic Acids 
 

3.1.5.1 Gel Elution of Nucleic Acids from Agarose Gel 

The amplified dsDNAs from PCR products of enriched pools after SELEX 

experiments were resolved by an agarose gel. The bands were detected under UV 

light and removed from the gel. NucleoSpin® Extract II from MACHEREY-NAGEL 

was applied to elute the nucleic acids from the gel slices.  

 
3.1.5.2 Gel Elution of Nucleic Acids from Denaturing Polyacrylamide Gel 

The bands of desired oligonucleotides were detected by autoradiography or 

UV shadowing. The bands were cut out by using a sharp razor blade and placed on a 
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glass plate. The gel slice was chopped into fine pieces and transferred to small 

tubes. Approximately 2 volumes of water were added to each tube and the whole 

mixture was shaken overnight at RT. The sample was then centrifuged at 12000 x g 

for 5 min. The supernatant was recovered. One additional volume of water was 

added to each pellet and shaken again for 2 h. The supernatants were combined 

after centrifugation. Alternatively, the sample was dried under vacuum to a proper 

volume and given to a gel filtration column to remove urea and salts. Finally the DNA 

was precipitated with ethanol.  

 

 

3.1.6 Purification of Nucleic Acids 

 

3.1.6.1 Phenol-Chloroform Extraction  

The phenol-chloroform extraction was carried out for the removal of proteins 

from the nucleic acids sample. Phase partitioning of nucleic acids is pH-dependent. 

The ready-to-use phenol:chloroform:isoamyl alcohol mixture (25:24:1) from Roth for 

DNA isolation is buffered to pH 8.0 and for RNA isolation pH 4.5. The nucleic acid 

solutions were mixed with an equal volume of the mixture. The whole sample was 

vortexed for one minute and then spun for another two minutes at 13000 x g. After 

carefully removing the aqueous layer to a new tube, the phenol layer was extracted 

again with an equal volume of water. The combined aqueous layers were mixed 

again with an equal amount of chloroform:isoamylacolhol (24:1). The whole mixture 

was vortexed for one minute and centrifuged once again. Traces of phenol remained 

in the organic solvent. The aqueous phase was precipitated with ethanol or 

concentrated by YM-spin filtration, so that traces of chloroform were also removed.  

 

3.1.6.2 Silica-Based Resin Purification 

StrataCleanTM resin (Stratagene) was used as an alternative and phenol-free 

technique for DNA purification to remove proteins. The protocol was performed 

according to the manufacturer’s instruction. 

 

3.1.6.3 Gel Filtration 

Nucleic acids were purified by gel filtration from other small molecular 

components. Standard gel filtration columns with Sephadex G-25 and G-50 material 
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from Amersham (NAPTM 5, 10, 25 or NICKTM column) were used. The protocol was 

performed according to the manufacturer’s instruction.  

 

3.1.6.4 Ethanol Precipitation 

Precipitation with ethanol was used to concentrate and purify nucleic acids. 

Ethanol (2.5 volumes) and NaOAc (3 M, pH 5.2, 0.1 volumes) were added to the 

solution of nucleic acids. Glycogen (1 μl of 20 mg/ml) was given into each 400 μl 

nucleic acid solution, to achieve a better yield for very small amounts of nucleic 

acids. The whole sample was mixed and stored for 2 h at -20ºC or overnight to let 

DNA precipitate. The solution was then centrifuged at 13000 x g for 30 min at 4ºC. 

The supernatant was discarded and the pellet was washed again with 70% ethanol. 

The mixture was centrifuged at 13000 x g for 20-30 min at 4ºC. The supernatant was 

discarded. The pellet was air-dried for 20 min, then dried under vacuum for another 2 

min, and finally dissolved in a suitable volume of water or buffer.  

 

3.1.7 Concentration Determination of Nucleic Acid Solutions 

DNA or RNA samples were measured with a UV spectrophotometer 

(Shimadzu) from 220 nm to 320 nm of UV light. DNA with a slight impurity has an 

A260/A280 between 1.5 and 2.0. The concentration and quality of a sample were 

calculated by the absorption at 260 nm with the values listed as following (Sambrook 

and Russell, 2001): 

 
 
 
 
 
 

 

3.1.8 Ligation 

The PCR products of the enriched pools were inserted into pGEM®-T easy 

vector (Promega) by a ligation procedure. The T-vector cloning method was used, 

which is based on that Taq polymerase can add a single non template-directed 

deoxyadenosine residue to the 3’ end of duplex PCR products (Clark, 1988). Such 

PCR products can be easily cloned into a vector with a 3’ terminal thymidine to both 

ends. The reaction was carried out overnight at 4ºC (Tab. 3-8). 

 

 

dsDNA     1 OD260 nm = 50 μg/ml 

 ssDNA     1 OD260 nm = 33 μg/ml 

              RNA       1 OD260 nm = 40 μg/ml 
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Table 3-8 Protocol for DNA ligation 
 

Components Volumes End Con. 

pGEM®-T easy vector (50 ng/μl) 1 μl 50 ng 

Insert DNA  15 – 25 ng 

10x T4 DNA ligase buffer 1 μl 1x 

T4 DNA ligase (6 Weiss U/μl) 1 μl 0.6 Weiss U/μl 

  add ddH2O to 10 μl 

 

3.1.9 Transformation of Competent Cells  

Following ligation the T-vector with the insert of interest was transformed into 

the E. Coli JM109 competent cells (Promega), in order to isolate and analyze the 

individual variants. For each transformation, the cells (50 μl) were mixed with 2 μl 

ligation mixture. The mixture was placed for 30 min on ice, heat shocked for 45 sec 

at 42ºC in a water bath and finally placed for another 2 min on ice. SOC medium 

(950  μl) was added to the sample and the mixture was incubated for 90 min at 37ºC 

with shaking at 150 rpm. The transformation mixture (200 μl) was plated onto a LB-

agar plate. The plate was incubated overnight at 37ºC in an incubator.  

 
3.1.10 Selection of Positive Clones 

The anaylsis of the resultant colonies, to confirm whether cloning was 

successful, was accomplished by means of PCR. Single clones were amplified on LB 

agar plates and scratched from the plate. The cells from each clone were dissolved 

in 20 μl water and heated to 95ºC for 5 min. With this procedure, the cells were 

ruptured. The whole cell suspension was centrifuged in the end at 14000 x g for 

another 2 min. The supernatant contained the isolated plasmids, which were used as 

templates for PCR reaction to identify the successful inserts (see 3.1.1). 

 

3.1.11  5’-labeling of Polyoligonucleotides 

Polyoligonucleotides can be phosphorylated at the 5’-hydroxyl terminus with 

T4 polynucleotide kinase. The kinase catalyzes the transfer and exchange of           

γ-phosphate of ATP to the 5’-OH of polyoligonuleotides. As template served 5’-

dephosphorylated ssDNA. The protocol is described in Table 3-9. The mixture was 

incubated for 30 min at 37ºC. Subsequently 1 μl of 0.5 M EDTA (pH 8.0) was added, 

and finally the mixture was heated for 10 min at 80ºC to stop the reaction.  
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Table 3-9 Protocol for 5’-labeling 
 

Components Volumes End Concentrations 

10x T4 polynucleotide kinase buffer 2 μl 1 x 

ssDNA  1-20 pmol 

T4 polynucleotide kinase (10 U/μl) 1 μl 0.5 U/μl 

γ- 32P ATP (10 μCi/μl) 0.5-1 μl 5-10 μCi 

 add ddH2O to 20 μl  

 

 

3.2 Preparation of Peptide and Protein Targets  

 

3.2.1 Peptide Synthesis  

ZFY peptides were synthesized by Biosyntan and GLI peptides by 

Genosphere. The sequences of the synthesized peptides are shown in Table 3-10, 

which include an additional biotin at the N-terminus to enable the immobilization on 

Neutravidin agarose gels or Streptavidin magnetic beads. The ZFY peptide contains 

an amide group at the C-terminus. 

 

Table 3-10 The sequences of target peptides.  
 

Peptide Sequence 
ZFY (30 a.a.) Btn-Ahx-KTYQCQYCEKRFADSSNLKTHIKTKHSKEK-Amide 
GLI (29 a.a.) Btn-Ahx-KPYVCKLPGCTKRYTDPSSLRKHVKTVHG 

Btn = biotin; Ahx = 6-aminohexanoic acid. 
 

 

3.2.2 Peptide Reduction  

Due to their cysteines, ZFY and GLI peptides are stable in solution under 

acidic conditions only. At higher pH, the peptides would be oxidized by atmospheric 

oxygen to form the dimer via disulfide bonds ( ). 

Tris(2-carboxyethyl)phosphine (TCEP) was used to reduce disulfide bonds in the 

oxidized peptides (Elise et al., 1999; Fig. 3-2). Ten-fold molar excess of TCEP was 

added to the peptide solution and incubated for 1 h at 22 ºC (John et al., 1991).  
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Figure 3-2 Reduction of disulfides by TCEP. 

 

 

3.2.3 Analysis and Purification by HPLC 

A reversed stationary phase, Luna C8 (10 μm) was applied on a HPLC-

instrument (Thermo Separation Products) for analysis and purification of the 

peptides. The peptides (10 μl 1 mM) were injected into the HPLC and a gradient 

elution by 0-70% ACN in water was run over 30 min with a flow rate of 1 ml/min. The 

buffer was degassed before use. The eluted samples were determined by a diode-

array detector (DAD) at 220 nm. The peaks were collected after the HPLC column. 

The sample of the reduced form was then injected directly again and that of oxidized 

form was divided into two parts: one of them was reduced with TCEP before injection 

and the second part was injected directly without reduction. For preparative HPLC, 

the synthetic peptides were reduced completely by TCEP and the peak of the 

reduced form with a retention time of 14.3 min was collected in a 1 ml reaction tube. 

The eluted samples in the solvent of acetonitrile/water/TFA were lyophilized in a 

SpeedVac concentrator (SC110AR, Savant) and weighed. To prevent reoxidation, 

the lyophilized samples were filled with argon and stored at -70ºC until further use. 

The HPLC experiments were performed in the work group of Prof. Dr. B. Koksch (FU, 

Berlin).  
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3.2.4 Concentration Determination of Protein Solutions 

 

3.2.4.1 UV Absorption 

The protein solutions were measured in a UV spectrometer from a wavelength 

of 200 nm to 320 nm. The extinction coefficient of a given protein can be found in 

databases (e.g. Expasy). The extinction coefficients and molecular weights of ZFY 

and GLI peptides are listed in Table 3-11. 

 

Table 3-11 Extinction coefficients and molecular weights.  

 

Peptides ε280 (cysteins) [M-1cm-1] ε280 (half cystines) [M-1cm-1] M [g/mol]* 

ZFY 2560 2680 3631,1 

GLI 2560 2680 3299,9 

*molecular weight is calculated on the basis of the weights of the amino acids, but not other 
building blocks. 

 

3.2.4.2 Bradford  

Protein concentrations were also measured by the Bradford assay (Bradford, 

1976). The concentration of protein can be calculated with BSA standard. For the 

standard curve, BSA was dissolved in 800 μl water and 200 μl Bradford reagents to 

have a concentration of 2 μg/ml to 25 μg/ml. The reaction mixtures were incubated 

for 10 min at RT and then measured at 595 nm in a spectrometer. To determine the 

concentration of protein samples, 50 μl were added to 750 μl water and 200 μl 

Bradford reagents. The concentration of protein samples was calculated by standard 

curve.  

 

3.2.5 Preparation of Zn2+-Coordinated Peptides 

Lyophilized reduced peptides (1.2 mg ZFY and 2.1 mg GLI) were resuspended 

in degassed water to give a concentration of 1 mM. The peptide solutions were filled 

with argon, sealed and stored at -70ºC until use. The concentrations of the peptide 

solutions were confirmed by UV absorption.  

Prior to use, the Zn2+-coordinated ZFY or GLI peptides were prepared in 20 

mM HEPES buffer to a concentration of 0.16 mM containing 0.4 mM Zn2+ and 1.6 

mM TCEP, pH = 7.5. The reaction tube was sealed and the mixture was incubated at 

22ºC for 1 h. Thereby, a ten-fold molar excess of TCEP was used to reduce peptides 
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(see 3.2.2). A 2.5-fold molar excess of Zn2+ ions were applied to ensure the formation 

of correct zinc finger structures (Kochoyan et al., 1991a; Weiss et al., 1990a). In 

addition, the zinc finger peptides have an optimal pH for metal coordination between 

6.5-7.5 (Weiss and Keutmann, 1990b). However, the solubility of Zn2+ ions is limited 

in a pH 7.5 buffer up to a concentration of 0.45 mM (calculated by equilibrium relation 

between Zn2+ and OH-). At higher concentrations Zn2+ ions tend to precipitate out of 

solution. 

 

3.2.6 Preparation of Nuclear and Cellular Proteins (Native)  

To prepare nuclear extracts, HeLa cells (8 x 107) were collected, which were 

cultured at 37ºC in M1 medium. The medium was aspirated off and the cells were 

washed in PBS. The cells were incubated with trypsin shortly at 37ºC and transferred 

into a Falcon tube. The suspension was centrifuged at 700 x g for 3 min, the pellet 

was washed twice in 10 ml iced PBS and resuspended in 1 ml iced PBS. This 

suspension was transferred into a 1.5 ml reaction tube. After centrifugation at 700 x g 

for 5 min at 4ºC, the cell pellet was resuspended in 500 μl of buffer A with fresh 

protease inhibitors (Wadman et al., 1997) and incubated on ice for 15 min. NP-40 

was added to a final concentration of 0.5% and this cell suspension was vortexed for 

10 sec. The nuclei were precipitated by centrifugation at 6500 x g for 20 sec at 4 ºC, 

and resuspended in 100 μ buffer C with protease inhibitors. The nuclei suspension 

was incubated for 5 min on ice under continuous shearing by a syringe. The sample 

was centrifuged at 12500 x g for 10 min at 4ºC. Aliquots of the nuclear extract were 

frozen immediately under liquid nitrogen and stored at -80ºC till use. To prepare 

cellular extracts, the cell pellet collected was resuspended directly in 100 μl buffer C 

with fresh protease inhibitors. The cell suspension was passed repeatedly through a 

syringe needle for 10 min on ice and then centrifuged at 13000 x g at 4ºC. The 

resultant supernatant contained total cellular protein. To avoid oxidation of zinc finger 

proteins, TCEP (final conc. 0.5 mM) was added just before use into all buffers. 

Extracts were analyzed by SDS-PAGE and the protein concentrations of the extracts 

were determined by the Bradford assay. 

 

3.2.7 Preparation of Cellular Proteins (Non-Native) 

To detect small amounts of cellular proteins by western blotting, an extraction 

of non-native cellular proteins was done using SDS lysis buffer. Each 7 - 8 x 104 
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HeLa cells were washed in PBS, added directly with 30 μl SDS lysis buffer containing 

DTT, and gently scraped down. The cell suspension was removed into a 1.5 ml 

reaction tube, heated to 95ºC for 5 min, quickly frozen in liquid nitrogen and then 

stored at -20ºC till use.  

 

 

3.3 Systematic Evolution of Ligands by Exponential Enrichement 

 

3.3.1 Immobilization of Biotinylated Zinc Finger Targets 

 

3.3.1.1 Neutravidin Agarose Column  

Neutravidin (NA) agarose gels (Pierce) were used to immobilize biotinylated 

peptides during early cycles of selection (round 1-8), since abundant amounts of 

peptide target were applied. Neutravidin agarose gels (100 μl) were filled in spin 

columns (MoBiTec) with a small filter (10 μm pore size) and equilibrated with five 

column volumes of SELEX buffer (500 μl). The biotinylated peptide solution (34 μM) 

in 100 μl SELEX buffer was added and allowed to enter the gel bed. The bottom and 

top caps were replaced and incubated with slight rotation for 30 min at 4ºC. The gels 

were washed with three column volumes of SELEX buffer. To confirm binding of the 

peptide target to the column material the eluted fractions were analyzed via HPLC. In 

addition, to mimic the selection process 486 μl SELEX buffer (without DNA sample) 

were incubated with the gel-bound peptide with slight rotation for 1 h at 4ºC. The gels 

were washed again with three column volumes of SELEX buffer. Finally the eluted 

fractions after the mimic selection were also analyzed via HPLC, to ensure that the 

peptide target is still attached to the column material.   

 

3.3.1.2 Streptavidin Magnetic Beads 

To immobilize biotinylated peptides, Streptavidin (SA) magnetic beads (Dynal) 

were applied during later cycles of selection (round 9-15) and also for binding tests of 

individual clones. Thereby, the bead concentration was kept at 10-50 mg/ml. The 

binding capacity of the beads to the biotinylated peptides was also addressed via 

HPLC. The beads (30 μl) were shaken gently, separated by a magnet separator for 2 

min, washed twice with 150 μl SELEX buffer, then incubated with zinc finger peptides 

(45 pmol) for 40 min, and finally washed twice with 150 μl SELEX buffer. The eluted 
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fractions were collected for the measurement by HPLC to confirm the binding of the 

peptide target to the beads. The SELEX buffer (180 μl) was added to the beads 

containing target peptides (final conc. 0.25 μM). The mixture without DNA was 

incubated for 1 h at 4°C. Afterwards the beads were washed twice and the eluted 

solutions were also analyzed via HPLC. 

 

3.3.2 Process of in vitro Selection 

The chemically synthesized template-DNA (IBA GmbH) was amplified by 

preparative PCR with unequal length primers, in the presence of [α-32P] dCTPs (3000 

Ci/mmol, Amersham). The ssDNA was gel purified on a 10% denaturing 

polyacrylamide gel. A ratio of DNA to target 2:1 was used in the early two rounds. 

Later rounds would utilize lower target quantities to increase the stringency of SELEX 

at a time when the highest affinity ligands were numerically sufficient to survive a 

competitive binding situation. Therefore, a ratio of DNA to target of 4:1 was used in 

the later rounds (3rd-15th). 

 
1st Round:  

The DNA samples (20 μM) were heated to 95°C for 5 min, cooled to RT for 2 h 

and to 4°C.for 1 h. At the same time, fresh Neutravidin agarose gels (100 µl each) 

were filled in a spin column and equilibrated with five column volumes of SELEX 

buffer A. The equilibrated gels were resuspended in 85 μl SELEX buffer A, and 

15.2  μl of 0.16 mM biotinylated peptides were added and mixed with slight rotation 

for 30 min at 4°C. The peptide-bound gels were then washed with three column 

volumes of SELEX buffer A. The radioactively labeled ssDNA library (243 μl 20 μM) 

was added to 243 μl of (2x) SELEX buffer A. The gel-bound peptides (2.43 nmol) 

were then added to this mixture and incubated with end-over-end rotation for 1 h at 

4°C. The gels were washed with ten column volumes of SELEX buffer A. The bound 

ssDNA molecules were eluted three times with 200 μl of 8 M urea for 15 min at 90°C, 

precipitated by ethanol, and amplified by PCR. PCR products with unequal-length 

strands were separated by PAGE and ssDNA of 90 nucleotides was isolated for the 

next round.  

 
2nd -8th Rounds: 

Pre-selection against the partitioning matrix or alternate partitioning protocols 

can be important (Gold et al., 1995). The pre-selection can exclude the DNA 
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molecules that bind to the matrix in an unspecific manner. In this work, no pre-

selection was done in the first round for a lower stringency at the beginning, but 

started from the second cycle (Tab. 3-12). The DNA pool (5 μM) in SELEX buffer A 

was added to 50 μl gels and incubated with rotation in the absence of the peptides 

for 1 h at 4ºC. The eluted solution from the pre-selection was then added to the gel-

bound peptides (200 pmol) in a 200 μl SELEX buffer A. The mixture was incubated 

with rotation for 1 h at 4°C. The gels were washed with ten column volumes of 

SELEX buffer A. The bound ssDNA molecules were eluted twice with 200 μl of 8 M 

urea. The amount of DNA varied due to the individual yields in different selection 

rounds (Table. 3-13).  

The Neutravidin agarose gels were used in an excess to ensure that the 

immobilization of peptide was complete. The eluted target-bound DNAs were 

amplified by PCR, purified by PAGE and then the cycle was repeated. 

 
9-11th Rounds: 

Although pre-selection was performed, the amount of unspecific binders to 

gels increased during the early selection rounds. The Neutravidin agarose gels were, 

thus, replaced by Streptavidin (SA) magnetic beads (Dynal) starting from round 8 

(Tab. 3-12). The DNA sample was denatured as in the first round. The magnetic 

beads (30 μl) were shaken gently and separated by the magnet separator for 2 min. 

The beads were then washed twice with 150 μl SELEX buffer A and mixed with DNA 

sample (final conc. of 5 μM). This mixture was incubated for 1 h at 4ºC. The tubes 

were applied to a magnet separator and the supernatant was removed. The peptides 

(40 pmol) were added to 30 μl fresh beads, incubated for 40 min and the beads were 

then washed twice with 150 μl SELEX buffer A. The supernatant from the pre-

selection was added to the bead-bound peptides (final conc. of DNA 1 μM; of peptide 

0.25 μM). The mixture was incubated for 1 h at 4ºC. The beads were then washed 

twice with 150 µl SELEX buffer A. Finally, the bound ssDNA molecules were eluted 

twice with 200 μl of 8 M Urea with vigorous shaking for 15 min at 90ºC.  

 
12-14th Rounds: 

A higher concentration of potassium ions was utilized in SELEX buffer starting 

from round 12, in order to decrease the unspecific binders due to ionic exchange 

(Tab. 3-12). The concentration of potassium ions was increased from 70 mM to 
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150  mM (SELEX buffer A to B). After 14 rounds, the enriched ssDNA pool was 

cloned and sequenced.  

