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1 Introduction 
 

1.1 Multiple Myeloma (MM) 
 

Multiple myeloma (MM) is a clonal B–cell malignancy, which is 

characterized by excessive numbers of abnormal plasma cells in the bone 

marrow (BM) and overproduction of monoclonal immunoglobulin (Ig) (Kyle 

1985). MM is associated with a constellation of disease manifestations, 

including osteolytic lesions due to uncoupled bone metabolism, anemia and 

immunosuppression due to loss of normal hematopoietic stem cell function, 

hyper viscosity syndrome and end–organ damage due to monoclonal Ig 

secretion (Barlogie et al. 2001). MM accounts for approximately 1% of all 

malignant diseases in white population and 2% in black population, and 13% 

and 33% respectively, of all hematological cancers (Longo 2001). The median 

age of patients with MM is 65 years but in the past 60 years, a trend towards 

myeloma patients under 55 years of age was noticed. Men are more 

frequently affected than women. The cause of MM is unknown and both 

genetic and environmental factors have been implicated. Despite recent 

advance in basic biology and treatment, MM remains incurable. Complete 

remission can be achieved in only 5% of the cases. The median length of 

survival after diagnosis is 3 to 5 years and a median event–free survival of 24 

to 43 months (Hallek et al. 1998). 

 

1.1.1 Pathogenesis and Clinical Features of MM 

Myeloma cells derive from one clone, so they are identical and produce the 

same monoclonal Ig, called monoclonal (M) protein or paraprotein, in large 

quantities. Although the specific M protein varies from patient to patient, there 

is only one type in each patient (Fig. 1.1). When blood or urine is processed in 

a laboratory test called electrophoresis, these M proteins show up as a “spike” 

in the results. In myeloma cells, mutations have occurred in the genes 

responsible for IgG production. This leads to expression of proteins with 

http://www.multiplemyeloma.org/about_myeloma/2.10.02.html#monoclonal_protein�
http://www.multiplemyeloma.org/about_myeloma/2.10.02.html#paraprotein�
http://www.multiplemyeloma.org/about_myeloma/2.10.02.html#electrophoresis�
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abnormal amino acid sequence and protein structure, which have lost their 

normal antibody function. So, unlike normal Ig, M protein has no biological 

functions. Instead, it crowds out normal antibodies. In addition, levels of 

functional antibodies are depressed in individuals with MM. Although the 

process is not completely understood, it appears that the functional Igs made 

by existing normal plasma cells collapse more quickly in MM patients than in 

healthy individuals. Suppression of normal immune function, increased 

susceptibility to infection has been reported. Moreover, increased plasma 

volume and viscosity can cause renal insufficiency as well as the 

hyperviscosity syndrome in MM patients. Renal insufficiency and recurrent 

bacterial infections are also major causes of death (Durie 2001). 

 

 
 
Figure 1.1 Normal plasma cells (left) and myeloma cells (right).  

 

The most common clinical features of MM depend on the progressive 

accumulation of MM cells within the BM and subsequently the interactions 

between myeloma cells and the BM microenvironment, by means of cell–cell 

contact, adhesion molecules, and cytokines. This leads to disruption of the 

normal bone marrow function (reflected by anaemia), bone marrow failure, 

bone destruction (diffuse osteoporosis), and damage to the surrounding bone 

(lytic bone lesions) (Durie 2001). In most patients, multiple discrete lytic 

lesions can be found at the sites where nests of myeloma cells occur. These 

so called “punch out lesions” can be visualized by radiography (Fig. 1.2).  
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Figure 1.2 Typical bone lesions induced by MM. A) The skull X–ray shows “punched 

out lesions” (arrowheads) in the skull, which are characteristic of MM. B) Gross 

examination of the skull reveals severe bone destruction induced by MM. 

 

Patients with myeloma might be diagnosed by chance through screening 

for other reasons, although they generally displayed common symptoms such 

as infections, bone lesions, or renal failure, and have one or more M protein or 

light chain in serum or urine, bone lesions, and BM infiltration with malignant 

plasma cells. Laboratory investigations that lead to the diagnosis of myeloma 

are listed in table 1.1 (Sirohi & Powles 2004).  

Myeloma cells can proliferate as solitary plasmacytoma or pre–malignant 

tumor called monoclonal gamopathy of undetermined significance (MGUS). 

This is the most frequent clonal plasma–cell disorder in the general population 

which is present in 1% of adults over the age of 25 and progresses to 

malignant MM in 25–30% of patients (Greipp & Kyle 1982). Both MGUS and 

MM secrete the same monoclonal Ig, but MM is distinguished from MGUS by 

having a greater intramedullary tumor–cell content (>10%), the development 

of osteolytic bone lesions and/or an increasing tumor mass. Smouldering 

myeloma is a term for disorders half way along the spectrum between MGUS 

and florid myeloma. It has a stable intramedullary tumor–cell content of >10% 

but none of the other complications of MM necessarily occur in all of the cases 

(Riccardi et al. 1991). 
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Table 1.1 Investigations to aid diagnosis of MM. 
 
site and test what to look for 
blood  

• serum immunoelectropheresis and 
immunofixation 

M protein: 53% IgG, 20% IgA and rarely 
IgM 

• immunoglobulin profile immunoparesis 

• β2 microglobulin high (>2.5 mg/l) 

• serum free–light–chain assay altered ratio 

• haematology low platelet and haemoglobin 
concentrations, high ESR, plasma cells in 
peripheral blood 

• biochemistry high creatinine, urea, uric acid, LDH, C–
reactive protein, and calcium 

urine  
• immunoelectropheresis and 

immunofixation 

 
Bence–Jones (20% light chain disease) 

bone marrow  

• aspirate plasma cells, morphology, cytogenetics, 
FISH 

• trephine cellularity, amyloid, MVD (angiogenesis) 
bones  

• skeletal survey lytic lesions, fractures 

• DEXA scan osteoporosis, bone healing 

• CT/MRI/PET if needed for plasmacytomas 

whole body   

• serum amyloid protein (SAP) amyloid load scan 

 

ESR=erythrocyte sedimentation rate. LDH=lactate dehydrogenase. 
FISH=fluorescence in–situ hybridisation. MVD=microvascular density.  
DEXA: Dual energy X–ray absorptiometry. 
 

1.1.2 Treatment of MM 

To date MM remains incurable. However, treatment improves the clinical 

situation in about 75% of patients and eases the symptoms and significantly 

improves quality of life. Currently, standard treatments include high–dose 

chemotherapy and radiotherapy. After treatment, haematopoietic stem cell 

transplantation (HSCT) may be necessary. Autologous HSCT (Harousseau 

2005) uses the patient’s own stem cells, whereas allogeneic/syngeneic HSCT 
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(Crawley et al. 2005) employs MHC identical or twin donor bone marrow. If 

high–dose chemotherapy with HSCT is not an option, conventional 

chemotherapy, single agent treatment (e.g., dexamethasone) or new 

treatments (thalidomide, bortezomib) are applied possibly in combination with 

other drugs. 

“Targeted therapies”, which include targeted radiotherapy and directed 

immunotherapy, can greatly reduce toxicity of chemotherapy and radiotherapy 

and improve the efficacy of treatment (Kuriakose  2005). For example, the 

original mode of therapeutic delivery – in a beam via an external source – 

requires knowing the anatomic location of the tumor. Metastases can occur at 

multiple (and often unknown) sites. And even when the location of a tumor is 

known, innocent tissues in the line of fire can suffer collateral damage. In 

contrast to conventional radiotherapy, an outside–in approach–targeted 

radiotherapy–systemic administration of radioactive agents that home in on a 

particular tissue, antigen, or receptor type proceeds from the inside out 

(Goldman 2004). Two radio–labelled monoclonal antibodies (mAbs) to the 

CD20 antigen are both now approved and in clinical use for non–Hodgkin 

lymphoma (Garber 2003). Several other radio–labelled antibodies were shown 

to be successful candidates in early phase clinical trials as well as in 

preclinical studies. To be effective by themselves, therapeutic agents have to 

be potent and penetrating, and they need to kill only those cells that express 

large amounts of the target molecules. As a component of targeted 

radiotherapy, the antibody is merely a delivery vehicle. The attached 

radioisotopes do the killing, and their emissions penetrate tumors reaching 

diseased cells that may or may not express the target antigen. But antibodies 

are large; whereas, smaller molecules travel faster, penetrate tumor tissue 

better and are excreted much more swiftly when released into circulation. 

Research efforts are now shifting to these smaller molecules to improve the 

effects of radioisotopes. Some of these newer radiopharmaceuticals often 

conjugated with newly tamed radioisotopes are doing a better job than their 

older counterparts of targeting cancer cells and providing pain relief, and 

some are even showing promise as therapeutic agents alone or in 

combination with other chemotherapeutic agents (Kuriakose 2005). 
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1.1.3 Idiotype–Specific Immunotherapy in MM Therapy  

Immunotherapy is an experimental treatment strategy for MM. Strategies 

to harness the powerful immune system are mainly at the pre–clinical stage of 

development for MM, but they are moving towards clinical testing. There is 

wide variety in the techniques used and the outcomes achieved so far 

(Chatterjee et al. 2006).  

Each antibody has a unique antigen–binding site which is formed by 

hypervariable stretches within the variable part of the immunoglobulin 

polypeptide chains, the so–called “complementary–determining regions” (CDR) 

I–III. The CDR III region is created during the antigen receptor gene 

rearrangement process, in which extensive codon deletions and insertions 

occur almost at random at the junctions between the rearranging variable (V), 

joining (J), and diversity (D) segments. During a germinal center reaction, the 

Ig genes encoding an antigen–binding antibody are further modified by 

somatic hypermutation. The enormous diversity of Igs resulting from these 

genetic events implies that an individual antibody molecule should comprise 

unique epitopes that may be recognized specifically by the immune system 

and may hence serve as specific targets of a cellular immune response. 

Collectively, the unique immunological properties of an individual Ig are 

referred to as “idiotype” (Id).  

The Id is a marker unique to a single clone of B cell and hence a fingerprint 

of an individual clone. It could therefore be exploited to monitor expansion of 

normal or malignant B cells and to target clonally expanded tumorous B cells 

specifically. Exploiting myeloma Id as a tumor–associated antigen was 

proposed over 30 years ago (Lynch et al. 2001). The Id also has certain 

practical advantages as a tumor–specific antigen. Firstly, anti–Id antibodies 

and protein–based Id vaccines can readily be prepared, because monoclonal 

Ig can easily be purified from patient serum or transfected cells. Secondly, Id 

vaccines can be constructed for each patient without too much effort, because 

the assembled V(D)J gene segment of Ig heavy and light chains may be 

relatively easily amplified and sequenced from bone marrow samples, tailor–

made DNA–based Id vaccines can be constructed for each patient without too 

much effort (Bogen et al. 2006). 
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1.1.3.1  Anti–Id Antibodies in MM Therapy 
 

Monoclonal antibodies (mAbs) are a new generation of biopharmaceuticals. 

Currently, approximately 18 mAbs products are already used in disease 

therapy, and more than 100 mAbs are being tested in clinical trials (Holliger & 

Hudson 2005). MAbs have direct effects on tumor cells, such as blocking of 

growth and induction of apoptosis, but also indirect effects, which are 

mediated via the immune system, e.g. complement dependent cytotoxicity 

(CDC), or antibody dependent cellular cytotoxicity (ADCC). The use of mAbs 

in cancer therapy has recently been reviewed by Adams and Weiner (Adams 

& Weiner 2001). 

In therapy of lymphoma and leukaemia, the use of mAbs directed against 

specific surface antigens such as CD20 (Rituximab), CD52 (Campath–1H), 

and CD33 (Myelotarg) has become standard practice. Unfortunately, there is 

only limited use for these mAbs in MM, since for example CD20 is expressed 

on less than 20% of MM cells freshly isolated from patients (Treon et al. 2001; 

Lim et al. 2004). MM cells lack the presence of suitable surface antigens to 

develop mAbs with satisfactory specificity and sensitivity for targeting the 

tumor cells. Antibodies against potential targets such as CD38 (Stevenson et 

al. 1991), CD40 (Tai et al. 2005), CD54 (Maloney et al. 1999), NY–ESO–1 

(Dhodapkar et al. 2002), and VEGF (Yang et al. 2003) are under current 

investigation.  

Since Id immunoglobulins secreted by myeloma cells may serve as a 

unique tumor–specific antigen, significant interest has emerged in anti–Id 

antibodies in MM therapy. Willems and colleagues (1998) used the phage 

display method and successfully obtained single chain Fv antibodies 

specifically directed against the Id expressed by myeloma tumor cells. These 

antibodies showed very promising abilities in myeloma cell detection. 

Hajifhasemi and colleagues (2006) generated five murine anti–Id mAbs 

against two human M proteins (IgGs) with hybridoma techniques. Moshitzky et 

al. (2008) confirmed that anti–Id antibodies were effective in retardation of 

tumor growth in vivo .  

However, generally the identification and production of mAbs or single 

chain antibody fragments are laborious and could become very expensive in 



Introduction 

 - 8 - 

search for rare antibodies that require screening of a large number of colonies. 

Moreover, mouse–derived mAbs are immunogenic and they must be 

chimerized for clinical applications. These complications surely prevent wide 

and effective usage of anti–Id treatment in MM patients. Another big obstacle 

for anti–Id application in vivo might be the abundant circulating Id. 

Experiments in mice have shown that Id–specific antibodies do not play a 

major role in tumor eradication, the reason being that the large quantities of 

soluble M protein secreted by myeloma cells block Id–specific antibodies 

before they can reach the surface of myeloma cells. New strategies need to 

be developed to eliminate or reduce the level of circulating Id to enhance the 

therapeutic efficiency.  

 

1.1.3.2  Id–Specific Vaccine in MM Therapy 
 

Cancer vaccines are aimed at inducing tumor–specific immunity by 

immunizing patients with tumor cells or their antigenic components, known as 

tumor–associated antigens (TAA). Id can be regarded as a TAA and a 

potential target in clinical vaccination approaches. It was shown that T–cells 

and antibodies specific for Id are present in the peripheral blood of MM 

patients and the presence of expanded T–cell clones is associated with 

prolonged survival of the patients.  

A number of different strategies have been employed for Id–vaccination of 

MM patients. In some studies, untreated patients with early stage MM were 

immunized with autologous precipitated myeloma protein, either with 

(Osterborg et al. 1998) or without (Bergenbrant et al. 1996) granulocyte–

marcrophage colony–stimulating factor (GM–CSF). In other studies, Id 

vaccination was performed with conjugates of Id–keyhole–limpet hemocyanin 

(Id–KLH) in association with GM–CSF or interleukin–2 (Bergenbrant et al. 

1996), or with Id–pulsed dendritic cells (Titzer et al. 2000; Yi et al. 2002). 

Some studies were performed after high–dose chemotherapy and stem cell 

transplantation. Id–specific T–and B–cell responses were detected with 

variable frequency, but clinical responses were unsatisfactory and not 

correlated with the induction of tumor–specific immune response. So it is still 
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too early to conclude that Id–vaccination and elicitation of Id–specific immune 

responses might improve the prognosis of MM patients (Coscia et al. 2004; 

Rasmussen et al. 2003). 

 

1.2 In Vitro Selection of Aptamers 
 

1.2.1 Theory and History 

For a long time, nucleic acids were considered mainly as linear carriers of 

information, whereas most cell functions were carried out by protein 

molecules which possess complex three–dimensional structures. With the 

discovery of the catalytic activity of RNAs (Guerrier–Takada & Altman 1984; 

Zaug & Cech 1986), nucleic acids were found to possess both a genotype and 

a phenotype for the first time. This major discovery was the foundation for the 

RNA World theory (Gilbert et al. 1986), which supports the concept that during 

prebiotic evolution, RNA molecules catalyzed all biological reactions. Because 

of their ability to catalyze chemical reactions similarly to enzymes, such RNAs 

are called ribozymes (Pyle 1993). 

In 1990, two other ground breaking studies demonstrated that large 

libraries of RNAs could be screened in vitro for RNA ligands that bind T4 DNA 

polymerase (Tuerk & Gold 1990), and a variety of organic dyes (Ellington & 

Szostak 1990), respectively. This selection process was termed SELEX 

(Systematic Evolution of Ligands by EXponential enrichment) by Tuerk and 

Gold (1990), and RNA ligands were named aptamers by Ellington and 

Szostak (1990). The term aptamer is derived from the Latin word “aptus”– 

which means fitting and the Greak word “meros” – which means particle 

(Ellington & Szostak 1990). Aptamers are short single–stranded DNA (ssDNA) 

or RNA with a specific and complex three–dimensional shape characterized 

by stems, loops, bulges, hairpins, pseudoknots, triplexes, and/or 

quadruplexes. Based on their three–dimensional structures, aptamers can 

bind to a wide variety of targets. Binding of the aptamer to the target molecule 

results from structure compatibility: stacking of aromatic rings, electrostatic 
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and van der Waals interactions, hydrogen bindings, or from a combination of 

these effects (Hermann & Patel 2000). 

The SELEX process starts by generating a large library of randomized 

nucleotide sequences folding into different structures depending on their 

particular sequence. The library is then incubated with the target of interest, 

and those sequences present in the library that bind to the target are 

separated from those that do not. The retained ligands are then amplified to 

generate a pool of sequences that have been enriched for those that bind the 

target of interest. This selection and amplification process is repeated (usually 

8–12 rounds) until the ligands with the highest affinity for the target protein are 

isolated. The winning aptamers are then cloned and sequenced (Fig. 1.3). 

 

 
 

 

Figure 1.3 General scheme of the SELEX procedure. (I) A pool of 3–D folded, random 
nucleic acids is incubated with the target. (II) Nonbinding sequences are partitioned 

away. (III) Binding sequences are eluted from the target and (IV) reamplified to yield an 

enriched pool with respect to binding to the corresponding target. After several rounds, 
aptamers can be selected with high affinity and specificity. 
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1.2.2 Technology 

1.2.2.1 Random DNA Oligonucleotide Library  
 

The starting point of a SELEX process is a chemically synthesized random 

DNA oligonucleotide library. This library consists of a multitude of ssDNA 

fragments (~1015

The size (n) of random domain determines the complexity of the library, 

which can be calculated easily as 4

 molecules) comprising a central random region of 20–80 nt 

flanked by different specific sequences of 18 to 21 nt, which function as primer 

binding sites in the PCR. Important aspects for designing the oligonucleotide 

library include the size of the randomized region, the type of randomization 

and chemical modifications of the nucleotides.  

n. For example, the complexity of a library 

with thirty–five fully randomized nucleotides is 435 or 1021. Use of enough 

randomized nucleotides is critical to get a high affinity ligand and probably a 

stable structure. In the SELEX experiments published so far the successful 

aptamers selected represented 1 in 109 to 1013 of the molecules in the starting 

library (Gold 1995). In practice, the libraries containing 1014 to 1015 different 

species with the random domain from 20 to 80 nt are commonly used for in 

vitro selection. The arrangement and type of randomization are also variable. 

Total randomization of a block of contiguous nucleotides, partial 

randomization of a block (Davis & Szostak 2002; Nutiu & Li. 2005), short 

blocks interspersed with fixed sequences, or linkage of blocks of random 

sequences to create a very large random region (>200 positions) are all viable 

strategies for SELEX. Chemically modified oligonucleotide libraries were used 

in some SELEX experiments with the goal to increase the complexity of a 

library, to introduce new features like functional groups providing new 

possibilities for the interaction with target molecules, to enhance the stability 

of oligonucleotide conformations, or to increase the resistance to nucleases, 

which is important for many applications (Kopylov & Spiridonova 2000; Kusser 

2000). Typical modifications concern the 2’–position of the sugar in RNA 

libraries. The ribose 2’–OH group of pyrimidine nucleotides is replaced with a 

2’–NH2 or F group, which protects the RNA from degradation by nucleases 

(Kopylov & Spiridonova 2000; Kusser 2000). A series of C–5–modified dUTPs 

bearing amino acids were used to prepare a variety of modified DNAs. The 
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authors mentioned that such modified oligonucleotides with new functionalities 

are applicable to in vitro selection experiments particularly to select DNA 

aptamers for anionic target molecules (Kuwahara et al. 2006). Modifications of 

the phosphate backbone of nucleic acids were also applied. For example, 

replacement of the non–binding oxygen in the phosphodiester linkage by 

sulfur can increase the resistance of phosphoRothe, Germanyioate 

oligonucleotides against nuclease digestion (Andreola et al. 2000). 

Another technique investigated to overcome aptamer instability is the 

creation of spiegelmers – a very elegant solution to the problem. The idea is 

that aptamers composed of natural D–oligonucleotides can be selected 

against mirror image targets, such as D–amino acid peptides, rather than 

natural L–amino acid peptides. Once the aptamers are isolated, they can be 

chemically synthesized as L–oligonucleotide, called Spiegelmer, and will bind 

to the natural L–amino acid peptide targets (Klussmann et al. 1996; Nolte et al. 

