


































 
 

6 

List of Figures 
 

Figure 1.1: Tumour growth from a single cell.  

Figure 1.2: Histological classification of breast cancers.  

Figure 1.3: Activation of the various RET signalling pathways. 

Figure 1.4: A schematic diagram of a typical SELEX process. 

Figure 1.5.  Stepwise aptamer truncation using a rational approach.  

Figure 1.6: A lateral flow assay (LFA) developed for the detection of Vaspin.  

Figure 2.1:  NCBI nucleotide sequence for the coding region of ULBP2.  

Figure 2.2:  Circularized map and sequence referencing points of the pGEX-6P-2 expression 

vector 

Figure 2.3:  PCR amplification of ULBP2 resolved on a 1% agarose gel.  

Figure 2.4:  Colony PCR screen for the presence of ULBP2. 

Figure 2.5:  Pairwise sequence alignment of the translated DNA sequence obtained for 

Clone 1 (query sequence) against the protein sequence for the human ULBP2 

protein (subject sequence). 

Figure 2.6:  Small-scale protein expression screen of the recombinant ULBP2. 

Figure 2.7:  Large-scale protein expression screen of the recombinant ULBP2. 

Figure 2.8:  Solubilisation of the recombinant ULBP2 protein. 

Figure 2.9:  Affinity purification of the solubilised sarkosyl recombinant GST-ULBP2 

fusion protein. 

Figure 3.1:  Typical workflow for a round of SELEX. 

Figure 3.2: SELEX against the ULBP2 protein. 

Figure 3.3: SELEX against the GFRα1 protein. 

Figure 3.4: Monitoring the evolution of the in vitro selection against GFRα1. 

http://etd.uwc.ac.za/





















































http://www.ebi.ac.uk/
http://www.ebi.ac.uk/
http://www.ncbi.nlm.nih.gov/geo/)






































































































































http://www.ncbi.nlm.nih.gov/nuccore/NM_025217.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_025217.3




















































































 
 

141 

 

        

 

 

       

Figure 3.2. SELEX against ULBP2 protein. Each agarose gel image represents a round of SELEX. Lane M: 10bp DNA ladder. Lanes -

5, -7, -10, -15, -20, -25: No of cycles used for the Negative SELEX. Lanes: 5, 7, 10, 15, 20 and 25: No of cycles used for the Positive 

SELEX. Lane C: Negative control (no DNA). The optimal no of cycles used to proceed to the next round of SELEX is indicated by the 

red asterisks. 
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A study carried out by Kowalska and colleagues investigated the impact of various metal ion 

and resins on DNA aptamer selection; and it was found that it is important to screen multiple 

metal ions/resins, to ensure that the most suitable metal ions/resins are used because the SELEX 

library could, potentially, contain a large fraction of sequences that are ion-specific (Kowalska 

et al. 2014). Thus, in the case of the SiMAG-IDA-Nickel beads used in this study, the affinity 

of the nickel-binding sequences may have exceeded the affinity of the ULBP2 binding 

sequences. Furthermore, another study by Ahmad and colleagues demonstrated that the overall 

net charge of the protein may have an effect on the selection affinity (Ahmad et al. 2011). They 

found that the there was an inverse correlation of between the net protein charge and observed 

aptamer KD values (Ahmad et al. 2011). Therefore, either different metal ions/resins should be 

investigated prior to the SELEX experiment and the net protein charge must be considered or 

a different SELEX library should be employed.   

 

Aptamer selection is, generally, more difficult if the protein target possesses hydrophobic 

regions because oligonucleotides are hydrophilic, thus resulting in limited interactions 

(Stoltenburg et al. 2007; Hasegawa et al. 2016). The ULBP2 protein, used for this study, was 

provided as the soluble domain; however, it includes amino acids at its C-terminus, usually 

required for GPI anchorage (Fernández-Messina et al. 2011) and this region specifically, is 

hydrophobic in nature (Müller et al. 2010). Taking this into consideration, it may possibly be 

the reason for the poor selection and evolution observed against the ULBP2 protein (Figure 

3.2). The SELEX library consists of hydrophilic oligonucleotides, thereby limiting 

hydrophobic interactions between the SELEX library and protein targets (Hasegawa et al. 

2016). Therefore, an approach to overcome this limitation is to incorporate a modification of 

the SELEX library using hydrophobic moieties, consequently, changing the nature of the 

binding properties exhibited by the SELEX library (Hasegawa et al. 2016). This, in turn, may 
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translate into an improved aptamer selection against the ULBP2 protein. Alternatively, an 

investigation into the removal of the hydrophobic residues on ULBP2, prior to SELEX, can be 

performed.  

 

A limitation recognized in this study is that the SELEX library could potentially have an 

affinity towards the 6X His tag; therefore, an additional control would be to employ a purified 

6X His tag as a protein during the counter selection. This would favour the selection towards 

the protein of interest (ULBP2) and furthermore, facilitate the elimination of sequences that 

may bind to the 6X His tag.   