 

Table 3-12 Overviews of four phases with increasing stringency in selection 

 

Rounds Pre-selection Resin Conc. (K+) in Buffer

1st round No NA agarose gel 70 mM 

2nd-7th rounds Yes NA agarose gel 70 mM 

8-11th rounds Yes SA magnetic bead 70 mM 

12-14th rounds Yes SA magnetic bead 150 mM 

 

Table 3-13 Overview of the amount of ssDNA and zf peptide used in each round 

 

Round DNA (μM) 

pre-selection 

DNA (μM) 

main-selection 

Resin  

(μl) 

ZFY or GLI 

(μM) 

Molar Ratio 

DNA : Peptide 

1 - 10 100 5 2:1 

2 5 4 50 2 2:1 

3 5 4 50 1 4:1 

4 5 4 50 1 4:1 

5 5 4 50 1 4:1 

6 5 4 50 1 4:1 

7 5 4 50 1 4:1 

8 5 1 30 0.25 4:1 

9 5 1 30 0.25 4:1 

10 5 1 30 0.25 4:1 

11 5 1 30 0.25 4:1 

12 5 1 30 0.25 4:1 

13 5 1 30 0.25 4:1 

14 5 1 30 0.25 4:1 

 

 

3.4 Biochemical and Biophysical Methods 

 

3.4.1 Circular Dichroism (CD) 

CD spectra of 0.16 mM peptides in the presence or absence of 0.4 mM ZnCl2 

were measured in degassed water containing 1.6  mM TCEP, pH 7.0 adjusted by 
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NaOH, at 4ºC on a JASCO J-600 spectropolarimeter. Five sets of spectra were 

recorded from 250 to 200 nm at 0.2 nm resolution in a 0.1 cm quartz cell, and the 

spectra from the five scans were accumulated. Raw data were adjusted by 

smoothing and subtraction of blank spectra. CD values were expressed as the mean 

residue molar ellipticity, and the secondary structure contents were estimated by the 

PEPFIT program (Reed and Reed, 1997).  

 

3.4.2 MALDI-TOF-MS 

Matrix assisted laser desorption/ionization-time of flight-mass spectrometry 

(MALDI-TOF-MS) was applied to analyze peptide targets and to identify gel-resolved 

proteins by peptide mass fingerprinting.  

Peptides ZFY and GLI (each 2 μl of 1 mM in 20 mM Tris-HCl) were diluted 

100-fold with 40% ACN/TFA and then mixed with an equal amount of matrix CCA (α-

cyano-4-hydoxy-cinnamic acid). The samples were then spotted on a MALDI target 

plate and measured on a Bruker Ultraflex II TOF/TOF instrument (Bruker Daltonics) 

in reflector mode. Peptides were measured before and after reduction by ten-fold 

molar excess of TCEP.  

After affinity capture assays of nuclear or cellular proteins from HeLa cells 

using aptamers, MALDI-TOF-MS was applied for protein identification by peptide 

mass fingerprintings. The gel slices of the protein spots of interest were incubated 

with 20 μl acetonitrile/100 mM NH4HCO3 (1:1) for 15 min at RT. The supernatant was 

discarded and another 20 μl acetonitrile was added to the gel slices. The mixture was 

incubated at RT until the gel slices turned milk-white. Then the gel slices were 

lyophilized and mixed with 20 μl of 100 mM DTT in 100 mM NH4HCO3 for 30 min at 

56°C, to reduce disulfide bonds. The treatment by acetonitrile was repeated 

afterwards to remove the traces of DTT. The gel slices were incubated with 20 μl of 

55 mM Iodacetamide in 100 mM NH4HCO3 for 20 min at RT in the dark, washed with 

20 μl of 100 mM NH4HCO3 for 15 min at RT, then treated by acetonitrile again as 

described above, and finally lyophilized. A 12.5 ng/μl trypsin solution (V = Vgel absorption 

+ 3 ul) was added to the lyophilized gel slices, incubated on ice for 30 min and then 

overnight at 37°C. The tubes were then centrifuged briefly and left at 37°C for at least 

30 min. Afterwards the tubes were centrifuged briefly and the supernatant (1 μl) was 

taken for the measurement. The data obtained from MALDI-TOF-MS were used for 

peptide mass fingerprinting (PMF). The fragment ion spectra of individual protein 
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spot were taken to search protein databases using the Mascot search program 

(Blackstock and Weir, 1999; Yates, 2000). With the Mascot program the 

experimental mass values were compared against calculated peptide mass 

databases. The protein score, which is -10*Log(P) where P is the probability that the 

observed match is a random event, for each entry was calculated. In general, 

positive identifications were made on the basis of a Mascot score > 74 (p < 0.05) for 

a single peptide, or a score > 40 for each of two or more peptides.   

 

3.4.3  Magnetic Bead Binding Assays 

Streptavidin magnetic beads were also used to confirm the enrichment of 

ssDNA pool and the binding of individual clones to target peptides. The binding 

reactions were performed in a total of 50 µl in binding buffer. Radioactively labeled 

ssDNA (10  μM) was measured by scintillation counting, and heated to 95ºC for 10 

min, cooled slowly for 30 min to room temperature, and then for 1 h to 4ºC. DNA was 

brought into contact with biotinylated target peptide with a molar ratio of 1:1 (0.25 μM 

each). Incubation was for 1 h at 4ºC. The original ssDNA library served as a control. 

The sample was then added to Streptavidin magnetic beads (1.25 pmol biotinylated 

target per μl beads) and incubation was continued for further 30 min at room 

temperature. Finally, the beads were washed with 200 μl binding buffer and the 

radioactivity of peptide-DNA complexes retained on the beads was measured by 

scintillation counting. DNA bound (%) was calculated by the ratio of radioactivity 

retained on the beads and 100% input DNA. Each data was the mean of at least 

double independent determinations.  

 

3.4.4 Binding Constants  

The affinity of an aptamer to its target can be described by the dissociation 

constant (binding constant) of complex formation. The equilibrium state of molecular 

binding, i.e. the balance between the binding and dissociation processes after infinite 

reaction time, may be formalized as the unbound compounds (reactants, A and B) 

transforming into a complex (product, C):  

 
 

The rate of complex formation is described by kon, and that of complex dissociation 

by koff. The association constant and the dissociation constant are described as, 
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where brackets signify equilibrium molar concentrations. The unit of the association 

constant is l/mol. The affinity between A and B is proportional to the value of the 

association constant. However, the reverse directionality is used for the dissociation 

constant, because the resulting formalism is a reaction of first order and thus its 

dimension is always in mol/l. The value of the dissociation constant is therefore anti-

proportional to the affinity between A and B.  

 

3.4.4.1 Surface Plasmon Resonance  

Aptamer-peptide interactions were studied by surface plasmon resonance 

(SPR). The principle is illustrated briefly by Figure 3-3 A. The SPR angle depends on 

the refractive index of the material close to the non-illuminated side of the gold 

surface on a sensor chip, where the binding reaction takes place. Such a change will 

result in a shift of the SPR angle from angle 1 to angle 2, which is recorded by the 

detector and displayed in the form of a sensorgram. A sensorgram is a graphic 

representation of the signal generated during a binding cycle (Fig. 3-3 B; derived 

from Katsamba, et al., 2002).  

 

 
 

 

 
Figure 3-3 (A) The principle of surface plasmon resonance. (B) Graphic representation 

of a sensorgram. I: baseline; II: association; III: equilibrium state; IV: dissociation; V: 

regeneration (adapted from Katsamba et al., 2002) 

 

A B
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Binding experiments were performed on a BIACORE X instrument (Biacore 

AB) at 20ºC. Biotinylated zinc finger peptides were immobilized on Streptavidin-

coated sensor chips (Biacore AB). The sensor chip was activated shortly by 10 μl of 

1 M NaCl/50 mM NaOH (10 μl/min). Biotinylated ZFY or GLI peptides (1050 RU) 

were then directly immobilized, by repeated 20 μl injection of 20 nM peptide solutions 

(5 μl/min). After denaturing as described in 3.4.3, the ssDNA was serially diluted to a 

concentration of 40 nM to 600 nM in running buffer, which was freshly prepared just 

before use by the addition of TCEP, filtered, and degassed. After each injection of 

80  μl at 5 μl/min, bound ssDNA was allowed to dissociate freely for 3 min. Disruption 

of any complex that remained bound after dissociation was achieved using a 30-μl 

injection of 0.5 M NaCl and 0.1 mM HCl at 30 μl/min serially. A random DNA pool 

was included as a negative control. The evaluation of sensorgrams, determination of 

binding model and binding constants were achieved by BIAevaluation Software 

Version 3.1 (Biacore AB). Non-random noise was removed by subtracting a buffer 

injection from each curve. The affinity, as described by the KD, was determined by a 

global fit, assuming Langmuir (1:1) binding. The maxima RU-values near equilibrium 

were plotted against the concentrations applied accordingly. Each data point was the 

mean of two independent determinations.  

 

3.4.4.2 Nitrocellulose Filter Binding Assays 

To characterize the aptamer-protein interaction, the association of proteins to 

aptamers and the binding constants were determined by nitrocellulose filter binding 

assays. Figure 3-4 illustrates briefly the principle of the binding assays. This method 

is rapid, reproducible and can be used to extract accurate equilibrium constants 

(Stockley, 2001).  

Binding affinity of aptamer and protein complexes was measured using a 

nitrocellulose filter binding assay. Filters (Millipore type HAWP, 0.45 μm pore size, 25 

mm diameter, 180 μm thickness) were soaked in 0.5 M KOH at RT for 20 min, 

washed extensively with distilled water, then incubated for 45 min in the binding 

buffer at RT and finally stored in the binding buffer at 4ºC till use (McEntee et al., 

1980). Peptide (ZFY and GLI) or protein targets (ZNF593) were serially diluted into 

10 μl binding buffer to give final concentrations ranging from 0.1 μM to 5 μM. 

Because binding between proteins and nitrocellulose filters requires their 

hydrophobic interactions, some proteins, notably those of small molecular weight,  
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Figure 3-4 Brief schematic representation of nitrocellulose filter binding assays. 

Proteins (P) bind to nitrocellulose filters (right well), although free radioactively labeled 

nucleic acids (blue cycles with yellow asterisk) pass freely through filters (left well). If DNA 

binds to protein, it will result in retention of a fraction of the protein-DNA complex. The 

amount of radioactively labeled DNA retained on filters can be determined by scintillation 

counting.  

 

bind with reduced affinity (Oehler et al., 1999). The peptide targets labeled with biotin 

at N-terminus have a molecular weight of less than 4 kDa. To increase the binding 

affinity between peptide targets and nitrocellulose filters, the biotinylated peptides 

were incubated with 1 mg/ml Streptavidin solution in a molar ratio of 1:1 for 30 min on 

ice. Thereby, the biotins in the peptides bound tightly to Streptavidin to form stable 

complexes. Assays were started by the addition of 10 μl of radioactivelylabeled 

ssDNA (final concentration <1 nM) containing 0.05 mg/ml tRNA and 0.6 mM TCEP. 

The tubes were spun briefly (5 s) to mix the samples and then placed on ice. Prior to 

filtering, the radioactivity of 100% input ssDNA was determined by scintillation 

counting. After a 30-min interval on ice to allow equilibrium to be established, 

samples (20 μl each) were removed from each tube, and filtered on a pre-treated 

filter. Filters were then washed three times with 1 ml binding buffer. The amount of 

labeled DNA retained on the filters was determined by scintillation counting. Assays 

were performed in duplicate. DNA retention on filters was plotted as a function of 

target concentration, and a background retention determined by filtration in the 

absence of peptide or protein target was subtracted from each point. The binding 

constants were calculated by the program SigmaPlot (version 9.0).  
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3.4.5 Affinity Capture Assays of Aptamer-Bound Proteins 

 

3.4.5.1 Immobilization of Biotinylated ssDNA  

The affinity capture assay took advantage of a high binding affinity between 

Neutravidin-conjugated agarose gels and biotinylated ssDNA, which allows for pulling 

down DNA-bound proteins by centrifugation. At first the 5’-biotinylated ssDNA was 

attached to Neutravidin agarose gels (Pierce). According to the manufacturer’s 

specifications, binding of biotin is on the order of >20 μg/ml of gels. To confirm the 

binding of biotinylated 90-nt ssDNA to the gels, the eluted fractions in the 

immobilization steps were analyzed. The Neutravidin agarose gels (120 μl) were 

washed twice with 500 μl binding buffer. Biotinylated ssDNA library (80 pmol) was 

denatured and incubated in 300 μl binding buffer containing the Neutravidin agarose 

gels for 1 h at 4ºC. After centrifugation at 2500 x g for 1 min, the gels were washed 

twice with 500 μl binding buffer. The supernatants were adjusted by a Speed Vac to 

a suitable volume for gel analysis. Finally the samples were analyzed on a 10% 

denaturing polyacrylamide gel. 

 

3.4.5.2 Affinity Capture Assays from Nuclear Extracts 

Aptamer immobilized to agarose gels was utilized for native zinc finger protein 

capture assays. A direct affinity capture assay (method No. 1) from nuclear extracts 

of HeLa cells was used in the initial experiment. Nuclear extracts from HeLa cells 

were prepared as described under 3.2.6. Neutravidin agarose gels (75 μl each) were 

washed twice with 1 ml binding buffer. The supernatants were removed after 

centrifugation at 2500 x g for 1 min. Biotinylated aptamer (50 pmol) was heated to 

95°C for 5 min, cooled to room temperature for 2 h and stored at 4°C for 1 h. This 

material was added to 500 μg nuclear extract and 75 μl gels, and binding buffer was 

added to give a final volume of 250 μl. The mixture was incubated at 4ºC with gentle 

rotation for 1 h. The sample was then centrifuged at 3000 x g for 1 min. The 

supernatant was removed for gel analysis. In order to determine the level of non-

specific binding to the matrix, the capture assay was performed with a biotinylated 

oligonucleotide (20 nt) bound, instead of aptamer. After incubation, the gel pellet was 

washed four times with 500 μl iced PBS. Finally, the gels containing aptamer-bound 

nuclear proteins were resuspended in 20 μl SDS loading buffer, and heated to 95ºC 

for 5 min. Eluted proteins (10 μl) were then analyzed by SDS-PAGE on an 8% gel 
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and stained with Coomassie blue. Several major bands were excised from the SDS 

gel and the proteins were identified accordingly by MALDI-TOF-MS.  

A competitive binding experiment (method No. 2) was applied in the later 

development of the assay. Neutravidin agarose gels (450 μl each) were washed 

three times with 1 ml binding buffer. The supernatants were discarded after 

centrifugation at 2500 x g for 1 min. Biotinylated aptamer or random ssDNA pool (300 

pmol each) were denatured as described in 3.4.3 and incubated with 450 μl gels in 1 

ml binding buffer containing 0.125 μg/μl poly(dI-dC) and 0.6 μg/μl BSA for 1 h at 4ºC 

(final conc. of DNA 300 nM). The mixture was centrifuged at 2500 x g for 1 min, the 

supernatants were removed, and the gels were washed twice with 1 ml binding 

buffer. Nuclear extracts (500 μg) were preincubated with gel-bound random ssDNA 

pool in 1 ml binding buffer containing 0.125 μg/μl poly(dI-dC) and 0.6 μg/μl BSA for 

30 min at 4ºC. The supernatant was then added to gel-bound aptamer. The sample 

was mixed with gentle rotation for 30 min at 4ºC. Both of the tubes, where the pre-

incubation and main-incubation were performed, were centrifuged at 2500 x g for 1 

min. The supernatants were removed and the gels were washed four times with 1 ml 

binding buffer. Finally the aptamer-bound nuclear proteins were eluted using i) 450 μl 

of 1.9 mM biotin solution; ii) 450 μl SDS loading buffer; iii) 400 μl of 5 M urea. For 

each elution step the mixture was heated to 95ºC for 5 min. The supernatant was 

removed after centrifugation for gel analysis. To confirm the elution of the aptamer 

from the gels, the supernatants (15, 15, and 13 μl from the first, second, and third 

elution) were loaded onto a 10% denaturing urea PAGE gel. Each residual eluted 

sample was adjusted by a Speed Vac to a volume of 10 μl. The aptamer-bound 

proteins were analyzed by SDS-PAGE on an 8% gel. Proteins of interest were 

identified as described above.  

 

3.4.5.3  Affinity Capture Assays from Cell Extracts 

Affinity capture assays were also tried for total cell extract. The Neutravidin 

agarose gels (150 μl each) were washed twice with 500 μl binding buffer. The 

supernatants were discarded after centrifugation at 2500 x g for 1 min. Biotinylated 

aptamer or random ssDNA pool (100 pmol each) was denatured as described under 

3.4.3 and incubated with 150 μl Neutravidin agarose gels in 300 μl binding buffer 

containing 0.1 μg/μl poly(dI-dC), 0.05 μg/μl random ssDNA pool and 0.6 μg/μl BSA 

for 1 h at 4ºC (final conc. of DNA 330 nM). Total cell extracts (1 mg) were then 
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preincubated with gel-bound random ssDNA in 300 μl binding buffer containing 0.1 

μg/μl poly(dI-dC), 0.05 μg/μl random ssDNA pool and 0.6 μg/μl BSA for 30 min at 

4ºC. The following steps were performed as described previously for the affinity 

capture assays (method No. 2) of nuclear extracts. Finally the supernatants were 

removed and the gels containing aptamer-bound cellular proteins were washed four 

times with 500 μl binding buffer. These proteins were then eluted using i) 40 μl of 1.9 

mM biotin solution; ii) 40 μl SDS loading buffer; iii) 40 μl of 5 M urea, and resolved on 

an 8% SDS-PAGE gel. Several major bands were excised from the gel and the 

proteins were identified by MALDI-TOF-MS.  

 

3.4.6 Western Blotting 

Western blotting was applied to identify ZFX protein in the extracts of HeLa 

cells. Protein samples were prepared as described in 3.2.6 and 3.2.7. They were 

then separated from one another on a SDS gel. Proteins were transferred from the 

gel onto a membrane, Hybond P® PVDF (polyvinylidene fluoride), in an electrical field 

at 70 mA for 1 h 10 min. The transfer was done in semi-dry conditions. To confirm 

the successful transfer of the proteins, the membrane was incubated with Ponceau 

red (0.2% Ponceau S and 3% acetic acid) for 5 min, washed in water for 1 min and 

evaluated visually. The membrane with the transferred proteins was washed shortly 

in TBS buffer, incubated with 10-20 ml blocking buffer for 1 h, and then washed three 

times shortly in TTBS buffer. The primary antibodies (1:10.000 - 1:15.000 in TTBS 

buffer), anti-ZFX serum, were added to the membrane overnight at 4ºC. To remove 

residual primary antibody, the membrane was washed three times shortly in TTBS 

buffer, then in TTBS for 15 min and finally three times for 5 min respectively. It was 

then incubated with the secondary antibodies, goat anti rabbit-horseradish 

peroxidase (HRP)-conjugate (1:5000 – 1:10.000 dilutions from a 10 μg/ml solution). 

Again, the membrane was washed in TTBS three times shortly, three times for 10 

min and then in TBS for 10 min. Enhanced chemiluminescence kit, SuperSignal®-kit 

(Pierce), was finally used for visualization of the immune complexes.  
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4 Results 
 

Many transcription factors contain Cys2His2-type zinc fingers (zf), which are 

largely involved in development and diseases, especially cancer. Some selection 

results provide support for the concept that DNA-binding domains in transcription 

factors tend to be included in the preferred aptamer binding site, when transcription 

factors are the target of aptamer selection (Lebruska and Maher, 1999; Cassiday and 

Maher, 2001; Huang et al., 2003; Zhao et al., 2006). Since zf transcription factors are 

very complex targets for developing molecular ligands, DNA binding domain (zf 

domain) would be the best choice as the preferred target. On the other side, a single 

zf peptide can already fold into a stable tetrahedral metal-coordinated structure with 

the help of Zn2+ ions and the zf motif is highly conserved in many zf proteins. 

Therefore, specific aptamers for recognition of zf transcription factors seem feasible 

to be constructed for a single zf motif. In this work DNA aptamers were first isolated 

in two independent selections to recognize two peptides (ZFY and GLI) each 

containing the single classical Cys2His2 zf domain. Later, aptamers against the 

peptides were studied for binding to a related zf protein, and finally for affinity capture 

assays of zf proteins from HeLa cell extracts.  

 

4.1 Design, Characterization and Preparation of Target Peptides 

 

4.1.1 Design of Target Peptides 

First of all, a stable and homologous zf target is important for a successful 

selection. One of the target peptides (Fig. 4-1), ZFY, is derived from the sixth finger 

(residue 161-191) of zf domain of the human ZFY transcription factor, which plays an 

important role in the regulation of embryonic and hematopoietic stem cells (Galan-

Caridad et al., 2007). There is experimental evidence that this ZFY peptide correctly 

forms a zf structure with Zn2+ ions in solution (Kochoyan et al., 1991b). In addition, 

the ZFY peptide contains a C-terminal lysine in place of methionine in the native 

sequence to enhance the solubility of the peptide and to avoid methionine oxidation. 

Its second residue of proline in the native sequence is replaced by threonine to 

enhance stability under acidic conditions and to be more characteristic among the 

related zf sequences.  
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                                       ZFY                                                        GLI 

 

Figure 4-1 Models of target peptides used in SELEX experiments (SELEX against ZFY 

and SELEX against GLI). Conserved positions, where the metal-coordinated residues and 

the three hydrophobic residues are located, are labeled in colors. The peptides were 

synthesized chemically with an additional biotin at the N-terminus to enable the 

immobilization for SELEX experiment. 

 

The other target peptide (Fig. 4-1), GLI, is derived from the fifth finger (residue 

360-388) in the zf domain of the human GLI transcription factor, a glioblastoma 

oncogene protein. GLI plays a critical role in the mediation and interpretation of 

Hedghog signals, which are associated with a surprisingly high number of human 

diseases (Altaba et al., 1999; Kasper et al., 2006). The crystal structure of a complex 

has been determined containing the five zfs from the human GLI and a high-affinity 

DNA binding site (Pavletich and Pabo, 1991). Superimposing fingers shows that their 

tertiary structures are very similar. However, only fingers four and five of GLI make 

extensive base contacts in a conserved nine base-pair region. The contacts made by 

finger five are spread over a 4-bp region (GACC) of the GLI binding site.   

 

4.1.2 Analysis of ZFY and GLI Peptides by HPLC 

Since both peptides (ZFY and GLI) contained two cysteines each, they could 

form intra- and inter-chain disulfide bonds. The oxidation of the peptides by disulfide 

bonds prevents the formation of Zn2+ complex (Larabee et al., 2005). Therefore, to 

ensure the reduced form for later metal coordination, the peptides were analyzed, 

reduced, and then purified by HPLC.  