1996). Because Spiegelmers are composed of unnatural monomers, they are 

insensitive to nuclease degradation and have shown to stable over 60 h in 

biological fluid (Klussmann et al. 1996; Eulberg & Klussmann 2003). 

Principally, aptamers can be developed for any target molecule. Several 

reviews summarized the various target molecules according to certain aspects 

(Famulok 1999; Stoltenburg et al. 2007). Aptamers can be developed for 

molecules connected with nucleic acids and for nucleic acid binding proteins 

like enzymes or regulatory proteins, but also for molecules by nature not 

associated with nucleic acids like growth factors (Green et al. 1996) or organic 

dyes (Ellington & Szostak 1990). Besides organic molecules, divalent metal 

ions also served as targets in SELEX experiments. The selection of RNA 

aptamers with affinities for Zn2+ (Ciesiolka et al. 1995) and Ni2+ (Hofmann et al. 

1997) were described, respectively. Even nucleic acid structures could be 

used to select aptamers for different purposes (Duconge & Toulme 1997; 

Toulme et al. 2003). In addition to single molecule targets, SELEX technology 

can also be applied to complex target mixtures, whole cells, tissues, and 

organisms. 
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1.2.2.2  Selection Process  
 

A typical SELEX round involves three processes, namely, selection of 

ligand sequences that bind to a target; partitioning of aptamers from non–

aptamers via affinity methods; and amplification of bound aptamers. During 

the selection process, the nucleotide pool is incubated with the target 

molecule of interest under appropriate buffer and at a temperature that 

depends on the requirements. After binding, partitioning of the aptamer–target 

complex from nonspecific molecules can be achieved by various techniques. 

The most commonly used method for protein targets is nitrocellulose filters 

(Bianchini et al. 2001). Alternatively, the immobilization of a target molecule 

on a particular matrix, such as sepharose (Ciesiolka et al. 1995) or agarose 

(Tombelli et al. 2005) or magnetic beads (Stoltenburg et al. 2005) is also a 

conventional method for the separation step. During recent years, more 

effective separation methods are reported, e.g. Capillary Electrophoresis (CE), 

Flow Cytometry (FC) (Davis et al. 1997) and Electrophoretic Mobility Shift 

Assay (EMSA) (Tsai & Reed 1998), Surface Plasmon Resonance (SPR) 

(Misono & Kumar 2005) or centrifugation (Rhie et al. 2003). For review see 

Gopinath (2007). 

High background during the partitioning step increases the number of 

rounds and, in the worst situation, leads to the isolation of sequences that 

partition without facilitation by the target molecule. For example, nitrocellulose 

filter–specific ligands or agarose–specific ligands are often found, especially if 

they are more abundant in the library than the oligonucleotides that bind 

tightly to the intended target. Therefore, counter–selection against the 

partitioning matrix or alternate partitioning protocols can be very important 

(Gold et al. 1995). 

The bound sequences are then eluted and amplified to generate a new 

pool for the next round of selection. This selection and amplification process is 

repeated (usually 8 to 12 rounds) until the ligands with the highest affinity for 

the targets are isolated. The winning aptamers are then cloned and 

sequenced. 
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1.2.2.3  RNA SELEX and DNA SELEX  
 

The basic process of in vitro selection can be applied for both RNA SELEX 

and DNA SELEX. For the selection of RNA aptamers, the random DNA 

oligonucleotide library has to be transformed into a RNA library before starting 

the first round of a RNA SELEX process. A special sense primer with an 

extension at the 5’–end containing the T7 promoter sequence and an 

antisense primer are necessary to convert the ssDNA library into a double–

stranded (dsDNA) library by PCR. The dsDNA is then in vitro transcribed by 

the T7 RNA polymerase resulting in a randomized RNA library, which is used 

to start an RNA SELEX. During this SELEX process the selected RNA of each 

round has to be reverse transcribed and subsequently amplified by RT–PCR 

using the same primer as described above. The new RNA pool for the next 

SELEX round is then generated again by in vitro transcription (Fig. 1.4). 

 

 
 

Figure 1.4 Scheme of RNA SELEX. The selected RNA is reamplified by RT–PCR and 
then transcribed into RNA to yield an enriched RNA pool.  

 

Yet, the procedure for DNA SELEX (Fig. 1.5) is simpler since it involves 

only the PCR amplification as enzymatic step. For the selection of DNA 

aptamers, the library can be used directly in the first round of the SELEX 

process. Sense and antisense primer derived from the specific sequences at 
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the 5’– and 3’–end enable the amplification of the selected oligonucleotides in 

each SELEX round.  

 

 
 

Figure 1.5 Scheme of the DNA SELEX. The selected DNA is amplified with PCR and 

ssDNA is prepared for the next round of selection. 

 

After PCR amplification, ssDNA preparation must be performed to 

generate a ssDNA pool for the next round. There are several commonly used 

methods for ssDNA preparation:  

(1) A biotin residue is introduced into one of the primers used for 

amplification, and DNA strands are separated under denaturing conditions on 

a column with streptavidin (Murphy et al. 2003); 

(2) Asymmetric PCR amplification is used in which replication initiated by 

one PCR primer is relatively inefficient, leading to the accumulation of ssDNA 

synthesized from the other primer (Ellington & Szostak 1992);  

(3) A hexaethyleneglycol (HEGL) spacer and an extension of several 

adenine nucleotides (polyA) are added at the 5’–end of the reverse primer. 

The HEGL–spacer acts as a terminator for Taq polymerase. The elongation of 

the (+) strand stops, while the (–) strand grows further. The two strands can 

be separated by size using electrophoresis under denaturing conditions 

((Williams & Bartel 1995); 
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(4) A phosphate group is introduced into the 5’–end of one primer and the 

dsDNA obtained by amplification is treated with the phage lambda 

exonuclease that cleaves the phosphorylated strand of DNA (Fitter & James 

2005). 

Until now, a number of both DNA aptamers and RNA aptamers have been 

selected against various targets. Analysis shows that there is no difference 

between RNA and DNA aptamers in terms of affinity and specificity (Gold 

1995a). Compared with RNA aptamers, DNA aptamers have certain 

advantages. The selection process for DNA aptamer is simpler and faster. 

Moreover, DNA aptamers have greater stability than RNA aptamers, which 

make them more suitable for potential clinical use. Therefore, DNA aptamers 

have become more and more widespread during recent years (Breaker 1997). 

 

1.2.3 Improvements in Selection Technologies 

Whereas the basic SELEX technology has been proven robust for the 

identification of high affinity aptamers against a variety of important targets, 

continued improvements are needed to generate aptamers more efficiently 

and with even higher affinities. In particular, automated SELEX offered a fast 

and parallel development of multiple aptamers, using CE it is possible to 

select aptamers with extremely well–defined affinity profiles, whereas cell 

surface selection of aptamers enable the identification of aptamers even in the 

absence of known biomarkers.  

Automation of the selection procedure means the integration and 

automation of different molecular biology methods (for binding, partitioning, 

elution, amplification, conditioning) and is thus a very complex automation 

challenge. Cox and colleagues used a system based on an augmented 

Beckmann Biomek 2000 Pipetting robot which was adapted to the selection of 

aptamers for a protein by some modification and generated aptamers to hen 

egg white lysozyme (Cox & Ellington 2001) and some other proteins (Cox et al. 

2002a). The authors declared that this robotic work station can carry out eight 

selections in parallel and will complete 12 rounds of selection in two days. 

Aptamers against 120 targets should be produced in one month, which is 
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about 10 to 100 times faster than manual selection (Breaker 1997). A further 

extension of the automatic work station consists in the generation of protein 

targets directly transcribed and translated from the respective gene in vitro on 

the robotic work station (Cox et al. 2002b). This would further accelerate 

aptamer selection for proteins and increase the utility of aptamers as reagents 

in proteome analysis. Eulberg and colleagues (2005) have developed an 

automated SELEX procedure with high flexibility and versatility in terms of 

choice of buffers and reagents as well as stringency of selection conditions. 

This selection robot is based on a RoboAmp 4200 E instrument (MWG 

Biotech, Ebersberg, Germany) with further modifications for ultrafiltration, 

fluorescence detection, and semi–quantitative PCR. It can perform two 

selection rounds per day with increased chance of success.  

Another form of automated SELEX is an automated microfluidic, microline–

based assembly that uses LabView–controlled actuatable valves and a PCR 

machine (Hybarger et al. 2006). The system is organized in a modular fashion, 

which enables the modification and evaluation of individual processes. The 

microfluidic platform for automated SELEX experiments should lead to the 

development of standardized protocols, making automated aptamer selection 

easier accessible to many investigators. The possibility of high–throughput 

SELEX would enable producing a multitude of aptamers in a short time, which 

can be used as ligands for proteomics and metabolomics. 

CE has been used for the precise and sensitive separation of different 

species and complexes for years. Recently, it is applied in SELEX (CE–

SELEX) (Mendonsa & Bowser 2004a and 2004b; Drabovich et al. 2005; 

Berezovski et al. 2005). A big advantage of CE over traditional selection 

methods is that the partition efficiency is much higher than filtration or affinity 

chromatography and, thus, only a few rounds of selection are required to 

obtain high–affinity aptamers. Krylov’s laboratory (Berezovski et al. 2005) 

selected a DNA aptamer against the protein farnesyltransferase with a 

dissociation constant (Kd) of 0.5 nM in just one round of selection on the CE. 

Moreover, aptamers with even higher affinity can be obtained by CE–SELEX. 

DNA aptamer against HIV–1 RT isolated by CE–SELEX (Mosing et al. 2005) 

had a Kd of 340 pM, better than previously selected ssDNA aptamers 

(Schneider et al. 1995).  
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Aptamers can be selected not only against purified targets or antigens, but 

also against heterogeneous mixtures of targets, such as whole cells. Such 

SELEX is so called “complex target SELEX” (Morris et al. 1998). It enables 

isolation of potent and selective aptamers directed against a variety of cell–

surface proteins, including receptors and markers of cellular differentiation, as 

well as determinants of disease in pathogenic organisms. It also enables 

aptamers to be generated even when biomarkers are not known in advance. 

So “complex target SELEX” can facilitate the identification of new biomarkers, 

which have wide therapeutic and diagnostic utility (Shamah et al. 2008). In one 

of the most intriguing examples to date, Homann and Göringer (1999) were 

able to select aptamers against whole trypanosomes, and the target was 

dertermined to localize to the flagellar pocket by photocrosslinking 

experiments. 

 

1.2.4  Aptamers in Clinical Applications 

1.2.4.1  Overview  
 

Antibodies are the most popular and widely used class of molecules 

providing molecular recognition, which plays an essential role in basic 

research as well as in clinical practice. They have made substantial 

contributions to the advancement of diagnostic assays, and novel mAb has 

become indispensable in most diagnostic tests that are used routinely in 

clinics today. However, there are certain limitations associated with antibodies. 

Several properties of aptamers make them more attractive diagnostic and 

therapeutic agents that rival, and in some cases even surpass antibodies 

(Table 1.2).  

Aptamers act in the same way as antibodies by folding into three–

dimensional structures based on their nucleotide sequences to bind to their 

targets. Aptamers bind to their targets with the same high affinity as 

antibodies with Kds in the low picomolar to low nanomolar range. The binding 

specificity of aptamers is also very high, with the ability to discriminate 

between related proteins that share common sets of structural domains. 

Moreover, aptamers display low to no immunogenicity when administered in 
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preclinical doses 1000–fold greater than doses used in animal and human 

therapeutic applications (Eyetech Study Group. 2002 and 2003). Reporter 

molecules such as fluorescein and biotin can be attached to aptames at 

precise locations identified by the user. Functional groups that allow 

subsequent derivation of aptamers with other molecules can also be attached 

during the chemical synthesis of aptamers. Truncated aptamers are 25 to 

40 nt long and weigh 8 to 14 kDa (Fig. 1.4). This small size enables them to 

travel in circulation faster, penetrate tissues better and distribute in organs 

more efficiently.  

 
Table 1.2 Properties of aptamers versus antibodies 

 

 

 
aptamers antibodies 

binding affinity in low nanomolar to picomolar 
range  

in low nanomolar to picomolar 
range 

selection 
procedure  

chemical process carried out in 
vitro and therefore can target any 
protein 

requires a biological system and 
therefore difficult to raise 
antibodies to toxins or non–
immunogenic targets 

working conditions  
can select for ligands under a 
variety of conditions for in vitro 
diagnostics  

limited to physiologic conditions 
for optimizing antibodies for 
diagnostics 

time and expense fast and cheap laborious and very expensive 

activity  uniform, regardless of batch 
synthesis vary from batch to batch 

size  small, MW: 8–12 kDa large, MW: 150 kDa 

kinetic parameters  can be changed on demand  difficult to modify 

target site can be determined by 
investigator 

immune system determines target 
site  

modification 
wide variety of chemical modify–
cations to molecule for diverse 
functions 

limited  

temperature 
stability  

return to original conformation 
after temperature insult 

sensitive to temperature and 
undergo irreversible denaturation 

shelf–life unlimited  limited  

immunogenicity none significant  
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The small size of aptamer also results in renal clearance in minutes. In 

order to reduce drug clearance, aptamers can be modified by site specific 

addition of polyethylene glycol (PEG) and other moieties or attachment to a 

liposome surface (Willis et al. 1998; Tucker et al. 1999). Insufficient stability is 

often cited as the major potential drawback of nucleic acids as therapeutic 

agents. This can easily be overcome by using libraries with amino– or fluoro– 

modification at the 2’ position of pyrimidines (Jellinek et al. 1995) as well as 

postselection substitutions of O’–methyl for OH residues at the 2’ position of 

purines in a given aptamer (Beigelman et al. 2006). 

 

 
 
Figure 1.4 Antibody–aptamer size comparison. An estimated comparison of the size 

difference between an antibody (human IgG) and a selected aptamer (anti–thrombin 

DNA aptamer) is shown with space–filling models of both. The anti–thrombin aptamer 

is only 17 residues in length (Lee et al. 1992). 

 

Conclusively, aptamers can be thought of as “chemical antibodies” in that 

they offer the advantages of antibodies – high specificity and affinity – in a 

relatively small, chemically synthesized molecule without immunogenicity. 

Because of their unique properties and proven clinical efficacy, aptamers hold 

extraordinary potential in the diagnosis and therapy of diseases. One 

aptamer–based drug was approved by the U.S. Food and Drug Administration 

(FDA) in treatment for age–related macular degeneration (AMD). Numerous 
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aptamers are in pre–clinical development, and a few of them will begin clinical 

evaluation soon.  

 

1.2.4.2  Aptamers in Diagnostics 
 

Aptamers have proven to be appropriate tools in many assay forms such 

as two–site binding assay, flow cytometry or in vivo imaging. Two–site binding 

assay, also referred to as sandwich assay, is one of the most commonly used 

diagnostic formats today. In this assay, a capture antibody is used, usually 

immobilized on a solid surface, to bind the analyte. A second antibody, 

whether monoclonal or polyclonal aimed at a different epitope, is then used to 

detect the bound protein, the second antibody is usually detected by 

fluorescence or a colorimetric assay. Aptamers can be used in two–site 

binding assays to take the place of antibodies. In one example, a RNA 

aptamer selected against vesicular endothelial growth factor (VEGF) with high 

affinity and specificity was used as the detector ligand in the sandwich assay 

format (Drolet et al. 1996). The aptamer was labelled with fluorescein at the 

5’–end and detected by anti–fluorescein Fab fragment conjugated to alkaline 

phosphatase. Aptamers can function as the capturing reagent as well as the 

detector reagent in a two–site binding assay. Ikebukuro and colleagues (2005) 

developed a novel electrochemical sensor system based on two different 

aptamers recognizing different epitopes of thrombin for the detection of 

thrombin. One of the aptamers was thiol–modified and immobilized on a gold 

electrode for capturing thrombin, while the other aptamer, which was labelled 

with a pyrroloquinoline quinone glucose dehydrogenase, indicated complex 

formation. The big market of immunological diagnostics in the medical area 

will create an increasing competition between antibody– and aptamer–based 

kits. Some working groups are already starting to transfer antibody based 

diagnostic platforms to aptamers. In all probability, aptamers will be applied in 

standardized diagnostic test kits in the near future.  

Biosensor is a very powerful tool in research as well as in clinical area. 

Kleinjung and colleagues (1998) were the first to develop an aptamer–based 

biosensor. Liss and colleagues (2002) used an IgE–binding aptamers in 
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quartz crystal biosensor to detect native IgE in solution. The aptamers were 

immobilized on a gold surface in a dense and oriented manner. They showed 

that sensor layers based on aptamer receptors could be regenerated more 

effectively and more often, and these layers were more stable compared to 

the antibody system. In microscopy studies, aptamers have also been shown 

to function as histological markers. For example, Blank and colleagues (2001) 

used a fluorescein isothiocyanate (FITC)–conjugated aptamer as a novel 

tumor marker to selectively visualize the paths and the branching of 

neoangoigenetic, pathologic microvasculature in tissue sections of rat brain 

glioblastoma. In the field of cytomics, where the target is often complexed in 

its natural surrounding, the small aptamers have shown their superiority 

compared to antibodies, which often fail in target binding due to sterical 

hindrance. Lorger and colleagues (2003) selected aptamers against a variant 

surface glycoprotein (VSG) of the Trypanosoma brucei parasite, which causes 

sleeping sickness in humans. As demonstrated by fluorescence microscopy, 

the VSG structures could be visualized by incubating trypanosomes with 

biotinylated aptamers followed by staining with fluorophore–conjugated 

streptavidin. In another example, a competitive fluorescent dye–linked 

aptamer assay (FLAA) was designed to detect daunomycin (Wochner et al. 

2008), in which the preincubated nucleic acid–antibiotic mixtures were added 

to the daunomycin–coated microtiter plates, and the binding was monitored by 

fluorescence of OliGreen. 

Another very promising field for aptamer in diagnostic application is in vivo 

imaging. For successful in vivo imaging, the targeting agents should not 

reside long in the blood or in the organs of metabolism. The small size and 

polyanionic nature of aptamers may lead to rapid blood clearance and tissue 

uptake. At the same time it may minimize the residue in liver and kidney, 

providing some potentially useful features for imaging and radiotherapy 

(Cerchia et al. 2002; Guhlke et al. 2003). An initial experiment to address 

aptamer suitability for in vivo imaging was reported by Charlton et al. (1997a 

and 1997b), and the selected aptamers against neutrophil elastase were 

successfully used for diagnostic imaging of inflammation in rats. Compared 

with IgG, which is used clinically in diagnostic imaging of inflammatory 

diseases, the aptamer achieved a significantly higher target–to–background 
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ratio in less time. This ratio was achieved primarily by the rapid clearance of 

the aptamer from the peripheral circulation. Studies designed to elucidate 

oligonucleotide biodistribution properties have also been reported (Tavitian et 

al. 1998; Zhang et al. 2000). Hicke and colleagues (2006) utilized an aptamer 

with high affinity for a protein, tenascin–C, that is overexpressed in tumor 

tissues to target tumor and perform in vivo imaging. The radio–labelled 

aptamer was taken up by a variety of solid tumors including breast, 

glioblastoma, lung, and colon. Rapid uptake by tumors and rapid clearance 

from the blood and other nontarget tissues enabled clear tumor imaging.  

Some interesting approaches such as the possibility of developing a 

diagnostic system incorporating Photo–SELEX evolved aptamers (Petach & 

Gold 2002) capable of simultaneous quantification of a large number of 

analyte molecules, have been presented (Bock et al. 2004). The aptamers 

selected are so called photoaptamer – which are RNA or DNA aptamers 

bearing a 5’–iodo or 5’–bromo–substituted uridine 5’–triphosphate (UTP) or 

2’–deoxy uridine 5’–triphosphate (dUTP) – allows cross–linking of the 

immobilized aptamer to a targeted protein using UV photoexcitation. 

Photoaptamers have for this reason, greater sensitivity and specificity than 

those aptamers selected through conventional selection methodologies. The 

aptamers were fixed to a chip and incubated with the sample (e.g., patient 

serum). After washing, the chip is irradiated with UV light, which causes 

covalent bond formation between aptamer and target and a universal 

fluorescent dye is added to conjugate specific amino acids of the covalently 

bonded proteins, so quantitatively detect the target molecules. The diagnostic 

array benefits from: (1) the small aptamer size allowing high–density aptamer 

coupling to the chip surface; (2) convenient and site–specific labeling with 

chemical cross–linkers (After UV induction of covalent bonds, the aptamer 

“chip” can be washed under harsh conditions to remove nonspecifically bound 

proteins from the array surface); and (3) the fact that the analytes 

(proteins/peptides) are different from the capturing reagent (nucleic acids), 

generic protein stains can be used to visualize positive molecular recognition 

of the aptamers. All these factors add up to a microarray system characterized 

by low detection levels, a high dynamic detection range, and an 
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unprecedented reduction in the number of false–positive signals (Proske et al. 