 

3.4.2. In vitro aptamer selection against the GFRα1 protein 

In order to accomplish the second objective of this chapter, classical SELEX was performed to 

select for potential DNA aptamers that would bind to the GFRa1 protein. This was carried out 

as follows: 

 

The SELEX procedure for GFRα1 was carried out in a similar manner as described for ULBP2, 

but with a few amendments, these include: 1) the gradual decrease in target protein 

concentration and incubation times with increasing rounds of SELEX (Table 3.3) and 2) the 

incorporation of counter SELEX, in the last 3 rounds. The full protocol is described in Section 

3.3.1. By incorporating the above-mentioned steps, favourable conditions for enrichment of the 

strongest target binding sequences were created; because the affinity and specificity of the 

aptamers, to the target, is directly affected by the stringency of the conditions used during the 

selection (Stoltenburg et al. 2007; Thiviyanathan and Gorenstein 2012).  
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Figure 3.3 shows the 10 rounds of SELEX performed for GFRα1, of which an indication of a 

successful SELEX library evolution was observed by an increase in the size and intensity of 

the PCR amplicons for the positive SELEX, as the rounds of SELEX were progressing. Round 

4 displayed a slight decrease in intensity of the PCR amplicon, which was expected because 

by round 4, negative SELEX had already been iterated three times. This means that several 

sequences that bound, non-specifically, to the SiMAG-IDA-Nickel beads were eliminated from 

the SELEX library and less sequences were amplified. However, the intensity of the PCR 

amplicon band increased again from rounds 5 through 7. Since counter SELEX was introduced 

from round 8, a decrease in the intensity of the PCR amplicon band occurred again, accounting 

for the elimination of sequences that bound to the counter proteins (IgG and HSA). A steady 

increase in the intensity of the PCR amplicon was then observed in rounds 9 and 10, suggesting 

that the SELEX library could be evolving towards GFRα1. And furthermore, noticeable 

changes in the PCR amplicon size and intensity was observed for the negative SELEX, 

suggesting that no non-specific binding to the SiMAG-IDA-Nickel beads occurred. These 

results were satisfactory to conclude the selection after ten rounds and hypothesise that 

successful DNA aptamers were selected for against GFRα1.  
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Figure 3.3. SELEX against the GFRα1 protein. Each agarose gel image represents a round of SELEX. Lane M: 100bp DNA ladder. Lanes 

-5, -7, -10, -15, -20, -25: No of cycles used for the Negative SELEX. Lanes: 5, 7, 10, 15, 20 and 25: No of cycles used for the Positive 

SELEX. Lane C: Negative control (no DNA). The optimal no of cycles used to proceed to the next round of SELEX is indicated by the red 

astericks. 
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Since equal concentrations of the starting SELEX library pool, for each selection round, was 

not used in the pilot PCR, the evolution was confirmed by assessing the negative and positive 

SELEX of 5 rounds (round 2, 4, 6, 8 and 10), using PCR as described in Section 3.3.1.10 and 

then further analyzed using ImageJ software (Schindelin et al. 2012). Almost no interaction 

was observed between the respective SELEX library pools (round 2, 4, 6, 8 and 10) and the 

naked SiMAG-IDA-Nickel beads (negative SELEX); however, a steady increase in the 

amplification of sequences bound to the GFRα1 protein (positive SELEX) was observed 

(Figure 3.4A), corroborating the evidence of a successful aptamer selection against the GFRα1 

protein as observed during the pilot PCR (Figure 3.3). Only round two showed some 

discrepancy; however, this could be explained by the fact that the introduction of negative 

SELEX may have eliminated a significant amount of low affinity sequences that initially bound 

the GFRα1 protein. Since the tenth SELEX library pool showed evidence of the highest 

enrichment of sequences that bound to the GFRα1, it was selected for sequencing.  
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Figure 3.4. Monitoring the evolution of the in vitro selection against GFRα1. (A). 

Lane M:100bp DNA ladder. Lane C: Negative control (no DNA). Lanes -2, -4, -6, -8 and 

-10: Negative SELEX DNA library pool for the respective rounds of SELEX. Lanes 2, 4, 

6, 8 and 10: Positive SELEX DNA library pool for the respective rounds of SELEX. (B). 

Image J analysis of the results shown in image A.   
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3.4.3. Identification of candidate aptamers using Next Generation Sequencing analysis. 

Using the Next Generation Sequencing (NGS) platform, the tenth SELEX library pool was 

sequenced and analyzed as described in Section 3.3.2. The selection of the final aptamer 

sequences is summarized in Table 3.4. The starting SELEX library, used in this study, 

contained sequences of 97 nucleotides (NT) in length, which constitutes the variable region 

(53NT) and the fixed primer regions at the 5’ and 3’ ends, respectively. It was therefore 

expected that the sequencing data would reflect 97mer long sequences, however, when looking 

at the initial total sequences acquired from the NGS, a varying sequence length distribution 

was observed. These included sequences shorter than 97NT, sequences of 97NT in length and 

sequences longer than 97NT. The shorter sequences were made up of either forward primer 

regions only or forward primer regions with fluctuating lengths of the variable region. Whereas 

the longer sequences were made of multiple repeats of the primer regions. Since SELEX 

involves repetitive PCR amplification steps the varying sequence length distribution could be 

attributed to PCR by-product formation over time (Musheev et al. 2006).   