HPLC chromatograms for ZFY are shown in Figure 4-2. The peak of the 

oxidized form was observed at a retention time (RT) of 14.0 min. It was eluted from 

the column earlier than the reduced form, which has a retention time at 14.3 min. It 
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indicates that part of peptides contains probably an internal disulfide bond that could 

be prohibitive for the formation of a tetrahedral zf structure. Therefore, the peptides 

ZFY and GLI were reduced immediately before complex formation with Zn2+ ions.  

The reducing reagent, Tris(2-carboxyethyl)phosphine (TCEP) was utilized to 

reduce cystine to cysteine. The integrity and efficiency of reduction by TCEP was 

addressed by analytical HPLC. A partly oxidized sample of the ZFY peptide has two 

peaks of oxidized and reduced forms, which were collected after the column with 

retention times of 14.0 min and 14.3 min, respectively (Fig. 4-2 B). The sample of the 

reduced form, which was injected directly (Fig. 4-2 D), shows only a reduced peak 

(RT = 14.3 min). The sample of the oxidized form, which was injected directly without 

reduction, shows only an oxidized peak with a retention time of 14.0 min (Fig. 4-2 A); 

whereas in the case that the sample of the oxidized form was reduced with TCEP 

before injection, the peak shifted mostly to the position with a retention time of 

14.3  min (Fig. 4-2 C).  

 

           
 

Figure 4-2 Demonstration by HPLC for reduction of the ZFY peptides using TCEP. By 

reverse phase C8 HPLC with a gradient of 0-70% ACN in water at 1 ml/min, the oxidized and 

reduced forms of the ZFY peptides have peaks at 14.0 min and 14.3 min, respectively.  
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The chromatographic results demonstrate that the zf peptides were reduced 

successfully by TCEP. It was found that incubation at 22ºC for 1 h with a ten-fold 

molar excess of TCEP gave more than 90% reduction of the disulfide.Mass Control 

and Integrity of Reduction by MS  

 

4.1.3 Mass Control and Integrity of Reduction by MS 

The integrity of the targets was further confirmed by MALDI-TOF MS before 

starting the selection. The peptides ZFY and GLI were analyzed before and after 

reduction. As exhibited in Figure 4-3 A, the spectrum of the reduced, metal-free ZFY 

allows for the experimental monoisotopic mass of 3967.99 Da to be assigned to the 

reduced ZFY in agreement with the theoretical value of 3967.96 Da. Figure 4-3 B 

depicts the mass spectrum of GLI. It shows that the experimentally determined mass 

of 3637.87 Da corresponds to the calculated monoisotopic average mass of 

3636.92  Da. 

 

 
  

  

    Figure 4-3 MALDI mass spectra of ZFY (A) and GLI (B). 

A

B 
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The natural isotopic cluster spectra produced by the ZFY peptide allow for a 

more accurate analysis of cys redox activities. The monoisotopic mass is defined as 

the first peak within the peptide isotope cluster that consists of a combination of the 

lowest mass isotopes in the molecular formula (primarily 12C). This measurement is 

more precise than the average molecular mass and allows for single Dalton mass 

changes to be discerned (Larabee et al., 2005). Small mass changes could be 

monitored, e.g., disulfide bond formation where a mass shift corresponds to the loss 

of two protons per disulfide bond. Since the ZFY peptide was partly oxidized before 

TCEP reduction, the isotopic mass cluster for the oxidized ZFY peptide is observed 

in Figure 4-4 A. The cluster of peaks shifts to the left (lower mass), which indicates 

the loss of 2 Da and the formation of a single disulfide bond. After TCEP reduction, a 

pattern of isotope peaks (Fig. 4-4 B) is revealed for cys thiol-reduced ZFY by 

resolving the natural isotope cluster. The monoisotopic peak (3965.96 Da) of the 

oxidized peptide could not be observed. These spectrometric results confirm again 

the successful reduction of the ZFY peptide.  

 

  

A 

B 

Figure 4-4 Resolution of the 

natural isotope clusters of 

the partly oxidized (A) and 

the reduced ZFY (B) 

peptide. In the spectrum of 

the partly oxidized ZFY 

peptide (A), the monoisotopic 

mass of the oxidized peptide 

(marked by a red arrow) with 

probably an internal disulfide 

bond gives a mass of 2-Da 

less than that of the reduced 

peptide (B).  
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The integrity of GLI reduction has also been analyzed by natural isotope 

cluster spectra. The observation agrees with the results obtained for the ZFY peptide 

as described above. The isotopic mass cluster for the oxidized GLI peptide is shown 

in Figure 4-5 A. After reduction, a pattern of isotope peaks is revealed in Figure 4-5 B 

for cys thiol reduced GLI. These results demonstrate that the GLI peptide was also 

reduced successfully.  

 

         

 

 

4.1.4 Determination of Tetrahedral Metal Coordination by Circular Dichroism  

The proper conformation of target peptides is an important point for a 

successful enrichment in a SELEX experiment. To confirm the tetrahedral metal 

coordination with Zn2+ ions, circular dichroism (CD) spectroscopy was used to 

monitor the peptide folding. The CD spectra give valuable information about the 

secondary structures of peptides and proteins. Characteristic differences can be 

observed in the model spectra of an α-helix, a β-sheet or a random coil (Fig. 4-6). 

The different percentages of conformations, of which the secondary structure is 

A 

B 

Figure 4-5 Resolution of the 

natural isotope clusters of the 

partly oxidized (A) and the 

reduced GLI (B) peptide. In the 

spectrum of the partly oxidized 

GLI peptide (A), the monoisotopic 

mass of reduced peptide is 

observed at 3637.87 Da and the 

monoistopic mass of the oxidized 

peptide with probably an internal 

disulfide bond gives a mass of 2-

Da less (3636.00 Da; marked by 

a red arrow). In the spectrum of 

the reduced peptide (B), only the 

monoiostopic mass of the 

reduced GLI peptide is 

determined at 3637.87 Da. 
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composed, can be estimated by fitting the spectra of these model peptides to the 

experimental spectrum. 

 
 

Figure 4-6  

Graphical representation of model 

spectra. For the α-helix (filled 

rhomboids), two minimums around 208 

nm and 220 nm as well as a maximum 

around 190 nm can be observed. For 

the β-sheet (empty squares), a 

minimum around 218 nm appears and 

a maximum around 200  nm can be 

observed. For the random coil (filled 

cycles), there is a minimum around 200 

nm (adapted from Reed and Reed, 

1997). 

 
 

Zn2+-denpendent folding transitions in ZFY and GLI peptides were observed 

by CD. The peptides were dissolved in water to a final concentration of 0.16 mM in 

the presence or absence of Zn2+ ions at pH 7.0. Zn2+ ions were added as a 2.5-fold 

molar excess to peptides. To avoid oxidation of peptides, TCEP (10-fold molar 

excess) was used in solution. The spectra were accumulated by five scans and 

corrected by blank spectra. The spectrum of the metal-free ZFY peptides (Fig. 4-7 A) 

has a minimum near 200 nm. Upon adding Zn2+ ions, a significant change could be 

observed. The minimum shifted to 208 nm and 220 nm. In addition, there was also 

significant reduction in the negative molar ellipticity near 200 nm.  

As expected, the CD spectrum of the metal-free GLI peptides is similar with 

that of the metal-free ZFY peptides (Fig. 4-7 B). Upon adding Zn2+ ions, there is a 

significant change at 200 nm, but only a slight difference at 220 nm. This spectrum is 

characterized as a relatively weak CD band. However, there are significant 

reductions in the negative molar ellipticity near 200 nm and 205 nm.  
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Figure 4-7 (A) CD spectra of Zn2+-coordinated (red) and metal-free (black) ZFY 

peptides. (B) CD spectra of Zn2+-coordinated (red) and metal-free (black) GLI peptides. 

MRE is the mean residue ellipticity. 

 
To calculate the percentages of α-helix, β-sheet and random coil, the CD 

spectra were deconvoluted using the PEPFIT algorithm program (Reed and Reed, 

1997; Tab. 4-1). The secondary structure contents estimated for the metal-free ZFY 

peptides showed a high content of random-coil (66%) and no α-helix. Upon adding 

Zn2+ ions, the fraction of the α-helix increased from 0% to 14% and the fraction of the 

random coil decreased from 66% to 44%. The trend of these Zn2+-denpendent folding 

transitions is less pronounced for GLI peptides, but could still be observed.  

 

A 

B 
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Table 4-1 Contents of secondary structure elements estimated with the PEPFIT. 
 

Figure 4-7 Peptide/Conditions % α-helix  % β-sheet  % random 

A (black) ZFY (free) 0 34 66 

A (red) ZFY (Zn2+) 14 42 44 

B (black) GLI (free) 0 38 62 

B (red) GLI (Zn2+) 9 33 55 

 

 

4.2 Design of a ssDNA Library 

 

In this work, aptamers with high affinity to zf peptides were selected from an 

oligonulceotide library by in vitro selection. An ssDNA library was designed according 

to the scheme outlined in Figure 4-8 and chemically synthesized by IBA GmbH 

(Göttingen). The template molecule contained a region (50 nt) with randomly 

incorporated sequences. The random region was framed by two constant DNA 

regions each with 20 nt that served as annealing sites for forward and reverse 

primers.  

Theoretically, the random region (50 nt) could account for 450 = 1.3 x 1030 

different sequences. However, a library with a complexity of 1.48 x 1015 different 

sequences (2.43 nmol) was applied to be amplified by PCR with an amplification 

efficiency of 11-fold in 15 cycles. Since only ssDNA instead of dsDNA can fold a 

variety of complex tertiary structures, which could interact with target molecules, two 

primers with unequal lengths were used to produce a dsDNA library with two strands 

of different lengths (Williams and Bartel, 1995). These two strands were separated by 

denaturing PAGE (see example in Figure 4-9) and ssDNA molecules (90 nt) were 

purified from the gel.  

Copies for each sequence and sufficient target were used in early rounds of 

selection to ensure the capture of the highest affinity ligands, when lower affinity 

ligands were present in a far more abundant manner (Gold et al., 1995). DNA 

templates (4.86 nmol; 2 copies of each sequence; 1.48 x 1015 different sequences) 

were applied to start the first round of selection. Theoretically, this diversity of the 

DNA pool is sufficient for the selection of high affinity ligands (Gold et al., 1995) 
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Figure 4-8 Design of the DNA library. In the first PCR cycle the reverse primer-terminator 

(41 nt) hybridized to the DNA template molecule. The DNA polymerase prolonged the 

reverse primer-terminator in the 3'-direction. In the following cycle the forward primer (20 nt) 

attached to the newly synthesized DNA strand, which was generated in the first cycle. Again, 

the complementary strand was synthesized in the 3'-direction. Both of these DNA strands 

were amplified in the following PCR cycles.  

 

 

  

 

 

 

 

Figure 4-9  

Separation of two strands 

with unequal lengths. The two 

strands of dsDNA with different 

lengths were separated by 

denaturing PAGE on a 10 % 

gel. The upper one corresponds 

to 111 nt with reverse primer-

terminator (41 nt), while the 

lower one refers to 90 nt with 

normal primers (20 nt).  
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4.3 Optimization of In vitro Selections against Peptides 
 

Two SELEX experiments were performed against two zf peptides respectively. 

The selection conditions were optimized experimentally. To avoid reoxidation of the 

peptide targets, the reduced and purified zf peptides were dissolved in degassed 

water, sealed with argon and stored at -70ºC. Just before use, the Zn2+-coordinated 

peptides (160 µM) were prepared freshly.  

 

4.3.1 Immobilization of Biotinylated Peptides 

For capture of complexes of biotinylated zf peptide target and DNA, 

Neutravidin agrose gels (Pierce) and Streptavidin magnetic beads (Dynal) were 

applied in the selection rounds. The biotinylated zf peptides were immobilized on a 

solid support containing Neutravidin, or Streptavidin, by utilizing the strong non-

covalent interaction between biotin and Neutravidin (or Streptavidin).  

In the early selection cycles, Neutravidin agarose gel was used to immobilize 

biotinylated target, since substantial amounts of target could be loaded on this resin. 

To confirm the efficient binding of the peptides to the gels, a selection process was 

performed in which the DNA molecules were absent. The eluted fractions were 

analyzed by HPLC in comparison with the standard solutions of the peptides. The 

peptides were detected neither in the eluted solutions directly after immobilization, 

nor after 1 h incubation (data not shown). The chromatographic results demonstrate 

that the immobilization of both peptide targets was successful to Neutravidin agarose 

gels. The binding capacity was estimated to be at least 30 pmol of biotinylated ZFY 

or GLI per μl gel.  

Although pre-selection was performed starting from round two, the background 

during the partitioning step still led to the isolation of some matrix-binders. Therefore, 

it was necessary to change the matrix from Neutravidin agarose gel to Streptavidin 

magnetic bead from round eight, so as to reduce matrix-binders. Moreover, magnetic 

beads require only small amounts of target and enable a very simple handling. It was 

suitable for the later rounds where lower amounts of peptide targets were utilized. 

Binding of the biotinylated peptides to the beads was also confirmed by analytical 

HPLC (data not shown). The binding capacity of the Streptavidin beads was 

estimated to be at least 1.5 pmol of biotinylated ZFY or GLI per μl beads.  
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4.3.2 Monovalent Salt Dependence of ssDNA Binding to zf Peptides 

Peptides bind to oligonucleotides non-specifically due to ion exchange 

between the positively charged amino acids and the negatively charged phosphate 

backbone. Monovalent ions can, however, influence this ion exchange by competing 

with the positively charged peptides to bind to DNA. The effects of monovalent salt 

concentration on the efficiency of the binding of zf peptides to ssDNAs were 

evaluated by varying the K+ concentration in the buffer from 70 to 150 mM. The 

binding assay was performed with a 1:1 ratio of ssDNAs and peptides (each 1 μM), 

using Streptavidin magnetic beads to capture the peptide•ssDNA complexes. As 

presented in Figure 4-10, the data demonstrate that the concentration of monovalent 

ions has a significant influence on peptide-ssDNA interaction. By increasing the 

concentration of K+ ions, the non-specific binding between peptides and ssDNAs was 

decreasing. This effect was utilized to increase the stringency during the selection 

process. In the early rounds (1st-11th) the concentration of K+ ions was 70 mM in the 

SELEX buffer A and it was then increased to 150 mM in the later rounds (12-14th). 

This increase of stringency during the SELEX process is supposed to enhance the 

likelihood of successful selections (Stoltenburg et al., 2007).  

 

 
Figure 4-10 Effect of monovalent salt concentration on the binding of ZFY zf to 

random ssDNAs. The potassium ion concentration was varied as indicated.   
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4.4 Aptamers against Peptide GLI  
 

4.4.1 Selection of GLI-Bound Sequences 

In vitro selection was used at first for the isolation of DNA aptamers binding to 

the GLI peptide. The peptide was analyzed and characterized as discussed under 

4.1. The ssDNA pool was designed and prepared as described under 4.2. During the 

selection process the stringency was increased as described under 3.3.2 and DNA 

binding was enriched using fourteen rounds of selection. Magnetic bead binding 

assays were performed comparing the DNA pools before round one and after round 

fourteen. The DNA pools were incubated with the GLI peptide in a 1:1 molar ratio of 

DNA and target (0.25 μM for each). A peptide containing 23-residue, which is derived 

from the sequence (residue 136-158) of prion protein in golden hamster, was used as 

a control for demonstrating the GLI-specific binding of the enriched DNA pool. In 

addition, BSA and the matrix served also as negative controls. The binding results 

revealed a clear enrichment for specific GLI-bound DNA sequences (Fig. 4-11).  

 

 

 
Figure 4-11 Selection of GLI ssDNA aptamers from a random ssDNA pool. The random 

ssDNA pool before round one and the GLI-bound sequences enriched after round fourteen 

were compared for binding in the magnetic bead binding assays as described under 3.4.3. 

The fractions of bound ssDNA (%) in the random pool (left) and enriched pool (right) to the 

GLI peptides (+) are indicated by green columns. As controls, the fractions of bound ssDNA 

(-) to the 23 amino-acids peptide, BSA and the matrix are indicated by grey columns.  
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4.4.2 Primary Structures  

Sequencing of twenty-three clones from the eluted fraction of bound ssDNAs 

after round fourteen revealed seventeen different sequences. Three sequences were 

found third times and one sequence occurred twice: II(R16)=II(B18)=II(R12); 

II(B23)=II(R13)=II(B09); II(R03)=II(R07). Besides the normal length of 50 bases, 

clone II(R21) was isolated with a random region of 49 bases. This change can be 

attributed to erroneous DNA replication. The primary structures in the random region 

were compared by BioEdit and aligned by ClustalW (Thompson et al., 1994). 

Conserved sequences can be very helpful to provide information about the 

nucleotides that are important for target binding. They can also help to predict 

secondary and tertiary structures. Therefore, all sequences in random region were 

analyzed based on the program ClustalW, which improves the sensitivity of 

progressive multiple sequence alignment through sequence weighting, position 

specific gap penalties and weight matrix choice. Sequence analysis of seventeen 

different clones revealed that they can be classified into five subgroups, based on 

nucleotide conservation at specific residues (Tab. 4-3).  

Interestingly, a highly conserved motif occurs in all sequences, a 5-nt 

sequence (5’-GGACA-3’). In addition, the sequences in groups 1, 2 and 3 contain a 

further conserved motif, a 5-nt sequence (5’-TGAGC-3’). In groups 1, 4 and 5 

another conserved motif was found, a 6-nt sequence (5’-CCTTTA-3’). The occurring 

frequencies of these conserved motifs are shown in Table 4-2.  

 

Table 4-2 The occurring frequencies of the conserved motifs 

 

 
 
 
 
 

Motif No. Conserved Motif Different Groups Nr.of Sequences Sequence (%) 

CM-1 GGACA 5 23 100 

CM-2 TGAGC  3 17 74 

CM-3 CCTTTA 3 13 57 
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Table 4-3 Comparison of sequences of GLI-bound ssDNAs based on the nucleotides in random region. The highly conserved motifs (CM-1 

CM-2 and CM-3) are marked in squares. The gaps shown here are indicated by hyphens. Consensus sequences are shown below each group, in 

which italic letters stand for the conserved nucleotide positions with mutations. The number of identical clones is indicated on the right side of the 

sequences, unless only once.   
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4.4.3 Binding Affinities of Single Clones 

Eight individual clones were analyzed for binding to GLI by the magnetic bead 

binding assays. Each clone was incubated with 250 nM peptides. As a control, the 

ssDNA pool with random sequences of the first round displayed only a very weak 

affinity to the peptides, which excluded the possibility of unspecific binding by ion 

exchanges between aptamers and peptides. The binding results revealed specific 

GLI-binding of all clones, with different affinities (Fig. 4-12). 

 

 

Figure 4-12 Magnetic bead screens of the clones obtained after round fourteen of 

SELEX against GLI. The fractions of bound ssDNA in presence of GLI are indicated by 

green columns, whereas those against the matrix are shown by grey columns. The ssDNA 

source is indicated below the column. The random ssDNA pool (R.P.) was used as control. 

 

4.4.4 Secondary Structures 

The secondary structures of these GLI-bound ssDNA ligands were predicted 

by computer analysis using the program mfold version 3.2, based on the Zuker DNA 

folding algorithm (Zuker, 2003; SantaLucia, 1998). This program of Zuker calculates 

the potential secondary structures of single-stranded nucleic acids by an energy 

minimizing method considering stems, loops and bulges. The 90-nt sequence with 

primer regions was analyzed for secondary structure prediction, because primer 

regions might also contribute to the interaction.  

Computer analyses assess stable secondary structures for these ssDNAs. 

The structures of the clones in each group are quite similar. In addition, there are 
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several similarities in the structures of the clones among the groups. In the group 1, 

the two guanines of the conserved motif CM-1, form a small hairpin with the 

conserved motif CM-3. GG and CC pair in the stem of the hairpin. TTT are located in 

the loop. In addition, the conserved motif CM-2 is part of another hairpin. The 

nucleotides (G)AG form the stem with (C)TC in the 3’-downstream. Between these 

two hairpins, the conserved nucleotides ACAT(G) from the motifs CM-1 and CM-2 

are located in single strand (Fig. 4-13). In the groups 2 and 3, the conserved motifs 

CM-1 and CM-2 fold into similar secondary structures with the according regions in 

group 1 (Fig. 4-14 and 4-15 A). In the groups 4 and 5, the conserved nucleotides of 

the motifs CM-1 and CM-3 are involved in the predicted secondary structures very 

similarly with those in group 1 (Fig. 4-15 B and C).  

 

                          

 

 

   

 

Figure 4-13 The secondary structures 

of clones in group 1 as predicted by 

the Zuker mfold program. The 

conserved nucleotides in this group are 

indicated in red, those of which in the 

conserved motif CM-1 are marked by 

cycles; in the conserved motifs CM-2 and 

CM-3 by squares. Positions 1-20 and 71-

90 contain primer regions. Strong base 

pairs (G-C) are marked by red hyphens 

and weak base pairs (A-T or wobble 

base pairs) are indicated by black 

hyphens.  
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Fig. 4-14  

The secondary structures of 

clones in group 2 as predicted 

by the Zuker mfold program. The 

conserved nucleotides in this group 

are indicated in red, those of which 

in the conserved motif CM-1 are 

marked by cycles; in the conserved 

motif CM-2 by squares. 
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Figure 4-15 The 

secondary structures of 

clones in (A) group 3, 

(B) group 4, and (C) 

group 5 as predicted by 

the Zuker program. The 

conserved nucleotides in 

this group are indicated in 

red, those of which in the 

conserved motif CM-1 are 

marked by cycles; in the 

conserved motif CM-3 by 

squares. 

A 

B 

C 
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The analyses of the secondary structures as predicted by the Zuker program 

provide valuable information about the possible binding motifs of these aptamers. In 

groups 1, 2 and 3, the highly conserved motif CM-1 and CM-2 are located in the two 

hairpins with the short loop in-between. In groups 4 and 5 the conserved motifs CM-1 

and CM-3 are involved in the hairpin region followed by the loop downstream, in a 

similar manner as in group 1.These motifs might be important for the GLI binding.   