2005). 

 

1.2.4.3  Aptamers in Therapeutics  
 

The concept of using aptamer as therapeutic agents is now more then 15 

years old. With the FDA approval of the first aptamer drug “Macugen” 

(pegaptamib, by Pfizer and Eyetech ) (Rakic et al. 2005; Ng et al. 2006) for 

the treatment of AMD at the end of 2004, aptamer technologies achieved a 

breakthrough in therapeutic application. So far, aptamers have been validated 

as therapeutics in the areas of anti–infectives, anticoagulation, anti–

inflammation, antiangiogenesis, antiproliferation, and immune therapy (Nimjee 

et al. 2005). Some examples of aptamers selected for therapeutic applications 

are listed in table 1.3. 

Macugen is a specific anti–VEGF–165 aptamer. VEGF is the main target 

for anti–angionenesis work and has also been implicated in the leakage of 

blood vessels. Anti–VEGF therapy, therefore, could have a dual effect, both 

inhibiting angiogenesis and blocking blood vessel leakage. Macugen has a Kd 

of approximately 50 pM and inbibits the binding of VEGF–165 to its receptors. 

Using experimental models, Macugen inhibited VEGF–mediated vascular 

leakage as measured by a corneal micropocket assay (Miles assay) in guinea 

pigs (Eyetech Study Group, 2002). Macugen has also shown anti–

angiogenesis effect in a rat corneal angiogeneses model and a mouse 

retinopathy of prematurity model (Proske et al. 2005). Macugen was also 

effective in the inhibition of blood–retinal barrier breakdown in a diabetic rat 

model (Ishida et al. 2003). The half–time of Macugen is about 94 h when 

administered by intravitreal injection at a dose of 1 mg/eye in monkeys (Drolet 

et al. 2000). Preclinical toxicity studies in rhesus monkeys demonstrated no 

toxic effects and no immune response to Macugen (Vinores, 2003). In Phase 

II/III trial (Eyetech Study Group, 2003), all patients in the Macugen group had 

significantly less disease progression than patients in the untreated group. As 

the first aptamer drug, the early results are very promising.  
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Table 1.3 Examples of medically relevant aptamers. 
 
target                                          Kd (nM)    therapeutic applications      reference 

anti–viral    

Rous Sarcoma Virus (RSV) 40 Avian sarcoma (Pan et al. 1995) 

hepatitis C NS3 10 Viral replication (Fukuda et al. 2000; 
Kumar et al. 1997) 

human cytomegalo virus 351 Viral replication (Wang et al. 2000) 

influenza NA Viral replication (Jeon et al. 2002) 

HIV–1 reverse transcriptase 1 HIV replication (Tuerk et al. 1992 
Schneider et al. 1995) 

HIV–1 integrase 10 HIV replication (Allen et al. 1995) 

HIV–1 Rev <1 HIV replication (Giver et al. 1993) 

HIV–1 nucleocapsid 2.3 HIV replication (Berglund et al. 1997)) 

HIV–1 Tat 0.1 HIV replication (Tuerk et al. 1993; 
Yamamoto et al. 2000) 

cell growth & tumor genesis 

alpha–thrombin 25 thrombosis (Bock et al.1992; Kubik 
et al.1994) 

activated protein C 110 thrombosis (Gal et al. 1998) 

protein tyrosine phosphatase  18 oncogenesis, viral 
regulation (Bell et al. 1998) 

beta–2–integrin cell 
adhesion 81 apoptosis (Lebruska et al. 1999) 

human TNF–α n/a regulation of immune 
defense (Yan et al. 2004) 

basic fibroblast growth factor  0.35 angiogenesis (Jellinek et al. 1993) 

keratinocyte growth factor  0.0003 epithelial 
hyperproliferative disease (Pagratis et al. 1997) 

platelet derived growth factor  0.1 tumor development (Green et al. 1996) 

VEGF 0.14 neovascularization (Green et al. 1995) 

tumor microvessels  glioblastoma detection (Blank et al. 2001) 

tenasin–C 5 tumor cell detection (Hicke et al. 2001) 
nuclear factor of activated T–
cells  10–100 T–cell differentiation and 

immune response (Cho et al. 2004) 

wilm’s tumor suppressor  700 renal cancer (Bardeesy et al. 1998) 

HER3 45 carcinomas (Chen et al. 2003) 

immune response and inflammation 

human neutrophil elastase  n/a inflammation (Charlton et al. 1997a) 

neutrophil elastase n/a inflammatory response (Bless et al. 1997) 

L–selectin 3 inflammation (O’Connell et al. 1996) 

immunoglobin E (IgE) 10 allergies (Wiegand et al. 1996) 
anti–acetylcholine 
autoantibodies   60 myasthenia gravis (Hwang et al. 2002 and 

2003) 

Ku protein <2 DNA repair, autoimmune 
disorders, cancer (Yoo et al. 1998; ) 
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Another aptamer that blocks coagulation also appears to be a promising 

drug candidate. One anti–thrombin aptamer, termed ARC183, was originally 

selected at the company Gilead (Ginsberg et al. 2001). ARC183 has key 

advantages in that it avoids heparin use and the risk of associated 

thrombocytopenia, is a specific inhibitor with rapid onset, is effective at 

inhibiting clot–bound thrombin, and has a short in vivo half–life of 

approximately two minutes, which allows for rapid reversal of its effects and 

the avoidance of dose–adjusting complications of heparin and protamine. 

ARC183 promotes transient anticoagulation activity during coronary artery 

bypass graft surgery and has passed Phase I clinical trials. 

Spiegelmers are also beginning to make their way to the clinic. The 

company NOXXON has developed Spiegelmers against ghrelin, a peptide 

hormone associated with increase of appetite and weight gain. So this 

Spiegelmer can serve as an anti–obesity drug, and the animal test has 

already proved the weight loss effect in mice (Shearman et al. 2006). 

Given their small size, ease of synthesis, and low cost, aptamers have 

been proven to be a promising novel drug agent in therapeutic applications. 

Medically relevant targets have yielded aptamers with high affinities and 

specificities. Additionally, a number of approaches have been validated for 

stabilizing and delivering aptamers, and animal and preclinical experiments 

with aptamers are bringing alone the next drugs in the pipeline. In the future, 

one of challenges will be to continue to explore the use of aptamers against 

intracellular targets in gene therapies.  

 

1.2.5 Aptamers against Antibodies 

Antibodies are involved in the pathology of various diseases, including 

cancers, inflammation, and autoimmune disorders. Ligands that can recognize 

and target these antibodies with high affinity and specificity can be used in 

disease diagnosis and therapy. For example, specific anti tumor antibodies 

have been exploited in immunotherapeutic approaches for haematological 

malignancie (Terness et al. 1997; Würflein et al. 1998). Another application of 

targeting antibody could be the generation of immunoaffinity matrices for the 
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purification of antibodies (Miyakawa et al. 2008). Due to their special 

characters, aptamers have been used to target antibodies for different 

purposes.  

An early antibody target for SELEX was serum prepared against a 13–

amino acid sequence (NH2–MASMTGGQQMGRC–COOH) from the amino 

terminus of the bacteriophage T7 gl0 protein (Tsai et al. 1992). The RNA 

library contained only 10 randomized positions within the loop of a fixed 

hairpin. After three SELEX rounds, one winning sequence was found. The 

resultant ligand binds to the anti–g10 antibodies at the antigen recognition site, 

demonstrated through binding competition. Oligonucleotides can mimic a 

protein antigen even though that antigen is not a polyanion. 

The abnormal targeting of self–antigens by autoantibodies, leading to 

tissue destruction and other pathologies, is the main cause of autoimmune 

disorders. These autoantibodies could become possible targets in the 

management of these conditions (Deitiker et al. 2000). Until now, the 

treatment of such diseases has relied on the non–specific suppression of the 

immune system, with its fate of side effects. New treatments that would target 

specifically the autoantibodies involved in the inappropriate autoimmune 

response are likely to bring significant progress in the management of this 

frequent pathology. Inhibitory peptides have been proposed but they can 

themselves induce an immune response. Because aptamers seem devoid of 

immunogenicity, they could represent a good alternative. RNA aptamers have 

been selected against anti–DNA autoantibodies involved in systemic lupus 

erythematosus (SLE). Aptamers display in vitro higher affinity to their target 

autoantibody than its cognate antigen dsDNA (Kim et al. 2003). However, 

aptamers are so specific that they do not recognize similar autoantibodies 

against other dsDNA. Using different autoantibodies as targets during SELEX 

has been proposed to circumvent this problem. In myasthenia gravis (MG), 

autoantibodies against nicotinic acetylcholine esterase receptors (AChRs) 

inhibit the neuromuscular activation leading to muscular weakness and 

fatigability. A 2’–amino–pyrimidine modified RNA aptamer against these 

autoantibodies can inhibit the autoimmune response in animal models of MG 

(Hwang et al. 2002 and 2003). Interestingly, two SELEX experiments were 

performed to obtain this aptamer. A first SELEX identified an aptamer, with 



Introduction 

 - 28 - 

which a second SELEX was performed after addition of a random stretch of 

20 nt at the 3’ extremity. This second SELEX allowed the identification of an 

additional motif which increased by five–fold the inhibition efficiency of the first 

aptamer in an in vitro assay (Hwang et al. 2002). Furthermore, this aptamer 

conjugated with PEG at its 5’ extremity, showed in vivo a protective effect on 

experimental autoimmune MG induced in rats (Hwang et al. 2003). 

Autoantibodies secreted against insulin receptor are involved in insulin 

resistance (Zhang & Rothe, Germany 1991). Doudna and colleagues (1995) 

reported the identification of an RNA sequence that bound MA20, a murine 

insulin receptor antibody, which shares an α subunit epitope with the human 

one, with a Kd of 2 nM. The RNA can act as a decoy, blocking the antibody 

from binding the insulin receptor. Strikingly, the RNA cross–reacts with 

autoantibodies from patients with extreme insulin resistance. These results 

suggested that the selected RNA may structurally mimic the antigenic epitope 

on the insulin receptor protein. A 2’–aminopyrimidine–modified RNA selection 

was conducted on MA20 to isolate nuclease–resistant aptamers (Lee & 

Sullenger. 1996). The isolated RNA aptamer bound to MA20 with a Kd

Besides autoimmune antibodies, aptamers against immunoglobulin E (IgE) 

have been selected with implications in allergic diseases. IgE has been 

implicated in response to protect mammals from parasites (Gounni et al. 

1994). Overproduction of IgE due to exposure to environmental antigens, 

however, can result in diseases such as allergies, atopic dermatitis, and 

allergic asthma (Sutton & Gould 1993). A 2’–NH

 of 

30 nM and exhibited superior nuclease resistance. A large fraction remained 

after 24 h of incubation in 10% human serum, whereas the unmodified 

aptamer degraded completely in 15 sec. The aptamer also inhibited MA20 

binding to the insulin receptor by 95% on human lymphocytes, and it 

protected cells from MA20–dependent and autoantibody–dependent down 

regulation of the insulin receptor expression by up to 90% and 80%, 

respectively. Interestingly, the sequences of these 2’–amino RNAs were very 

different from the sequences of unmodified RNAs that we previously 

generated to bind to MA20 (Doudna et al. 1995). 

2 pyrimidine–modified RNA 

aptamer selection and a DNA aptamer selection were performed against 

human IgE and yielded aptamers that bind to human IgE with high affinities 
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(RNA, Kd =30 nM; DNA, Kd =9 nM) (Wiegand et al. 1996). The aptamers 

inhibited IgE binding to its receptor FcεRI, resulting in a inhibition constant (Ki) 

of 21 nM for the RNA aptamer and a Ki of 6 nM for the DNA aptamer. The 

aptamers also prevented IgE–mediated cellular degranulation in serum of 

patients with a grass allergy. In patients exposed to grass extract, the 50% 

inhibitory concentrations (IC50s)for the RNA and DNA aptamers were 2 to 

6 μM, and when triggered by anti–IgE antibodies, the IC50s were 200 to 

300 nM.  

New methodologies were developed for antibody selection. Mendonsa & 

Bowser (2004) utilized CE–SELEX to select aptamers with high affinity for IgE 

in only four rounds. The selected aptamers had an average Kd

Aptamers binding to mAbs were found to inhibit or block the biological 

function of the antibodies or could displace the natural antigens, which 

indicate that the binding sites of the aptamers are the binding pockets of the 

antibody or close to them. However, aptamers can be selected to bind to the 

constant region of antibodies as well and also have certain applications. Such 

aptamers can serve as probing agent instead of the usual secondary antibody 

in antibody–based detection systems or as immobilized resins for antibody 

 of 29 nM. Like 

other SELEX experiments against the same target, the sequences they 

obtained were totally different from those in the IgE SELEX before (Wiegand 

et al. 1996). Missailidis and colleagues (2005) developed a new method 

based on the adsorption of the antibodies to the surface of a PCR tube and 

the performance of SELEX selection in the PCR tube. In this experiment, the 

anti–MUC1 mAb C595 was immobilized on wall the PCR tube and the 

selection was carried out inside the tube. After binding and washing, the PCR 

reaction was performed in the same tube without extra elution step due to the 

reason that denaturation of the antibody can take place in the first PCR cycle. 

This method is very easy to perform and does not require special 

instrumentation. It offers the possibility of rapidly selecting aptamers for 

antibody targeting and can also be potentially useful in raising aptamers 

against other protein targets. Aptamers selected against C595 with this 

method were found to bind to their target with a higher affinity than the natural 

antigenic peptide, and they were able to displace the antigens from the 

antibody binding pockets. 
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purification. In one example, an aptamer bound specifically to the constant 

region of rabbit IgG with a Kd of as low as 15 pM (Yoshida et al. 2008). 

Moreover, this aptamer recognized only the native form of rabbit IgG but not 

the SDS–denatured from. In another example, high affinity and specificity 

RNA aptamers against human IgG was isolated (Miyakawa et al. 2008). The 

23–nt aptamer was observed to bind to the constant region of human IgG and 

compete with protein A in binding. Therefore, it could be used as a protein 

alternative for affinity purification. 
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2 Objective 
 

The goal of this research project is to obtain and characterize DNA 

aptamers against a multiple myeloma (MM) monoclonal protein (M protein), 

and to evaluate potential clinical applications of these aptamers. MM is a 

clonal B–cell tumor, which remains incurable despite recent advances in basic 

biology and treatment. The idiotype (Id) of the M protein is a well–defined, 

tumor–specific marker. Therefore, aptamers binding to the Id tightly and 

selectively could be exploited to monitor expansion of malignant B cells and to 

target tumor cells specifically, which would be useful in MM diagnostic and 

therapeutic applications. Even though this is an appealing task, aptamers 

against the Id of M proteins have not been reported yet.  

First, DNA aptamers against a M protein will be isolated using in vitro 

selection (SELEX). This antibody was purified from a MM patient. The DNA 

sequences will be cloned and characterized after complete enrichment is 

achieved. Once the aptamers are isolated, the possible binding sites of 

apatmers on the MM antibody will be studied to obtain aptamers against the 

Id of the antibody, since antibodies are big molecules possessing multiple 

structural solutions to high–affinity aptamers. According to the publications of 

aptamers against mAbs, almost all selected aptamers bind to the binding 

pockets of the antibody. Thus, it may be possible to obtain Id–specific 

aptamers. To confirm this, binding tests with the MM antibody fragments and 

M proteins from other patients will be performed. The binding dissociation 

constants will be determined and the structural and functional features of 

selected aptamers will be studied. 

Second, potential of the M protein specific aptamers in clinical applications 

will be evaluated. Serum stability assay will be performed and the effect of 

immobilization and different buffers on aptamer binding will be tested. 

Moreover, aptamer–based ELISA and affinity capture assays will be designed 

and established for the detection and elimination of M proteins from patient 

serum. This could be the first step in the development of DNA aptamers in 

MM diagnosis and therapy.  
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3 Methods 
 

3.1 DNA Technology  
 

3.1.1 Conventional Polymerase Chain Reaction (PCR) 

Developed in 1983 by Kary Mullis (Bartlett & Stirling 2003), the polymerase 

chain reaction (PCR) is now a common and often indispensable technique 

used in medical and biological. Taq polymerase was used in this work. One of 

Taq’s drawbacks is the relatively low replication fidelity. It lacks a 3’ to 

5’ exonuclease proofreading activity, and has an error rate measured at about 

1 in 9,000 nucleotides. But since more diversity of the selection pool is 

desired, this character is an advantage rather than a disadvantage for SELEX 

experiments. Furthermore, Taq polymerase makes DNA products to have 

overhanging adenosines (As) at their 3’ ends, which is useful for TA cloning. 

Usually 10 to 100 ng template DNA was used per PCR reaction. To label 

DNA for quantification, 1 µl α–32P–dCTP was mixed into 100 µl PCR reaction 

system. All PCR reactions were carried out in volume of 100 µl as follows. An 

initial denaturing step of 95°C for 2 min was used to ensure the complete 

denaturation of the DNAs. This was followed by twenty rounds standard PCR 

protocol, with a denaturing step at 95°C for 30 s, an elongation step at 56°C 

for 30 s and an extension step at 72°C for 30 s. A final extension step was 

performed at 72°C for 2 min. 

stock final 
concentration volume  

template DNA 10–100 ng 0.5–1 µl   

10×Taq Buffer 1× 10   

10 mM dNTPs 0.2 mM 2 µl   

100 mM forward primer 2 µM 2 µl   

100 mM reverse primer 2 µM 2 µl   

Taq Polymerase (5U/µl) 25 U/ml 0.5 µl  

H2
 O ad 100µl  

    

http://en.wikipedia.org/wiki/Kary_Mullis�
http://en.wikipedia.org/wiki/Fidelity�
http://en.wikipedia.org/wiki/Exonuclease�
http://en.wikipedia.org/wiki/Proofreading�
http://en.wikipedia.org/wiki/Enzyme_activity�
http://en.wikipedia.org/w/index.php?title=TA_Cloning&action=edit&redlink=1�
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3.1.2 PCR Screen of Bacteria 

The PCR screen is an adapted protocol of the conventional PCR. This 

method allows for quick control of a plasmid or insert present in large 

numbers of bacteria without the need of plasmid isolation. However, this 

method is only a rough screen for putative positive clones. There is a risk of 

obtaining false positives or of missing truly positive clones. The need of 

plasmid isolation (section 3.1.11) and proper analysis of the plasmid DNA by 

PCR and/or restriction digestion persists for accurate results. 

The PCR screen was usually carried out in 0.2 ml PCR tubes or 96–well 

PCR–plates depending on the number of screened clones. With a sterile 

toothpick a tiny amount of cells is transferred from a single clone into the tube 

or plate, by lightly streaking the cells off on the bottom wall of the tube. With 

the same toothpick a LB–agar masterplate is dotted, which is necessary for 

subsequent identification and amplification of the positive clones. Depending 

on the number of reactions, a PCR mastermix was set up, including the no 

template control. Mastermix of 20 μl was added to each tube or well. To 

ensure that a cross contamination with bacteria can be detected, the no 

template control reaction should be the last well to be pipetted in order. The 

same conditions were used as for a conventional PCR (section 3.1.1). 

 

Mastermix (for one reaction) 

 

 

 

 

 

 

 
 
 

 

 

 

stock final 
concentration volume 

10×Taq Buffer 1× 10 

10 mM dNTPs 0.2 mM 2 µl 

100 mM forward primer 2 µM 2 µl 

100 mM reverse primer 2 µM 2 µl 

Taq Polymerase (5U/µl) 25 U/ml 0.5 µl 

H2 ad 20µl O 
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3.1.3 Gel Electrophoresis 

3.1.3.1  Agarose Gel Electrophoresis  
 

Agarose gel electrophoresis is an easy way of separating and analyzing 

DNAs. In this work, 2% agarose gels were prepared for dsDNA with less than 

100 bp, and 1% gels for large DNA fragments. The gels were prepared with 

1×TAE buffer and 0.5 µg/ml Ethidium Bromide (EtBr). The gels were run in 

1×TAE buffer with a current of 8 V/cm. The gels were visualized under 

ultraviolet (UV) light.  

 

3.1.3.2  Denaturing Urea–Polyacrylamide Gel Electrophoresis 
(PAGE) 

 
Polyacrylamide gels are chemically cross–linked gels formed by the 

polymerization of acrylamide with a cross–linking agent, usually N, N’–

methylene bisacrylamide (Bis). Urea denaturing gels polymerized in the 

presence of urea to suppress base pairing in nucleic acids. Denatured DNA 

migrates through these gels at a rate that is almost completely independent of 

its base composition and sequence.  

In this work, polyacrylamide gel electrophoresis (PAGE) was used to 

separate and purify ssDNA. Gels containing 8 M Urea and 10% acrylamide 

were prepared for ssDNA with less than 100 nt. The gels were run at 15 V/cm 

in 1×TBE buffer.  