 

Table 3.4: Next Generation Sequencing analysis of the tenth selection pool against GFRα1. 

 Total no. of sequences 

Total sequences  912837 

Total sequences after merging the paired end 

sequences 

707652 

Extraction of 97mer length sequences 586565 

Total overrepresented sequences 256634 

Total overrepresented sequences with copy 

number >1000 

16 
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Contrary to conventional PCR, which involves the PCR amplification of a homogenous DNA 

template - where product formation ceases when the primers are depleted – Musheev et al. 

2006, for the first time, demonstrated that in the case of PCR amplification of a random library 

as the template, product formation ceases while the primers are still in excess of the products 

(Musheev et al. 2006). Consequently, at a very high rate, the products are converted to by-

products (product-product hybridization) and the starting library template can, effectively, 

disappear after another 5 PCR cycles (Musheev et al. 2006). Furthermore, it was elucidated 

that the by-product formation was in no way affected by the initial number of DNA molecules 

in the PCR mixture; however, an increase in the concentration of Taq DNA polymerase, in the 

PCR mixture, can selectively favor the yield of PCR products (Musheev et al. 2006). And 

finally, the product and by-product formation is dependent on library and primer design. 

Therefore, SELEX DNA libraries should be optimized to perform an efficient aptamer 

selection.  

 

In a study by Tolle et al. 2014, aptamer selection was performed against the Activated Protein 

C (APC) and it was demonstrated that PCR amplification reactions can yield two types of 

artificial PCR by-product formation during SELEX experiments (Tolle et al. 2014). In the first 

instance, the sequencing data showed evidence of the forward primer linked by random 

stretches of the variable region; and in the second instance, a fusion of multiple reverse primer 

regions was observed (Tolle et al. 2014). They explain the mechanism of both types of PCR 

by-product formation as a result of the 3’ end of a random sequence that anneals to a 

complimentary section in the variable region, on another strand. This strand then acts as a 

primer and subsequent elongation of the complimentary strand occurs (Tolle et al. 2014). 

Consequently, PCR amplification of this elongated strand in the subsequent PCR cycle may 

then lead to by-products consisting of double-stranded DNA with doubled reverse primer 
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binding sites (Tolle et al. 2014). Over time, these by-products dominate the library 

composition, becoming the new template which then results in the formation of strands with 

multiple copies of the reverse primer binding sites (Tolle et al. 2014). It is therefore crucial to 

carefully consider the primer design, but also be mindful that some library/target pairs are 

problematic and therefore, optimization of the library design and PCR method should be 

performed. 

 

Since the use of complex random libraries are necessary for SELEX and the problem of by-

product formation can significantly hinder the generation of aptamer selection, by essentially 

resulting in the loss of ~50% of the library diversity with each PCR cycle; Witt el al. 2017 

endorsed the use of emulsion PCR (ePCR) as an alternative to overcome the limitations 

presented by conventional PCR and real-time PCR methods during aptamer selection (Witt et 

al. 2017). The advantage of ePCR is that this method relies on the formation of individual 

droplets containing a single species of the oligonucleotide template. From this study, Witt et 

al. 2017 established that the starting concentration of the template is crucial to prevent the 

formation of by-products. When the template concentration is too high, multiple templates are 

entrapped per droplet, consequently, by-products are formed (Witt et al. 2017). Together these 

three studies explain the reason for the varying sequence length distribution obtained from the 

sequencing data and provided ways to circumvent the loss of the library composition, which 

ultimately lowers the probability of acquiring the best high affinity candidate aptamers.  

 

Although the above discussed limitation existed in this study, as shown in Table 3.4, ~65% 

(586565) of the 97mer sequences were able to be retrieved, using the Geneious software. The 

overrepresented sequences were then extracted and filtered down to the top 16 sequences that 

occurred in the data more than 1000 times. This methodology is supported by conventional 
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candidate aptamer identification which involves analyzing the large NGS dataset in a way that 

counts the sequences, followed by arranging them in order of frequency (Blind and Blank, 

2015). Because SELEX experiments involves the use of repetitive PCR amplification, there is 

a possibility that the shift of the evolution pressure can move from high affinity sequences to 

sequences that are simply amplifying well, therefore, the selection of candidate aptamers based 

only on frequency isn’t plausible (Blind and Blank, 2015). Another strategy to select candidate 

aptamers is by identifying frequent sub-sequences, referred to as motifs, that occur within the 

variable regions of the aptamer sequence (Blind and Blank, 2015). Taking this into 

consideration, the fixed primer binding regions were removed from the top 16 overrepresented 

sequences in order to obtain the variable region only; which was then subjected to a multiple 

alignment to search for any conserved motifs (Figure 3.4). To which end no conserved motifs 

were observed and as a result, the top 3 overrepresented sequences (G_Apta1, G_Apta2 and 