 

4.4.5 Characterization of GLI-Binding 

To study the DNA-GLI interaction, the best binders from groups 1 and 2, 

II(R09) and II(R16), were characterized in detail. The binding constants of these 

aptamers to GLI were determined by the nitrocellulose filter assays as described in 

the methods section. The filters were alkali-treated to reduce the non-specific binding 

of DNA. Figure 4-16 presents that the fractional saturation was plotted as a function 

of GLI concentration with the program SigmaPlot. The KDs for these two aptamers 

are (1.05 ± 0.08) x 10-6 M for II(R09) and (1.66 ± 0.10) x 10-6 M for II(R16). Since not 

all of DNA molecules are active or in correct conformation to be able to bind to the 

target (Gold et al., 1995), even by saturation the fraction of bound ssDNA is much 

less than 100%. 

Truncation analysis of the GLI-bound sequences could assess the possible 

binding motif of the DNA aptamer. A minimal sequence (33 nt) with the conserved 

motifs of CM-1 and CM-2 was designed, based on the primary and secondary 

structures of the clones in groups 1 and 2 (Fig. 4-17), and this minimal motif might be 

responsible for binding. The secondary structure analysis of this minimal motif as 

predicted by the Zuker program reveals the conserved two stem-loops (positions 6-

14 and 19-28) and an internal loop (positions 15-18). The 5’- and 3’-ends of this 

minimal motif form a stem by successive five-times G-C pairs (positions 1-5 and 29-

33). This stem enhances the chemical stability of this minimal sequence and 

permitted that the conserved nucleotides in the center may form two hairpins as 

identified in the predictions of the full-length structures. This minimal motif was 

analyzed for binding to the GLI peptide by the nitrocellulose filter assays. However, 

its binding affinity to GLI was too low to be observed.  

 

 

 



Results 

67 

 

 

 

 

Figure 4-16 Plots of the binding affinity for aptamers II(R09) and II(R16) to GLI using 

the fraction of bound ssDNA fitted to the concentration of GLI. Each line represents the 

best fit for formation of a simple biomolecular complex (R values of 0.9994 and 0.9996).  

 

 

 
 

 

 

 

 

 

 

 

Figure 4-17  

Predicted secondary structure of 

the minimal sequence by the 

Zuker program. The conserved 

nucleotides in the motif CM-1 are 

indicated by red cycles and those in 

the motif CM-2 by red squares. 
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4.4.6 Cross-Reactivity of Aptamers  

The binding affinity of the aptamer II(R09) to its own peptide target GLI was 

compared with that to the other zf peptide target ZFY. ZFY (30-residue) is the zf 

peptide used in the second SELEX experiment of this thesis (Fig. 4-1). Each of these 

two peptides contains a zinc finger motif of the classical Cys2His2 type and two 

peptides have 43% sequence identity. The binding of II(R09) to ZFY was investigated 

by the nitrocellulose filter binding assays (Fig. 4-18). Interestingly aptamer II(R09) 

from SELEX against GLI has cross-reaction with ZFY, but its binding affinity to GLI 

was higher than to ZFY. 

 
 

Figure 4-18 Plot of the binding 

affinity for aptamer II(R09) to 

ZFY using the fraction of 

bound ssDNA fitted to the 

concentration of ZFY.  

The line represents the best fit 

for formation of a simple 

bimolecular complex (R values 

of 0.9992).  

 

 

In addition, the binding constants of the enriched pool to both ZFY and GLI 

peptides were also determined by the nitrocellulose filter binding assays. The random 

ssDNA pool served as a control. The enriched pool against GLI was observed to 

cross-react with ZFY (Fig. 4-19). It bound to ZFY with even higher affinity than to its 

own target GLI. However, as controls the binding constants of the random pool to 

both ZFY and GLI were too low to be measured accurately under these conditions 

(peptide concentration < 5 μM). They were estimated to be much higher than 20 μM. 

The KDs of the aptamer II(R09), the enriched pool and the random pool, to ZFY and 

GLI, are calculated by the Sigmablot as summarized in Table 4-4.  
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Figure 4-19 Binding affinities of the random ssDNAs and enriched pool, to ZFY or GLI. 

The fractional saturation is plotted as a function of protein concentration, for the random 

ssDNAs to ZFY ( ), the enriched pooI to ZFY ( ), the random ssDNAs to GLI ( ) and 

enriched pool to GLI ( ). The line represents the best fit for formation of a simple bimolecular 

complex of the enriched pool with ZFY or GLI (R values of 0.9924 to ZFY and 0.9971, from 

top to bottom). 

 

Table 4-4 Comparison of calculated binding constants to ZFY and GLI.  

 

Clones K D ( x 10-6M) to ZFY K D ( x 10-6M) to GLI 

II(R09)  2.05 ± 0.23 1.05 ± 0.08 

Enriched pool vs. GLI 3.30 ± 1.18 6.43 ± 2.04 

Random ssDNA pool > 20 μM * > 20 μM * 

*  The binding affinity was too low to be determined accurately. 

 

 

4.5 Aptamers against Peptide ZFY 

 

4.5.1 Selection of ZFY-Bound Sequences  

The other target, the ZFY peptide, was used for a second SELEX experiment. 

The selection against ZFY was performed for fourteen rounds. The magnetic bead 

binding assays were performed comparing the DNA pools before round one and after 

round fourteen. The DNA pools were incubated with the ZFY peptide in a 1:1 molar 
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ratio of DNA and target (0.25 μM for each). A control peptide containing 23-residue, 

which is derived from the sequence (residue 136-158) of prion protein in golden 

hamster, was used as a control for demonstrating the ZFY-specific binding of the 

enriched DNA pool. BSA and the matrix served also as negative controls. The 

binding results revealed a very clear enrichment for specific ZFY-bound DNA 

sequences (Fig. 4-20).  

 

 

 
Figure 4-20 Selection of ZFY ssDNA aptamers from a random ssDNA pool. The random 

ssDNA pool before round one and the ZFY-bound sequences enriched after round fourteen 

were compared for binding in the magnetic bead binding assays as described under 3.4.3. 

The fractions of bound ssDNA (%) in the random pool (left) and enriched pool (right) to the 

ZFY peptides (+) are indicated by green columns. As controls, the fractions of bound ssDNA 

(-) to the 23 amino-acids peptide, BSA and the matrix are indicated by grey columns.  

 

4.5.2 Effects of Different Metal Ions on Binding to the ZFY Peptide 

Folding of an individual zinc finger domain is achieved through coordination, 

by cysteine or histidine side chains, of one Zn2+ atom. However, it is known from in 

vitro studies that, in some instances, metals other than Zn2+ are capable of 

functioning or competing with Zn2+ in metal coordination. The effects of different 

metal ions on the binding of the ZFY peptides were demonstrated by the 

nitrocellulose filter binding assays (Fig. 4-21). The ZFY peptides were coordinated 

with Zn2+, Cd2+, Co2+ ions or without metal ion, respectively. Radioactively-labeled 

ZFY ssDNA aptamers (final conc. <1 nM) were incubated with ZFY coordinated with 

different metal ions (final conc. 500 nM) for 30 min. The binding buffers include 
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traces of different metal ions (50 μM) according to each peptide target to protect the 

metal ion-coordination. The data demonstrate that the binding affinity of the metal-

free peptides to the enriched DNA pool decreased by 42% compared with that of the 

Zn2+-coordicated peptides. Co2+- and Cd2+-coordinated peptides exhibit binding 

affinities to the enriched DNA molecules with 14% and 37% reduction.  

 

 
 

Figure 4-21 Binding affinities of the ZFY (Zn2+) ssDNA aptamers to Zn2+-, Co2+, Cd2+-

coordinated and metal-free ZFY peptides. BSA served as control. The fractions of bound 

ssDNA (%) are indicated by columns.  

 

 

4.5.3 Primary Structures 

The eluted fraction of the ZFY-bound ssDNAs was cloned after round fourteen 

in SELEX against ZFY. DNA sequencing was performed by Sequence Laboratories 

Göttingen GmbH. Thirty-two clones were sequenced from the enriched pool. The 

primary structures in the former random region (50 nt) were compared and aligned by 

BioEdit and ClustalW. Sequence analysis shows that there are sixteen clones with 

different sequences (Tab. 4-5). Some clones are observed as guanine-rich. Besides 

the normal random length of 50 bases, clone I(B15) was isolated with a random 

region of 51 bases, whereas clone I(B22) and I(B05) have a random region of 49 

bases. These changes can be attributed to erroneous DNA replication.  
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Table 4-5 Alignment of ZFY-bound clones based on the sequences in random region. 

Sequences of thirty-two PCR clones encoding ssDNA ligands from SELEX against ZFY are 

shown on the left. The number of identical sequences, frequency of sequence, and portion of 

guanines in each sequence are indicated on the right side of the sequences.  

 

All sequences were analyzed on primary structures in the random region as 

for those in SELEX against GLI (see 4.4.2). Sequences analysis of these twenty-two 

clones failed to identify an overall conserved motif, however, revealed that they could 

be classified into six groups based on nucleotide conservation at specific residues 

(Tab. 4-6). The sequences in groups 2 and 3 could form possibly G-quadruplexes 
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based on the G-rich region. Interestingly, clone I(B24) in group 5 presents identical 

sequence with aptamer II(R09) from SELEX against GLI. In addition, the conserved 

nucleotides of other sequences in group 5 are also similar with those in the enriched 

pool against GLI (Tab. 4-3).  

 

 

 

Table 4-6 Comparison of the sequences of the ZFY-bound ssDNAs. Four nucleotides 

are shown with different colors. The gaps are indicated by hyphens. Conserved identical 

nucleotides are shown below each group of the ssDNA ligands, where the positions with 

mutations are presented by italic letters. 

 

4.5.4 Binding Affinities of Single Clones 
 

The binding affinities of the clones with different sequences were tested with 

the magnetic bead binding assays as described in the methods section. The ssDNA 

pool containing random sequences was used as a control. Each binding assay was 

performed as a mean of triple independent experiments. All clones showed specific 

binding when incubated with 250 nM peptides, however, with different affinities 

(Fig.  4-22). Binding of the ssDNA pool containing random sequences to the peptides 

was very weak, which excluded the possibility of unspecific binding between 
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aptamers and peptides. Clone I(B22) bound to the matrix even in the absence of 

target peptides, however, neither of the other clones did.  

 

 
 
Figure 4-22 Magnetic bead screens of clones obtained from the fourteen rounds of 

SELEX against ZFY. The binding in the presence of ZFY is indicated by a green column, 

whereas, matrix binding by a grey column. The ssDNA clone is indicated below the column. 

The random ssDNA pool (R. P.) was applied as a control.  

 

4.5.5 Secondary Structures 

As described for the GLI-bound sequences under 4.4.4, computer analysis 

using the Zuker mfold program version 3.2 predicted stable secondary structures for 

these ZFY-bound ssDNAs. Only the structures with highest energies are shown. 

Furthermore, the secondary structures of the clones were compared with each other 

in each group, e.g., by positions of conserved nucleotides. The clones in group 6 

were not analyzed because of the lack of conserved nucleotides. It seems that more 

conserved nucleotides are involved in base pairs (especially G-C pairs), stronger is 

the binding ability.  

 

Group 1 

The predicted secondary structures of the two sequences in group 1 are 

shown in Figure 4-23. Clone I(B15) has an inner loop of 16 nucleotides, from which 

two short and one long helical regions are diverged. Both of the two short helical 
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regions (positions 24-40 and positions 42-54) form hairpins, in which one of them is 

intermitted by a bulge. The long helical region contains the primer regions. It has two 

hairpins in the end (positions 82-90) and middle (positions 63-72). The conserved 

nucleotides TCTCGCGCG in both I(B15) and I(B12) are located in one side of the 

hairpin region, of which CG and GCG are involved in stable G-C pairs. TCT are 

located in a tetra-loop and C is in the small bulge of the hairpin. This conserved 

hairpin region might be important for ZFY binding.   

A further analysis revealed that eighteen conserved nucleotides in clone 

I(B15) are located in base pairs, of which fourteen are part of G-C pairs, however, 

only nine conserved nucleotides in clone I(B12) are involved in base pairing, of which 

eight form G-C pairs. In the binding tests, I(B15) demonstrated much stronger 

binding to ZFY than I(B12).  

 

 

 
Figure 4-23 Secondary structures of the clones in group 1 as predicted by the Zuker 

mfold program. The conserved sequences in primary structures are indicated in red. The 

nucleotides, which are also conserved in secondary structures, are marked in red cycles. 

The free energies and the trend of binding affinities (decreases from left to right) in the 

binding tests (Fig. 4-22) are shown under the figures.  
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Group 2 

There are two different sequences in seven clones in group 2. The predicted 

secondary structures of clones I(R18) and I(B04) by the Zuker program are shown in 

Figure 4-24 A. Clone I(R18) forms a long helical region (positions 17-84) with a loop 

on the top and three bulges. The conserved guanines are located either on the stem 

(positions 33-46 to positions 60-71), which is purine-rich, or the loop (positions 47-

59). However, it failed to identify highly conserved motifs in these structures. 

Moreover, Clone I(R18) is G-rich and could form a G-quadruplex structure. 

However, such structure can not be predicted by available algorithm of secondary 

structure analysis (SantaLucia, 1998; Saito and Tomida, 2005). G-quadruplex can 

form a lipophilic four-stranded structure by two vertical arrangements of multiple 

guanine tetrads. The tetrads are stabilized by Hoogsteen hydrogen bonds. G-

quadruplex in clone I(R18) was predicted by the QuadFinder and QGRS mapper 

programs. A minimal G-rich sequence could form a G-quadruplex with a length of 27 

nucleotides (G2N5G2N8G2N6G2). Normally shorter loops are more common than 

longer loops. G-quadruplexes tend to have loops roughly equal in size. The greater 

the numbers of guanine tetrads, the more stable the quadruplex (Kikin et al., 2006). 

Two of the possible schematic representations of these G-quadruplexes are outlined 

in Figure 4-24 B (Padmanabhan and Tulinsky, 1995; Burge et al., 2006). Both of 

them have two guanine tetrads connected by three loops and the two structures differ 

in the tetrad grooves, which span the loops. Such a G-quadruplex in clone I(R18) 

might be important for ZFY binding.  

A further analysis revealed that seven conserved nucleotides of clone I(R18) 

are all involved in G-C base pairs. For clone I(B04) six conserved nucleotides are all 

located in G-C base pairs. However, I(B04) could not form the similar G-quadruplex 

structure as I(R18). In the binding tests (Fig. 4-22), clone I(B04) has a much weaker 

binding to ZFY than clone I(R18).  

 

Group 3 

In group 3 eight clones exhibit four different sequences. Figure 4-25 illustrates 

secondary structures as predicted by the Zuker program of the clones from group 3, 

except matrix-binder I(B22). It failed to identify overall conserved motif in these 

structures. Having a close analysis at the conserved sequences in clone I(R14), five 



Results 

77 

 

of six conserved nucleotides, which are located in stems, are part of G-C pairs. In 

clone I(B19) there are four from six and in clone I(B14) four from five.  

 

 

 

Figure 4-24 (A) Secondary structures of the clones in group 2 as predicted by the 

Zuker mfold program. The description is same as in Figure 4-23. (B) Schematic 

presentations of the predicted G-quardruplex structures of clone I(R18). The conserved 

nucleotides are indicated with red letters. The guanine tetrads are marked by dark squares.  

 

Moreover, these clones are also G-rich and the conserved G-rich region might 

form a G-quadruplex (Fig. 4-26 A). Clone I(R14) could form the shortest loops (Fig. 

4-26 B) compared to the other clones, therefore, it might present a more stable 

secondary structure. In the binding tests (Fig. 4-22), clone I(R14) showed the 

strongest binding to ZFY in this group.  
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Figure 4-25 Secondary structures of the clones in group 3 as predicted by the Zuker 

mfold program. The description is the same as in Figure 4-23 

 

 

 
 
 

Figure 4-26 (A) The predicted conserved G-rich regions in the sequences of group 2. 

The guanines which contribute to G-quadruplex are marked by red colour. The nucleotides 

located in loops are indicated with N. (B) Schematic presentations of G-quardruplex 

structures of I(R14). The description is the same as in Figure 4-24 B.  

 

 

A B

Clone G-rich region 

I(R14) G2N2G2N3G2N4G2 

I(B19) G2N3G2N3G2N4G2 

I(B14) G2N4G2N4G2N4G2 



Results 

79 

 

Group 4 

Group 4 contains two different sequences from five clones. Their secondary 

structures as predicted by the Zuker program are shown in Figure 4-27. Both of the 

clones were predicted for very similar secondary structures. The conserved 

nucleotides TGGAT ACGGT [positions 55-65 in clone I(R21) and 53-62 in clone 

I(B08)] are highly conserved in both structures. The nucleotides GGAT and CGGT 

pair with the nucleotides in the primer region (positions 12-15 and 17-20). T and A 

are located in single strands. This conserved region might be important for ZFY 

binding.  

Out of the conserved nucleotides of clone I(R21), seventeen are part of base 

pairs, of which eleven locate in stable G-C pairs. In clone I(B08) fifteen conserved 

nucleotides are located in base pairs, of which ten are part of G-C pairs. In the 

binding tests (Fig. 4-22), clone I(R21) has a stronger binding ability to ZFY than clone 

I(B08).  

 

 

 

Figure 4-27 Secondary structures of the clones in group 4 as predicted by the Zuker 

mfold program. The description is the same as in Figure 4-23. 
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Group 5 

The three clones in group 5 have similar secondary structures (data not 

shown) as the GLI-bound sequences. Clone I(B24) is identical with II(R09) from the 

SELEX against GLI (Fig. 4-14). The cross-reactivity of the identical binder from these 

two independent selections was discussed under 4.4.6.  

 

 

4.5.6 Characterization of ZFY-Binding 

To characterize the aptamer-ZFY interaction, the dissociation constants of the 

best binders from groups 1-5 were further determined by SPR and the nitrocellulose 

filter binding assays. Aptamer I(B15), which showed the highest binding to ZFY in the 

previous binding tests, was first quantified by SPR spectroscopy on a BIAcore 

instrument. Figure 4-28 illustrates the sensorgrams of a concentration series of 

aptamer I(B15) injected over ZFY immobilized on a sensor chip (A), and the binding 

curve (B). The association and dissociation of the aptamer to the peptides were 

observed by the increase and decrease of the RU values. As the concentrations of 

the aptamer increase (from bottom to top), the saturation (at ~280 RU) of the DNA 

sites is approached and the association reaction rate increases. The experimental 

results confirm the high affinity binding between aptamer I(B15) and ZFY observed in 

the magnetic bead binding assays (Fig. 4-22). The binding constant KD was 

calculated by the Sigmablot program (version 9.0) as (1.54 ± 0.41) x 10-7 M. 

As discussed above, ZFY peptides could fold into tetrahedral Zn2+-

coordination only in the presence of Zn2+ ions, whereas metal-free ZFY peptides 

have a high content of random coil. The effect of Zn2+ ions on the binding of aptamer 

I(B15) was demonstrated by the magnetic bead binding assays. Radioactively 

labeled I(B15) (250 nM) was incubated with Zn2+-coordicated ZFY (2.5 μM) or metal-

free ZFY (2.5 μM) for 40 min. The experimental data in Figure 4-29 demonstrate that 

aptamer I(B15) binds to ZFY in the presence of Zn2+ ions and the metal-free ZFY 

peptides exhibit much weaker binding affinity to the aptamer.  
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Figure 4-28 (A) SPR-sensorgramms for the interaction of aptamer I(B15) with ZFY. A 

400 nM random ssDNA pool (R. P.) served as a negative control. The response units (RU) 

are blotted against times (sec). (B) Plot of the binding affinity for aptamer I(B15) to ZFY. 

The line represents the best fit for formation of a simple bimolecular complex (R values of 

0.9966). 

 

 

Figure 4-29 Binding affinities of aptamer I(B15) to Zn2+-coordicated and metal-free ZFY. 

The fractions of bound ssDNA (%) are presented by columns. The target is indicated below 

the column. The blank sample contains only matrix in the absence of peptides.  

A 

B 
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The binding specificity of aptamer I(B15) to ZFY peptides in comparison with 

GLI peptides were evaluated by the magnetic bead binding assay. GLI (29-residue) 

is the zf peptide target used in SELEX against GLI (Fig. 4-1). The radioactively 

labeled aptamer I(B15) (100 nM) was incubated in a molar ratio of 1:1 with ZFY, GLI, 

the control protein BSA, and the matrix, respectively. The experimental data in Figure 

4-30 indicate that aptamer I(B15) shows no cross-reaction with GLI under this 

condition. Moreover, it binds neither to BSA nor to the matrix.  

 

 
 

Figure 4-30 Binding tests of aptamer I(B15) to ZFY and GLI. The fractions of bound 

ssDNA (%) are presented by columns. BSA and the matrix served as controls.  

 

In addition, the binding constants of the best binders from other groups 

(except group 6) were determined by the nitrocellulose filter binding assays. The 

fraction of bound ssDNA was plotted against the concentration of ZFY with the 

program Sigmaplot. The binding curves for aptamers I(R18), I(R14), I(R21) and 

I(R24) are shown in Figure 4-31. The KDs for these aptamers were determined to be 

in the nM range, except for clone I(B24), which has a KD in the µM range (Tab. 4-7). 

As mentioned above, aptamer I(B24) is identical with aptamer II(R09) found in the 

other enriched pool against GLI and the KD of aptamer II(R09) to GLI was determined 

to be (10.5 ± 0.8) x 10-7 M (see under 4.4.6). 
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Figure 4-31 Plot of the binding affinity for the aptamers to ZFY using the fraction of 

bound ssDNA value fitted to the concentration of ZFY. Each line represents the best fit 

for formation of a simple bimolecular complex (R values of 0.9986, 0.9992, 0.9993 and 

0.9992).  

 

Table 4-7 Calculated binding constants of several aptamers to ZFY. 

 

Clones KD ( x 10-7 M) 

I(R18) 1.60 ± 0.22 

I(R14) 2.00 ± 0.21 

I(R21) 5.30 ± 0.60 

I(B24) 20.54 ± 2.28 

 

 One of the best binders, aptamer I(R18), is G-rich, and have potential to form 

a G-quadruplex as discussed under 4.5.5 (Gr. 2). To probe the nucleotide sequence 

or structural requirements for aptamer I(R18)-ZFY interaction, three truncated 

aptamers were designed as outlined in Table 4-8. Variant T1 (30 nt) was truncated 

based on stem-loop as predicted by the Zuker program; variant T2 (27 nt) is 

designed based on G-quadruplex as predicted by the QuadFinder, whereas variant 
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T3 (20 nt) contains only one strand of the purine-rich polynucleotide in stem-loop 

region of T1.   