 

content for one gel:  
 
acrylamid concentration 10 % 

40% Acrylamid/bisacrylamide (29:1) 25 ml 

10×TBE buffer 10 ml 

Urea 48 g 

H2 Ad 100 ml O 

APS (10%) 1 ml 

TEMED 100 µl 
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3.1.4 Determination of Nucleic Acids on Gels 

3.1.4.1  Ethidium Bromide (EtBr) Staining  
 

EtBr is a heterocyclic and cationic fluorescence dye, which interacts with 

the bases of nucleic acids. It is an intercalating agent commonly used as 

a nucleic acid stain for agarose gels and polyacrylamide gels. The gels were 

stained by soaking in EtBr solution (1 µg/ml) solution for 30 min and visualized 

on an ultraviolet transilluminator at 302 nm.  

 

3.1.4.2  Autoradiography 
 

An autoradiograph is an image on an X–ray film or nuclear emulsion 

produced by the pattern of decay emissions from a distribution of 

a radioactive substance. The gels with radioactively labelled nucleic acids 

were placed in a cassette with X–ray films on the top of them. After certain 

time (depending on the intensity of the lablled radioactivity) of exposure, the 

films were developed and fixed.  

 

3.1.5 Extraction of Nucleic Acids from Gels 

3.1.5.1  Extraction from Agarose Gels 
 

NucleoSpin Extract II kit was used for the extraction of DNA from an 

agarose gel. The gel was visualized on an ultraviolet transilluminator at 

302 nm, and the desired band was cut out precisely from the gel. The gel was 

then chopped into small pieces and put into a 1.5 ml tube. Per 100 mg gel, 

200 µl NT buffer was added and incubated at 50°C for 5 min to dissolve the 

gel. The solution was then transferred into a spin column and centrifuged at 

11,000 g for 1 min. The membrane was washed with 600 µl NT3 buffer and 

centrifuged at 11,000 g for 1 min. The membrane was dried by centrifugation 

at 11,000 g for 2 min. Finally, the purified DNA was eluted from the membrane 

with 15 µl NE buffer by incubation at RT for 1 min and centrifugation at 

11,000 g for 1 min. 

http://en.wikipedia.org/wiki/Intercalation_%28chemistry%29�
http://en.wikipedia.org/wiki/Nucleic_acid�
http://en.wikipedia.org/wiki/Staining_%28biology%29�
http://en.wikipedia.org/wiki/X-ray�
http://en.wikipedia.org/wiki/Radioactive�
http://en.wikipedia.org/wiki/X-ray�
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3.1.5.2  Extraction from Polyacrylamide Gel 
 

To extract DNA from a polyacrylamide gel, the gel was visualized on an 

UV transilluminator at 302 nm, and the desired band was cut out precisely 

from the gel. The gel was then chopped into small pieces and put into a 1.5 ml 

tube. About two volumes of water was added to the tube and incubated at RT 

with shaking for 4 h or overnight. The sample was then centrifuged and the 

supernatant was recovered carefully. The purified nucleic acids could be 

obtained by ethenol precipitation. 

 

3.1.6 Ethanol Precipitation 

Ethanol precipitation is a widely used method to concentrate nucleic acids. 

The mechanism is that nucleic acids are polar and soluble in water, which is 

polar too, while insoluble in the relatively nonpolar ethanol. Before 

precipitation, the salt concentration of the sample was adjusted to 0.3 M by 

adding 1/10 volume of 3 M sodium acetate. Two volumes of cold 100% 

ethanol was added to the sample, and then placed at –20°C for 2 h or 

overnight. The sample was spun at 11,000 g in a microfuge for 30 min to 

harvest the precipitated DNA. The supernatant was decanted carefully. The 

pellet was washed by adding 1 ml of 70% ethanol and spinning for 5 s. The 

supernatant was then decanted carefully. The pellet was air dried and 

suspended in 50 µl TE buffer or distilled H2

3.1.7 Lambda Exonuclease (λ) Digestion for ssDNA Preparations 

O.  

 

The lambda (λ) exonuclease is a highly processive 5’ to 3’ 

exodeoxyribonuclease. It selectively digests the phosphorylated strand of 

dsDNA (Fig. 3.5). The enzyme exhibits greatly reduced activity on ssDNA and 

non–phosphorylated DNA. Higuchi and Ochman (1989) firstly described the 

use of λ exonuclease to produce ssDNA for PCR products. In this work, λ 

exonuclease was utilized to generate ssDNA after amplification of binders 

obtained in each round of selection.  

http://en.wikipedia.org/wiki/Chemical_polarity�
http://en.wikipedia.org/wiki/Nonpolar�
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Different enzyme concentrations, incubation time and different buffer 

conditions were tested to optimize the digestion condition of λ exonuclease. 

PCR products with unequal length (Williams & Bartel 1995) were utilized to 

monitor the digestion. The reverse primer was 5’–phosphorylated, while the 

forward primer was synthesized with a terminator and a lengthener of 20 As at 

the 5’–end. Therefore, the positive strand of the PCR product was 20 nt 

longer than the negative one, and they could be separated clearly by 

denaturing PAGE.  

The PCR product was purified with Nucleospin® Extract II kit before 

digestion. The concentration of the dsDNA was calculated from absorbance 

readings at 260 nM. For about 4.0 µg purified dsDNA, 10 U and 20 U was 

tested in a total volume of 100 µl in 1× λ exonuclease buffer. The mixture was 

incubated at 37°C. Aliquots of 10 µl were taken out at different time points of 0, 

10, 20, 30, 40, 50 min, and the reaction was terminated by incubation at 80°C 

for 10 min. Samples were loaded on denaturing (8.3 M Urea) 10% 

polyacrylamide gels (Fig 3.5).  

 

 
 

Figure 3.5 Lambda exonuclease digestion for ssDNA preparation. (A) Mechanism of λ 

exonuclease digestion. (B) Lambda exonuclease digestion of dsDNA of PCR product 

with unequal strands.  
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3.1.8 Determination of Nucleic Acid Concentration 

The absorbance at wavelength 260 nm (A260

dsDNA: 

) can be used for 

determination of nucleic acid concentration in solution. The function 

describing the concentration to absorbance relation is the Lambert–Beer Law: 

 

OD = e * c * d 

 

The optical density (OD) is the product of the substance specific extinction 

coefficient (e), the concentration of the absorbing sample (c), and the optical 

pathlength in cm (d). The commonly accepted absorbance to concentration 

conversion for nucleic acids is listed below (Sambrook et al. 1989): 

 

1 OD260= 50 µg 

ssDNA: 

/ml 

1 OD260= 33 µg 

RNA: 

/ml 

1 OD260= 40 µg 

 

The absorbance at wavelength 280 nm (A

/ml 

280) was used to measure 

protein concentration. A ratio of A260/A280

3.1.9 DNA Cloning  

>1.8 suggested that there was little 

protein contamination in a DNA/RNA sample. 

 

All cloning was performed with pGEM®–T Easy vector systems. The 

vectors supplied were pre–treated by cutting the vector with EcoR V and 

adding a 3’ terminal thymidine (Promega, USA). This singe 3’–T overhangs at 

the insertion site greatly improved the efficiency of ligation of a PCR product 

into the plasmids by preventing recircularization of the vector and providing a 

compatible overhang for PCR products generated by Taq polymerases. PCR 

products of the 9th round were purified for the cloning using the Nucleospin® 

Extract II kit, which removed unincorporated nucleotides, primers and 

polymerase. The ligation reactions were set up as described below. The 

reactions were mixed by pipetting and incubated at 4°C overnight.  
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ligation mixture 

 reaction control 

2× Rapid Ligation Buffer, T4 DNA lagase 5 µl 5 µl 

pGEM®–T Easy vector (50 ng) 1 µl 1 µl 

PCR product (200 ng) 1 µl – 

T4 DNA ligase (3 Weiss units/µl) 1 µl 1 µl 

deionized water to a final volume of  10 µl 10 µl 

 

3.1.10 Transformation 

E. coli JM109 High Efficiency Competent Cells were used for 

transformation. The tube of frozen cells were removed from –70°C and placed 

in an ice bath until it was just thawed. The cells were mixed by gently flicking 

the tube. For each transformation reaction, 50 µl cells were mixed with 2 µl 

ligation solution. The tubes were gently mixed and then placed on ice for 

20 min. The cells were heat–shocked for 45 to 50 s in a water bath at exactly 

42°C, then immediately returned to ice for 2 min. SOC medium of 950 µl at RT 

was added to the tubes. The tubes were then incubated for 1.5 h at 37°C with 

shaking (~ 150 rpm). For each transformation, 100 µl cell culture was plated 

onto duplicate LB/ampicillin/IPTG/X–Gal plates. The plates were incubated 

overnight at 37°C.  

 

3.1.11 Isolation of Plasmid DNA 

For small scale preparation of plasmid DNA, 3 ml culture of LB medium 

containing the appropriate antibiotic (ampicillin, 100 mg/ml) was inoculated 

with a single bacterial colony. The culture was placed at 37°C for 16 h in a 

rotating incubator. The preparation of the plasmid was conducted using the 

NucleoSpin® Plasmid. Briefly, 2 ml cell culture was centrifuged for 30 s at 

11,000 g to pellet the bacteria. Buffer A1, A2 and A3 were added to the pellet 

in turn to lyse the cell. The tube was centrifuged for 5 to 10 min at 11,000 g to 

clear the lysate. The supernatant was loaded onto a NucleoSpin® Plasmid 

column and centrifuged for 1 min at 11,000 g to bind the plasmid DNA to the 
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silica membrane. The membrane was then washed with 600 µl buffer A4 and 

centrifuged for 5 s. To elute the DNA, 50 µl AE buffer was added to the 

membrane and incubated for 1 min at RT, then the tube was centrifuged for 

1 min at 11,000 g to collect the eluted DNA. 

 

3.1.12 DNA Sequencing 

Before sequencing, the quality of the purified plasmids was checked by 

0.7% agarose gel electrophoresis. For sequencing of clones, 0.6 µg purified 

plasmid DNA was mixed with 20 pmol pUC forward primer in a 100 µl PCR 

tube. The sequencing was performed by the Sequence Laboratories 

Göttingen GmbH. 

 

3.2 Protein Technology 
 

3.2.1 Sodium Dodecyl Sulfate Polyacrylamide Gel 
Electrophoresis (SDS–PAGE) 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE), 

is a technique to separate proteins according to their electrophoretic mobility. 

SDS, an anionic detergent, which denatures secondary and non–disulfide–

linked tertiary structures, applies a negative charge to each protein in 

proportion to its mass. So SDS–protein complexes can migrate through the 

gel in accordance to the size of protein.  

A discontinuous buffer system with stacking gel and separating gel is used 

to increase the resolution of protein separation during SDS–PAGE. The 

stacking gel contains chloride ions, the leading ions, which migrate more 

quickly through the gel than the protein sample, while the electrophoresis 

buffer contains glycine ions, the trailing ions, which migrate more slowly. The 

protein molecules are trapped in a sharp band between these ions. As the 

protein enters the separating gel, which has a smaller pore size, a higher pH 

and a higher salt concentration, the glycine is ionized, the voltage gradient is 

dissipated and the protein is separated based on size. Ges were prepared in 

http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate�
http://en.wikipedia.org/wiki/Polyacrylamide_gel�
http://en.wikipedia.org/wiki/Electrophoresis�
http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate�
http://en.wikipedia.org/wiki/Polyacrylamide_gel�
http://en.wikipedia.org/wiki/Electrophoresis�
http://en.wikipedia.org/wiki/Protein�
http://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate�
http://en.wikipedia.org/wiki/Denaturation_%28biochemistry%29�
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a BioRad mini–gel set (Bio–Rad, USA) wih 10% separating gel and 4% 

stacking gel. 

 

content of SDS–PAGE for one gel 
 

separating gel solution (10% acrylamide) 

H2 3.19 ml O 

1.5 M Tris–HCl, pH 8.8 1.9 ml 

10% (w/v) SDS 75 µl 

Acrylamide/Bis–acrylamide (30%/0.8% w/v) 2.25 ml 

10% (w/v) ammonium persulfate (APS) 75 µl 

TEMED 7.5 µl 
 
stacking gel solution (4% acrylamide) 

H2
1.7 ml O 

0.5 M Tris–HCl, pH 6.8 315 µl 

10% (w/v) SDS 25 µl 

Acrylamide/Bis–acrylamide (30%/0.8% w/v) 415 µl 

10% (w/v) ammonium persulfate (APS) 50 µl 

TEMED 2.5 µl 

 

The samples were mixed with 2×SDS–PAGE loading buffer and boiled at 

95°C for 5 min. The gels were run in 1×Laemmli buffer at 8 V/cm. Proteins 

were visualized using Colloidal Coomassie Blue stain.  

 

3.2.1.1 
 

 Reducing SDS–PAGE 

Besides the addition of SDS, proteins may optionally be briefly heated to 

near boiling in the presence of a reducing agent, such as dithiothreitol (DTT), 

which further denatures the proteins by reducing disulfide linkages, thus 

overcoming some forms of tertiary protein folding, and breaking up quaternary 

protein structure. This is known as reducing SDS–PAGE. On reducing SDS–

PAGE, IgG shows two bands, one with a size of 25 kDa of Fab fragments and 

one with a size of 50 kDa of the Fc fragments. 

http://en.wikipedia.org/wiki/Dithiothreitol�


Methods 

 - 42 - 

3.2.1.2 
 

Non–reducing SDS–PAGE (no reducing agent) was used to analyze 

protein samples when native structures were investigated. Without reducing 

the disulfide linkages, IgG remains one band with a size of 150 kDa on the gel. 

 

 Non– Reducing SDS–PAGE 

3.2.2 Bradford Protein Assay 

The Bradford protein assay is based on the observation that the 

absorbance maximum for an acidic solution of Coomassie Brilliant Blue G–

250 shifts from 465 nm to 595 nm when it binds to proteins. Bradford (1976) 

first demonstrated the usefulness of this principle in a protein assay. Spector 

(1978) found that the extinction coefficient of a dye–albumin complex solution 

was constant over a 10–fold concentration of protein by selecting an 

appropriate ratio of dye volume to sample concentration. Over a broader 

range of protein concentrations, the dye–binding method gives an accurate, 

but not entirely linear response.  

In this work, the Bradford protein assay (Bio–Rad, USA) was used to 

check the retention ability of the nitrocellulose filters to the antibody. The 

sensitivity of this method was 1 µg/ml. First, a standard curve for the Bio–Rad 

protein micro assay was performed with normal human IgGs. The standard 

curve was made according to OD595 versus concentration of standards. To 

test the retention ability of the nitrocellulose filters, 1 ml human IgG (25 µg/ml) 

was filtrated through filter, the filter was then washed twice with 1 ml PBS. 

The flow through and the washing fractions were collected to measure the 

protein concentration. Concentrated dye reagent (0.2 ml) was added to the 

each tube containing 0.8 ml standards or samples. The tubes were mixed by 

vortex carefully. After incubation at RT for about 10 min, A595 

3.2.3 StrataClean Resin Purification 

was measured 

versus reagent blank. Unknowns were read from the standard curve. 

 

StrataClean resin is a phenol–free technique for DNA purification. The 

solid phase silica–based resin contains hydroxyl groups that react with 
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proteins in a similar manner as the hydroxyl group of phenol. DNA can be 

rapidly and efficiently separated from all proteins by treatment with the resin. 

In this work, this resin was used to separate λ exonuclease from ssDNA 

after digestion. For a 100 µl reaction, 10 µl resin was added according to the 

instruction of the supplier (Stratagene, USA). Before use, the slurry was 

completely resuspended by vortexing. After adding the resin, the sample was 

mixed by vortexing for 15 s and then incubated at RT for 1 min. The mix was 

spun in a microfuge at 2,000 g for 1 min. The supernatant containing the DNA 

was carefully removed to a fresh tube. After extraction, the absorbance of 

A260 and the ratio of A260/A280

3.2.4 Preparation of Antibody–Free Serum 

 were measured to decide whether a second 

extraction was needed.  

 

The serum of the myeloma patient is needed to evaluate the efficacy of the 

aptamer in clinical applications. A mimic serum was prepared because the 

serum of the patient was unavailable according to the information from the 

company supplying this antibody. Antibody–free serum fraction was 

generated as described by Goore and colleagues (1973). Solid ammonium 

sulphate was added to 50% saturation and incubated at 4°C for 2 h. The 

sample was centrifuged at 10,000 g for 10 min. The antibody–free 

supernatant fluid was carefully removed to a new tube. The sample was then 

desalted with the YM–3 spin column (Millipore) and eluted in PBS buffer. The 

MM antibody was added to the antibody–free serum at a final concentration of 

20 mg/ml to mimic the serum of myeloma patient. 

 

3.3  In Vitro Selection 
 

3.3.1 Nitrocellulose Membrane Filter Partition Method 

Nitrocellulose membrane filters (nitrocellulose/cellulose acetate–mixed 

matrix, 0.45 μm pore size; Millipore Corp.) were used to separate the DNA–

antibody complexes from the unbound ssDNAs. The basis of the methodology 
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is the observation that most proteins bind to nitrocellulose nonspecifically. If a 

protein is associated with a nucleic acid, then the complex can also be 

retained on the nitrocellulose filter.  

To reduce the non–specific adsorption of nucleic acids to the filters, the 

filters were pre–treated with alkali as described (McENtee et al. 1980). The 

disks were soaked in 0.5 M KOH at RT for 20 min, then washed extensively 

with distilled H2O. The disks were washed for 45 min in binding buffer by 

shaking and stored in new buffer at 4°C. A mini vacuum device was designed 

and used for the in vitro selection (Fig. 3.1). 

 

 
 

Figure 3.1 Mini vacuum device for the nitrocellulose filter partition method  

 

The filter holder and a syringe were inserted into a 1.5 ml tube through the 

cap. After incubation of ssDNA with antibody, the mixture was loaded carefully 

on top of the filter without touching it. By pulling the syringe, a vacuum 

condition was generated. The unbound ssDNAs were sucked through the filter 

and collected in the tube. The DNA–antibody complexes were retained on the 

filter. The advantage of this mini vaccum device is that the unbound DNA in 

the follow–through fraction could be easily collected for further analysis. 
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3.3.2 Selection Procedure  

The target molecule of the in vitro selection was a myeloma protein (MM 

IgG1), which was purified from a myeloma patient. The binding buffer was 

phosphate buffered saline (PBS), pH 6.0. A ssDNA library (5 nmol, about 

3.0×1015 different molecules) was used for the first round of selection. To 

monitor the formation of antibody–DNA complexes, a small fraction of the 

library (1%, 50 pmol) was 5’–end labelled with γ–32P–ATP by T4 

polynucleotide kinase, purified from a 10% polyacrylamide 8.3 M urea gel and 

added back. The library then was dissolved in 1 ml binding buffer, heated to 

95°C for 3 min and immediately placed at 4°C for 30 min. The renatured DNA 

was filtrated through a nitrocellulose filter in the absence of target molecules 

to get rid of the matrix binders. This procedure was called pre–selection. The 

flow–through fraction containing the unbound ssDNA was then incubated with 

0.5 nmol target antibody at RT for 30 min. The reaction mixture was aspirated 

through the filter disk. Nonbinding oligonucleotides were removed by 

extensive wash steps (3×1 ml) with the same buffer. Bound ligands were 

recovered from the membrane by denaturing with 7 M urea incubated at 95°C 

for 30 min and assessed by Cerenkov counting. The selected ssDNA was 

then ethanol precipitated, PCR amplified, λ exonuclease digested and purified 

to generate a new ssDNA pool for the next round of selection. 

Subsequent rounds of selection were performed similarly. The DNA was 

labelled with α–32P–dCTP through PCR amplification. The pre–selection 

procedure was carried out before selection in each round. After pre–selection 

about 70 pmol ssDNA was used for the next selection. A molar ratio of DNA to 

antibody of 10 to 1 was kept for all rounds. The total reaction volume was 

200 µl. PCR products from round 9 were cloned into the pGEM®

3.3.3 Secondary Structure Prediction  

–T vectors, 

sequenced and characterized. 

 

Secondary structures of the selected aptamers were predicted by the Zuker 

algorithm (Zuker, 2003), using Mfold (version 3.2, http://mfold.bioinfo.rpi.edu/ 

cgi-bin/dna-form1.cgi) with conditions set up at 0.15 M NaCl and 25°C.  

http://mfold.bioinfo.rpi.edu/�
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3.4  Biochemical and Biophysical Assays  
 

3.4.1 Nitrocellulose Filter Binding Assay  

Nitrocellulose filter binding assays (NCFBAs) have been used for many 

years to qualitatively and quantitatively determine protein–nucleic acid 

affinities. They were used to test the binding ability of single clones, to 

determine the equilibrium dissociation constants (Kd) of the best binder and 

the truncated ligands, as well as to determine the binding specificity.  