G_Apta3) were selected as candidate aptamers (Table 3.5). 
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Figure 3.5. Multiple sequence alignment of top 16 overrepresentedcandidate aptamers against GFRα1. The sixteencandidate aptamers, filtered 

from NGS data, were screen for conserved motifs using Clustal W. 
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3.4.4. Secondary structure prediction 

As observed with the multiple alignment (Section 3.4.3), no obvious conserved motif could be 

identified and as such, the clustering of sequences by conserved or similar structural motifs 

instead could also be investigated to provide information into the potential evolutionary lineage 

of the aptamer sequences (Ditzler et al. 2012; Blind and Blank, 2015). This can be achieved 

using tools based on secondary structure predictions, such as Mfold (Zuker, 2003; Le et al. 

2014). The initial full length aptamer, generally, consists of three structural domains, that is, 1) 

a domain that constitutes the indispensable nucleotides required for the aptamer-target 

interaction; 2) another domain that acts as a supportive structure for the binding activity and 3) 

a final domain that performs neither of the two functions and makes up what is referred to as 

the non-essential nucleotides (Xie et al. 2013). The third domain can be removed by means of 

follow up truncation studies (Xie et al. 2013).  

In this study, the respective domains have not yet been elucidated, therefore it was important 

to analyze the top 16 overrepresented full length aptamers candidates (Section 3.4.3). This was 

carried out as described in Section 3.3.3.4. No obvious conserved structural motifs were 

identified, except for the stem loop fold observed at the 5’ region (Figure 3.5), indicated in the 

red blocks, for G_Apta13 and G_Apta15. Since it is expected that the stability of the secondary 

structure contributes to the overall interaction of the candidate aptamers with the GFRα1 

protein, three predicted aptamer structures (G_Apta9, G_Apta13 and G_Apta15) with the 

lowest minimal free energy values (Figure 3.5) were selected as candidate aptamers for further 

characterization. The sequences of the candidate aptamers are enlisted in Table 3.5. 
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G-Apta13: δG = -12.23 G-Apta15: δG = -11.26 G-Apta9: δG = -10.72 

Figure 3.5. Secondary structure prediction of three candidate aptamers with the lowest free minimal energy. The candidate aptamers were 

subjected to secondary structure predictions using Mfold, under the same conditions used during SELEX, to screen for structurally conserved motifs. The 

minimal free energy values were extracted for each folded aptamer. Similarities in structural configurations are highlighted in the red boxes. 
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Table 3.5. Sequences of final candidate aptamer list. 

A. Top three overrepresented sequences selected as candidate aptamers. 

G_Apta1  AGCTCCAGAAGATAAATTACAGGGAACGTGTTGGTTGCGGTTCTTCCGATCTGCTGTGTTCTCTATCTGTGCCATGCAACTAGGATACTATGACCCC 

G_Apta2  AGCTCCAGAAGATAAATTACAGGGTTCCCAGCGGTCTCACTTGTGGTAATACATCACTTCAGACGGGTTCATTGCACAACTAGGATACTATGACCCC 

G_Apta3  AGCTCCAGAAGATAAATTACAGGAATGAAGCTTTGAGCCTGTTTGAAGTCATGTAAAGTATCGGTTTCTGCCCATACAACTAGGATACTATGACCCC 

B. Top three candidate aptamers with lowest minimal free energy values. 

G_Apta9  AGCTCCAGAAGATAAATTACAGGATACGCTCTTCGCACGATCAGGATTTCAGTCCTGTTATCTTCGGGTTACGTCCCAACTAGGATACTATGACCCC 

G_Apta13  AGCTCCAGAAGATAAATTACAGGATGGAAGCTGTGCCTGTTTGAACTTGCTGTACGTTTACCGATGCTGTATCCTGCAACTAGGATACTATGACCCC 

G_Apta15  AGCTCCAGAAGATAAATTACAGGGGAAGCTTGTGGGTAAAACAGGTGAGTCCCCCCCGACATGAGGTCACCTCTGTCAACTAGGATACTATGACCCC 

  

 

 

 

*Variable regions are indicated in red. 
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3.5. Conclusion and future recommendations 

The aptamer selection process, used in this study, against the commercially available ULBP2 

protein was unsuccessful as no indication of evolution was observed, after seven rounds of 

selection. What was observed is that the affinity of the SELEX library pool towards the 

SiMAG-IDA-Nickel beads exceeded the affinity of the SELEX library pool towards the 

ULBP2 protein; which could be translated as significantly high, non-specific interactions 

(Djordjevic, 2007; Ray and White, 2017). This may be due to the sequences in the SELEX 

library pool being ion-specific in nature (Kowalska et al. 2014). Therefore, the first point of 

action, prior to SELEX, would be to screen and optimize the metal ion/resin used in the aptamer 

selection against the ULBP2 protein. Alternatively, an entirely different SELEX library can be 

explored. A limitation recognized in this study is that the SELEX library could potentially have 

an affinity towards the 6X His tag; therefore, an additional control would be to employ a 

purified 6X His tag as a protein during the counter selection. This would favour the selection 

towards the protein of interest (ULBP2) and furthermore, facilitate the elimination of sequences 

that may bind to the 6X His tag.   