 

Table 4-8 Primary structures of aptamer I(R18) and its three truncated variants. 

 

Name Sequence (5’-3’) N 

I(R18) GCGAATTGGGTACCGCATCCTGTGGCGAATAGCGGGGAAGGGAAGTCGAAGGGTTAGTGGCGTCCTCCCCGAATTCTGCAGGATCCGCCC 90 

I(R18)-T1                         CGGGGAAGGGAAGTCGAAGGGTTAGTGGCGTCCTCCCCG 39 

I(R18)-T2                          GGGGAAGGGAAGTCGAAGGGTTAGTGG 27 

I(R18)-T3                          GGGGAAGGGAAGTCGAAGGG 20 

 

These three truncated variants were measured for binding to ZFY. The binding 

curves of variants T1 and T2 are shown in Figure 4-32. The KDs were calculated by 

the program SigmaPlot as (5.20 ± 0.95) x 10-7 M for variant T1 and (7.08 ± 0.95) x  

10-7 M for variant T2. The effects of the truncation analyses of aptamer I(R18) on 

interaction with ZFY are outlined in Figure 4-33. The truncated variant T1 (39 nt), 

which is predicted by the Zuker program containing a hairpin with a G-rich region, 

binds to ZFY with a better affinity than the truncated variant T2 (27 nt) with only the 

G-rich region. Both of them exhibit affinity binding to ZFY, but weaker than that of the 

full-length aptamer I(R18). However, the shortest purine-rich truncated variant T3 (20 

nt) was not observed to bind to ZFY.  

 

 

 
Figure 4-32 Plot of the affinities for truncated I(R18)-T1 and -T2 to ZFY using the 

fraction of bound ssDNA value fitted to the concentration of ZFY. Each line represents 

the best fit for formation of a simple bimolecular complex (R values of 0.9983 and 0.9988).  
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 Figure 4-33 Comparison of the binding affinities of ZFY to aptamer I(R18),and the 

truncated variants I(R18)-T1, I(R18)-T2 and I(R18)-T3. The calculated binding constants 

(KD) are shown by columns. n. d. stands for not detectable. The predicted secondary 

structures of these variants (by the Zuker or QGRS program as discussed under 4.5.5 (Gr. 2) 

are given under each column. 
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4.6 Binding against Zinc Finger Protein (ZNF593) 

 
Once aptamers are raised against a zinc finger structure, there is a fair chance 

that the zf structure will also be recognized within the whole protein structure. In the 

selection experiments against peptide targets, aptamers were raised against two zinc 

finger peptides, ZFY and GLI, respectively. Aptamers raised against GLI have overall 

conserved nucleotides and cross-react with ZFY. The binding affinities of the 

aptamers to both peptides are, however, relative low in the μM range. In contrast, 

aptamers raised against ZFY have significantly higher affinities to ZFY in the nM 

range. Therefore, only the aptamers against ZFY are further studied for protein 

binding.  

The ZFY peptide was used as the target in the SELEX experiment. However, 

the attempt to overexpress the ZFY transcription factor containing thirteen zinc 

fingers failed probably due to the complexity and large number of zfs. In order to 

obtain a proof of principle, ZNF593 protein containing a single Cys2His2 zinc finger, 

which is highly similar to the ZFY peptide, was used for binding tests to the ZFY-

aptamers.  

ZNF593 protein was found by Terunuma and his co-workers (1997) to 

negatively modulate the DNA-binding activity of the Oct-2 transcription factor. Oct-2 

is the member of the POU domain family of transcription factors. The inhibitory 

pathway of ZNF593 remains unknown. However, it has been speculated that protein 

ZNF593 could act either by binding to the DNA octamer sequence or by interacting 

with the Oct-2 protein (Phillips et al., 2007). ZNF593 shares more than 40% 

sequence identity (over 30 residues in the zf domain) with ZFY peptide (Fig. 4-34). 

Moreover, the tertiary structure of its zinc finger domain resolved by NMR 

spectroscopy (Hayes et al., 2008) is very similar to that of the ZFY peptide 

(Kochoyan et al., 1991b). Both of them have the ββα-helix topology common to the 

classical Cys2His2 zf. Due to the high similarity between the ZFY peptide and the zf 

domain of the ZNF593 protein, not only in sequences but also tertiary structures, 

there was a fair chance that the aptamers raised against the ZFY peptide could also 

recognize the similar zf domain in the ZNF593 protein.  

The ZNF593 protein was purchased from Geneway (USA) as his-tagged 

fusion protein. Purity and integrity of the protein was evaluated by SDS-PAGE on a 

15% gel (Fig. 4-35). ZNF593 migrated slightly slower than expected, but 

corresponded to the approximate size of 17 kD according to the manufacturer’s 
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instruction. Purity of ZNF593 protein was estimated based on the SDS gel image by 

Quantity One (BioRad) and was assessed to be > 86% homogeneous.  

 

   
 

Figure 4-34 Sequence Comparison in the zf domains of ZFY and ZNF593. Conserved 

positions are colored where the metal-coordinated residues (red) and hydrophobic residues 

(purple) are located. Other identical amino acids are indicated in green cycles. 

 

Binding studies were performed by the nitrocellulose filter binding assays. First 

of all, binding of the ZNF593 protein to the nitrocellulose filters was evaluated 

qualitatively. The nitrocellulose filter (0.45 μM) loaded with ZNF593 protein (36 pmol) 

was washed three times with binding buffer and finally eluted by SDS loading buffer 

with heating. The result in Figure 4-35 shows that the ZNF593 protein was not 

present in any of the washing fractions. It was only detected in the fraction which was 

eluted by SDS from the resultant filter. This indicates that the ZNF593 protein bound 

to the filters successfully.  

Binding affinities of the best ZFY-binders I(B15), I(R18) and I(R14) were 

determined to the ZNF593 protein. In comparison, the enriched pool against ZFY and 

random ssDNA pool served as controls. The binding curves of aptamers I(B15), 

I(R18), I(R14), enriched pool and random ssDNA pool are shown in Figure 4-36. The 

results of their binding constants to the ZNF593 protein are compared in Table 4-9 

with those to the ZFY peptide.  
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Figure 4-35 Analysis of fusion ZNF593 protein and the determination of its binding to 

nitrocellulose filter. Lane 1: protein ladder. The sizes of the molecular mass standards 

(Roth) are indicated on the left of the figure. Lane 2: fusion ZNF593 proteins (0.5 μg). Lane 

3-5: E0, E1 and E2 are the washing fractions. Lane 6: E3 is the eluted fraction from filter by 

SDS. The samples were resolved on a 15% SDS-PAGE gel and the gel was stained with 

Coomassie Blue.  

 

As mentioned above, aptamer I(B15) was determined to be one of the best 

binders to the ZFY peptide and did not bind to the GLI peptide or BSA. It exhibits a 

KD of 154 nM to the ZFY peptide. The results here show that aptamer I(B15) bound 

to the ZFY-related ZNF593 protein with a KD of 290 nM. Interestingly, it was observed 

that the random ssDNA pool bound also to ZNF593 protein with a KD of 908 nM. 

Variant I(R14) and the enriched pool exhibited affinities with KDs of 863 nM and 

644  nM to ZNF593, lower than that of the random pool. Another of the best peptide 

binders, I(R18), bound to ZFY peptide with a KD of 160 nM, however, bound to the 

ZNF593 protein with a much lower affinity (KD of ~3.5 µM). Therefore, aptamer I(B15) 

is the only variant, which exhibits high and comparable binding affinities to both the 

ZFY peptides and also the ZNF593 protein. It has clearly improved affinity to 

ZNF593, than the bulk of the random sequences in the library.  

 

 

 

 



Results 

89 

 

 

 

 

Table 4-9 Summary of the binding affinities to ZNF593 protein in comparison with 

those to ZFY peptide. 

 

Clones KD to ZFY (x10-7 M) KD to ZNF593 (x10-7 M) 

I(B15) 1.54 ± 0.41 2.90 ± 0.47 

I(R18) 1.60 ± 0.22 ~34.53 ± 8.90 

I(R14) 2.00 ± 0.21 ~8.63 ± 3.29 

Enriched pool against ZFY -* 6.44 ± 0.69 

Random ssDNA pool   n. d. * ~9.08 ± 3.31 

                       * ‘-’: not measured; n. d.: not detectable. 

 

 

Figure 4-36 Plots of the binding 

affinities of the ZFY peptide-binders 

to ZNF593 protein. Each line 

represents the best fit for formation of 

a simple bimolecular complex (R 

values of 0.9988, 0.9981, 0.9958, 

0.9995 and 0.9923).  
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4.7 Employment of Selected Aptamer 

 

In the later application of the aptamers against zf proteins, it could be very 

useful to apply them as specific molecular DNA probes for the recognition of zf 

targets from a more complex mixture, e.g. a cell extract. The diagnosis of zf targets in 

cell extract will distinguish different types of cells, such as normal vs. tumor cells. In 

this work the aptamer I(B15) served as a model for affinity captures of zf proteins 

from HeLa cell extracts. The aptamer-bound fragments were analyzed by western 

blotting and MALDI-TOF-MS.  

 

4.7.1  Designs of Aptamer Affinity Capture Assays  

Affinity capture assays by aptamer I(B15) were designed for nuclear and 

cellular extracts of HeLa cells. Aptamer I(B15) was immobilized on a Neutravidin 

affinity column, in order to partition the bound proteins from the cell extracts. Two 

affinity capture assays, methods No. 1 and 2, were designed for nuclear extracts as 

discussed in the methods section. A brief schematic description of the affinity 

captures is illustrated in Figure 4-37. 

In the direct capture (method No. 1) from nuclear extract of HeLa cells, the 

aptamer-bound proteins were eluted by SDS loading buffer. A short oligonucleotide 

(20 nt) instead of aptamer I(B15) served as a parallel control. In the competitive 

capture (method No. 2) from nuclear extract, the chances to capture specific binding 

proteins were raised using excess DNA probes to ensure a complete pull-down. The 

binding buffer contained 0.125 μg/μl poly(dI-dC) to reduce unspecific binding 

between proteins and polynucleotides. To occupy unspecific binding sites on the 

matrix 0.6 μg/μl BSA was used in the binding buffer. In addition, pre-incubation was 

performed to exclude matrix-binding proteins. After incubation and wash, the 

aptamer-bound proteins were eluted with a biotin solution.  

Cell extracts of HeLa cells were also utilized as a protein mixture for affinity 

captures by the aptamer. Since cell extracts have more unspecific binding proteins 

than nuclear extracts, only the competitive capture assay (method No. 2) was applied 

to cell extracts. Additionally, the binding buffer contained 0.1 μg/μl poly(dI-dC), 

0.05  μg/μl random ssDNA pool and 0.6 μg/μl BSA as competitors.  
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Fig. 4-37 Schematic description of the designs of the affinity capture assays. 

 

4.7.2 Protein Preparation, Immobilization and Elution of Biotinylated ssDNA  

Nuclear and cell extracts of HeLa cells were prepared as described in the 

methods section and Figure 4-38 illustrates their electrophoretic profiles.  
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The affinity capture assays were performed using Neutravidin agarose gels to 

immobilize biotinylated ssDNAs. The immobilization efficiency was evaluated to load 

80 pmol DNA pool on 120 μl gels. The wash fractions were analyzed on a 10% 

denaturing polyacrylamide gel (Fig. 4-39). The result shows that no ssDNAs was 

detected in any of the wash fractions. It indicates that all the ssDNAs were 

immobilized successfully on the Neutravidin agarose gels.  

 

    
 
 
Subsequently, the elution efficiency of biotinylated aptamers from the 

Neutravidin agarose gels was evaluated by an affinity capture assay. The biotinylated 

I(B15) (10 pmol) was incubated with 16 μg nuclear extract. Finally, aptamer I(B15) 

was eluted consecutively with 1.9 mM biotin solution, SDS loading buffer and 5 M 

urea. In the first elution, the competition between the excess biotins and the 

Figure 4-39 Immobilization of 

ssDNA on Neutravidin agarose 

gel. Lane 1: input of ssDNA pool 

(80 pmol); Lane 2: third supernatant 

after wash; Lane 3: second 

supernatant after wash; Lane 4: first 

supernatant directly after 

incubation. The gel was stained with 

ethidium bromide and the position 

of the ssDNA (90 nt) is marked by 

an arrow.  

Figure 4-38 Electrophoretic 

profiles of nuclear extract (NE) 

and cell extract (CE) of HeLa 

cells. Proteins were separated on 

8% SDS gel and stained with 

Coomassie Blue. Lane 1: ~7 μg 

CE; Lane 2: ~21 μg CE; Lane 3: 

~5  μg NE; Lane 4: protein ladder. 

The sizes of the molecular mass 

standards (Roth) are marked on the 

right of the figure. 
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biotinylated ssDNAs led to the release of the biotinylated aptamers from the 

Neutravidin gels. Proteins that bound to ssDNA aptamers were eluted together with 

the biotinylated aptamers; whereas proteins bound unspecifically to the matrix 

material could still retain on the gels. This mild elution method reduces the number of 

unspecific binding proteins. Afterwards SDS and urea denatured and eluted all 

retained proteins including unspecific binding proteins. The result in Figure 4-40 

shows that the majority of the immobilized ssDNAs were eluted successfully by 

excess biotin (lane 2). Moreover, degradation of ssDNAs by nucleases could not be 

observed in the assays. Therefore, these results indicate that the aptamer I(B15) can 

be used as a model in the affinity capture assays for cell or nuclear extracts of HeLa 

cells.  

 

              

 

 

4.7.3 Identification of ZFX Transcription Factor by Western Blotting  

Aptamer I(B15) binds to the ZFY peptide, which is derived from the domain 6 

of the ZFY transcription factor. ZFX is a homologue of ZFY on the X chromosome. In 

the acidic domain there is 87% sequence identity between ZFY and ZFX, while in the 

zf domain this value rises to 97% (Palmer et al., 1990). In the domain 6, there is only 

one amino acid difference. If aptamer is raised to bind the ZFY peptide of domain 6, it 

has a fair chance that it binds to the whole ZFY protein. Because of the high similarity 

of ZFY and ZFX, the aptamer can be expected to bind to the ZFX protein as well. 

Figure 4-40 The elution efficiency 

of the biotinylated ssDNA aptamer 

from the Neutravidin agarose gel. 

Lane 1: 10 pmol aptamer I(B15); 

Lane 2: first elution from aptamer 

I(B15) resin by biotin; Lane 3: second 

elution by SDS; Lane 4: third elution 

by urea. The samples were analyzed 

on a 10% denaturing polyacrylamide 

gel and the gel was stained by 

ethidium bromide. The position of the 

aptamer I(B15) is marked by an 
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Since ZFX is expressed in a very low amount in HeLa cells, the aptamer-bound 

proteins in the affinity capture assays were first analyzed on an SDS-gel followed by 

western blotting with ZFX-specific serum. 

To confirm the expression and extraction of the ZFX, the native nuclear and 

cell extracts were analyzed by western blotting with the anti-ZFX antibodies in the 

presence of a positive control of denatured cell total lysate. Anti-ZFX serum was 

obtained from Dr. Boris Reizis (CUMC, USA). It was raised in rabbit against the ZFX 

N-terminal acidic transcriptional activation domain (AD). The western blot in Figure  

4-41 confirms the expression of ZFX in HeLa cells and the extractions of ZFX in the 

native nuclear and cell extracts used for the affinity captures. However, the 

efficiencies of the extractions of ZFX are low, especially for the cell extracts.  

        

         
 

Figure 4-41 The expression and extraction of ZFX transcription factor analyzed by 

western blotting with anti-ZFX antibodies. Lane 3: denatured cell total lysate (CTL); Lane 

1: native cell extract (CE); Lane 2: native nuclear extract (NE). The position of ZFX is 

indicated by an arrow.  

 

The aptamer-bound fractions of nuclear proteins in the direct and also 

competitive affinity captures were blotted by the anti-ZFX antibodies to analyze if 

ZFX was isolated from the nuclear extracts. The blot was incubated with anti-ZFX 

overnight (1:15000 dilution) and with a secondary GAR-HRP antibody (1:10000 

dilution) for another 1 h. However, ZFX was identified in neither of the aptamer-

bound fractions of nuclear proteins (data not shown). Even employing higher 

concentrations of the both antibodies up to 1:5000 dilution, no ZFX was detected in 

any fraction of aptamer-bound proteins (Fig. 4-42).  
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Figure 4-42 Western blotting of aptamer-bound proteins obtained from the affinity 

captures of nuclear proteins from HeLa cells using anti-ZFX serum. Lane 1: denatured 

cell total lysate (CTL); Lane 2: aptamer-bound proteins in the direct capture (method No.1); 

Lane 3-5: aptamer-bound proteins (first, second, third eluted fractions) in the competitive 

capture (method No. 2). The blot was incubated by increased concentrations of the both first 

and secondary antibodies (1:5000). The position of ZFX is marked by an arrow.  

 
 

The detection of ZFX by western blotting in the aptamer-bound nuclear 

proteins might have been unsuccessful because of inefficient extraction and low 

abundance of ZFX. For the affinity capture assays by aptamer, cell or nuclear 

proteins were prepared as native proteins. The amount of ZFX extracted is limited by 

numbers of cells and the efficiency depends on the extraction methods. In general, it 

is very difficult to withdraw such small amount of proteins from cell debris. The cell 

pellets after nuclear extraction and cell total extraction were analyzed by western 

blotting using anti-ZFX serum. The result in Figure 4-43 demonstrates that ZFX 

proteins were not extracted completely and large parts were retained in cell pellets. 

Many efforts were made to increase the extraction efficiency of native ZFX proteins 

from HeLa cells. However, they failed to obtain a better yield (data not shown).  

 

 

   

 
 

 

 

 

Figure 4-43 The presence of ZFX in 

resultant cell pellets. Lane 1: denatured 

cell total lysate (CTL); Lane 2: cell pellet 

(CP) after nuclear extraction (NE); Lane 3: 

cell pellet (CP) after cell total extraction (CE). 

The position of ZFX is indicated by an arrow.  
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4.7.4 Identification of Aptamer-Bound Proteins by MALDI-TOF-MS 

Cell extract of HeLa cells was used for the affinity capture assays by the 

aptamer I(B15) as described in the methods section. HeLa cell extract (1 mg) was 

pre-incubated with the random ssDNA pool-resin. Subsequently, the supernatant was 

added to the aptamer I(B15)-resin. Several major bands from the main elution by 

biotin were excised and identified by MALDI-TOF -MS as nucleolin, restin and SND1 

(Fig. 4-44). However, no zf protein was found in this affinity capture assay with cell 

total extract.  

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 4-44 (A) Affinity capture of cellular proteins by aptamer I(B15). Electrophoretic 

profiles of the proteins are shown, which were captured on the Neutravidin agrose gels in 

aptamer-‘column’ (Lane 2-4 correspond to the third, second and first elution of bound 

proteins from aptamer I(B15) resin by urea, SDS and biotin). Lane 1: supernatant direct after 

the incubation in aptamer-‘column’; Lane 5: 23 μg cell extract. Molecular weight marker is 

shown and the selected proteins (I, II, III, IV) were indicated by arrows. (B) Identification of 

the selected proteins in the affinity capture from cell extracts by MALDI-TOF-MS. The 

calculated (Mcal.) and the apparent molecular masses (Mapp) are given. * n.i.: not identified 

 

The direct affinity capture (method No. 1) from nuclear extracts of HeLa cells 

was also performed using aptamer I(B15). The bound proteins on the Neutravidin 

agrose gels containing the aptamer or the control oligonucleotide (20 nt) were 

separated on a 8% SDS gel (Fig. 4-45 A). Several major bands from the aptamer-

bound proteins were excised, digested by trypsin, and identified by MALDI-TOF-MS. 

Data were used for peptide mass fingerprintings (PMF). Fragment ion spectra were 

Nr. Protein Mcal 

(kDa) 

Mapp 

(kDa)

I Restin 161 ~150 

II SND1 103 ~120 

III Nucleolin 77 ~115 

IV n. i.* - ~80 

A B
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taken for a Mascot program search of the Swissprot databases. The identified 

proteins are listed in Figure 4-45 B. Two of them are zinc finger proteins. However, 

most of the other identified proteins are unspecific nucleic acids binding proteins. The 

Mascot scores calculated for Matrin-3 and TAFII68 are 140 and 88 respectively, 

which indicate that the searches matched significantly. The MS spectra for peptide 

mass fingerprintings of zf proteins, matrin-3 and TAFII68, are shown in Figure 4-46.  

 
 

 

 

  

 

 

 

 

 

 

 

Figure 4-45 (A) The direct affinity capture (method No. 1) of nuclear proteins by 

aptamer I(B15). Electrophoretic profiles of the proteins are shown, which were captured on 

the Neutravidin agrose gels with aptamer I(B15) (lane 4) and an oligonucleotide control (lane 

2). Lane 1: molcecular weight marker; Lane 3: 10 μl unbound nuclear proteins in the first 

supernatant (sup.). Lane 5: ~15 μg nuclear extract. The selected proteins (I, II, III, IV, V) were 

indicated by arrows. (B) Identification of the selected proteins in the direct affinity 

capture (method No. 1) from nuclear extract by MALDI-TOF-MS. The calculated (Mcal) 

and apparent molecular masses (Mapp) are given. The zf proteins identified are underlined. 

 

In the competitive affinity capture (method No. 2) from the nuclear extracts of 

HeLa cells, the bound proteins on the Neutravidin agrose gels containing aptamer 

I(B15) or random ssDNA pool were separated on a 8% SDS gel. The electrophoretic 

profiles of the eluted proteins are shown in Figure 4-47 A. The background proteins 

were much less, which indicates that unspecific binding was reduced by the 

improved conditions mentioned under 4.7.1. Several major bands from the eluted 

fractions by biotin and SDS were excised and identified by MS. Subsequently, data 

were used for peptide mass fingerprinting. The results are given in Figure 4-47 B. 