The filter used in NCFBAs and the pre–treatment procedure were the 

same as described in the in vitro selection part. Briefly, after incubation of 

radioactivity labelled ssDNA and target antibody, the mixture was filtrated 

through the nitrocellulose filter sitting on a filter holder connected with a 

vacuum device. The filter was then washed three times with 1 ml PBS buffer. 

Bound ligands were recovered from the membrane by denaturing with 7 M 

urea incubated at 95°C for 30 min and assessed by Cerenkov counting. 

The binding tests of single clones and the binding specificity tests were 

carried out in a 20 μl reaction containing 32P–labelled ssDNA and target at a 

concentration of 100 nM each. To determine the Kd, an aliquot of 20 μl 

reactions containing 1.5 pmol 32P labelled aptamer and MM IgG1 ranging from 

micromolar to nanomolar concentrations were mixed in binding buffer and 

incubated at RT for 30 min. Then the mixture was filtrated and washed as 

described above. Kd

3.4.2 Kd Determination 

s were determined graphically by plotting the fraction of 

bound RNA versus the log of the antibody concentration. 

 

The dissociation constant (Kd) of a complex is defined by the following 

equation: 

 

 
Where:  

[D]f: concentration of free DNA 
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[L]f: concentration of free ligand (IgG1 in this case) 

[DL]: complex of DNA bound to its ligand 

 

The total DNA concentration consists of the concentration of free DNA and the 

concentration of ligand–bound DNA, and the same is true for the ligand as well: 

[D]f = [D]t – [DL]                                            (2) 

[L]f = [L]t – [DL]                                            (3) 

With: 

[D]t: total DNA concentration 

[L]t: total ligand concentration 

Therefore, when substituting the variable for the free ligand concentration 

in equation (1) with equation (2): 

                             
Re–arranging of equation (4) results in the Langmuir–Hill equation (9):  

 Kd * [DL] = [L]t *[D]f – [DL] * [D]f                                (5) 

 Kd * [DL] + [DL] * [D]f = [L]t *[D]f                               (6) 

 [DL] * (Kd + [D]f)= [L]t * [D]f                                                            (7) 

 
 

Based on equations (2) and (3): 

 [DL] = [D]t – [D]f = [L]t – [L]f                                    (10) 

 [L]f = [L]t – [D]t + [D]f                                          (11) 

 

When replacing the variable for [D]f in equation (9) with equation (11), the 

resulting equation representing the fraction of bound ligand results in: 
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Due to the experimental difficulty in measuring the amount of free RNA, it 

is crucial for the following assumption to be valid for accurately determining 

the Kd using the amount of total DNA in the calculation. At large ratios of 

aptamer to ligand concentration, the total concentration of the ligand can be 

regarded as sufficiently small to be ignored (e.g. at a 25–fold excess of 

aptamer, the error would be 2% and even decreasing at larger ratios). 

Therefore: 

 

 if [D]t << [L]t , then [L]t – [D]t + [D]f ~ [L]t (13) 

 

 
 

Therefore, at [L]t = Kd: 

 

 
 

3.4.3 Serum Stability Assay 

The susceptibility of natural nucleic acids to nucleolytic degradation is a 

serious hurdle for their applications in biological fluids. Serum stability assays 

were performed to evaluate the stability of the aptamer in human serum. 

Assessment of stability was essentially performed as described (Klussmann 

et al. 1996). The annealed MA–01 was incubated at a concentration of 8 µM 

in 90% human serum buffered with PBS, pH 7.2 at 37°C. To maintain 

conditions of constant pH and sample concentration, lengthy incubations were 

performed in an incubator at 37°C, 94.5% humidity and 5% carbon dioxide. 

Aliquots were mixed with equal volumes of stop solution (8 M urea, 50 mM 

EDTA) and frozen at –20°C. The samples (10 pmol DNA each) were 

separated on 10% denaturing (8.3 M urea) polyacrylamide gels. The gels 

were stained in EtBr (1 µg/ml), and visualized at 254 nm.  
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3.4.4 Circular Dichroism (CD) Spectroscopy 

Circular dichroism (CD) is a form of spectroscopy based on the differential 

absorption of left– and right–handed circularly polarized light. This polarized 

light passes through the sample to a photomultiplier detector. If the sample is 

not optically active, the light beam does not vary through this cycle. With the 

introduction of an optically active sample, a preferential absorption is seen 

during one of the polarization periods and the intensity of the transmitted light 

now varies during the modulation cycle. The variation is directly related to the 

CD of the sample at that wavelength. Successive detection is performed at 

various wavelengths leads to the generation of the full CD spectrum. CD 

spectra for distinct types of secondary structure present in peptides, proteins 

and nucleic acids are different. The analysis of CD spectra can therefore yield 

valuable information about the secondary structure of biological 

macromolecules. 

In this experiment, CD measurements were carried out on a JASCO J–610 

spectropolarimeter in a quartz cell with an optical path length of 10 mm. The 

CD spectra were obtained by taking the average of 10 scans made from 

350 nm to 200 nm. The measuring condition was 2 μM oligonucleotide in 

10 mM Tris/HCL buffer (pH 7.5) with or without 100 mM NaCL or 100 mM 

KCL or in PBS buffer. The samples were heated to 95°C for 5 min and 

annealed either by slowly cooling to 25°C in water bath over a period of 12 h 

or by fast cooling to 4°C by putting them on ice immediately. Buffer baselines 

were collected in the same cuvette and subtracted from the sample spectra. 

Final spectra were normalized to get rid of the sample concentration and the 

cuvette path length and have zero ellipticity at 320 nm. 

 

3.4.5 Thermal Denaturation–Renaturation using UV–
Visible Spectroscopy 

The stability of various conformational forms of nucleic acids can be 

measured by a thermal denaturation–renaturation experiment. Heating a 

structured nucleic acid leads to changes in its ultraviolet absorbance, which 

reflect the conformational change of the molecule in solution, specifically a 

http://en.wikipedia.org/wiki/Spectroscopy�
http://en.wikipedia.org/wiki/Circular_polarization�
http://en.wikipedia.org/wiki/Light�
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disruption of base–stacking interactions. Such melting experiments can be 

analyzed to determine the thermodynamic basis of DNA or RNA structure 

stability. In most cases, one may perform thermal denaturation experiments 

by recording absorbance at 260 nm as a function of temperature. However, it 

may also be preferable to record absorbance at other wavelengths. For 

example, quadruplex denaturation does not lead to large variation in 

absorbance at 260 nm. It is, however, possible to follow this denaturation at 

other wavelengths such as 295 nm (Mergny et al. 1998). 

Oligonucleotides were resuspended at a final concentration ranging from 

1 μM to 2 μM, depending on the length. Oligonucleotides were annealed in 

buffers by boiling for 5 min, and slow cooling to room temperature. Thermal 

denaturation–renaturation was carried out using a Hewlett Packard Agilent 

8452 Diode Array Spectrophotometer equipped with a Peltier effect heated 

cuvette holder and temperature controller. Samples (1.2 ml, which filled the 

cuvette) were placed in a quartz cuvette of 1 cm path length and were allowed 

to reach ambient temperature before beginning each experiment. A 

temperature range of 20°C to 95°C was used to monitor absorbance at 

260 nm and 295 nm at a heating/cooling rate of 0.5°C/min. The melting and 

annealing temperatures (Tms) were calculated as the temperature, where the 

absorbance was halfway between the absorbance of the annealed species 

and the absorbance of the denatured species. 

 

3.5 Aptamer–Based Immuno–Assays  
 

3.5.1 Aptamer–Based ELISA 

The enzyme–linked Immunosorbent Assay (ELISA) combines the 

specificity of antibodies with the sensitivity of simple enzyme assays, by using 

antibodies or antigens coupled to an enzyme. The ELISA can be used to 

detect the presence of antigens that are recognized by an antibody or it can 

be used to test for antibodies that recognize an antigen.  

An indirect aptamer–based ELISA was established for the detection of 

myeloma antibody in human serum (Fig. 3.2). The SELEX derived aptamer 
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served as a capture agent in the assay. Reacti–BindTM streptavidin coated 

96–well plates were used (Pierce) to develop this assay. The plates were 

already blocked with BlockerTM BSA by the supplier. The binding capacity of 

the plate was about 10 pmol biotin per well. Aptamer MA–01a was 

synthesized with a biotin and a TEG at the 3’ end and named 3’–Bio–TEG–

01a. To get a maximum coating effect, 30 pmol renatured aptamer in a total 

volume of 30 µl PBS buffer pH 6.0 and control (PBS buffer) was immobilized 

onto each well in a 30 min incubation step. The plate was then washed three 

times with 200 µl PBS buffer to remove any unbound molecules.  

 

 
 
Figure 3.2 Mechanism of aptamer–based ELISA. The aptamer 3’–Bio–TEG–01a was 

immobilized on the streptavidin coated plate. MM IgG1 at different concentrations in 

1% antibody–free human serum was added to the plate. HRP conjugated 2nd

The coated wells were challenged with six different concentrations (500, 

200, 100, 30, 10, 1 nM) of target MM IgG1 in 1% antibody–free human serum. 

The plate was then incubated at RT for 30 min for the binding to occur. The 

plate was washed three times with 200 µl PBS buffer, and the secondary 

antibody (1:5000 dilution), horseradish peroxidise (HRP)–conjugated goat 

anti–human IgG was added at 50 µl/well. The plate was incubated at RT for 

30 min. The plate was then washed three times with 200 µl PBS buffer, and 

 antiboby 
and TMB were added for MM IgG1 detection. 
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3.3’, 5.5’–tetramethylbenzidine (TMB) substrate solution was added at 

50 µl/well. After approximately 5 min of incubation at RT, stop buffer (2N 

H2SO4) was added at 50 µl/well and the color development was measured 

spectrophotometrically at 450 nm.  

 

3.5.2 Aptamer–based Affinity Capture Assay 

An aptamer–based affinity capture method was established to evaluate the 

aptamer’s application in capturing M protein from the serum of myeloma 

patient’s. Immobilized NeutrAvidinTM Protein (Pierce, USA) was used to bind 

the aptamer to the stationary phase. NeutrAvidinTM Protein is a chemically 

modified version of avidin with a molecular weight of approximately 60 kDa. 

Unlike avidin, NeutrAvidinTM 

To immobilize the aptamers on the beads, 14 µg renatured aptamer 3’–

Bio–TEG–01a was diluted into 50 µl of PBS and then added to 20 µl settled 

avidin gel. The sample was mixed for 30 min under rotation at RT. The 

binding efficiency was detected by measuring the UV absorbance of unbound 

aptamer at 260 nm. In order to determine the level of non–specific binding, a 

non–related 3’–biotinylated DNA sequence of 20 nt in length served as a 

control. The beads with immobilized DNAs were washed twice with 1 ml PBS 

before the assay. MM IgG1 (1µg) in 19 µl antibody–free human serum (1%) 

was added to the beads and incubated at RT for 30 min for the binding. The 

beads were then washed carefully and the bound antibody was eluted by 

boiling for 5 min in 20 µl of 2×SDS–PAGE loading buffer. The loading, the 

flow–through as well as the elution fractions were checked on 10% non–

reducing SDS–PAGE gels. 

Protein has no carbohydrate portion and a neutral 

isoelectric point (pI=6.3), resulting in minimal nonspecific binding (Hiller et al. 

1987). 
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4 Results 
 

4.1 In Vitro Selection 
 

A ssDNA library with a random sequence of 50 nt was used as precursor 

pool for the selection of aptamers for MM IgG1. The random region was flanked 

by primer binding sites of 18 nt each to facilitate PCR amplification. The reverse 

primer was synthesized with a 5’ terminal phosphate for ssDNA generation from 

dsDNA PCR product by lambda (λ) exonuclease digestion (Fig. 4.1). 

 

 
 

Figure 4.1 Design of the ssDNA library for MM IgG1 specific aptamers selection.  

 
For the first round of selection, 5 nmol ssDNA (about 3×1015 different 

molecules) was used directly without PCR amplification. To monitor the 

formation of antibody–DNA complexes, a small fraction of the library (1%) was 

labelled with γ–32P–ATP at the 5’–end and added back. For the following rounds 

of selection, 70 pmol ssDNA was employed in each round, and the ssDNA was 
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labelled for quantification with α–32P–dCTP through PCR amplification. Before 

each round of selection, the nucleic acids were denatured and renatured to 

allow proper folding of the DNA into stable tertiary structures. The binding buffer 

used for the selection was phosphate buffered saline (PBS). PBS is a buffer 

solution commonly used in biochemistry and other branches of biological 

research. It contains NaCl, Na2HPO4•7H2O, KCl and KH2PO4. It was chosen for 

this in vitro selection experiment, because osmolarity and ion concentrations of 

the PBS solution usually match those of the human body.  

After PCR amplification of selected sequences, the double–stranded product 

was treated with λ exonuclease, a 5’ to 3’ nuclease that specifically attacks 

dsDNA only if there was a 5’ terminal phosphate (Higuchi et al. 1989). 

Therefore, the strand of DNA synthesized from the phosphorylated primer was 

digested by the exonuclease leaving the complementary strand for the next 

round of selection. The efficacy of the λ exonuclease was illustrated through gel 

electrophoresis by employing a model system of PCR product with strands of 

unequal length (Williams & Bartel 1995). The reverse primer was 5’–

phosphorylated, and the forward primer was synthesized with a 5’–lengthener–

terminator. The intervening terminator was non–nucleotide material that blocks 

negative strand elongation. The lengthener (20 dA) segment was responsible 

for the site difference of the two strands. Therefore, the two strands of PCR 

product differed significantly in length, and the digestion efficacy of λ exo-

nuclease could be monitored by gel electrophoresis  

For a 100 µl reaction mixture, 4 µg purified dsDNA and 20 U λ exonuclease 

was used following the instruction from the company (Fermentas, USA). After 

treatment of λ exonuclease, aliquots were taken at the indicated times. Samples 

were analyzed by denaturing PAGE. The positive strand of the PCR product 

migrated more slowly than the negative one (Fig. 4.2 lane 1). Treatment of PCR 

product with λ exonuclease resulted in complete removal of the phosphorylated 

strands. Digestion of the unphosphorylated strand could be detected after 

30 min of incubation (Fig. 4.2 A). To avoid the digestion of the 

unphosphorylated strand, 10 U λ exonuclease was tested for 4 µg dsDNA in a 

100 µl reaction mixture. Complete removal of the phosphorylated strands and 

http://en.wikipedia.org/wiki/Buffer_solution�
http://en.wikipedia.org/wiki/Buffer_solution�
http://en.wikipedia.org/wiki/Buffer_solution�
http://en.wikipedia.org/wiki/Biochemistry�
http://en.wikipedia.org/wiki/Biology�
http://en.wikipedia.org/wiki/Biology�
http://en.wikipedia.org/wiki/Biology�
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no evidence of digestion of the unphosphorylated strands were observed even 

after 50 min of incubation (Fig. 4.2 B). To accelerate the ssDNA preparation, the 

efficacy of λ exonuclease for the digestion of unpurified PCR product was also 

tested. Similar results were obtained (data not shown). According to these 

results, 10 U of λ exonuclease for about 4.0 µg unpurified PCR product was 

used with an incubation time of 30 min for ssDNA formation.  

 

 
 
Figure 4.2 Optimization of lambda exonuclease digestion for ssDNA formation. For a 

100 µl reaction mixture, 4 µg purified dsDNA was treated with 20 U (A) or 10 U (B) λ 

exonuclease, respectively. Aliquots were taken at the indicated times. L marks the size 

standard (10 bp DNA ladder). The results were reproduced in an independent experiment. 

 
The formation of antibody–DNA complexes was monitored by using 

nitrocellulose filter binding assays. The filters were treated with alkaline before 

use to decrease unspecific binding of DNA to the filters. It turned out that 

neither ssDNA nor dsDNA was retained by alkaline–treated filters. The binding 

ability of human IgG to the filter was determined by Bradford protein assay. 

Almost no protein could be detected in the flow through and washing fractions, 

which indicated that the antibody could be retained on the filter efficiently. To 

prevent amplification of molecules that bind to the matrix, a pre–selection was 

performed before each round of selection. The pre–selection was carried out by 

filtration of the ssDNA pool in the absence of target. The flow–through 

containing the unbound ssDNA fraction was then collected for the following 

selection procedure. The amount of ssDNA obtained in both the pre–selection 
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and selection procedures was evaluated by Cerenkov counting of the fractions 

eluted from the filters. The percentage of DNA bound to the target increased 

from 0.02% in the first cycle to 2.1% in cycle 7. In cycle 8, it increased to 5.6% 

and reached 6% in cycle 9. Since there was no significant increase in cycle 10, 

the SELEX was assumed to have reached completion. This represented an 

improvement in affinity about 300–fold compared to the initial randomized DNA 

library. There was no obvious increase of DNA bound in the pre–selection 

procedure (Fig. 4.3). 

 

 
 

Figure 4.3 Fraction of ssDNA obtained in each selection round. The columns indicate the 

percentage of ssDNA eluted from the filters in the pre–selection (blue) and selection 
procedures (red). The fraction of ssDNA bound to the target reached a maximum of 6% 

after 9 cycles of selection. 

 

4.2 Primary and Secondary Structures of the Aptamers  
 

4.2.1 Sequence Analysis 

The ssDNA obtained from round 9 was cloned and sequenced. Altogether, 

48 individual clones were characterized and revealed 19 different variants. The 
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lengths of the sequences were from 83 to 88 nucleotides. Some of the selected 

DNAs were shorter than the original 86 nt pool DNAs because of deletions 

within the randomized region that presumably arose during PCR amplification. 

Based on the sequencing analysis, nine sequences were represented more 

than once in the 48 clones. Aptamer MA–01 was represented most frequently. 

The other nine variants (MA–10 to MA–19) were orphan sequences (Table 4.1).  

 
Table 4.1 Sequence frequency of selected aptamers  

aptamer number of clones length (nt) frequency of sequence (%) 

MA-01 9 84 18.8 

MA-02 7 86 14.6 

MA-03 5 86 10.4 

MA-04 4 86 8.3 

MA-05 4 85 8.3 

MA-06 3 85 6.3 

MA-07 2 86 4.2 

MA-08 2 86 4.2 

MA-09 2 86 4.2 

MA-10 1 87 2.1 

MA-11 1 84 2.1 

MA-12 1 87 2.1 

MA-13 1 83 2.1 

MA-14 1 86 2.1 

MA-15 1 86 2.1 

MA-16 1 88 2.1 

MA-17 1 83 2.1 

MA-18 1 86 2.1 

MA-19 1 85 2.1 
 

The table shows the sequences frequency of the selected clones.  

 
Alignment of these sequences revealed three distinct regions of 

conservation in 18 unique ligands (Fig. 4.4). These regions were highly 

guanosions (Gs) – rich. One conserved region contained six Gs (Box II), and 

the other regions had two Gs and one cytosine (Box I) or one thymine (Box III), 

respectively. 
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These consensus motifs were located at different positions in the original 

random region of selected aptamers: close to the 5’ terminal (9/18), close to the 

3’ terminal (5/18), or in the middle of the sequences (4/18). The order of the 

conserved motifs, however, followed a Box I – Box II– Box III orientation in all 

variants. 

 

4.2.2 Secondary Structure Prediction 

Secondary structures of the selected aptamers were predicted by the Zuker 

algorithm (Zuker 2003), using Mfold (version 3.2) with conditions set up at 

0.15 M NaCl and 25°C. According to the proposed secondary structures, ten 

variants (MA–01, MA–02, MA–05, MA–06, MA–07, MA–08, MA–09, MA–11, 

MA–12, MA–15) could be folded into similar hairpin loop–stem structures. 

Surprisingly, the other eight variants (MA–03, MA–04, MA–10, MA–13, MA–14, 

MA–16, MA–17 and MA–18) were folded into different structures and no 

common secondary structure elements could be assigned to these variants. 

Considering the existence of the consensus motifs in these aptamers, constraint 

information was used to force the conserved sequences to be single stranded to 

search for common secondary structure elements. By doing this, these variants 

could be folded into similar loop–stem structures as MA–01 (Fig. 4.5).  

In all predicted structures, the consensus motifs were located in the loops with 

the length of 19 to 24 nucleic acids. Nucleotides flanking these consensus motifs, 

which could base pair with each other (Fig. 4.4), formed stems with length of 4 to 

12 base pairs. In nine aptamers (MA–03, MA–04, MA–06, MA–09, MA–10, MA–

12, MA–13, MA–16, MA–18), the 5’ fixed regions were involved in the stem 

structures; in three ligands (MA–05, MA–13, MA–15) the 3’ fixed regions were 

involved in the stems. 
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Figure 4.5 Potential secondary structure of aptamer MA–01. Positions 1–18 and 67–86 are 

the primers sequences. The conserved nucleotides are encircled. All sequences 
containing the conserved motif could be folded into similar secondary structures based 

on the folding algorithm of Zuker.  