 

In the case of the aptamer selection against the GFRα1 protein, a successful evolution was 

observed. However, as observed with NGS analysis, approximately 35% of the sequences were 

invalid due to incorrect sequence length. This may be as a result of by-product formation that 

occurs during PCR; which can be overcome by careful design of the library and primers or 

alternatively the employment of ePCR (Musheev et al. 2006; Witt et al. 2017).  Even though 

some sequences were lost due to potential by-product formation, from the remaining ~65% of 

sequence reads, 6 potential candidate aptamers were identified using NGS analysis and 

secondary structure prediction. These 6 candidate aptamers will be characterized in Chapter 4. 
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Chapter Four: Characterisation of the binding affinity and specificity of 

the candidate aptamers against GFR1. 

4.1. Introduction 
 

In view of the potential application of aptamer technologies in clinical settings, it is imperative 

to understand the aptamer-target interaction (Jing and Bowser 2011). In this study, aptamer-

protein interactions, in particular, were investigated and this is important because when these 

interactions occur, it results in the subsequent activation or regulation of biochemical pathways 

that can determine the fate of a cell, which in turn, can contribute towards disease management 

or eradication (Ritzefeld and Sewald 2011). Furthermore, understanding the aptamer-protein 

interaction also gives insight into the binding mechanisms of the aptamers and in doing so, 

information such as the binding ability, the binding affinity, binding kinetics upon interaction 

with the target, dissociation constants and identification of the binding region on the 

aptamer/target can be investigated and used to assess and/or improve the aptamer design and 

application (Jing and Bowser 2011). This can be accomplished by using an array of techniques 

applicable to the aptamer-protein interaction, of which EMSA, SPR, MST and flow cytometry 

will be discussed.  

 

In Chapter 1, a detailed explanation of the principles for each of the characterization techniques 

are described (Section 1.13.6). The rationale behind using the combination of these techniques 

builds a narrative which asks, 1) using EMSA, do the candidate aptamers bind to the isolated 

recombinant GFR1 protein? 2) using SPR, what is the binding affinity for each of the 

candidate aptamers and do these aptamers demonstrate specificity to GFR1? 3) using MST, 

can the questions asked using SPR be validated? And finally, 4) using flow cytometry, can the 

http://etd.uwc.ac.za/



 
 

161 

candidate aptamers bind to the surface of those cells overexpressing GFR1 and show 

discriminative binding ability between cells that have high or low level expression of GFR1?  

 

Chapter 3 described the identification of 6 possible candidate aptamers (G_Apta1, -2, -3, -9, -

13 and -15) that can bind to GFRα1. Using classical SELEX, aptamers were selected for against 

the recombinant His-tagged GFRα1 protein. After ten rounds of selection, with increasing 

stringency as outlined in Section 3.3.1, the final selection pool was subjected to NGS. 

Thereafter, the NGS data was interrogated and refined as described in Section 3.3.2.3, to which 

end six candidate aptamers were identified. The first three aptamers were identified based on 

sequence frequency and another three aptamers based on their secondary structure predictions. 

Herein, is detailed the bio-molecular interactions of these six candidate aptamers, using EMSA, 

SPR and MST. These three techniques are most commonly used methods to characterize 

aptamer binding ability, affinity and specificity (Jing and Bowser, 2011). To demonstrate the 

application of these aptamers to live cells, a binding assay, using flow cytometry was 

performed using a panel of human cell lines.  
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4.1.1. The aim of this chapter 

To determine the binding affinity and specificity of 6 candidate aptamers developed against 

GFR1. 

4.1.2. The objectives of this chapter 

• To determine if the candidate aptamers binds to GFR1, using EMSA. 

• To determine the binding affinity and specificity of the candidate aptamers to 

immobilised GFR1, using SPR. 

• To determine the binding affinity of the candidate aptamers to GFR1 in solution, using 

MST. 

• To evaluate the binding specificity of the candidate aptamers towards the cell surface 

GFR1 protein, using flow cytometry. 
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4.2. Materials and equipment 

4.2.1. Chemicals and reagents  

40% Acrylamide Promega 

Ammonium Persulfate Sigma-Aldrich 

Ethanolamine, pH 8 Sigma-Aldrich 

Ethidium Bromide  Thermo Fisher Scientific 

Human Serum Albumin  Sigma-Aldrich 

Immunoglobulin G  Sigma-Aldrich 

Magnesium Chloride  Sigma-Aldrich  

Nuclease free water Sigma-Aldrich 

O’GeneRuler 100bp DNA ladder Thermo Fisher Scientific 

Tetramthylethylenediamine  Sigma-Aldrich 

 

 

4.2.2. Buffers 

10 X TBE: 1 M Tris; 1 M Boric acid; 0.02 M EDTA (pH 8); adjusted pH to 8.3 and made up 

to a final volume of 1 ltr using dH2O. 