 

A B

Nr. Protein Mcal 

(kDa) 

Mapp 

(kDa) 

I DNA-PK 474 > 250 

II Filamin-A  

Spectrin  

283 

285/275 

> 250 

III Matrin-3 95 ~105 

IV α-Actinin-4  

Splicing factor 

105 

76 

~100 

V TAFII68 62 ~80 
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Two proteins were identified as zinc finger proteins. The MS spectra for peptide mass 

fingerprintings of proteins TAFII68 and TLS are shown in Figure 4-48 and the Mascot 

scores were 163 and 86 respectively, which indicate the searches matched 

significantly. The zf protein TAFII68 was also identified in the direct affinity capture 

(method No. 1) from the nuclear extract. In comparison, two bands (V and VI) were 

excised from the bound fraction of random ssDNA pool-‘column’ (Fig. 4-47 lane 8). 

These bands are in the corresponding positions where the two zf proteins were 

identified from aptamer I(B15)-‘column’ (lane 4 and 5). However, no zf proteins were 

detected from this control capture assay using the random ssDNA pool.  

 

 

 

 
 

Figure 4-46 (A) MALDI-TOF-MS identification of Matrin-3. Protein band III (Fig. 4-45) was 

identified as Matrin-3 (Mass: 95 kD) with a Mascot score of 140. (B) MALDI-TOF-MS 

identification of TAFII68. Protein band V (Fig. 4-45) was identified as TAFII68 (Mass: 

62  kD) with a Mascot score of 88. 

A 

B 
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Figure 4-47 (A) The competitive affinity capture (method No. 2) of nuclear proteins by 

aptamer I(B15). Electrophoretic profiles of the proteins are shown, which were captured on 

the Neutravidin agarose gels in aptamer-‘column’ (Lanes 4-6 correspond to the first, second 

and third eluted fractions by biotin, SDS and urea) and in random pool-‘column’ (Lanes 8-10 

show the corresponding elution fractions). Lane 1-3: unbound fractions washed from 

aptamer-‘column’; Lane 7: 10 μg nuclear extract of HeLa cells; Lane 11-13: washed fractions 

from random pool-‘column’; Lane 14:  molecular weight marker; The selected proteins (I, II, 

III, IV, V, VI) were indicated by arrows. (B)  Identification of the selected proteins in the 

competitive affinity capture (method No. 2) from nuclear extracts by MALDI-TOF-MS. 

The calculated (Mcal) and apparent molecular masses in gel (Mapp) are given. The zinc finger 

proteins are underlined.* n. i.: not identified.  

 

Several zinc finger proteins were identified by the affinity captures of nuclear 

proteins from HeLa cells, using aptamer I(B15) as a model. Two zf proteins were 

identified in the direct affinity capture assay (method No. 1). One of them was protein 

Matrin-3. It has the classical Cys2His2-type zf. The other identified zf protein was the 

TATA-binding protein-associated factor 2N (also called TAFII68 or RBP56). It 

belongs to the Cys2Cys2-type zinc finger of RanBP2 family. Furthermore, two zf 

proteins were identified in the competitive affinity capture assay (method No. 2) by 

Nr. Protein Mcal (kDa) Mapp (kDa) 

I TAFII68 62 ~80 

II TLS 54 ~60 

III hnRNP K 51 ~56 

IV DBPB 36 ~40 

V n. i.* - ~70 

VI BSA 66 ~60 

A 

B 
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aptamer I(B15). One was again protein TAFII68. The other one was protein TLS. TLS 

has a similar Cys2Cys2-type zinc finger of RanBP2 family as the protein TAFII68.  

 

            

 

  

 

Figure 4-48 (A) MALDI-TOF-MS identification of TLS. Protein band II (Fig. 4-47) was 

identified as TLS (Mass: 54 kD) with a Mascot score of 86. (B) MALDI-TOF-MS 

identification of TAFII68. Protein band I (Fig. 4-47) was identified as TAFII68 (Mass: 62 kD) 

with a Mascot score of 166. 

 

A 

B 
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These three zf proteins were mentioned in the introduction section under 

1.1.3. The primary structures of the zf domains in proteins TAFII68 and TLS share 

extensive 62.5% sequence similarity. Their degree of homology with the zinc finger 

domain in protein Matrin-3 is low. However, the zinc binding residues in all three 

sequences are highly conserved. In addition, they all have a hydrophobic residue 

(phenylalanine) flanking the metal binding site (Fig. 4-49 A). In comparison with ZFY, 

against which aptamer I(B15) was selected, the zinc finger domain in the identified 

nuclear protein, Matrin-3, has more than 30% sequence identity. The other two zf 

domains in proteins TAFII68 and TLS, have ~20 % sequence identity with ZFY 

(Fig.  4-49 B). 

 

A 

Matrin-3 zf         FYCK--LCS--LFYTNEEVAKNTHCSSLPHYQKLKK 
TAFII68 zf      KSGDWVCPNPSCGNMNFARRNS-----CN---QCNEPRPE 
TLS zf          RAGDWKCPNPTCENMNFSWRNE-----CN---QCKAPKPD 

 
 
B 

ZFY zf             KTYQCQYCEKRFADSSNL-K-THIK-TKHS-KEK 
Matrin-3 zf         FY-CKLCSL-FYTNEEVAKNTHCSSLPHYQKLKK 
Consensus            Y C  C   F       K TH     H  K K 

 
ZFY zf          KT---YQCQY--C-EKRFADS-SNLKTHIK-TKHS-KEK 
TAFII68 zf      KSGDWV-CPNPSCGNMNFARRNS----CNQ---CNEPRPE 
Consensus       K      C    C    FA   S    
 
ZFY zf             KTYQCQY--CEKR-FADS-SNLKTHIK-TKHSKE-K 
TLS zf           RAGDWKCPNPTCENMNFSWRNE----CNQ---C-KAPKPD 
Consensus              C    CE   F                 K  K 

 

Figure 4-49 (A) Sequence comparison of the zf domains of the proteins identified in 

the affinity capture assays by aptamer I(B15) from nuclear extracts of HeLa cells. The 

nucleotides in bold are conserved in all three sequences. The underlined nucleotides are 

identical in proteins TAFII68 and TLS. (B) Sequence analyses of the zf domains in 

proteins Matrin-3, TAFII68 and TLS in comparison with ZFY respectively. Consensus 

amino acids are indicated.  
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5 Discussion  

 

Early detections of tumors are perhaps the most promising and feasible 

means to reduce disease and cancer deaths in a foreseeable future, since the 

development of new therapeutic strategies remains challenging. Researchers are on 

the way to develop efficient diagnostic tests targeting potential biomarkers. Over the 

past decades, many multifunctional transcription factors containing zinc fingers have 

been found to be implicated in human diseases including cancer. Zinc finger 

transcription factors dosage is critical at certain times in development and they are 

often overexpressed or underexpressed in tumors. Therefore, employing zinc finger-

specific diagnostic tests will certainly make early detection approaches feasible. 

Some efforts had already been made to achieve specific molecular probes for 

recognizing zinc finger proteins, e.g. using different antibodies. However, as 

discussed in the introduction section, high-affinity oligonucleotides for zinc fingers 

had not been paid much attention till now, although they may be more suitable 

candidates as diagnostic tools due to their multiple advantages.   

 

 

5.1 Analysis and Characterization of Targets 

 

In this work two variants of the single Cys2His2 zf motifs, ZFY and GLI, were 

chosen as targets of interest. Both of them belong to the Krüppel family of the 

Cys2His2–type zinc finger protein. To date, a selection of oligonucleotides binding 

with high affinities against a single zinc finger has not been demonstrated yet. In 

addition, the comparison of these two different selection results could be helpful to 

understand the binding mechanisms of zf structures in general.  

An important point for a successful enrichment of DNA molecules is the 

homogeneity and the proper conformation of target peptides. Cys thiol groups in 

proteins in general and zinc finger domains in particular are sensitive to oxidative 

damage and readily form disulfide bonds. In this work, the reagent Tris(2-

carboxyethyl)phosphine (TCEP) was used to reduce oxidized peptides (Burns et al., 

1991; Han and Han, 1994; Getz et al., 1999). The HPLC results show that the single 

zf is susceptible to be oxidized due to the disulfide bonds and the reduction of zf 
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could be successfully achieved by TCEP. Care still had to be taken to prevent re-

oxidation of reduced peptides after preparative HPLC.  

The integrity of the zf peptides was confirmed by MALDI-TOF-MS. The 

experimentally found monoisotopic mass corresponded to the calculated 

monoisotopic average mass. To examine cys redox reactions, it was necessary to 

perform isotope cluster analysis using the mass accuracy and resolution of the TOF 

mass analyzer. These results demonstrate that the peptides had the expected 

masses; they were reduced successfully by incubation with 10-fold molar excess of 

TCEP for 1 hr at room temperature and they were then ready for metal coordination.  

To confirm the tetrahedral metal coordination, the conformation of the peptides 

was determined by CD in the presence or absence of Zn2+ ions. When the cys-

containing finger structure folds around the Zn2+ ion, a protective pocket is formed 

resulting in no added redox stress on the cys residues. Metals with filled d-orbitals 

such as Zn2+ ions do not exhibit redox chemistry and are excellent metals for 

stabilizing the fold of domains containing cys residues (Larabee et al., 2005). The 

dissociation constants of Zn2+-binding could be demonstrated in the picomolar to 

nanomalar ranges (Pedone et al., 1996; Kägi, 2001; Maret, 2002). In the present 

study the spectra of metal-free ZFY and GLI peptides were characterized as 

unstructured polypeptide backbones. Upon adding Zn2+ ions, dramatic changes could 

be observed in ZFY peptides, characteristic for α-helixes. These CD spectra were in 

agreement with the results described for zf peptides in many other studies (Weiss 

and Keutmann, 1990b; Omichinski et al., 1993; McColl et al., 1999; Bertola et al., 

2000; Bal et al., 2002; Kopera et al., 2004). The spectra of Zn2+-coordinated GLI 

were characterized as a relatively weak CD band. However, this was similar to what 

was reported in the literature for the second finger in TFIIIA and Xfin-31 Zn2+-

coordinated domain (Frankel et al., 1987; Nedved and Moe, 1994). The CD spectra 

characteristics of secondary structure of helical conformation were not apparent. 

Presumably, contribution to the CD spectrum of reverse turns, the cluster of aromatic 

amino acids and the zinc complex, decreased the apparent magnitude of helical CD 

spectrum. However, there were significant changes at 200 nm and 205 nm.  

The peptide secondary structure deconvolution was calculated by the PEPFIT 

program (Poschner et al., 2007). It is well known that CD spectra of polypeptide 

backbone could be distorted by unknown contributions of various side chains. Even 

the unstructured polypeptides are more far away being random. The intensity of the 
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helical CD spectrum is also length-dependent. Therefore, such calculation is referred 

to as an estimation. However, we could observe the trend of the Zn2+-denpendent 

folding transitions. The estimated secondary structure contents of metal-free peptides 

ZFY and GLI were very similar, characteristic of unstructured polypeptide backbones. 

Upon adding Zn2+ ions, the secondary structure contents of Zn2+-coordinated ZFY 

peptides exhibited significant changes, characteristic of helical conformations. This 

trend was less pronounced for GLI peptides, but it still could be observed.  

All these characterization results demonstrate that Zn2+-coordination led to a 

proper folding of the peptides. Just prior to each selection, Zn2+-coordinated peptides 

were prepared freshly. Care had to be taken when adding excess reducing reagent, 

adding excess zinc ions, reducing air-exposure time and keeping low temperature to 

avoid re-oxidation. A 10-fold molar excess of TCEP was used to reduce peptides and 

Zn2+ ions were added in a 2.5-fold molar excess to the reduced target peptides. In 

addition, micromolar to millimmolar ranges of Zn2+ ions and the proteins that bind 

them are found in cells, which also contain small pools of free Zn2+ (Larabee et al., 

2005). Therefore, Zn2+ ions (50 µM) were used in the SELEX buffer during selection. 

All reduced peptides should have formed correct tetrahedral ββα-structures in the 

presence of an excess of Zn2+ ions. Moreover, cells are known to have many proteins 

which have the ability to act as reducing agents (thioredoxins, metallothioneins, and 

other cys-rich zf proteins). Therefore, TCEP (0.6 mM) was also applied to the SELEX 

buffer for providing a reducing environment during the whole selection. The use of 

TCEP in in vitro studies may aid in mimicking the reducing environment present in 

cells (Larabee et al., 2005). These efforts could thus enhance the integrity of the 

target peptide and therefore the likelihood of successful selections.   

 

 

5.2 In vitro Selection  

 

In this work, the in vitro selection conditions were designed and optimized. 

First of all, the diversity of an oligonucleotide library is very important for the 

selection, because increasing numbers of different oligonucleotides enhance the 

likelihood of the presence of molecules with high affinities to the targets. The diversity 

is determined by the length of the randomized domain and the number of molecules 

present in the library (Gold et al., 1995). The original DNA template generated in this 
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work by chemical synthesis was 90 nucleotides, with a random region of 50 

nucleotides (N50). After the amplification 4.86 nmol ssDNA molecules containing 1.45 

x 1015 different sequences were applied for selection.  

In addition to pool complexity, stringency of the selection is certainly an 

important point. Typically, in an in vitro selection experiment, stringency is 

progressively increased in the course of a SELEX process (Stoltenburg et al., 2007). 

It was achieved by several ways in this work. Firstly, the molar ratio of ssDNAs to 

target peptides started with 2:1 in the first two rounds and increased to 4:1 in later 

cycles. Since the fraction of strong binders increases with the number of selection 

rounds, the risk of eliminating them is greatest in the early rounds of the procedure. It 

is therefore common to start with a higher protein to oligonucleotide ratio at the 

beginning of the experiment, but then decreases this ratio as the number of 

performed rounds increases (Djordjevic, 2007). Secondly, pre-selection against the 

matrix alone was performed from the second cycle, since counter-SELEX against the 

partitioning matrix can be important (Gold et al., 1995). This helped to reduce the 

number of the background binders, which partition without facilitation by the protein 

target. Thirdly, the partitioning matrix was changed from Neutravidin agarose gels to 

Streptavidin magnetic beads from round eight, since an alternative partitioning 

protocol could be also very helpful to reduce the target-nonspecific sequences (Gold 

et al., 1995). Fourthly, the concentration of potassium ions in the SELEX buffer was 

increased in the last several cycles. It is well known that proteins can interact with 

nucleic acids either specifically, or non-specifically. Specific interactions are based on 

hydrogen bonds and Van der Waals interactions, while unspecific interactions are 

due to electrostatic interactions alone (Djordjevic, 2007). This strategy of changing 

the concentration of potassium ions increased the stringency and reduced the 

number of unspecific binders.  

 

 

5.3 Characterization of Aptamers against Peptides 

 

In the first SELEX experiment, the GLI-binding sequences were enriched 

successfully after fourteen rounds of selection. From twenty-three sequenced clones 

there were seventeen with different sequences. The highly conserved common motif 

CM-1 (5’-GGACA-3’) appeared in all sequences. By detail analysis, these sequences 
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could be classified into five groups based on the conserved nucleotides, which are 

partly overlapping. Two further conserved motifs CM-2 (5’-TGAGC-3’) and CM-3 (5’-

CCTTTA-3’) occur each in three groups.  

Secondary structure predictions according to the Zuker algorithm provided 

stable structures. The conserved residues similarly folded in each group. 

Nevertheless, there are high homologies in the secondary structures of the 

conserved motifs among these groups. For instance, in all sequences the highly 

conserved GG nucleotides in the CM-1 motif are positioned in strong G-C base-pairs 

in stems of small hairpins and ACA are located in loops downstream. Out of the 

conserved motif CM-2 in almost all sequences of groups 1, 2 and 3, the nucleotides 

GAG are involved in base pairings in stems of the other small hairpins. In addition, 

the conserved motif CM-3 forms a small stem-loop with GG of the CM-1 motif in all 

sequences of groups 1, 4 and 5. In summary, the highly conserved motifs CM-1 and 

CM-2 in groups 1, 2 and 3 are located in the two stem-loop regions with the short 

loop in-between. In groups 4 and 5 the conserved motifs CM-1 and CM-3 are located 

in the small hairpin region followed by the loop and fold similarly as in group 1. These 

conserved common motifs in the secondary structures might be important for GLI 

binding.  

The binding constants of two of the best binders II(R09) and II (R16) to GLI 

were determined to be 1.0 x 10-6 and 1.7 x 10-6 M. However, the five zfs in GLI were 

characterized to bind to a 45-bp DNA fragment that contained the natural binding site 

with a binding constant of approximately 20 nM (Pavletich and Pabo, 1993). 

Therefore, the binding affinities of the aptamers in the present work are comparable 

with those of the peptide-binding aptamers in the literature, but much lower than 

those of the natural binding sites.  

In addition, the minimal motif (33 nt) designed on the basis of the highly 

conserved nucleotides in the predicted secondary structures did not bind to GLI 

specifically. This result might indicate that the binding sites of GLI aptamers might be 

multiple and not be able to be simplified in such a minimal motif containing only 

conserved nucleotides. It might also be possible that the long G-C stem makes the 

two small stem-loops in the minimal motif near each other much more tightly than in 

the full-length structures. This reason might thus lead to the loss of binding activity.  

Furthermore, the aptamer II(R09) and the enriched pool against GLI cross-

reacted with the other zf peptide target ZFY. The cross-reactivity to ZFY indicates 
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that these highly conserved GLI-binding sequences may not distinguish two different, 

but similar zf peptides. Such kind of cross-reactivity was also found by Ellington and 

his coworkers (1990) who identified some RNA ligands, which bound to different 

organic dyes. The authors guessed that these ligands might fail to discriminate 

between the different dyes or they bound to the matrix itself. In this work, the 

interaction between aptamers and GLI may possibly be sequence-dependent. The 

cross-reactivity might be due to the sequence-homology of ZFY and GLI. Another 

possibility may be that they bind to some conserved region in these zf peptide targets 

of the secondary or tertiary structures. As demonstrated by the characterization of 

the GLI peptide, the spectra of Zn2+-coordinated GLI showed a weak CD band. It may 

indicate that the GLI peptide was somehow less structured in the presence of Zn2+ 

and did not provide enough homologous conformational elements in solution. It was 

therefore difficult for DNA molecules to recognize an overall conserved binding site. 

This may have led to the aptamers with relative lower affinities but cross-reactivities 

to the other zf peptide ZFY.  

Moreover, the random ssDNA pool was observed to bind more weakly to the 

peptide when the concentration of the target peptide was increased to several 

micromolars (< 5 μM). The binding constant could not be measured accurately due to 

the low affinity and was therefore estimated to be more than 20 μM under these 

conditions. However, it is not surprising because it is well known that many zinc 

finger proteins interact with DNA or RNA unspecifically, for example, the binding 

constant of unspecific RNA binding to T4 DNA polymerase was reported to be about 

30 μM (Tuerk and Gold, 1990). Therefore, the estimated binding constants of the 

random pool to the peptides of this work are quite normal for unspecific DNA-protein 

interactions.  

In the second SELEX experiment, the ZFY-binding sequences were enriched 

successfully by fourteen rounds of selection. From thirty-three clones, sixteen 

different sequences were observed. Sequence analysis failed to give an overall 

conserved motif; however, it is not unusual for an SELEX procedure to yield sets of 

sequence unrelated high affinity ligands, because there are many completely 

different ways of creating specific binding sites for any given ligand (Ellington and 

Szostak, 1990; Bardeesy and Pelletier, 1998). These sequences observed in this 

study could be classified into six groups based on nucleotide conservation at specific 

residues. Among them, the sequences in group 5 were similar to those in the 
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enriched pool against GLI. The clone I(B24) was even identical with clone II(R09). 

The cross-reactivity of these sequences to both peptide targets has already been 

discussed above.  

The binding results of different metal ions on the enriched aptamers to ZFY 

showed that metal ion replacements in zinc fingers can lead to a number of effects of 

aptamers binding to the ZFY peptides. Effects of other heavy metal ion substitutions 

on other zinc finger domains have been observed with several other studies (Predki 

and Sarkar, 1994; Berg and Shi, 1996). Interestingly, Omichinski and his coworkers 

(1993) demonstrated that addition of Co2+ or Cd2+ ions to a small single-finger 

peptide from the ETF GATA-1, produced actively binding peptide-metal ion 

complexes with binding constants very similar to those obtained with the Zn2+ 

complex. In the present study, the results demonstrate that the binding of an 

enriched ssDNA aptamers to Zn2+-coordinated ZFY decreased to Co2+- or Cd2+-

cooridnated or also metal-free peptides. This indicates that metal-binding is critical 

for the interaction. The binding affinity to the Co2+-coordianted peptides was only a 

little lower than that to the Zn2+-coordinated peptides. This observation is in 

agreement with other studies that Co2+ folds the peptide in a fashion very similar to 

that of Zn2+ as determined by CD spectra, NMR analysis and EXAFS structural 

studies of XPA and XPA-MBD substituted with Zn2+ and Co2+ (Kopera et al.. 2004). 

However, the difference in binding to the Cd2+-coordinated and metal-free peptides 

was not so large in the present binding study. The reason might be that the Cd2+ 

complex was somehow less structured and Cd2+ may in addition also deform the zinc 

finger structure (Kopera et al., 2004). The CD spectra of Cd2+ complex had a 

decreased content of α-helix, as compared to Zn2+ and Co2+ complexes. These 

factors might be the reasons that the binding of the enriched pool to the Cd2+-

coordinated peptides was weaker than that to the Zn2+- or Co2+-coordinated peptides. 

Therefore, the effects of metal ion replacements on the enriched aptamers to ZFY 

indicate that the tetrahedral metal binding of the peptides is important for the high 

affinity binding.   

The secondary structures of the ZFY-binding sequences were predicted by the 

Zuker mfold program. Consensus secondary structures were analyzed in each group. 

In group 1, the conserved nucleotides TCTCGCGCG in both clones I(B15) and 

I(B12) are located on one side of a stem-loop region, of which CG and GCG are 

involved in stable G-C pairs. In addition, TCT are located in the loop and C is in the 
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small bulge in both structures. This conserved hairpin region might be component for 

ZFY binding. In group 2 it failed to identify consensus secondary structure on the 

basis of structure predictions by the Zuker mfold program. A further analysis on the 

conserved nucleotides in clone I(R18) reveals that they could form a G-quadruplex 

structure, which can not be predicted by available algorithm of secondary structure 

analysis. It can form two guanine tetrads connected by three loops. The G-

quadruplex might play an important role in ZFY-binding to clone I(R18), which was 

later analyzed by truncation studies. The sequences in group 3 are also G-rich and 

the conserved G-rich region might form a G-quadruplex. Moreover, both of the clones 

in group 4 were predicted to have very similar secondary structures. The nucleotides 

TGGAT ACGGT are highly conserved in the secondary structures, of which GGAT 

and CGGT pair with the nucleotides in 5’-primer region. In addition, the three clones 

in group 5 have similar secondary structures as the GLI-binding sequences. 