 

4.3 Binding Characteristics  
 

4.3.1 Binding Affinity  

The affinity of all unique ligands for the MM IgG1 was examined in a 

screening manner by determining the amount of DNA bound to the MM IgG1 at 

concentrations of 100 nM each. The 18 variants containing the conserved 

sequences displayed significant binding affinities to the target MM IgG1 

compared with the random ssDNA library and the background control (Fig. 4.6). 

Clone MA–19, which did not contain the consensus motif, showed no affinity to 

the target molecule.  
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Figure 4.6 Binding test of all variants. The X axis shows the names of the aptamers. L 

and B indicate the library DNA and background control, respectively. The Y axis shows 

the fraction of DNA bound to the target.  

 

Aptamer truncation and modification were carried out to define the 

sequences that are essential for binding as well as to obtain shorter and better 

binders for future applications. Since MA–01 appeared most frequently (18.8%) 

in the selected pool, and showed the highest binding affinity among the selected 

variants, this variant was truncated and modified based on the predicted 

secondary structure (Table 4.2).  
 

Table 4.2 Sequence of MA–01 and the truncated aptamers. 

 

The table shows the sequences of MA–01, MA–01a, MA–01c and MA–01g. FP indicates 
the forward primer and RP indicates the reverse primer binding region. The mutated 
bases in MA–01c are displayed in underlined letters and the two additional CGs are 
displayed in bold letters. dG indicates the predicted free energy of secondary structure 
formation.  
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To see if the conserved loops and the extended stems were sufficient for 

MM IgG1 binding, three ssDNA species were synthesized. MA–01a (31 nt) 

contained the conserved loop flanked by the covarying sequences of 12 nt 

forming a 6–bp stem calculated by the Mfold program. MA–01c (35 nt) was 

modified from MA–01a. The two AT sequences were replaced with two CG 

sequences in the flanking region, and the stem was extended with additional 5’ 

CG and 3’ GC residues. This resulted in a longer and more stable stem. The 

predicted free energy of secondary structure formation of MA–01c indicated a 

higher stability of this sequence as compared to MA–01a (Fig. 4.7). MA–01g (19 

nt) contained only the conserved loop region. These three oligonucleotides 

were chemically synthesized. Binding assays were performed to define their 

binding affinities. 

 

 
 
Figure 4.7 Potential structures of conserved motif, ligand MA–01a and ligand MA–01c. 
The consensus sequences for the ssDNA ligands can be folded into a stem–loop motif. 
The circled letters in the loops indicate the conserved nucleotides. The covariations in 
the stems are indicated by N–N’ base pairs. Ligand MA–01a contains the conserved loop 
and the extended stem regions. Ligand MA–01c is a modification of MA–01a in the stem 
region to stabilize the secondary structure. The outline letters indicate the mutated bases 
and the additional bases. 
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The Kd values of the best binder MA–01 and the truncated form MA–01a 

were determined using the filter binding assay. MA–01 bound to the target with 

a Kd of 172 nM, and MA–01a bound to the target with a Kd of 372 nM (Fig. 4.8). 

MA–01c displayed a similar binding affinity as MA–01a (data not shown), 

indicating that the length and the sequences of the stems were not essential for 

binding. The truncated variant MA–01g did not bind to the MM IgG1 under this 

condition. These results suggested that the conserved loop structure might be 

the direct target binding motif, but that the stem formed by the 5’ and 3’ 

extensions were also critical for binding.  

 

 
 

Figure 4.8 Binding curves of aptamers. The plots display the binding curve of selected 

full length aptamer MA–01 (solid circle) and truncated aptamer MA–01a (hollow circle).  

 

The influence of pH on aptamer’s binding performance was also evaluated 

by Kd determination in buffers with different pH. The aptamer MA–01 showed 

the best binding affinity to the target at pH 6.0, at which the aptamers was 

selected, with a Kd of 172 nM. The Kd of the aptamer changed to 290 nM at pH 

6.6 and to 602 nM at pH 7.2, respectively (Fig. 4.9). This is likely due to the 

different neutralization of the phosphate backbone under different pH values, 

which had an impact on the aptamer’s conformation and, therefore, on its 

binding capability.  
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Figure 4.9 Binding curves of aptamer MA–01 under different pH values. Experiments 

were carried out in duplicate. pH condition: pH 6.0 (●), pH 6.6 (○) and pH 7.2 (▼).  

 
To test whether antibody–aptamer complexes can dissociate by changing 

the pH value of the binding buffer, filter binding assays were carried out under 

different pH conditions (Fig. 4.10).  

 

 
 
Figure 4.10 PH dependence antibody–aptamer dissociation assay. The experiments were 

carried out in duplicate.  
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About 50% of aptamer MA–01 bound to the target antibody to form aptamer–

antibody complexes at pH 6.0. The fraction of the aptamer bound to target 

decreased to 35% as the pH increased from 6.0 to 7.0, indicating dissociation of 

30% of the complexes. The fraction of bound DNA decreased to 17%, close to 

the background level, as the pH was raised from 6.0 to 8.0, indicating that 

almost all complexes dissociated under this condition. This pH dependence 

binding character of the aptamer could be utilized to elute the bound antibody 

from the immobilized aptamer. With this method, no special elution buffer is 

needed for the elution step. Moreover, the aptamer stationary phase can be 

regenerated easily by adjusting the pH of the binding buffer.  

Because it has been discussed previously that the immobilization of 

aptamers may affect their binding properties (Nutiu & Li 2004; Baldrich et al. 

2004), an aptamer–based immunoassay was performed to characterize the 

influence of immobilization on the MM IgG1 specific aptamers. Both 5’–

biotinylated aptamer MA–01 and 5’–biotinylated ssDNA pool were immobilized 

on NeutrAvidin agarose beads. After incubation with MM IgG1 and horse radish 

peroxidase (HRP)–conjugated anti–human IgG 2nd antibody and HRP substrate, 

the absorbance was measured at 450 nm. A strong signal was obtained for the 

aptamer, indicating the binding of the MM IgG1 conjugate. The signal for the 

DNA pool was as low as the background, indicating no binding (Fig. 4.11).  

 

 
 

Figure 4.11 Binding test of aptamer MA–01 after immobilization. The experiments were 

carried out in duplicate. 
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4.3.2 Binding Specificity  

To verify the binding specificity, MA–01 was subjected to filter binding 

experiments with the target antibody, a MM IgG1 from a different patient and 

one monoclonal human IgG1 (Fig. 4.12). The DNA to antibody ratio was 1:1 at a 

concentration of 100 nM each. About 40% of the aptamer bound to the target 

antibody under this condition. The aptamer did not cross–react with myeloma 

antibody from a different patient or the monoclonal IgG1, although they 

belonged to the same isotype. No binding of the aptamer could be detected to 

polyclonal human serum IgGs, Fab fragments or Fc fragments of human IgGs. 

 

 
 

Figure 4.12 Binding specificity of aptamer MA–01. The experiments were carried out in 
duplicate. 

 
This result implicated a high specificity of the MM IgG1 binding aptamer. 

Since the Fc fragments of antibodies of the same isotype are almost identical, 

the aptamer’s specificity also suggested that the binding site of the aptamer was 

located in the variable region or even in the antigen binding pockets of the 

antibody. 
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4.4 Tertiary Structure Prediction 
 

Nucleic acid sequences, which are rich in Gs are capable of forming four–

stranded structures called G–quadruplexes. These consist of a square 

arrangement of Gs (a tetrad), stabilized by Hoogsteen hydrogen bonding. They 

are further stabilized by the existence of a monovalent cation in the center of 

the tetrads (Fig. 4.13 A). The relative strand orientation (5’ to 3’ polarity) of the 

four strands of the quadruplex may be parallel, antiparallel or mixed (Davis 

2004). For a monomer quadruplex, the structure can be either monomer chair 

(antiparallel) or monomer basket (mixed) (Fig. 4.13 B).  

 

 
Figure 4.13 Schematic presentation of G–quartet structure. (A) G–quartet. The scheme 

displays the arrangement of guanine bases in a G–quartet, shown together with a 

centrally placed metal ion. Hydrogen bonds are shown as dotted lines, and the positions 
of the grooves are indicated. (B) Loop orientation of monomer G–quadruplexes. The left 

one shows the monomer chair G–quardruplex and the right one shows the monomer 

basket type (Dapić et al. 2003). 

 

The consensus motif of selected aptamers is highly G–rich and fits the 

formula described for intramolecular quadruplexes (Burge et al. 2006) as 

follows:  
 

GmXnGmXoGmXpGm 
 

Where m is the number of G residues in each short G–tract, which are directly 

involved in G–tetrad interactions. Xn, Xo and Xp can be any combination of 

residues, including G, forming into loops. According to this formula, the G–rich 

http://en.wikipedia.org/wiki/Guanine�
http://en.wikipedia.org/wiki/Guanine�
http://en.wikipedia.org/wiki/Hoogsteen_base_pair�
http://en.wikipedia.org/wiki/Hydrogen_bond�
http://en.wikipedia.org/wiki/Monovalent�
http://en.wikipedia.org/wiki/Cation�
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consensus motif of the MM IgG1 binding aptamers could potentially fold into a 

G–quadruplex structure. There are three different possible arrangements for the 

Gs that are directly involved in G–quartets (Fig. 4.14 A). According to the 

different strand polarities, there are two types of G–quadruplexes that are 

possibly folded by this motif, “chair” type or “basket” type (Fig. 4.14 B). 

 

 
 

Figure 4.14 Prediction of G–quadruplexes folded by the consensus motif of the selected 
aptamers. (A) Three possible arrangements of the Gs forming the G–quartets. The Gs in 
red and bold form represent the Gs that are directly involved in the G–quartets. The Ns 
indicate the nonconserved nucleotides, and the subscript numbers indicate the number 
of nucleotides. The underlined letters indicate the sequences of the loops. (B) G–
quadruplexe models folded by the consensus motif. The upper three figures indicate the 
chair type and the lower three show the basket type. The number under each structure 
indicates the corresponding G arrangements in this structure as shown in (A). Strand 
polarities are shown by arrows. 
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In all alternative options for G–quadruplexe formation, loop2 was highly 

conserved with either one or two guanine bases. For most of the aptamers 

(15/18), loop 1 and loop 3 differed in length. These aptamers could be classified 

into families, according to the common primary sequence elements of the loop1 

and loop3 in the predicted G–quadruplex structures, as illustrated in Figure 4.15 

(taking the first possible arrangement of Gs in the G–quartets).  

 
  loop1  loop2  l o o p 3 

I 

MA-01 G T T T C  G G  T    A 
MA-02 T C T T T  G G  T T A 
MA-05 T T T T T  G G  T T A 
MA-06 T A T T T  G G  T T A 
MA-07 T A A T T  G G  G T A 
MA-08 G T T T C  G G  C T A 
MA-10 T T T T T  G G  C T A 
MA-11 T C T T T  G G  G T A 
MA-14 G A T T C  G G  G T A 

 consensus K H W T Y  G G  B T A 
     

II 
MA-03 G T G C A T C T C C  G G  T G 
MA-13 G C A T G T C T C C  G G  T G 

 consensus G Y R Y R T C T C C  G G  T G 
     

III 
MA-12 T G C  G G  T C T 
MA-16 T G C  G G  T C T 

 consensus T G C  G G  T C T 
     

IV 
MA-15 C T T  G G  T A T G 
MA-17 C T C  G G  G T T T 
MA-18 C T T  G G  G T T T 

 consensus C T Y  G G  K W T K 
 
Figure 4.15 Classification of the aptamers into families sharing common primary 

sequence elements in loop1 and loop3 of the predicted G–quadruplex structures. K 

refers to G or T; H refers to A or C or T; W refers to A or T; Y refers to T or C; B refers to T 

or G; R refers to G or A. 

 

Nine of the 18 sequences (family I) contained a consensus motif of five 

nucleotides, KHWTY, in loop1, and shared the motif BTA in loop3. The two 

aptamers of family II had the consensus motif, GYRYRTCTCC, in loop 1, while 
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six nucleotides were invariant and the other four were either a purine or a 

pyrimidine. The TG sequence of loop3 was invariant. The two aptamers of 

family III had identical loops. The three members of family IV had a CTY motif in 

loop1, and a TWTK motif in loop3. Two variants MA–04 and MA–09 did not 

belong to any of these families. It is notable that both loop1 and loop3 contained 

at least one T residues. It is conceivable that the G(s) in loop2 and the T(s) in 

loop1 and loop3 may be very importment for the target recognition for the 

aptamers.  

CD spectroscopy is a powerful analytical tool for identifying quadruplex DNA 

structures. For parallel quadruplexes, in which all four strands are in the same 

orientation, CD minima and maxima are typically near 240 nm and 264 nm, 

respectively. For antiparallel quadruplexes, in which strands orientation 

alternates, the corresponding values are typically near 265 nm and 295 nm, 

respectively (Hardin et al. 1991). The CD spectra of aptamers MA–01a 

(Fig. 4.16 A) and MA–01g (Fig. 4.16 C), which annealed in buffer containing 

100 mM Tris/HCl (black line) without any cation contained one positive peak 

around 260 nm and one negative peak around 240 nm. This suggested that no 

quadruplexes formation occurred under this condition. Interestingly, the spectra 

of MA–01a and MA–01g annealed in buffer containing 100 mM NaCl (blue line) 

or 100 mM KCL (red line) contained two positive peaks at both 295 nm and 

264 nm. The appearance of these two peaks indicated that more than one 

molecular species (both chair and basket forms) were present in solution. The 

spectra of MA–01c (Fig. 4.16 B), which annealed in Tris/HCl buffer (black line), 

contained a broad positive peak around 280 nm and a negative one at 250 nm. 

The positive peak shifted a little to 290 nm in 100 mM NaCl (blue line) or 

100 mM KCl buffers (red line). These spectra could not fit any one for. This 

suggested that aptamer MA–01c could not fold into quadruplex structures under 

these conditions. It is also possible these spectra resulted from the combination 

of spectra of G–quadruplex structures and the helical domain in this structure.  
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Figure 4.16 CD spectra of aptamers MA–01a (A), MA–01c (B) and MA–01g (C) in different 

buffer conditions. Buffer conditions: 10 mM Tris/Hl (solid line), 100 mM NaCl (dashed line) 

and 100 mM KCl (dotted line). 
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The formation and stability of a particular G–quadruplex can exhibit a strong 

dependence on the species of cation coordinated by its G–quartets. It was 

reported that the stabilization effect of different monovalent cations follows the 

trend K+ > Rb +> Na+ > Li+,Cs+ and divalent cations have the trend 

Sr2+ > Ba2+ > Ca2+ > Mg2+ (Phan et al. 2006). There were two cations, K+ and 

Na+, in the binding buffer used for aptamer selection. CD spectra of MA–01a 

(Fig. 4.17) and MA–01g (Fig. 4.18) annealed in various concentrations K+ and 

Na+ were measured to test the efficiency of cations on G–quadruplex formation. 
 

 
 

Figure 4.17 Efficiency of different cations on G–quarduplex of MA–01a. (A) CD spectra of 

MA–01a in various concentrations of K+. (B) CD spectra of MA–01a in various 

concentrations of Na+.  
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The positive peak of spectra of MA–01a around 260 nm in buffer containing 

no cations shifted towards 265 nm in buffers containing KCl (Fig. 4.17 A). A 

second positive peak appeared at 295 nm. The intensities of these two peaks 

increased as the ion concentrations were raised. Similar results were found in 

buffers containing NaCl (Fig. 4.17 B), but the CD intensities around both, 

295 nm and 264 nm, were lower compared with those in KCl.  

Similar results were obtained for aptamer MA–01g (Fig. 4.18). However, the 

changes of the CD spectra employing different ion concentrations for MA–01g  

 

 
 

Figure 4.18 Efficiency of different cations on G–quarduplex of MA–01g. (A) CD spectra of 

MA–01g in various concentrations of K+. (B) CD spectra of MA–01g in various 
concentrations of Na+.  



Results 

 - 74 - 

were much more obvious than those of MA–01a. This could be due to a higher 

flexibility of MA–01g, which lacked the stem structure as compared to MA–01a. 

Therefore, a conformational change might happen more easily. Interestingly, in 

100 nM KCl, the intensity of the maximum at 264 nm was much higher than that 

at 295 nm; while in 100 mM NaCl, it was just the reverse. It is conceivable that 

KCl is more efficient in inducing a monomer “basket”, while NaCl is more 

efficient in inducing a “chair” type. 

The cooling rate can influence the G–quadruplex structure formed by some 

DNA sequences (Bryan & Jarstfer 2007). This was determined by CD 

spectroscopy of MA–01a, which was annealed following fast or slow cooling 

procedures in different buffers (Fig. 4.19). In the buffers tested, the intensities of 

the positive peaks after slow cooling were a little higher than those after fast 

cooling. This result indicated a rapid formation of the G–quadruplex structure of 

the aptamer.  

 

 
 

Figure 4.19 CD spectra of MA–04a after fast (full line) or slow (dotted line) annealing 

procedure. Buffer conditions: PBS pH 6.0 (black), 100 mM Na+ (blue), and 100 mM K+

Thermal denaturation–renaturation studies can provide additional 

information about the thermodynamic stability and the kinetics of formation of 

secondary structures. The detection of G–quartet formation with UV–

 (red). 

The results were reproduced in an independent experiment. 
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spectroscopy was first described by Mergny et al. (1998). The thermal melting 

of quadruplex nucleic acids can be characterized by an inverse UV transition at 

295 nm (Hardin et al. 1992). This technique relies on the observation that the 

absorbance of Gs at 295 nm is higher when they are in a G–quartet structure 

than when the structure is denatured. In the absence of stabilizing cations, the 

profile of aptamer MA–01a showed no clear transition at 295 nm, indicating the 

absence of stable G–quartets (or possibly the presence of a structure with a 

melting temperature>90°C). In 100 mM KCl or NaCl, the profiles of MA–01a 

showed a reversible transition at 295 nm, where melting and annealing curves 

were almost superimposable. The increase of absorbance from 70°C to 90°C 

could be explained by the dissociation of a helical domain within the structure. 

The Tm of MA–01a in 100 mM K+ was determined to be 42.0°C, and 29.3°C in 

100 mM Na+(Fig. 4.20 A). The profiles showed an increase of absorbance at 

260 nm (Fig. 4.20 B), indicating the dissociation of the G–tetrad structure.  

 

 
 

Figure 4.20 Thermal denaturation–renaturation curve of MA–01a. The melting curve is 

shown with a solid line, the annealing curve is shown with a dotted line (A) MA–01a at 

wavelength 295 nm. (B) MA–01a at wavelength 260 nm. Buffer conditions: 10 mM Tris/HCl 
(black), 100 mM Na+ (blue), and 100 mM K+

In Tris/HCl buffer, the UV–melting profile of MA–01g at 295 nm (Fig. 4.21 A) 

showed a similar profile compared with that of MA–01a. In 100 mM KCl or NaCl, 

 (red).  
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the profile showed reversible transitions with Tm values of 51.6°C and 46.9°C, 

respectively. The profiles showed an increase of absorbance at 260 nm (Fig. 

4.21 B), indicating the dissociation of the G–tetrad structure. This indicated that 

both aptamers, MA–01a and MA–01g, were folded into very stable intramolecular 

G–quadruplexes. The monovalent ion dependence for stabilization of folded 

MA–01a and MA–01g, as judged by the Tm values, was in the order K+ > Na+, 

which was consistent with the data obtained by CD measurements. 

 

 
 

Figure 4.21 Thermal denaturation–renaturation curve of MA–01g. The melting curve is 

shown with a solid line, the annealing curve is shown with a dotted line. (A) MA–01g at 
wavelength 295 nM. (B) MA–01g at wavelength 260 nm. Buffer conditions: 10 mM Tris/HCl 

(black), 100 mM Na+ (blue), and 100 mM K+

4.5 Clinical Potential of MM IgG1 Aptamers  

 (red).  

 

 

4.5.1 Serum Stability of MM IgG1 Aptamers 

A prerequisite for a potential therapeutic use of the aptamers is a reasonable 

stability in mammalian serum. Different from RNA, which is very easily 

degraded in biological fluids, DNA is much more stable, which suggests an 

advantage of DNA aptamers for clinical applications. To test the stability of MM 

IgG1 specific aptamers in human serum, stability assays were carried out by 
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incubating the aptamer MA–01 in human serum for up to 48 h (Fig. 4.22 A). The 

ssDNA library used for the SELEX experiment was also tested side by side (Fig. 

4.22 B).  

 

 
 

Figure 4.22 Stability of the aptamer MA–01 (A) and (B) the random ssDNA library in 

human serum. Aliquots were taken at the indicated times, L marks the size standard (10 

bp DNA ladder). The results were reproduced in an independent experiment. 