10% APS: 0.1 g APS dissolved in 1 ml of dH2O. 

EDC/NHS solution: 400mM EDC; 100mM 

EMSA loading buffer: 60mM Potassium chloride; 10mM Tris, pH 7.6; 5% Glycerol; 0.01% 

Xylene cyanol; 0.01% Bromophenol; made to a final volume of 5 ml using dH2O. 

Regeneration buffer: 2M NaCl; 50mM NaOH buffer. 

SELEX buffer: PBS (0.138M NaCl and 0.0038M KCl), pH 7.4 (Sigma), 1.5mM MgCl2, 

made to a final volume of 1 ltr using milli-Q water. 

Sodium acetate: 100mM NaAc (pH 4.5) 
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4.2.3. Oligonucleotide sequences 

G_Apta1 Inqaba Biotech 

GCTCCAGAAGATAAATTACAGGGAACGTGTTGGTTGCGGTTCTTCCGATCTGCTGTGTTCTCTAT

CTGTGCCATGCAACTAGGATACTATGACCCC 

G_Apta2 Inqaba Biotech 

AGCTCCAGAAGATAAATTACAGGGTTCCCAGCGGTCTCACTTGTGGTAAT

ACATCACTTCAGACGGGTTCATTGCACAACTAGGATACTATGACCCC 
 

G_Apta3 Inqaba Biotech 

AGCTCCAGAAGATAAATTACAGGAATGAAGCTTTGAGCCTGTTTGAAGT

CATGTAAAGTATCGGTTTCTGCCCATACAACTAGGATACTATGACCCC 
 

G_Apta9 Inqaba Biotech 

AGCTCCAGAAGATAAATTACAGGATACGCTCTTCGCACGATCAGGATTTC

AGTCCTGTTATCTTCGGGTTACGTCCCAACTAGGATACTATGACCCC 
 

G_Apta13 Inqaba Biotech 

AGCTCCAGAAGATAAATTACAGGATGGAAGCTGTGCCTGTTTGAACTTG

CTGTACGTTTACCGATGCTGTATCCTGCAACTAGGATACTATGACCCC 
 

G_Apta15 Inqaba Biotech 

AGCTCCAGAAGATAAATTACAGGGGAAGCTTGTGGGTAAAACAGGTGAG

TCCCCCCCGACATGAGGTCACCTCTGTCAACTAGGATACTATGACCCC 
 

 

 

 

4.2.4. Recombinant proteins and antibodies 

Anti-GDNF Receptor alpha 1 antibody  Abcam 

Human GFRα1 His-tagged protein Sino Biological Inc. 

Human GFRα2 His-tagged protein Sino Biological Inc. 

Human GFRα3 His-tagged protein Sino Biological Inc. 

 

 

 

4.2.5. Assay kits and Equipment 

BD Accuri™ C6 BD Biosciences 

BIAcore 3000 GE HealthCare 

Biospectrum Imaging System UVP 
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Monolith NT.115 Pico NanoTemper Tech 

T25 cm2 culture flasks Sigma-Aldrich 

Countess® Automated Cell Counter Invitrogen 
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4.3. Experimental methodology 

4.3.1. Electrophoretic mobility shift assay 

To investigate the potential binding of the aptamers to the protein of interest, the six candidate 

aptamers, identified in Section 3.4.3, were synthesized and subjected to EMSA as follows: 

 

4.3.1.1. EMSA sample preparation 

The aptamers, independently, were conditioned by adding 250 nM of the respective aptamer to 

100 µl of SELEX buffer (PBS, pH 7.4; 1.5 mM MgCl2). The aptamers were then denatured at 

95 oC for 5 min and gradually cooled (renatured), in increments of 10 oC every 30 sec, down 

to 25 oC. The binding reactions were setup by incubating (60min, at 25 oC, 500rpm) the 

respective aptamers (250 nM) with increasing concentrations (0 nM; 250 nM; 500nM and 750 

nM) of the protein of interest in a final volume of 30 µl.  