Interestingly, by further analysis of the positions of conserved residues on predicted 

secondary structures, a trend might be found in each group. That is, the ligand, in 

which more conserved residues are located in stems contributed by base-pairs and 

especially strong G-C base-pairs, has often higher binding affinity to ZFY in the 

binding tests.  

The further characterization of the ZFY-binding sequences revealed that they 

have much higher binding affinities to ZFY, than the GLI-binding sequences to GLI. 

The binding constants of the best binders from each group were determined to be 

154-2000 nM. It has repeatedly been reported that peptide binders with high affinities 

were difficult to obtain (Nieuwlandt et al., 1995; Bardeesy and Pelletier, 1998; 

Beuckelaer et al., 1999; Kawakami et al., 2000). Even though small peptides are 

attractive therapeutic targets, few peptides have been successfully used as target 

molecules for selections. Peptides are difficult targets for molecular recognition 

because they often adopt different conformations and lose their entropy upon binding 

to the aptamer (Gold et al., 1995). Therefore, the binding affinities of the ZFY-binding 

aptamers are comparable to those reported for other aptamer-peptide interactions. 

Two of the best binders identified in the present study, I(B15) and I(R18), were 

characterized in further detail. Aptamer I(B15) bind to ZFY with a KD of 1.5 x 10-7 M. 

As discussed above, the conserved hairpin region (positions 24-40) as predicted by 

the Zuker mfold program may be component of the aptamer I(B15), which binds to 

the ZFY. Furthermore, the study of the effect of Zn2+ ions on the aptamer I(B15)-ZFY 
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interaction demonstrates that the binding was zinc-dependent. Such zinc-dependent 

binding was also found in several other studies between zfs and dsDNA (Sakaguchi 

et al., 1991; Predki and Sarkar, 1994; Pedone et al., 1996). Moreover, Jeong (2008) 

showed that the selected RNA aptamers can bind specifically to the nucleocapsid 

(NC) protein of the HIV-1 in a zinc finger motif dependent manner. These reports 

support the results in this work that the conformation of the zinc finger structure was 

critical for aptamer interaction. 

Another of the best binders, I(R18) from group 2, was determined to bind to 

ZFY with a KD of 1.6 x 10-7 M and was studied by truncation experiments. A 39-nt 

variant was truncated from the full-length sequence based on the stem-loop 

(including the G-rich region) as predicted by the Zuker program. A 27-nt variant was 

truncated based on the minimal G-quadruplex as predicted by the QuadFinder. The 

binding results demonstrate that both of these variants bind to ZFY, with weaker but 

comparable affinities as the full-length aptamer. However, the shorter purine-rich 

variant truncated from the 27-nt sequence did not exhibit any specific binding any 

more. These results suggest that the G-quadruplex structure might be necessary and 

important, but not sufficient for aptamer I(R18)-ZFY interaction. 

 

 

5.4 Functional Studies 

 

The aptamers were selected in this work against two peptides each containing 

a single zinc finger of ZFY and GLI transcription factors. Although the GLI-binding 

sequences have highly conserved nucleotides, they exhibit relatively lower binding 

affinities in the μM range. However, the binding affinities of the aptamers against ZFY 

were significantly higher (in the nM range). Therefore, the later functional studies 

were focused mainly on the ZFY-binding aptamers. 

Firstly, the peptide-binding aptamers were evaluated for protein binding. The 

attempt to overexpress the ZFY protein containing thirteen zinc fingers, however, 

failed, probably due to the complexity and large number of zfs. Still, within peptide-

binding sequences, some might recognize ZFY in a very specific way, while others 

might bind to conserved regions of similar zinc fingers. Therefore, as a proof of 

principle, ZFY-binding aptamers were tested whether some of them bound to a 

protein with the related Cys2His2 zinc finger, namely ZNF593. It shares more than 
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40% sequence identity in zf domain with ZFY. Hayes and his coworkers (2008) 

solved the solution structure of ZNF593 and the inspection of the analysis of 3D 

coordinates with other proteins in databases revealed significant identity with the ZFY 

peptide (Fig. 5-1). Therefore, ZNF593 protein is a proper target to be chosen as a 

related protein with a ZFY-similar zinc finger for binding studies. 

The results revealed that the aptamer I(B15) bound to the fusion protein 

ZNF593 with a KD of 2.9 x 10-7 M, which was comparable with that to the ZFY 

peptide. The another aptamer I(R18) had a much weaker interaction with a KD of 3.5 

x 10-6 M and this interaction with protein ZNF593 was significantly weaker than that to 

ZFY. The binding results indicate that the aptamer I(R18) would recognize ZFY 

specifically and that aptamer I(B15) may be able to recognize both peptide ZFY and 

protein ZNF593, and even other very related zinc finger proteins. As discussed in the 

introduction section, in nature TFIIIA binds to DNA in a primary sequence-specific 

manner, but binds to RNA based on conserved secondary/tertiary structure 

independent of the primary RNA sequence (Pieler et al., 1984; Pieler et al., 1986; 

Theunissen et al., 1992). Therefore, it is not surprising that in vitro selection leads to 

either sequence-dependent or structure-dependent high affinity molecules. However, 

aptamer I(B15) did not bind to the other zinc finger peptide GLI. The explanation may 

be that GLI may have a less ordered zf structure as was discussed in CD analysis 

under 5.1. 

Interestingly, under the buffer and salt conditions in this work a random ssDNA 

pool bound to ZNF593 protein unspecifically with a binding constant of approximately 

1 μM. The unspecific interaction is apparent, although 0.05 μg/μl tRNA was used in 

the binding buffer as non-specific competitor. However, there are several studies 

which reported that zinc finger proteins bind to polynucleotides non-specifically with 

binding constants of around 1 μM or less (Gauss et al. 1987; Lee et al., 1991; 

Schneider et al., 1992; Schneider et al., 1993; Kim et al. 2002; Kirthi and Savithri, 

2003; Djordjevic, 2007). In this work, aptamer I(B15) had clearly, but not significantly, 

improved affinity to protein ZNF593, than the bulk of the random sequences in the 

library.  

For later possible applications of selected aptamers, such as in diagnosis, a 

more complex mixture of proteins has to be analyzed. For example, it would be very 

useful to analyze cell extracts using aptamers for distinguishing different cell types, 

e.g. normal and tumor cells, by recognizing zinc finger proteins. This is, however, a 
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big challenge. Many efforts have already been described in the literature to capture 

and identify dsDNA-binding proteins from cell extract or nuclear extract (Nordhoff et 

al., 1999, Drewett et al., 2001; Gadgil et al., 2001, Forde and McCutchen-Maloney, 

2002; Deng et al., 2003; Yaneva and Tempst, 2003; Park et al., 2005). However, 

interactions of proteins with single-stranded oligonucleotides are more complex than 

protein-dsDNA interactions. This is due to the fact that interactions of proteins with 

single-stranded oligonucleotides in general significantly depend on secondary and 

tertiary structures. In addition, aptamer affinity chromatography has been described 

for the purification of a protein from conditioned cell culture media (Romig et. al., 

1999). Murphy and his co-workers (2003) describe first the successful application of 

aptamer affinity chromatography for one-step purification of the recombinant TTF1 

protein from E.coli lysate. However, no assay has been described till now for aptamer 

affinity capture of zinc finger proteins or transcription factors directly from eukaryotic 

cell extract or nuclear extract. In this work aptamer affinity capture assays were 

established for a complex mixture of proteins in cell extracts or nuclear extracts of 

HeLa cells, using biotinylated aptamer I(B15) immobilized on Neutravidin agarose 

gel.  

 

                          

 

Figure 5-1 Ribbon diagrams of ZFY target peptide (PDB code 7znf) and ZNF593 protein 

(PDB code 1zr9). Two cysteines and histidines coordinate with zinc ion. Hydrophobic 

residue (phenylalanine) flanks the zinc binding site.  
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It is assumed that transcription factors represent only 0.01-0.001% of the total 

cellular protein mass and that approximately 2000 genes encoding different 

transcription factor proteins are believed to be required by a functional human cell.  

Within the cell, or the nucleus of eukaryotic cells, the concentration of DNA is so high 

that the transcription factor proteins will be bound to DNA essentially all the times 

(see in Stormo and Fields, 1998). Thus to obtain a maximum amount of the 

transcription factor proteins from cell extracts, a high salt of 420 mM sodium chloride 

solution was used in the lysis buffer for dissociating DNA binding proteins from 

chromosomal DNAs.  

Firstly, ZFX transcription factor was expected to be captured by the ZFY-

aptamer I(B15) from the nuclear extract of HeLa cells. ZFY and ZFX proteins are 

very similar and nearly equal in size. In domain 6, from which the ZFY peptide used 

in this thesis was derived, there is only one amino acid difference between ZFY and 

ZFX. In this study the expression of the ZFX transcription factor in HeLa cells was 

confirmed by western blotting with anti-ZFX serum. However, no ZFX could be 

identified in the aptamer-bound proteins by affinity capture assays of the nuclear 

extracts of HeLa cells. The western blotting results show that ZFX retained largely in 

cell debris. It was quite a challenge to capture ZFX in the nuclear extract, since it 

existed only in a very tiny amount and faced also the competition by a large number 

of unspecific binding proteins. Identification of ZFX transcription factor by affinity 

capture directly from crude extract of cells has therefore proven to be very difficult.  

Secondly, the aptamer-bound proteins were partly identified by gel 

electrophoresis, followed by MALDI-TOF-MS. The captured proteins include usual 

abundant unspecific binding proteins as well as specific binding proteins. Two zinc 

finger proteins (TAFII68 and Matrin-3) were identified in a direct capture assay 

(method No. 1). However, the background of unspecific binding proteins was quite 

dominant. Since non-specific binding proteins were abundantly present and the 

stringency of the affinity capture was relatively low, it is not surprising that proteins 

that bind to nucleic acids in a non-specific manner may dominate on the DNA-binding 

site of the aptamer. Although it was impossible to completely avoid the unspecific 

binding of proteins, some means should be devised, to decrease the interaction level 

of unspecific binding proteins, and at the same time increase the detection level of 

specific binding proteins (Park et.al., 2005).  



Discussion 

115 

Subsequently, the unspecific-binding proteins were removed or reduced by 

adding unspecific competitors like 0.125 μg/μl poly(dI-dC), pre-incubating with 

immobilized random ssDNAs, and eluting with excess biotin solution. Indeed it was 

noticed that the background decreased clearly after such treatments were performed. 

Although the background proteins could be significantly reduced it was still not 

enough to permit the isolation of zinc finger proteins from the total cellular extracts. 

Therefore, the work was next concentrated on the nuclear extracts from HeLa cells. 

Indeed it was possible that two zf proteins could be identified in a competitive capture 

assay (method No. 2). For comparison, no zf proteins were identified in the control 

column immobilized with the random ssDNA pool. Thus the results indicate that the 

interactions of these zinc finger proteins with the aptamer exhibited some specificity. 

It is clear that the results obtained are encouraging enough to be continued.  

It is very interesting if one takes a closer look at the proteins which had bound 

to the aptamers generated in this study. The zinc finger proteins captured with the 

affinity experiments are Matrin-3, TAFII68 and TLS proteins. As already discussed in 

the introduction section under 1.1.3, protein Matrin-3 belongs to classical Cys2His2 

type zf (Matsushima et al., 1997) as ZFY, ZFX and ZNF593 proteins. Proteins 

TAFII68 and TLS belong to non-classical Cys2Cys2 type zf of RanBP2 family and 

share extensive sequence similarity of 74%. The sequences of these zf domains 

comparing with the ZFY peptide, against which the aptamer I(B15) was isolated, 

were analyzed as homologous common zinc fingers, but not with identical residues 

(Fig. 5-2). However, they all have at least two conserved cysteines in metal-binding 

residues and conserved hydrophobic residues flanking the metal-binding site. These 

residues and the zinc-coordinated complex might be necessary and important for 

interaction of the aptamer with zinc fingers. Moreover, structure alignments of 

proteins are more informative than alignments based on sequence only. Some 

proteins showed the great structural similarity even though they share few sequence 

identities. As discussed above, the experimental data (Kochoyan et al., 1991b; 

Hayes et al., 2008) revealed the highly similarity in tertiary structures between the zf 

domains of the ZFY peptide and the ZNF593 protein. However, the 3D structures of 

the zf domains in the Matrin-3, TAFII68 and TLS proteins have not been solved 

experimentally yet. Although the primary structures of these zf domains are not highly 

homologous to that of the ZFY peptide, these sequences might present very similar 
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secondary and tertiary structures. It is quite possible that the aptamer may recognize 

some structural features common to the zinc finger motif used in this study.  

 

 
 

Figure 5-2 Schematic diagram of the zf domains in the aptamer I(B15)-binding ZFY, 

ZNF593, Matrin-3, RBP56 and FUS. Conserved positions are marked that contain metal-

binding residues (orange) and the hydrophobic residues (blue).  

 

 

5.5 Applications and Outlook  

 

The aptamers selected in this thesis could be valuable new agent against zinc 

finger targets for diagnostic and even therapeutic applications. They could be 

employed to recognize zinc finger targets by affinity captures from extracts of 

different cell types, e.g. normal and cancer cells, followed by two-dimensional gel 

analysis and then protein identification. The zinc finger targets that may have 

different dosages in altered cells could be identified by aptamers and further studied 

as valuable biomarkers.  

Although dsDNA-zfs interactions are well understood, little is known about zfs-

RNA or –ssDNA interactions. In particular, the binding mechanism between a single 

zinc finger motif and ssDNA has so far not been investigated yet. Therefore, it would 

be better understood if the molecular structure of the complex of the isolated high 

affinity ssDNA ligand to zinc finger is solved by X-ray crystallography or NMR.   

In addition, the isolated ZFY or GLI binding sequences can be subjected in 

further experiments to another selection, to obtain zinc finger-binding aptamers with 

higher affinity and selectivity. A library of mutagenized DNAs could be constructed 

and additional variation can be introduced by error-prone PCR during the selection 
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rounds. Aptamers could be selected against other transcription factor containing a 

similar zf motif or a zf protein mixture. The selected aptamers with higher affinity can 

then serve as therapeutic probes for targeting the zinc finger transcription factors.  

Based on the proof of principle described in the present aptamer selection 

procedure, Spiegelmers with higher biostability can be designed for zinc finger target, 

since the mirror image of a small peptide can be synthesized chemically with 

unnatural building blocks. This may result in stable zinc finger-binding Spiegelmers 

for a variety of medical and diagnostic applications related to gene activity profiling.  
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6 Summary 

 

Zinc finger (zf) transcription factors are primarily involved in human diseases 

including cancer. Specific molecular probes that target zinc finger transcription 

factors may be useful for early detection and treatment of diseases. The high affinity 

and specificity of aptamers selected since the early 1990s have clearly demonstrated 

that these molecules have great potentials to meet these challenges.  

This work demonstrates for the first time that high affinity DNA aptamers can 

be isolated successfully to recognize a single zinc finger motif. They were selected 

against two zinc-coordinated peptides, each of which contains a single Cys2His2-type 

zinc finger motif of ZFY and GLI transcription factors, in two independent SELEX 

experiments respectively. The ZFY-aptamers have high affinities with KDs in 

nanomolar range to the ZFY peptide, while the GLI-aptamers exhibit binding activities 

with KDs of the micromolar range to the GLI peptide. Interestingly enough they show 

also significant binding affinities to the ZFY peptide. The binding motifs of these 

aptamers were defined by primary and secondary structural analyses, as well as by 

truncation experiments. Moreover, studies on the binding effects of metal ion 

replacements show that the zinc-coordinated tetrahedral structure is critical for the 

interaction. Subsequently, the aptamer I(B15) was determined to bind to the ZNF593 

protein containing a single zinc finger motif, which is highly similar to the ZFY peptide 

used in the in vitro selection. The binding affinity of the aptamer to the ZNF593 

protein is comparable with that to the ZFY peptide and it exhibits clearly improved 

affinities when compared to the random sequences of the starting library. Finally, 

affinity capture assays were established using the aptamer I(B15) for recognizing zf 

proteins from HeLa cell extracts and several zinc finger proteins were identified from 

the aptamer-bound nuclear proteins by MALDI-TOF-MS. The data presented also 

indicate that the aptamers may recognize some structural features common to the 

zinc finger motifs used in this study.  

Consequently, these selected DNA aptamers will help to better understand the 

interaction of single-stranded oligonucleotides with zinc finger proteins. Finally, this 
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thesis lays the basis for further work involving Spiegelmers or aptamers with higher 

affinities and biostablities to be used for the diagnosis and therapy of diseases, such 

as tumor diseases.  
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7 Zusammenfassung 
 
Zinkfinger(zf)-Transkriptionsfaktoren sind an einer Vielzahl von menschlichen 

Erkrankungen, unter anderem Krebs, beteiligt. Molekulare Wirkstoffe, die spezifisch 

gegen Zinkfinger-Transkriptionsfaktoren wirken, könnten für die Früherkennung und 

Behandlung dieser Krankheiten nützlich sein. Aptamere wurden seit den frühen 

1990er Jahren gegen eine Vielzahl von Zielstrukturen entwickelt und eigenen sich 

durch ihre hohe Affinität und Spezifität besonders zur Bewältigung dieser Aufgaben. 

Im Rahmen dieser Arbeit wurden erstmalig erfolgreich hochaffine DNA-Aptamere 

gegen ein einzelnes Zinkfingermotiv generiert. In zwei voneinander unabhängig 

durchgeführten SELEX-Experimenten wurden Aptamere gegen zwei Zink-

koordinierte Peptide erzeugt, wobei beide Peptide ein einzelnes Cys2His2

Durch diese Arbeit geben die hier entwickelten Aptamere ein Werkzeug, um ein 

besseres Verständnis über Wechselwirkungen von einzelsträngigen Oligonukleotiden 

mit Zinkfingerproteinen zu erlangen. Darüber hinaus können auf Basis dieser Arbeit 

Spiegelmere oder Aptamere gegen Zinkfinger-Transkriptionsfaktoren mit höherer 

Affinität und Biostabilität entwickelt werden. Diese würden in der Medizin von hohem 

Nutzen für diagnostische und therapeutische Anwendung sein. 

-Typ 

Zinkfingermotiv der ZFY- und GLI- Transkriptionsfaktoren enthielten. Die ZFY-

bindenden Aptamere weisen Dissoziationskonstanten im nanomolaren Bereich auf, 

während die gegen GLI selektierten Aptamere eine Bindung im mikromolaren 

Bereich zeigen und auch das ZFY Motiv binden. Mögliche Bindungsmotive der 

Aptamere wurden sowohl durch Primär- und Sekundärstrukturanalysen, als auch 

durch Verkürzungsstudien bestimmt. Aus den experimentellen Daten geht weiterhin 

hervor, dass die Zink-Koordinierten, tetraedrische Strukturen essentiell für die 

Interaktion sind. Es konnte gezeigt werden, dass das Aptamer I(B15) an das 

ZNF593-Protein bindet, welches ein dem ZFY ähnliches Zinkfingermotiv enthält. 

I(B15) hat zu ZNF593 eine vergleichbare Affinität wie zu ZFY und eine deutlich 

erhöhte Affinität im Vergleich zu den Zufallssequenzen der Ausgangsbibliothek. 