 

The incubation of aptamer MA–01 in human serum showed no evidence of 

degradation after one hour of incubation. Only partial degradation was observed 

after three hours. Even after 24 hours of incubation, the aptamer could still be 

detected on the gel. The stability of the library DNA was not as high as that of 

the aptamer, but was much higher than that of RNA, which degrades rapidly in 

human serum. This significant human serum stability of the MM IgG1 specific 

aptamer can be attributed to the G–quadruplexe structure, which made the 

aptamer less susceptible to nuclease degradation in human serum.  

The serum of the patient containing the target antibody was required to 

evaluate the applicability of the MM IgG1 specific aptamers for MM diagnosis 

and therapy. However, the serum of this patient was unavailable according to 

the information from the company, which supplied the antibody. Therefore, a 

serum that could mimic the serum of the patient was prepared as a substitute 

(Fig. 4.23). Because the concentration of normal antibodies in the serum of a 

myeloma patient is very low, serum antibodies were removed from normal 
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human serum by ammonium sulphate precipitation to generate an antibody–free 

serum fraction. There was almost no antibody in this fraction, while all the other 

serum proteins remained (Fig. 4.23 lane 2). MM IgG1 of 2 µg was then added to 

1 µl antibody–free serum to achieve a final concentration of 20 mg/ml, which is 

close to the level of MM antibody in the serum of the patient (Fig. 4.23 lane 4). 

The antibody–free serum and the mimic serum of the MM patient were used in 

aptamer–based assays designed for diagnostic and therapeutic purposes. 

 

 
 

Figure 4.23 Preparation serum that mimics the serum of the MM patient. MW: protein 
ladder; lane 1: normal serum; lane 2: antibody–free serum fraction; lane 3: 2 µg MM IgG1; 

lane 4: serum that mimics the serum of the MM patient.  

 

Detection of the M protein level can be very useful to evaluate the efficiency 

of the treatment as well as to monitor the recurrence of the disease. Thus, an 

aptamer–based ELISA was established to test the ability of the aptamers to 

detect low concentrations of M protein in the background of normal serum 

proteins. Both, the 3’–biotinylated aptamer MA–01a and a 3’–biotinylated 

ssDNA library, were immobilized on streptavidin coated plates. MM IgG1 was 

added to the antibody–free serum to achieve a series of final concentrations 

from 1 nM to 500 nM. The serum with MM IgG1 was added to the plates and 

incubated for 30 min. HRP–conjugated 2nd antibody and HRP substrate were 

added and absorbance was measured at 450 nm to detect the binding of MM 

IgG1 to the immobilized nucleic acids (Fig. 4.24).  
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Figure 4.24 Aptamer–based ELISA for MM IgG1 detection. Biotinylated aptamer MA–01a 

(black) and the ssDNA library (white) were immobilized on a streptavidin–coated plate. 

The X axis indicates MM IgG1 concentration and the Y axis indicates the absorbance at 
450 nm. Experiments were carried out in duplicate.  

 

The results showed that the immobilized aptamer could detect the MM IgG1 

from the human serum at concentrations as low as 10 nM. In contrast, almost 

no binding was detected for the immobilized library DNA. This was also an 

indication of the superior specificity of the aptamer since the other proteins and 

matrix in the serum did not interact with the aptamer. This aptamer–based 

ELISA will allow an easy, quantitative, and sensitive assay for serum M protein 

detection. 

The large amount of M protein in the blood circulation of MM patients is the 

main cause of kidney damage and high blood viscosity. Removing M protein 

from the serum of the patients could release these symptoms. Therefore, an 

aptamer–based affinity capture assay was designed as a model to demonstrate 

the ability of aptamers for MM IgG1 to specifically eliminate the M protein from 

the human serum.  

The 3’–biotinylated aptamer MA–01a was immobilized on NeutrAvidin 

agarose beads. Dilution of 1% antibody–free serum with 20 mg/ml MM IgG1 
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was added to the beads and incubated for 30 min. Bound proteins were then 

eluted. The loading sample, flow through fraction and elution fraction were 

checked on a SDS–PAGE gel (Fig. 4.25). 

 

 
 

Figure 4.25 Capture of MM IgG1 from serum with immobilized aptamer. (A) 3’–biotinylated 

MA–04a and (B) A 3’–biotinylated library ssDNA were immobilized to NeutrAvidin 
agarose beads. Lanes contain the protein ladder (MW), column load (L), flow through 

(F/T), and elution (E) fractions, respectively. 

 

For the immobilized aptamer, one clear band representing the MM IgG1 with 

about the same density as that of the loaded sample could be observed in the 

elution fraction (Fig. 4.25 E). This indicated that the MM IgG1 was effectively 

retained on the column, while other serum proteins were not retained and 

therefore collected in the flow through fraction (Fig. 4.25 A F/T). A column with 

immobilized library DNA was prepared to serve as control. In the elution fraction 

(Fig. 4.25 B E), a very weak band representing MM IgG1 could be observed, 

indicating that very few MM IgG1 was retained by the library DNA. In contrast, 

there was a strong band of human serum albumin (HSA) in this fraction, indicating 

non–specific binding of the library DNA to the HSA. This result suggested that the 

column modified with the aptamer for MM IgG1 could very specifically and 

efficiently retain myeloma protein from the human serum. Moreover, the binding of 

the aptamer to the target antibody was not interfered by the abundant proteins in 

the serum, which was an additional proof of the high specificity of the aptamer.  
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5 Discussion 
 

In this thesis I have used in vitro selection and amplification to identify DNA 

aptamers that bound to a myeloma immunoglobulin. The best ligand bound to 

the target with a Kd of 172 nM in a very specific manner. Sequence alignment of 

selected ligands revealed a G–rich consensus motif among all high–affinity 

aptamers. This consensus motif could be folded into a common hairpin loop–

stem motif by secondary structure prediction. CD spectra and UV melting 

profiles indicated the formation of G–quadruplex structures by this motif. The 

aptamers showed high stability in human serum. Furthermore, the results of 

aptamer–based ELISA and affinity capture assay approved that these myeloma 

protein specific aptamers could be very useful in myeloma diagnosis and 

therapy.  

 

5.1 Optimization of In Vitro Selection Conditions 
 

There is no standard SELEX protocol that is suitable for all targets. 

Therefore, the conditions of an individual in vitro selection need to be optimized 

according to the target properties and the requirements of selected aptamers.  

One of the important aspects for oligonucleotide library design is the length 

of the central random region. The known simple single–stranded oligo-

nucleotide motifs can be built from 30 nucleotides (Gold et al. 1995): hairpins, 

bulges within helices, pseudoknots, and G–quartets. Longer random region 

gives the library a greater structure complexity, which is particularly important 

for targets which are not known to be associated with or to bind to nucleic acids. 

Therefore, a longer random sequence pool may provide better opportunities for 

the identification of aptamers (Marshall & Ellington 2000). However, it was 

shown in several SELEX experiments that the efficiency of aptamer selection 

decreased, when the random region was longer than 70 nt (Legiewicz et al. 

2005). Thus, in this project, a ssDNA library containing a 50–nt central block of 

random sequence was used for the in vitro selection of aptamers against a MM 
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IgG1. This length of the random region was considered to be ideal for the 

antibody target, because the complexity of the library is sufficient, the chemical 

synthesis of such library is cost–effective, and the amount of nucleic acids is 

easy to handle. 

Analysis shows that there is no difference between RNA and DNA aptamers 

in terms of affinity and specificity (Gold 1995a). Moreover, DNA aptamers have 

certain advantages over RNA aptamers. The SELEX procedure for DNA 

aptamers is much faster and easier than that for RNA aptamers. DNA aptamers 

exhibit much higher stability in a broad range of conditions including biological 

fluids, which makes them more suitable for clinical applications. Therefore, a 

ssDNA library was chosen instead of a RNA library in this work. 

For the first round of selection, a chemically synthesized ssDNA library was 

used directly without PCR amplification. Some researchers prefer a large scale 

amplification of the random library before initiating the selection process in order 

to eliminate damaged DNA synthesis products, which cannot be amplified by 

PCR (Marshall & Ellington 2000). However, it is assumed that chemically 

synthesized DNA molecules are amplified by the polymerase with different 

efficiency. Therefore, it is possible to lose some of the target–binding 

sequences in the original library. Moreover, the large scale PCR is a very time 

and material consuming process. The majority of the oligonucleotides in the 

original library showed intact length on the denaturing gel. Thus, a library with 

about 3×1015

Nitrocellulose filter partitioning was used to monitor the formation of 

antibody–DNA complexes. The pre–treatment of the filters with alkaline 

effectively decreased the nonspecific binding of ssDNA to the filters. The 

counter–selection step before each round of selection removed the matrix 

 sequences was used directly in the first round of selection.  

Lambda exonulease digestion offered an easy and fast method for ssDNA 

preparation. Employing an optimized digestion condition, ssDNA for the next 

round of selection could be prepared in less than an hour. Since the ssDNA 

preparation is the most time consuming step in the standard SELEX procedure, 

the speed of SELEX was greatly improved and one round of selection could be 

achieved in one day. 
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binders from the library. Therefore, almost 98% of the sequenced variants 

obtained after nine cycles of selection turned out to be target binders.  

 

5.2 Binding Affinity and Structural Features of the 
Aptamers 

 
Eighteen out of nineteen selected variants were shown to bind to the target 

antibody with high affinity in the filter binding assays. The Kd of the best binder 

MA–01 was determined to be 172 nM. Furthermore, in the aptamer–based 

ELISA, the immobilized aptamer could detect MM IgG1 from human serum at 

concentrations as low as 10 nM. For certain applications, this binding affinity 

may not be sufficient. With a second selection experiment, employing a partially 

randomized pool based on the already selected aptamers, one could likely 

improve this affinity towards the low nanomolar or even picomolar range 

(Williams et al. 1997; Davis & Szostak 2002). 

The variety of structural elements of DNA allows it to bind to its targets and 

accomplish its many functions. The alignment of the selected aptamers 

revealed three conserved sequences among all binders, which could be folded 

into a common motif of stem–loop structure by secondary structure prediction. 

Moreover, the consensus motif containes several Gs which are spaced in a 

regular pattern as G doublets, theoretically being able to fold into a tertiary 

structure called G–quadruplex (Davis 2004). However, the Zuker algorithm 

program for secondary structure prediction is unable to predict the G–

quadruplex structures (Saito & Tomida 2005). Recently, CD spectrum and UV 

melting curve assay are used widely in G–quadruplex research to detect the 

existence of the structure and study the effects of different cations and solutions 

on G–quadruplex formation (Li et al. 2005). CD spectra and UV melting curves 

showed the existence of G–quadruplex structures of the aptamers MA–01a and 

MA–01g. The CD spectra suggested that there were both chair and basket 

types of G–quadruplex in solution. Potassium showed a stronger stabilization 

effect than sodium in both assays, which is consistent with literature (Phan et al. 
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2006). The CD spectra also demonstrated a rapid formation of the G–

quadruplex structure of MA–01a. 

Is the conserved G–quadruplex motif directly involved in the binding of the 

aptamer? This conserved motif was represented in almost 98% of clones 

sequenced. The DNAs containing this motif were able to bind to MM IgG1. In 

contrast, DNAs lacking this motif did not bind to the target. Therefore, it is 

conceivable that this motif is responsible for the binding of the aptamers to the 

targets. A 31–nt aptamer MA–01a was synthesized, containing the consensus 

motif and the extended stem, to answer this question. The affinity of MA–01a 

was more than 2–fold lower as compared to the full–length ligand. This result 

indicated that this conserved motif might be the binding motif of the aptamer, 

however, the flanking areas also contributed to the binding. The stem of 

selected aptamers showed little sequence conservation, indicating that its 

content is largely irrelevant for the target binding. This idea was supported by 

the fact that the replacement of the stem of MA–01a with a longer and more 

stable one (MA–01c) did not change the binding affinity of MA–01a. The 

truncated variant MA–01g, containing only the 19–nt consensus sequence, 

however, showed no binding activity at the tested concentrations despite the 

experimental confirmation of the G–quadruplex structure. These results highly 

suggested that the conserved G–quadruplex structure itself is not enough for 

binding, an extended stem is also required. The exact interaction of the aptamer 

and antibody will rely on the solution of the three–dimensional structure of the 

aptamer–antibody complex by X–ray or NMR methods.  

There is a growing interest in DNA quadruplexes as they are important as 

lead molecules in drug design (Neidle & Parkinson 2008) and as a structural 

motif potentially adopted by telomere (Williamson 2004) and fragile X 

immunoglobulin switch regions (Kettani et al. 1995). Recently, this structure is 

also found in the core of a number of aptamers including the thrombin binding 

aptamer (Bock et al. 1992; Macaya et al. 1993; Schultze et al. 1994) and an 

inhibitor of HIV integrase (Jing & Hogan 1998). The structure of DNA aptamers 

for MM IgG1 appears to be similar to that for thrombin. The solution structure 

of the thrombin aptamer has been solved by NMR (Macaya et al. 1993; 
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Schultze et al. 1994). These studies indicate that this 15–mer aptamer 5’–

GGTTGGTGTGGTTGG–3’ forms two stacked G–quartets, with all adjacent 

strands antiparellel and a syn–anti alternation of G’s around each quartet and 

along each strand. This structure has two minor and two major grooves, 

arranged such that the minor grooves are spanned by TT loops below the lower 

quartet (loop 1 and loop 3), while the TGT loop spans the major groove above 

the top quartet (loop 2). Thrombin is thought to recognize its aptamer mainly via 

the arrangement of phosphates on the outside of the aptamer (Paborsky et al. 

1993) 

The model for MM IgG1 aptamers invoke also two stacked G–quartets. Loop 

2 of all aptamers were highly conserved with either one G or two Gs. According 

to the primary sequence of the loops, the aptamers could be divided into four 

families. Loop1 and loop3 were highly conserved for the aptamers from the 

same family and differed greatly in length and sequence for the aptamers from 

different families. The only common element found for all families was a highly 

conservation of a pyrimidine in loop3. However, despite the highly variable 

loop1 and loop3, aptamers from different families showed no obvious difference 

in terms of binding affinities. Therefore, the MM IgG1 specific aptamers most 

likely recognize the ligands with the highly conserved bases (5’–end C and 3’–

end T) located above the top quartet, the highly conserved loop2 and the 

pyramidine in loop3. This is consistent with a model, where the stacked G–

quartets act as a stable structural framework upon which important functional 

groups can be precisely arrayed.  

 

5.3 Binding Specificity of the Aptamers  
 

High specificity of aptamers for M protein is very important for future clinical 

applications. The results of binding specificity showed that the aptamer MA–01 

had no binding affinity towards normal human serum IgGs and the Fab or Fc 

fragments of human IgGs. Moreover, the aptamer–based affinity capture assay 

showed that the immobilized aptamer could capture the MM IgG1 specifically 

from the human serum. These results indicated that the aptamer did not interact 
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with normal serum antibodies or other serum proteins of the patients. Therefore, 

the aptamers would have few side effects in applications.  

The specificity of the aptamer is also an important hint towards the binding 

site of the aptamers on the MM antibody. Aptamers to proteins, like antibodies, 

recognize specific sites on the target surface, which are called aptatopes. It is 

assumed that most aptamers recognize structured aptatopes on protein targets 

(Eaton et al. 1995; Petach & Gold 2002). The specificity of the aptamers highly 

suggested that the variable (antigen recognition) domain rather than the 

constant domain was the aptatope for the MM IgG1 aptamer. A competition 

binding assay with the specific aptamer and the natural antigen of the antibody 

could be used to demonstrate this hypothesis. Unfortunately, the antigen of this 

myeloma antibody is unknown. However, the concept of aptamer binding to the 

variable domain can be deduced from the lack of interaction of the aptamer with 

a MM IgG1 from a different patient and a monoclonal human IgG1, since these 

target structures differed in the antigen binding pockets of the antibodies only.  

Antibodies are large molecules possessing extensive surfaces with ridges, 

grooves, projections and depressions, all decorated with numerous H–bond 

donors and acceptors. However, the highly conserved motif in all aptamers 

suggested that all aptamers bound to one single aptatope on the antibody. 

Analysis of numerous protein SELEX experiments shows that in the course of 

selection, one aptatope of a protein target may become dominant in the 

presence of many other potential sites for oligonucleotide binding, and usually 

they are the receptor domains. The effect of domination of a limited number of 

different aptatopes is evidently explained by the nature of in vitro selection. 

During the SELEX process, only a small number of the most efficient binders 

are selected and amplified, whereas other sequences are gradually excluded 

from the library. This effect is revealed more clearly in complex SELEX in which 

just several classes of aptamers were obtained despite the presence of many 

thousand different protein targets. Fritter and James (2005) found during their 

selection of aptamers to human blood plasma that at initial rounds the enriched 

library contains different families of aptamers to many plasma proteins, whereas 

after further rounds of selection the number of different classes of aptamers 
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declined obviously. Therefore, the most efficient aptamers binding to certain 

aptatope can be achieved by increasing the number of selection rounds. 

The specificity of the selected apatmers to the MM IgG1 suggested that mAb 

also has a dominant aptatope for aptamer binding, and this aptatope appears to 

coincide with the antigen binding site. This idea was supported by other 

published aptamers against mAbs (Doudna et al. 1995; Missailidis et al. 2005). 

Aptamers binding to the antigen–binding sites resemble anti–Id antibodies 

which react with the Id on a particular antibody molecule. Therefore, these 

aptamers can be called “anti–Id aptamers”. It should also be noted that the 

existence of a dominant aptatope on antibody does not preclude selection for 

ligands that bind to other sites. By reducing the number of selection rounds, or 

employing polyclonal antibodies or the constant fragments as the target in the in 

vitro selection, it is possible to obtain more aptamer classes binding to different 

aptatopes, such as the constant region of an antibody (Yoshida et al. 2008; 

Miyakawa et al. 2008).  

 

5.4 Application of the Aptamers 
 

As a real individual or patient–specific agent with high affinity and specificity 

to the myeloma monoclonal protein, the MM IgG1 specific aptamers could serve 

for several unique applications in both basic research and clinical areas.  

The aptamers could be used in DNA–antibody recognition and interaction 

studies. Until now, much is known about how antibodies recognize protein 

antigens, where the general rules are similar to those that govern protein–

protein recognition (Braden & Poljak 1995; Davies & Cohen 1996). There is little 

information about how antibodies recognize DNAs, because of the low 

antigenicity of DNAs and the difficulties in raising antibodies against them 

(Stollar 1986). The most frequently found anti–DNA autoantibodies are those 

related to the autoimmune disease – SLE (Stollar 1994). These antibodies are 

not specific to particular sequences of ssDNA or dsDNA. The aptamers specific 

for a mAb can provide an excellent model to study the DNA–antibody 

recognition and interaction. Therefore, analysis of the three–dimensional 
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structure of aptamer–antibody complexes could be very useful for our basic 

understanding of antibody–nucleic acid interaction. 

One major hindrance to the clinical use of aptamers is their instability in body 

fluids due to high levels of nuclease activity. Without any modification to 

increase the stability, the aptamer MA–01 remained stable in human serum for 

several hours. This stability indicated its resistance to nucleases, which might 

be due to the G–quadruplex structure of the aptamer. The aptamer should be 

stable enough for most clinical assays. The results of aptamer–based MM IgG1 

detection and the affinity capture assays in the presence of human serum 

supported this idea.  

As a specific tumor cell marker, M protein is used to evaluate the effect of 

treatment as well as to monitor the expansion of the tumor. The MM IgG1 

specific aptamers could overcome current limitations in myeloma diagnosis. For 

example, it has been proposed recently that the M protein must no longer be 

detectable by immunofixation, which is about 50–200 µg/ml of serum M protein, 

in order to qualify for the patient as having complete remission (Bladé et al. 

1998). The sensitivity of the aptamer–based ELISA assay was as low as 

1.5 µg/ml. This technology could thus provide a fast, sensitive and easy–to–use 

detection system for a M protein of a myeloma patient.  

Another promising application of the aptamer in diagnosis could be in vivo 

imaging of a myeloma tumor. The use of aptamers for in vivo imaging is 

especially suitable because of the very wide range of possibilities available 

through defined chemical modifications that will modify their pharmacokinetic 

properties (Tavitian et al. 1998). For instance, the clearance rates of aptamers 

can be changed to keep them in circulation by anchoring them to liposome 

bilayers, by coupling them to inert large molecules such as polyethylene glycol 

or to other hydrophobic groups (Willis et al. 1998). The discrimination and 

targeting capacities of aptamers suit them exquisitely as imaging agents for 

non–invasive diagnostic procedures.  

The anti–Id aptamers could be used in myeloma therapy as well. Over the 

last decade, a considerable amount of clinical data of Id vaccines in the 

treatment of MM has been published. However, MM likely represents the clinical 
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setting in which Id vaccines have collected the most disappointing results. This 

may be due to the large amount of M proteins secreted by myeloma cells, which 

block Id–specific antibodies before they can reach the surface of myeloma cells. 