 

4.3.1.2. Non-denaturing Poly-Acrylamide Gel Electrophoresis 

The 8% non-denaturing gel was prepared as described in the table below: 

 

Table 4.2. Preparation of an 8% EMSA gel 

 Final concentration 

Acrylamide (40%) 8 % 

TBE, pH 8.6 (10x) 1X 

APS (10%) 0.16 % 

DH2O 8.54ml 

TEMED (100%)  0.1% 

Total volume 12.5ml 

 

The gel solution was prepared in a 15 ml Greiner tube by combining the reagents, in the order 

listed in Table 4.1. The solution was mixed by inverting the tube a few times and immediately 

poured between the gel plates, followed by inserting a ten-well comb between the gel plates. 
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The gel was then allowed to solidify. The gel plates were then transferred to an assembled 

PAGE system (Biorad). The combs were removed from the gels and the samples (prepared by 

mixing a 1:5 ratio of sample:EMSA loading buffer), at a final volume of 24 µl, were loaded in 

the respective wells. The gel was electrophoresed in 1X TBE running buffer at 100V for 90 

min. Each gel was stained for 30 min with EtBr (20 g/l prepared in 50 ml of dH2O), followed 

by de-staining for 15 min with dH2O. Thereafter, the gels were visualized under UV light and 

images were taken using the Biospectrum imaging system (UVP).  

 

4.3.2. Surface plasmon resonance analysis 

To investigate the binding interaction of the aptamers to the GFRα1, the six candidate aptamers, 

selected and synthesized in Section 3.4.3, were subjected to SPR as follows: 

 

4.3.2.1. Immobilization of GFRα1 onto CM5 sensor chips 

All SPR experiments were performed by Dr. Marketa Svobodova, using the Biacore 3000 (GE 

Healthcare) at the Centre for Omic Sciences (Reus, Spain). After insertion of the CM5 

(carboxylated) sensor chips, the sensor chips were primed using SELEX buffer. This was 

followed by activating all the channels on the sensor chip, using EDC/NHS buffer 

(400mM:100mM), at a flow rate of 10 µl/min. The human GFRα1 recombinant protein (Sino 

Biological Inc.), at a final concentration of 200 µg/ml, was prepared in NaAc (100 mM, pH 

4.5) and then injected into channel two, at a flow rate of 5 µl/min.  IgG and HSA, were prepared 

and injected in a similar manner, into channels three and four, respectively. To remove excess 

buffer, the sensor chip was then regenerated, three times, by injecting NaCl/NaOH buffer 

(2M:50mM), at a flow rate of 5 µl/min. The EDC crosslinking on the sensor chip was 

inactivated by injecting ethanolamine (1M, pH 8).  The sensor chip was then regenerated, three 
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times, as previously described; and the baseline was allowed to stabilize by allowing the 

selection buffer to flow over the sensor chip for approximately 1-2 hours.  

 

4.3.3. Microscale thermophoresis  

To validate the binding interaction of the G_Apta1 to the protein of interest, a fluorescent MST 

binding assay was performed as follows: 

 

All MST experiments were performed by Dr. Thomas Schubert, at 2Bind Molecular 

Interactions (Germany). Serial dilutions (from 153pM – 9.09 µM) of the GFRα1, GFRα2 and 

GFRα3 proteins, respectively, were prepared in SELEX buffer.  

 

Table 4.2. Preparation of proteins for MST assay. 

 Maximum concentration Minimum concentration 

GFRα1 9.09 µM 277 pM 

GFRα2 8.33 µM 254 pM 

GFRα3 5 µM 153 pM 

 

Each dilution step (5 µl) was mixed with 5 µl of Cy5-labelled G_Apta1. The final reaction 

mixture, which were loaded in capillaries, contained a respective amount of the ligand (GFRα1, 

GFRα2 and GFRα3), i.e. maximum concentration of 4.55 µM, minimum concentration 139 

pM and a constant concentration (2.5 nM) of the Cy5-labelled G_Apta1. The samples were 

analyzed using the Monolith NT.115 Pico, at 25 oC, with 15% LED power and 60% laser 

power.  
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4.3.4. Flow cytometry 

4.3.4.1. Cell culture 

The cell lines used in this study were obtained from the American Type Culture Collection 

(Table 4.3). The respective cell lines were regularly cultured in T25 cm2 culture flasks at 37 

°C, in a 5% CO2 humidified incubator, in the respective culture media (Table 4.3). The media 

was supplemented with 10% heat-inactivated foetal bovine serum (FBS) and 1% penicillin-

streptomycin. This media mix will be referred to as complete media from hereon. The media 

were changed and replaced with fresh complete media every three days. The procedures were 

performed in the Biological Safety Cabinet (Laminar flow) using aseptic techniques and all the 

reagents to be used were sprayed with 70% ethanol before introducing them into the Laminar 

flow.  

 
Table 4.3. Cell lines used to screen for G_Apta1 binding. 