Ferner wurde ein Verfahren etabliert, bei dem unter Verwendung von dem Aptamer 

I(B15) zf-Proteine aus HeLa-Zellextrakten isoliert und anschließend durch MALDI-

TOF-MS identifiziert werden konnten. Diese Analyse lässt den Schluss zu, dass das 

Aptamer gemeinsame Strukturelemente der Zinkfingermotive erkennt. 
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9 Appendix 
 

9.1 Materials  
 
9.1.1 Devices and Consumption Materials 
 

Acute Wagon Mettler AC 88, DeltaRange® 
Agarose Gel Chamber BioRad, Italy 
Analytical Balance  Mettler AC 88 
Autoclave Sterico 500-D. 150 l 
Biacore X Biacore AB 
Cabinet Dryer Heraeus 
CD Spectropolarimeter J-600 Jasco 
Cool Centrifuge Model J2-21, Beckman 
Centrifuge Biofuge 13  Heraeus 
Centrifuge J2-21 Beckman 
Developer G150 Agfa-Gefaert N. V.  
Dewar Vessel Hampton Research/Roth 
Disposable Cuvettes 1x0.4x4.5 cm Müller Ratiolab 
Filters 0.45 uM, 0.2 uM  Millipore 
Filter Holder Sartorius, Fisher 
Fixer G350 Agfa-Gefaert N. V.  
Fluor-Coated (60 F254) TLC Plate Merck 
Freezer -20ºC Bosch 
Freezer -80ºC Heraeus 
Freezer 4ºC Bosch 
Gel Document Gel Dol 2000, Bio-Rad 
Gel Dryer Biometra 
Gel Electrophoresis System Renner GmBH 
Gel Filtration Columns (NAP-5, 10 Column) Pharmacia Biotech 
Gel Filtration Columns (NickTM Column) Pharmacia Biotech 
Gloves Neolab 
Glass Plate  Glaserei Graw & Meibert  
Heating Cabinet Heraeus 
HPLC Instrument  Thermo Separation Products 
Incubator Shaker  G25, New Brunswick Scientific, USA 
Image Eraser  Molecular Dynamics 
Kimwipes® Kimberly-Clark 
Lyophilizer Speed Vac  SC110AR, Savant 
Magnetic Particle Seperator Roche 
Magnetic Stirrer IKA-Combimag RCT 
MALDI-TOF/TOF-MS Ultraflex II Bruker Daltonics 
Membrane Vacuum Pump Vacuubrand 
Microcon YM-10, 30, 50 Spin Filters Millipore 
Microwave ER-7720W Toschiba 
Mini-Spin Column Kit Pierce 
Nap 5, 10, 25 Columns GE Healthcare 
Nick Columns GE Healthcare 
Nitrocellulose Membrane 0.45 uM, 0.2 uM Millipore 
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Oil Pump Alcatel 10004 A C 
PAA Gel Chamber IBI 
PAA Gel Chamber Renner GMBH, Dannstadt 
Petri Dishes Greiner  
PCR Apparatus Biometra 
PCR Tubes Roth 
PerfectBlue Semi-Dry Electro-blotter PeQLab 
pH-Meter CyberScan 500 
Phosphorimager Exposure Cassette Molecular Dynamics 
Phosphorimager Storm 840 Molecular Dynamics 
Phosphor Screen Molecular Dynamics 
Pipettes P2, P20, P200, P2000 Eppendorf 
Pipette Tips Greiner bio-one 
Pipette Tips with Filters  Sorenson 
Plate Sealing Film American National Can TM 
Plexis Container Nalgene 
Plexis Shield Jencons 
Power Supply ECPS 3000/150, Pharmacia 
PVDF Western Blotting Membrane  Roche 
Purest Water Installation Milli-Q, Millipore 
Quartz Cuvette for Photometer Hellma 
Reaction Tubes, 0.5, 1.5, 2ml, Siliconized  Roth 
Reaction Tubes 1.5 ml, 2 ml  Eppendorf 
Reaction Tubes, 2 ml Eppendorf 
Reaction Tubes, 12 ml  Greiner Bio-one 
Reaction Tubes, 50 ml Greiner Bio-one 
Refrigerated Vapor Trap RVT400, Savant 
Rotor JA-17 Beckmann 
Sensor Chip SA Biacore AB 
Shaker (Isotope Laboratory) Yellow line, FHG-VERW 
Syringe Filter 0.22µm Roth 
Syringe 2-50 ml BD, Henke-Sass 
Syringe Hypodermic Needle B. Braun 
Scintillation Counter  LS 6000, Beckman 
Scintillation Tubes 20 ml Polyvial  Zinsser Analytic 
Sterilizer Typ400EP-Z, Varioklav® 
Table-top Centrifuge Eppendorf 
Thermomixer Eppendorf 
UV-Visible Spectrophotometer UV-1202, Shimadzu 
UV Monitor Reprostar II  CAMAG 
Vortex Scientific Industries, Vortex Genie 2 
Wagon Mettler PC4400, DeltaRange® 
Water Bath B. Braun 
X-ray Film Cassette Kodak 
 
9.1.2 Chemical Materials 
 

Acetic Acid J. T. Baker 
Acetonitril (HPLC grade) Merck 
Acetonitril (DNA synthesis grade) Applied Biosystems  



Appendix 

137 

 

 

Acrylamide Roth  
Agar Gibco BRL 
Agarose Roth 
Ammonium Bicarbonate  Fluka 
APS Roth  
ATP (adenosine 5’-triphosphate) Promega 
[γ–32P] ATP Amersham 
Biotin Sigma 
Biotinyl-Angiotensin I/II (1-7) Bachem  
Boric Acid Merck 
Bradford Reagent Roth 
Bromphenol Blue Merck 
BSA Sigma 
Cadmium Chloride  Aldrich 
Calcium Chloride Merck 
Cobalt Chloride AppliChem 
Coomassie  Roth  
CTP(cytidine 5’-triphosphate) Promega 
[α–32P]-dCTP  Amersham 
EDTA Merck 
DMEM PAA 
DNA Ladder (100 bp) BioLabs 
DNA Ladder (25 bp) Promega 
dNTPs Rapidozym 
DTT BD 
Ethanol Merck 
Ethidium Bromide Fluka 
FKS PAA 
HEPES Sigma Roth 
Hydrochloride acid Aldrich 
LB-Agar LAB M 
GenThermTM DNA Polymerase  Rapidozym 
L-Glutamine PAA 
Glycerol Merck 
Glycine Fermentas 
Glycogen  Fermentas 
GTP (Guanosine 5’-triphosphate) Promega 
Guanidine HCl Roth 
Hydrochloric Acid Merck 
Iodacetamide Sigma 
Magnesium Chloride Merck  
Methanol Merck 
Milk Powder (Blotting grade) Roth 
NEAA PAA 
NP-40 Merck 
PBS Invitrogen 
Penicillin/Streptomycin PAA 
Phenol/Chloroform/Isoamylalcohol Roth 
Ponceau Red Roth 
Potassium Chloride Merck 
Potassium Hydroxide Merck 
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Poly(dI-dC) Amersham 
Protein Marker Roth, Invitrogen 
Protease Inhibitors Sigma 
Recombinant RNasin Ribonuclease Inhibitor Promega 
Reverse Transcriptase Enhancer PeQlab 
Roti-Blue-P (Colloidal Coomassie Staining) Roth 
SDS Pierce 
Sodium Acetate  Riedel de Haen 
Sodium Chloride Merck 
Sodium Hydroxide Aldrich 
Streptavidin  BioLabs 
TBE Buffer Roth 
TCEP, tri(2-carboxyethyl)phosphine Pierce  
TEMED Roth 
Tween 20 Roth 
Trifluoroacetate  Roth 
Tris-HCl Roth 
Tris(hydroxymethyl)-Aminomethane Roth 
Triton X-100 Boehringer Mannheim 
t-RNA  Roche 
Urea Roth 
UTP (Uridine 5'-triphosphate) Promega 
Xylencyanol Serva 
Zinc Chloride Merck 
 

9.1.3 Others 
 
Anti-ZFX Serum Dr. Boris Reizis, CUMC, USA 
Goat anti Rabbit-HRP-Conjugate Pierce  
JM109 Competent Cell Promega 
NeutravidinTM Agarose Pierce 
NucleoSpin® Extract II Columns MACHEREY-NAGEL 
pGEM®-T Easy Vector System Promega 
Roti®-Blue (Colloidal Coomassie Staining )                  Roth 
StrataCleanTM Resin Stratagene 
Streptavidin Magnetic Beads Dynal 
ZNF593 Recombinant Protein  Genway, USA 
SuperSignal® West Dura Extended Duration 
Substrate  

Pierce  

 
9.1.4 Enzymes 
 

Taq DNA Polymerase BioLabs 
Lambda Exonuclease Fermentas 
GenThermTM DNA Polymerase                         Rapidozym 
T4 DNA Ligase BioLabs 
T4 Polynucleotide Kinase Fermentas 
Trypsin (From bovine pancreas) Roche 
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9.1.5 Buffers 
 

Binding Buffer (5x) 
 
100 mM Hepes  
10 mM MgCl2 
250 mM KCl  
3 mM TCEP 
25% Glycerol 
250 μM ZnCl2 
0.25 mg/ml tRNA 
pH 7.5 
 
Blotto (Blocking Buffer) 
 
1x TTBS 
5% or 10% (w/v) Trockenmilch 
 
Buffer A for Cell Extraction (1x) 
 
10 mM Hepes, pH=7.9 
1.5 mM MgCl2 
10 mM KCl 
0.5 mM DTT 
Including Protease Inhibitors:  
-Aprotinin 100 μg/ml 
-Leupeptin 5 μg/ml 
-Pepstatin 1 μg/ml 
-PMSF 0.5 mM  
 
Buffer C for Cell Extraction (1x) 
 
20 mM Hepes, pH=7.9 
1.5 mM MgCl2 
420 mM NaCl 
0.2 mM EDTA 
25% (v/v) Glycerol 
Including Protease Inhibitors:  
-Aprotinin 100 μg/ml 
-Leupeptin 5 μg/ml 
-Pepstatin 1 μg/ml 
-PMSF 0.5 mM  
 
Coomassie Staining Solution  
 
20 ml Methanol 
60 ml H2O 
20 ml Roti®-Blue (5x) 
 
 

 

 
Loading Buffer for Agarose Gel (6x) 
 
0.4% Orange G 
0.03% Bromphenolblau 
0.03% Xylencyanol 
15% Ficoll®400 
10 mM Tris-HCl (pH 7.5) 
50 mM EDTA (pH 8.0) 
 
Digestion Buffer for Lambda 
Exonuclease (10x) 
 
670 mM glycine-KOH (pH 9.4) 
25 mM MgCl2 
0.1% Triton X-100 
 
Loading Buffer for Urea PAGE (2x) 
 
2x TBE 
16 M Urea 
0.04% Bromphenolblau 
0.04% Xylencyanol 
 
Loading Buffer for Laemmli SDS 
Protein Gel (2x) 
 
125 mM Tris, pH 6.8 
20% Glycerol 
0.1% Bromphenolblau 
4% (w/v) SDS 
10% (v/v) ß-Mercaptoethanol  
0.02% (w/v) Bromphenolblau 
 
PCR Reaction Buffer (10x) 
 
160 mM (NH4)2SO4 
670 mM Tris-HCl 
0.1% Tween 20 
pH 8.8 
 
Running Buffer (Biacore) (1x) 
 
20 mM Hepes 
150 mM KCl 
50 μM ZnCl2 
2 mM MgCl2 
50 mM NaCl 
0.1 mM TCEP 
pH 7.5 
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SDS Lysis Buffer (2x) 
 
125 mM Tris pH 6.8 
4% (w/v) SDS 
20% (v/v) Glycerol 
0.1% Bromphenolblau 
100 mM DTT 
 
SDS Gel Electrophoresis Buffer (5x) 
 
125 mM Tris 
1250 mM Glycine (pH 8.3) 
0.5% (w/v) SDS 
 
SELEX Buffer A (5x) 
 
10 mM MgCl2 
350 mM KCl  
100 mM Hepes (pH 7.5) 
3 mM TCEP 
25% Glycerol 
250 µM ZnCl2 
0.25% Triton X-100 
 
SELEX Buffer B (5x) 
 
10 mM MgCl2 
750 mM KCl  
100 mM Hepes (pH 7.5) 
3 mM TCEP 
25% Glycerol 
250 μM ZnCl2 
0.025% Triton X-100 
 
Semidry Buffer (Blot Buffer) 
 
47.9 mM Tris-HCl 
38.9 mM Glycine 
0.038% (w/v) SDS 
20% (v/v) Methanol 
 
TAE Buffer (10x) 
242 g Tris 
57.1 ml Acetic Acid 
100 ml 0.5 M EDTA, pH 8.0 
Add 1 l with dd. H2O 
 
 
 
 
 
 

 
TBE Buffer (10x) 
  
108 g Tris  
37.2 g Boric Acid 
 40 ml 0.5 M EDTA, pH 8.0 
Add 1 l  with dd. H2O 
 
TBS Buffer (10x)  
 
20 mM Tris-HCl 
150 mM NaCl 
pH 7.5 
 
T4 DNA Ligase Buffer (10x) 
 
500 mM Tris-HCl, pH 7.5 
100 mM MgCl2 
100 mM DTT 
10 mM ATP 
250 μg/ml BSA 
 
ThermoPol PCR Buffer (10x) 
 
100 mM KCl 
100 mM (NH4)2SO4 
200 mM Tris-HCl 
20 mM MgSO4 
1% Triton X-100 
pH 8.8 
 
TTBS Buffer (1x) 
 
1x TBS 
0.1% Tween 20 
 
T4 Polynucleotide Kinase Buffer (10x) 
 
500 mM Tris-HCl, pH 7.6 
100 mM MgCl2 
50 mM DTT 
1 mM Spermidine  
1 mM EDTA 
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9.1.6 Media 
 

LB-Agar Plate 
 
15 g/l Agar  
10 g/l Tryptone 
5 g/l Yeast Extract 
10 g/l Sodium Chloride  
pH 7.0 ± 0.2 
Sterilization: 15 min, 121°C 
Add ampicillin at ~47°C  
(End Conc. 100 μg/ml) 
Fill into Sterilized Petri Dishes 

 

 

SOC Medium 
 
0.5% (w/v) Yeast Extract 
2.0% (w/v) Tryptone 
10 mM NaCl 
2.5 mM KCl 
Sterilization: 15 min, 121°C 
Add 20 mM MgCl2 
Add 20 mM Glucose (Sterile Filtrated)  
Adjust pH to 7.0 with NaOH 
 

 

M1 Medium 
 
500 ml DMEM (Low Glucose)  
50 ml FKS (-10%) 
5 ml 200 mM L-Glutamin  
5 ml (100x) NEAA  
5 ml (100x) Penicillin/Streptomycin 
 
9.1.7 Randomized Pool Sequences and Primers 
 
Randomized Pool (90 nt):  

5’-d[GCGAATTGGGTACCGCATCC-N50-GAATTCTGCAGGATCCGCCC]-3’ 
 
Forward Primer (20 nt): 

5´-d[GCGAATTGGGTACCGCATCC]-3´ 

 
Forward Primer (5’-Modified with Biotin; 20 nt): 

5´-d[(Biotin)GCGAATTGGGTACCGCATCC]-3´ 

 
Reverse Primer (20 nt): 

5´-d[GGGCGGATCCTGCAGAATTC]-3´ 

 
Reverse Primer-terminator (41 nt): 

5´-d[AAAAAAAAAAAAAAAAAAAAXGGGCGGATCCTGCAGAATTC]-3´ 

X: Hexaethyleneglycol (HEGL); HOC2H4OC2H4OC2H4OC2H4OC2H4OC2H4OH 

 
ReverseRP Primer (5’-Modified with Phosphate; 20 nt): 

3’-d[CTTAAGACGTCCTAGGCGGG(Phosphate)]-5’  
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pUC/M13 Primer for Sequencing (24 nt): 

5’-d[CCGCAGGGTTTTCCCAGTCACGAC]-3’ 

 

9.1.8 Peptide and Protein Targets 
 

ZFY: Btn-Ahx-KTYQCQYCEKRFADSSNLKTHIKTKHSKEK-Amide  

 
GLI: Btn-Ahx-KPYVCKLPGCTKRYTDPSSLRKHVKTVHG 

 
ZNF593: 

MKAKRRRPDLDEIHRELRPQGSARPQPDPNAEFDPDLPGGGLHRCLACARYFIDST

NLKTHFRSKDHKKRLKQLSVEPYSQEEAERAAGMGSYVPPRRLAVPTEVSTEVPE

MDTST  

The region of zinc finger is underlined.  
 
Control Peptide: Biotin-Ahx-RPMMHFGNDWEDRYYRENMNRYP 

 

 

9.2 Abbreviations 
 

3D three dimensional 
A adenosin 
A260 absorption at λ = 260 nm 
Ac acetate 
ACN acetonitrile 
AD activation domain 
Ahx 6-aminohexanoic acid 
Amp ampicillin 
APS ammonium persulfate 
ATP adenosine 5’-triphosphate  
a.a. amino acids  
bidist.   bidistilled water 
bp   base pair 
Btn biotin 
c   concentration 
°C temperature in degrees Celsius 
Cal. calculated 
Conc. concentration 
CD circular dichroisum 
cDNA complementary DNA 
CE cell extraction 
CGRP calcitonin gene-related peptide  
Ci curie, 1 Ci = 37 MBq 
CP cell pellet 
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cpm counts per minute 
CTL. cell total lysate 
CTP cytosine 5’-triphosphate 
Da dalton 
DAD diode-array detector 
DBPB dna binding protein B 
DMSO dimethylsulfoxide 
DNA deoxyribonucleic acid 
DNase desoxyribonuclease 
dNTP deoxyribonucleotide triphosphate 
ds double-stranded 
DTT dithiothreitol 
ε extinction coefficient 
E. coli Escherichia coli 
EDTA ethylenediaminetetraacetic acid 
EtBr  ethidium bromide  

(3, 8-diamino-5-ethyl-6-phenyl phenanthridinium bromide) 
fig. figure 
FUS fusion gene in myxoid liposarcoma 
g gram 
G guanosine 
GAR-HRP goat anti rabbit-horseradish peroxidase 
GDP guanosine 5’-diphosphate 
GLI Glioma-associated oncogene 
GnRH gonadotropin-releasing hormone  
GTP guanosine 5’-triphosphate 
h hour 
HEPES 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid 
HIV   human immunodeficiency virus 
hnRNP K heterogeneous nuclear ribonucleoprotein K 
HPLC  high performance liquid chromatography 
Kd dissociation constant  
l liter 
m meter 
M mol/l, molar 
MALDI TOF matrix-assisted laser desorption/ionization time of flight 
min  minute(s) 
mol mole(s) 
mRNA messenger ribonucleic acid 
MRW mean residue weight 
MS mass spectrometry 
NE nuclear extraction 
NMR nuclear magnetic resonance 
N/OFQ nociceptin/orphanin FQ 
nt  nucleotide 
NTP nucleotide triphosphate 
OD   optical density 
PAGE polyacrylamide gel electrophoresis 
PCR      polymerase chain reaction 
PK protein kinase 
PMF peptide mass fingerprinting 
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rcf     relative centrifugal force 
RBP56 rna binding protein 56 
RNA        ribonucleic acid 
rRNA     ribosomal ribonucleic acid 
rpm        rotations per minute 
RT reverse transcription 
RT room temperature 
RT retention time 
SDS   sodium dodecyl sulfate 
s second 
SND1 staphylococcal nuclease domain-containing protein 1 
ss                                             single-stranded 
T temperature 
T thymine  
t time 
Tab.                                         table 
TAE   tris-acetic acid-EDTA 
TBE   tris-borate-EDTA 
TCEP tris(2-carboxyethyl)phosphine 
TEMED   N,N,N',N'-tetramethylethylenediamine 
TF transcription factor 
TLS translocated in liposarcoma-associated protein 
Tris tris-(hydroxymethyl-)aminomethane 
TTF transcription termination factor 
tRNA transfer ribonucleic acid 
U units of enzymatic activity 
U uridine 
μM micro-molar 
UV ultra violet 
V volt (s) 
V volume 
v/v volume per volume 
W watt (s) 
WT1 wilm’s tumor suppressor gene 
w/v weight per volume 
ZFP zinc finger protein 
ZFY zinc finger Y-chromosomal protein 
Zf zinc finger 
 

 

Prefixes of units:    
                                    
p (pico) 10-12 
n (nano) 10-9 
μ (micro) 10-6 
m (milli) 10-3 
  
k (kilo) 103 
M (mega) 106 
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9.3 Main Peak Lists of Peptide Mass Fingerprintings for Isolated 
Proteins in Affinity Capture Assays  

 
 

Direct Capture 
Nr. III 

Direct Capture 
Nr. V 

Competitive 
Capture Nr. I 

Competitive 
Capture Nr. II 

762.3898449 
803.3951455 
819.4121906 
853.4132478 
877.4263055 
910.4370437 
918.3767469 
934.4563959 
958.5227902 
977.4324567 
1005.538468 
1013.53186 

1021.551046 
1039.488911 
1074.490265 
1078.552223 
1091.577254 
1111.529622 
1120.55634 

1122.534803 
1144.569983 
1168.56046 

1183.514057 
1197.603288 
1201.58833 

1209.549775 
1211.556436 
1264.632698 
1324.640365 
1345.64702 

1353.632297 
1360.644436 
1365.650193 
1381.657196 
1393.654553 
1401.718097 
1428.732372 
1430.69755 

1460.787955 
1509.685549 
1521.740391 
1537.703657 
1573.741422 
1647.796083 
1697.73032 

1705.794979 
1714.856892 
1730.716861 
1745.830421 
1778.849482 
1792.830874 
1849.838238 
1894.025745 
1971.889473 

687.2956266 
705.3821718 
800.3732712 
806.3769885 
807.3265994 
810.3466842 
822.3914977 
825.333933 

845.3833242 
855.4000708 
860.4496748 
882.3679302 
886.405821 

895.5131231 
927.4701354 
952.5337685 
984.4954121 
988.5295053 
1007.732619 
1029.545672 
1046.610878 
1071.601818 
1080.519707 
1089.623609 
1093.578143 
1103.629721 
1122.587191 
1136.577378 
1146.650303 
1150.595282 
1168.702064 
1180.653172 
1193.619067 
1210.608547 
1220.54575 

1232.592859 
1237.592461 
1246.672741 
1275.626476 
1285.613559 
1288.67077 

1297.628269 
1300.668204 
1303.690675 
1320.705663 
1336.666312 
1342.641452 
1357.76831 

1360.690732 
1370.634635 
1377.730545 
1390.726948 
1401.634356 
1428.661003 

607.2728423 
612.200419 

647.2112662 
680.376955 

687.3396876 
738.3366665 
753.3291943 
768.3485848 
825.3696696 
882.3871656 
887.2964807 
895.454067 

919.5624975 
927.5333401 
928.5153133 
942.4362397 
963.5628644 
968.4647629 
1080.564469 
1136.597747 
1178.617285 
1193.650131 
1215.550949 
1285.639999 
1308.710213 
1389.591963 
1401.637448 
1420.719018 
1428.693998 
1438.728303 
1454.713447 
1544.692906 
1557.716873 
1605.794462 
1684.831891 
1843.863602 
2021.985772 
2068.838673 
2185.075392 
2207.06299 

2975.319852 
2991.449805 

680.3692837 
720.386611 

778.4421137 
840.3696929 
842.3653471 
897.4470346 
927.5100129 
935.4565631 
1022.527901 
1046.61494 

1089.567378 
1118.64089 

1148.591091 
1193.62875 

1249.639739 
1308.672291 
1354.719234 
1363.747634 
1408.70174 

1464.676303 
1479.810818 
1492.718911 
1532.756404 
1571.859455 
1605.761028 
1639.942693 
1661.843179 
1718.771466 
1748.867541 
1762.83742 

1812.716994 
1823.883271 
1880.90396 

1963.649334 
2002.898714 
2252.950076 
2268.942832 
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continue 
2032.805095 
2036.981481 
2074.904109 
2181.965839 

2230.9906 
2233.024323 
2271.013046 
2274.044078 
2292.001399 
2297.875429 
2310.051363 
2361.953485 
2426.976821 
2451.050605 
2466.025956 
2695.141888 
2726.165807 
2926.048661 
2940.05521 

continue 
1438.693987 
1448.789276 
1454.698541 
1464.777911 
1495.721753 
1511.751255 
1524.800559 
1541.863927 
1544.672639 
1555.862004 
1557.71457 

1566.800738 
1581.82457 

1608.850563 
1614.724835 
1629.728139 
1657.858496 
1670.813046 
1684.84262 

1748.732826 
1751.879404 
1804.749045 
1815.984508 
1828.002405 
1833.912944 
1843.851963 
1862.759539 
1887.979237 
1919.938126 
1944.994571 

1960.9911 
2020.938794 
2068.820594 
2091.906261 
2097.950587 
2318.045045 
2346.992317 
2465.133203 
2975.173797 
2991.169821 
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