The aptamer–based capture assay in this work showed a high potential to 

eliminate M proteins from the serum, which could possibly enhance the effect of 

anti–Id antibody therapy. Moreover, M protein is also the main reason for 

hyperviscosity syndrome and renal insuffiency in MM patients. So aptamer–

based apheresis to eliminate the antibodies could release these syndromes 

without interfering with normal antibodies in the serum.  

Anti–Id aptamers could also be utilized to eliminate MM cells from the bone 

marrow. By using the combinations of mAb and immunobeads, Shimazaki and 

colleagues (1988) successfully purged myeloma cells from bone marrow ex vivo. 

This is a reliable and nontoxic method to eliminate contaminating myeloma cells 

in preparing an autologous bone marrow transplantation in patients. Although 

not tested yet, according to their high binding affinities to the antibody and the 

stability in human serum, the aptamers should be highly eligible for this purpose. 

In addition, anti–Id aptamers could be used in targeted therapy. Aptamers 

are suitable to serve as escort ligands in which the aptamer oligonucleotide may 

be used to deliver an active drug, radionuclide, toxin, or cytotoxic agent to the 

desired sites for targeted therapies (Hicke & Stephens 2000). Compared with 

antibodies, aptamers are smaller and travel better, penetrate tumor tissue better 

and have a faster circulation clearance rate. In case the stability of the aptamers 

can not meet the requirement for targeted therapies, many strategies can be 

utilized to improve the nuclease resistance of the aptamers, including the use of 

chemical modifications such as phosphoRothe, Germanyioate, locked nucleic 

acid, 2’–Omethyl–and 2’–fluoro–nucleotides (Kurreck 2003), as well as mirror–

image Spiegelmers (Vater & Klussmann 2003). 

In conclusion, aptamers have been successfully obtained for a M protein 

from a myeloma patient. This methodology provides the possibility of rapidly 

selecting individual aptamers for any MM patients. Aptamer offers significant 

advantages over existing anti–Id antibodies in that they offer higher binding 

affinity and specificity to the target, lower immunogenicity and increased tumour 
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penetration. Therefore, they could be used in a number of applications in 

myeloma diagnosis and therapy, ranging from immunoassays to apheresis, 

enhancing immunotherapy efficiency, in vivo imaging and targeted therapies. 
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6 Summary 
 

Multiple myeloma (MM) is a clonal B cell malignancy. The idiotype (Id) of the 

monoclonal (M) protein secreted by the tumor cells is a well–defined, tumor–

specific marker. Thus, the Id has becomes an intriguing target for the treatment 

of MM. Aptamers binding to the Id with high affinity and specificity could be very 

useful in MM diagnosis and therapy.  

This work focused on the selection and characterization of specific DNA 

aptamers for a MM IgG1 using the in vitro selection (SELEX) from an initial pool 

of 3×1015

Therefore, this work offers the possibility to generate anti–Id aptamers. Such 

patient and tumor specific aptamers could have a number of potential implications 

ranging from diagnosis, apheresis and targeted therapies of B cell malignancies. 

 different ssDNAs with a 50–nt central block of randomized sequence. 

After nine rounds of selection and amplification, 19 different variants were 

isolated and 18 of them proved to be target binders. Highly G–rich consensus 

sequence elements were identified and could be folded into a common stem–

loop structure by the Mfold program. CD and UV spectra indicated that the loop 

forms a G–quadruplex in solution. The best binder MA–01 exhibited a 

dissociation constant (Kd) of 172 nM. Binding affinities of three truncated 

versions of MA–01 indicated that the G-quadruplex might be directly involved in 

target recognition, while the stem was also required for binding. The aptamer 

was proven to be very specific for the target antibody. The aptamer binds to the 

variable region of the antibody, or even to the antigen binding pocket of the 

antibody.  

The potential of the aptamer was evaluated for future diagnosis and therapy. 

The aptamer exhibited high stability in human serum. An aptamer–based ELISA 

allowed the detection of MM IgG1 in human serum at concentrations as low as 

10 nM. In addition, the chromatographic properties of the aptamer were tested. 

The immobilization of the aptamer did not change the binding ability. Moreover, 

the aptamer exhibited a pH dependent binding property, which could be used to 

regenerate the column matrix. The immobilized aptamer could specifically 

capture MM IgG1 from human serum.  
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7 Zusammenfassung  
 

Das multiple Myelom (MM) ist eine maligne Erkrankung klonaler B-Zellen. Der 
Idiotyp (Id) des monoklonalen Antikörpers, der von den Tumorzellen sekretiert 
wird, ist ein gut definierter, Tumor-spezifischer Marker. Daher wird der Id zu 
einem interessanten Zielmolekül für die Behandlung von MM. Aptamere, die an 
den Id mit hoher Affinität und Spezifität binden, könnten sehr nützlich für die 
Diagnose und Therapie von MM werden. 

Diese Arbeit konzentriert sich auf die Selektion und Charakterisierung von 
spezifischen DNA-Aptameren für ein MM IgG1 mit Hilfe der in-vitro-Selektion (SELEX) 
aus einem Pool von 3×1015

Diese Arbeit bietet die Möglichkeit, anti-Id Aptamere zu generieren. Diese 
Patienten- und Tumor-spezifischen Aptamere besitzen eine Mehrzahl potenzieller 
Anwendungen, wie Diagnose, Apherese und zielgerichtete Therapie von B-Zell-
malignen Erkrankungen. 

 verschiedenen ssDNAs mit einem zentralen Block von 50 
Nukleotiden mit Zufallssequenz. Nach neun Runden von Selektion und Amplifikation 
wurden 19 verschiedene Varianten isoliert, von denen 18 an das Zielmolekül binden 
konnten. Eine G-reiche Konsensus-Sequenz wurde identifiziert, die mit dem Mfold-
Programm in eine gemeinsame Stem-Loop-Struktur gefaltet werden konnte. CD- 
und UV-Spektren weisen für den Loop auf die Ausbildung einer G-Quadruplex-Struktur. 
Der beste Binder MA-01 zeigte ein Dissoziationskonstante (Kd) von 172 nM. 
Bindungsaffinitäten von drei verkürzten Versionen von MA-01 weisen darauf hin, dass 
die G-Quadruplex-Struktur direkt mit dem Zielmolekül wechselwirkt, wobei auch der 
Stem für die Bindung benötigt wird. Es konnte gezeigt werden, dass das Aptamer den 
Ziel-Antikörper spezifisch erkennt. Das Aptamer bindet in der variablen Region 
des Antikörpers oder sogar in der Antigen-bindenden Tasche des Antikörpers.  

Das Potenzial des Aptamers für die zukünftige Diagnose und Therapie wurde 
evaluiert. Das Aptamer zeigte hohe Stabilität in humanem Serum. Ein Aptamer-
abhängige ELISA erlaubt den Nachweis von MM IgG1 in humanem Serum bis zu 
Konzentrationen von 10 nM. Zudem wurden die chromatographischen Eigenschaften 
des Aptamers getestet. Die Immobilisierung des Aptamers verhindert nicht die 
Bindung. Darüber hinaus ist die Bindung abhängig vom pH-Wert, was zur 
Regenerierung der Säulenmatrix genutzt werden kann. Das immobilisierte 
Aptamer konnte spezifisch MM IgG1 aus menschlichem Serum entfernen.  
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9 Appendix 
 

9.1 Materials  
 

9.1.1 Chemicals 

Acetic Acid Rothe, Germany 
Acrylamide Rothe, Germany 
Agar Gibco BRL 
Agarose Biozyme, Oldendorf, Germany 
Ammonium sulfate Fluka, St Quentin Fallavier, France 
Ampicillin Sigma, Germany 
APS Rothe, Germany 
Bromophenol Blue Serva, Heidelberg, Germany 
BSA Biolabs, Beverly, USA 
DNA Ladder (10 bp) Biolabs, Beverly, USA 
dNTPs Roche, Germany 
DTT BD Biosciences, USA 
EDTA Merck, Germany 
Ethanol Merck, Germany 
Ethidium Bromide Fluka, St Quentin Fallavier, France 
Glucose Merck, Germany 
Glycerol Merck, Germany 
Glycogen Fermentas, Burlington, Canada 
Hydrochloric Acid Merck, Germany 
IPTG Merck, Germany 
Magnesium Chloride Merck, Germany 
Methanol Rothe, Germany 
Magnesium Sulfate Merck, Germany 
r–32 Amersham/GE Healthcare, UK P–dCTP 
α–32 Amersham/GE Healthcare, UK P–ATP 
Pepton Nr. 140 Gibco BRL, Eggenstein, Germany 
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Phenol/chloroform/Isoamylethanol Rothe, Germany 
Potassium Chloride Merck, Germany 
Potassium Phosphate Merck, Germany 
Protein Marker Serva, Heidelberg, Germany 
Sodium acetat Riedel de Häen 
Sodium chloride  Merck, Germany 
Sodium Hydroxide Merck, Germany 
Sodiumdodecylsulfate (SDS) Merck, Germany 
Sulfuric acid Rothe, Germany 
TEMED Rothe, Germany 
TMB Calbiochem, San. Diego, CA, USA 
Tris–HCl Rothe, Germany 
Tween 20 Serva, Heidelberg, Germany 
Urea Rothe, Germanye, Germany 
Yeast extract Gibco BRL, Eggenstein, Germany 

9.1.2 Special Materials  

9.1.2.1 Antibodies 
 
Human MM IgG1 (target) Alexis, CA, USA 
Human MM IgG1 AbD Serotec, Oxford, UK 
Human anti–lysozyme IgG1 AbD Serotec, Oxford, UK 
Human normal serum IgG Bethyl, TX, USA 
Human IgG Fab fragment Bethyl, TX, USA 
Human IgG Fc fragment Calbiochem, CA, USA 
Goat anti–human IgG (conjugated with 
HRP) 

Abcam, Cambridge, UK 

9.1.2.2 Enzymes 
 
Lambda Exonuclease  Fermentas, Burlington, Canada 

T4–DNA–Ligase  New England Biolabs, Beverly, USA 

T4 Polynucleotide Kinase Promega, Madison, WI, USA 

Taq DNA Polymerase New England Biolabs, Beverly, USA 
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9.1.3 Kits  

 

9.1.4 Cells and Plasmids  

 

9.1.5 Media  

LB–Medium  
10 g/l peptone Nr. 140 
5 g/l yeast extract 
10 g/l NaCl, 
Adjust the pH to 7.5 with NaOH 
Autoclave 20 mins, 120°C 
 
LB–Agar Plates 
12 g/l agar (w/v) in LB–medium 
Autoclave 20 mins, 120°C 
Cool down to ~50°C 
 
SOC Medium 
20 g/l peptone Nr.140 
5 g/l yeast extract 
10 mM NaCl 
2.5 mM KCl 
Autoclave 20 min, 120°C 
Add ampicillin to 100 mg/ml 
Pour into sterile petri plates 
Add 20 mM MgCl2 
Add 20 mM Glucose, Adjust the pH to 7.0 with NaOH 

Nucleospin® Macherey–Nagel, Düren, Germany  Extract II 

NucleoSpin® Macherey–Nagel, Düren, Germany  Plasmid 

GFX PCR DNA and Gel Band 
Purification Kit 

Amersham/GE Healthcare, UK  

pGEM® Promega, Madison, WI, USA –T Easy Vector Systems 

BioRad protein assay Biorad, Sweden 

E. Coli BL21/DE3 Stratagene, La Jolla, CA, USA 

E. Coli JM 109 Promega, Madison, WI, USA 

pGEM® Promega, Madison, WI, USA –T Easy 
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9.1.6 Buffers  

Dulbecco’s Phosphate–Buffered Saline (D–PBS) (1×) 

137.9 mM NaCl 
8.06 mM Na2HPO4–7H2O 
2.67 mM KCl 
1.47 mM KH2PO4 
 
Lambda Exonuclease Buffer (10×) 
670 mM glycine–KOH (pH 9.4) 
25 mM MgCl2  
0.1% Triton X–100 
 
Laemmli–Loading buffer (2×) 

0.5M Tris–HCl (pH 6.8) 
4.4% (w/v) SDS  
20% (v/v) glycerol  
2% (v/v) 2–mercaptoethanol  
2% (v/v) bromophenol blue 
 
SDS–PAGE Running Buffer (5×) 
192 mM Tris–HCl 
1.9 M Clycin 
0.5% SDS 
 
Urea PAGE Loading Buffer (2×) 2×TBE 
16 M Harnstoff 
0.04 % Bromphenolblue 
0.04 % Xylencyanol 
 
T4 Polynucleotide Kinase Reaction Buffer (10×) 

500 mM imidayole–HCl (pH 6.6) 
100 mM MgCl2 
50 mM DTT 
1 mM spermidine 
1 mM EDTA 
 
ThermoPol PCR Buffer (10× )  
100 mM KCl 
100 mM (NH4)2SO4 
200 mM Tris–HCl 
20 mM MgSO4 
1% Triton X–100 
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TAE Buffer (10× ) 
400 mM Tris– Acetat (pH 8.0) 
10 mM EDTA  
 
TBE Buffer (10×) 

900 mM Tris–borate (pH 8.0) 
20 mM EDTA 
 
TE Buffer 
10 mM Tris–HCl (pH 8.0)  
1 mM EDTA 
 

9.1.7 Laboratory Equipment 

Agarose Gel Chamber Bio-Rad, USA 
Agilent 8452 Diode Array 
Spectrophotometer 

Hewlett Packard, Palo Alto, CA, USA 

Autoclave 500–D Sterico, AG, Dietikon, Switzerland 
CD–Spektropolarimeter J–600 JASCO, Japan 
Centrifuge 5415D Eppendorf, Germany  
Cool Centrifuge J2–21 Beckman, Fullerton, CA, USA 
ELISA Plate Reader Anthos Labtec Instruments, Austria  
Gel Document Gel Dol 2000 Bio–Rad, USA 
Gel Dryer Biometra, Göttingen, Germany 
Gel Electrophoresis System Renner GmBH, Darmstadt, Germany 
Freezer –20ºC Bosch, Germany 
Freezer –80ºC Heraeus, Hanau, Germany 
Freezer 4ºC Bosch, Germany 
Lyophilizer SC110AR Savant, Instruments, Farmingdale, NY, USA 
Magnetic Stirrer IKA–Combimag RCT, Staufen, Germany 
Mini–gel apparatus Bio–Rad, USA 
Microcentrifuge ProFuge 10K Stratagene, La Jolla, CA, USA 
Microwave Toshiba, Japan 
Oil Pump Alcatel, Germany  
PCR Apparatus Biometra, Göttingen, Germany 
Pipettes P2, P20, P200, P1000 Abimed, Langenfeld, Germany 

http://www.bio-medicine.org/medicine-products/ProFuge-10K-Microcentrifuge-13383-1/�
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9.1.8 Other Materials  

pH–Meter 766 Calimatic Knick, Berlin, Germany 

Photometer UV–1202  Shimadzu, USA 
Plexis Container Nalgene, Germany 
Plexis Shield Jencons 
Power Supply ECPS 3000/150, Pharmacia 
Purest Water Installation (Milli–
Q) Millipore, Bedford, MA 

Refrigerated Vapor Trap RVT400, Savant 
Shaker (Isotope Laboratory) Yellow line, FHG–VERW 
Scintillation Counter LS 6000 Beckman, Fullerton, CA, USA 
Table–top Centrifuge Eppendorf, Germany  
Thermomixer comfort  Eppendorf, Germany  
UV–Visible Spectrophotometer 
(UV–1202) Shimadzu, Duisburg, Germany 

Vortex Scientific Industries, Bohemia, NY, USA 
Water Bath GFL, Germany 

NeutrAvidin Agarose Resins Thermo Scientific Pierce 

Roti–Blue (Colloidal Coomassie 
Staining) 

Rothe, Germany 

StrataCleanTM Stratagene, CA, USA resin 

96–Well PCR Tube Racks  Rothe, Germany 

96–Well Plates Nunc,Roskilde, Denmark 

Gel Filtration Columns (NAP–5, 10 
Column) 

Pharmacia Biotech, Sweden 

Gel Filtration Columns (NickTM Pharmacia Biotech, Sweden Column) 

Gloves Meditrade, Germany 

PCR Tubes Rothe, Germany 

Pipette Tips Greiner bio–one, Germany  

Plate Sealing Film American National Can TM, USA 

Streptavidin Coated 96–Well Plates Pierce, Bonn, Germany 

Microcon YM–10, 30, 50 Spin Filters Millipore, Bedford, MA 
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9.2 Abbreviations 
 
A adenosine 
A260 absorption at λ=260 nm 
A295 absorption at λ=295 nm 
A595 absorption at λ=595 nm 
AChRs acetylcholine esterase receptors  
ADCC antibody dependent cellular cytotoxicity  
AMD age–related macular degeneration  
AMP Ampicillin 
APS Ammonium persulfate 
ATP adenosine 5’–triphosphate 
Bio biotin 
Bis N, N’–methylene bisacrylamide 
BM bone marrow 
bp base pair(s) 
BSA bovine serum albumin 
C  cytosine 
°C temperature in degrees Celsius 
CD circular dichroism  
CDC complement dependent cytotoxicity  
CDR complementary–determining regions 
CE capillary electrophoresis  
Ci curie, 1 Ci=37 MBq 
cpm counts per minute 
Da Dalton 

Nap 5, 10, 25–Column GE Healthcare, Uppsala, Sweden 

Reaction Tubes, 0.5 ml Rothe, Germany 

Syringe Filter 0.22µm Rothe, Germany 

Nitrocellulose Membrane 0.45 µm Millipore, Bedford, MA 

Reaction Tubes, 1.5 ml, 2.0ml Rothe, Germany 
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DEXA dual energy X–ray absorptiometry 
DNA deoxyribonucleic acid 
DNase desoxyribonuclease 
dNTP deoxyribonucleotide triphosphate 
ds double–stranded 
DTT Dithiothreitol 
E. coli Escherichia coli 
EDTA Ethylenediaminetetraacetic Acid 
EMSA electrophoretic mobility shift assay 
ESR erythrocyte sedimentation rate 
EtBr 3, 8–diamino–5–Ethyl–6–phenyl phenanthridinium 

Bromide 
FC flow cytometry  
FDA Food and Drug Administration  
Fig. figure 
FISH fluorescence in–situ hybridisation 
FITC fluorescein isothiocyanate  
FLAA fluorescent dye–linked aptamer assay  
g     gram 
G guanosine 
GM–CSF granulocyte–marcrophage colony–stimulating factor  
h hour(s) 
HIV   human immunodeficiency virus 
HPLC  high performance liquid chromatography 
HRP horseradish peroxidise  
HSCT haematopoietic stem cell transplantation  
IC50s 50% inhibitory concentrations  
Id idiotype 
Id–KLH Id–keyhole–limpet hemocyanin  
Ig Immunoglobulin  
IPTG Isopropyl-β-D-thiogalactopyranosid 
J joining 
Kd dissociation constant  
Ki inhibition constant  
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l liter 
LB Luria Bertani medium 
LDH lactate dehydrogenase. 
m meter 
M mol/l, molar 
M protein monoclonal protein 
mAb monoclonal antibody 
MG myasthenia gravis  
MGUS monoclonal gamopathy of undetermined significance  
min  minute(s) 
mM micromolar 
MM multiple myeloma 
mRNA messenger ribonucleic acid 
MVD microvascular density 
NCFBAs nitrocellulose filter binding assays  
nM nanomolar 
NMR nuclear magnetic resonance 
nt  Nucleotide(s) 
NTP nucleotide triphosphate 
OD   optical density 
PAGE polyacrylamide gel electrophoresis 
PBS phosphate buffered saline 
PCR      polymerase chain reaction 
PEG polyethylene glycol  
rcf     relative centrifugal force 
RNA        ribonucleic acid 
rpm        rotations per minute 
RT room temperature  
s second(s) 
SAP serum amyloid protein  
SDS Sodium dodecyl sulfate 
SLE systemic lupus erythematosus  
SPR surface plasmon resonance 
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ss  single–stranded 
T thymine 
t time 
TAA tumor–associated antigens  
TAE   Tris–Acetic Acid–EDTA 
TBE 3.3’, 5.5’–tetramethylbenzidine 
TEMED   N,N,N’,N’–Tetramethylethylenediamine 
TMB Tetramethylbenzidine  
Tris Tris–(Hydroxymethyl)–Aminomethane 
U units of enzymatic activity 
UV ultraviolet 
V variable  
V volt (s) 
v/v volume per volume 
VEGF vesicular endothelial growth factor  
VSG variant surface glycoprotein  
W watt (s) 
w/v weight per volume 
X–gal 5’–Bromo–4’–Chloro–3’–Indolyl–β–D–galactoside 
λ lambda 
μl micro liter 
μM micro molar 
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