Cell line Acronym Culture medium 

Breast cancer (adenocarcinoma) MCF7 Dulbecco Modified Eagle Medium 

(DMEM) 

Breast (mammary gland) MCF12A DMEM Nutrient mixture F12 

(DMEM-F12) + 20ng/ml EGFR, 

500ng/ml hydrocortisone and 

0.01mg/ml 

Colon cancer (colorectal 

adenocarcinoma) 

CaCo2 DMEM 

Cervical cancer (epidermoid 

carcinoma) 

Caski  Roswell Park Memorial Institute 

Medium (RPMI 1640) 

Liver cancer (hepatocellular carcinoma) HepG2 DMEM 

Embryonic kidney Hek293 DMEM 

Prostate cancer (adenocarcinoma) PC3 DMEM-F12 

Keratinocyte HaCat DMEM 

 

 

 

4.3.4.2. Cell harvesting 

The cells were harvested when they reached ≥70% confluency. The media was aspirated from 

the flask using a 10 ml serological pipette. The cells were then washed with 5 ml of PBS and 

discarded into a waste beaker. This was followed by the addition of 2ml of 2X trypsin to the 
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cells, in the flask, and then incubated for 1-3 minutes at 37 °C. The detachment of the cells 

from the flask was inspected using a light microscope. As soon as the cells start to round up, 

the detachment was facilitated by gently tapping the flask on the surface to dislodge the cells. 

The trypsinization reaction was terminated by adding 3 ml of complete medium. The cells that 

were still attached to the flask were removed by pipetting. The cells were then transferred to 

pre-labeled 15 ml conical tubes and centrifuged at 3000 rpm for 5 min. The supernatant was 

aspirated from the flask and the cell pellet were then re-suspended in 1-5ml complete media. 

A cell count was performed and an appropriate number of cells were sub-cultured. 

 

4.3.4.3. Cell counting/viability 

A cell count/viability was performed using trypan blue exclusion assay, using the Countess® 

Automated Cell Counter, according to the manufacturer’s instructions. Briefly, a 10 μl aliquot 

of the trypsinized cell suspension was mixed with 10 μl of 0.4% trypan blue dye reagent. The 

cells were mixed by pipetting and 10 μl of the cell-dye mixture was then loaded into a 

Countess™ chamber slide. Following a cell count, the data readout was given in total cells/ml, 

live cells/ml, dead cells/ml, and percent viability; of which 2 x 104 live cells/ml were sub-

cultured in 24-well plates for 24 hrs, at 37 °C, in a 5% CO2 humidified incubator. 

 

 

4.3.4.4. G_Apta1 binding assay using flow cytometry 

The culture medium from the cells cultured in Section 4.3.4.3 was aspirated, followed by the 

addition of 500 l of PBS. The PBS was discarded into a waste beaker and the cells were 

trypsinized as described in Section 4.3.4.2. The cell pellet was re-suspended in PBS containing 

31.25 nM of either the Cy5 labeled G_Apta1 or unlabeled G_Apta1. The cells were then 

incubated for 1 hr at 37 °C, in a 5% CO2 humidified incubator. Unstained cells were included 
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as a control. Another control was included in which the cells were blocked with PBS containing 

31.25 nM of the unlabeled G_Apta1 for 1hr, at 37 °C, in a 5% CO2 humidified incubator. The 

PBS was then discarded into a waste beaker and fresh PBS containing 31.25 nM of the Cy5 

labeled G_Apta1 was added to the cells and incubated for a further hour at 37 °C, in a 5% CO2 

humidified incubator. The respective incubated cell mixtures were then centrifuged at 3000 

rpm for 3 min. The supernatant was discarded into a waste beaker and the cell pellet was re-

suspended in 500 l of PBS. The cells were centrifuged at 3000 rpm for 2 min. The supernatant 

was carefully discarded into a waste beaker and a wash with PBS was repeated. The cell pellet 

was then re-suspended in 200 l of PBS and analysed using the BD Accuri™ C6 flow 

cytometer. 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/



 
 

172 

4.4. Results and discussion 

In order to accomplish the objectives of this chapter, three separate characterization techniques, 

that is, EMSA, SPR and MST and a flow cytometry assay were performed to investigate the 

binding interaction between the candidate aptamers and GFRα1. 

 

4.4.1. EMSA: do the candidate aptamers bind GFRα1? 

As previously mentioned, EMSA is a qualitative technique and therefore limited to providing 

information about whether the aptamer is, potentially, binding to the protein of interest; and 

therefore, for the purpose of this study was used as a first line screening method. A detailed 

description of the methodology is provided in Section 4.3.1. EMSA is a simple method which 

only requires prior incubation of the aptamer with the target protein, followed by 

electrophoresis under non-denaturing conditions, using polyacrylamide (Hellman and Fried, 

2007). The principle is that the bound aptamer-protein complex, because of its larger size, is 

expected to migrate slower than the corresponding free unbound aptamer and this differential 

migration provides insight into whether the aptamer potentially binds the protein (Hellman and 

Fried, 2007; Holden and Tacon, 2010).  

 

For each candidate aptamer, a negative control, that is, free unbound aptamer, was included. 

And as expected for the negative control (lane labelled ‘’C’’), only one band, corresponding to 

the aptamer (97NT) was observed, in each case (Figure 4.1).  To demonstrate the potential 

binding of the six candidate aptamers; increasing concentrations, ranging between 0 – 750nM 

(labelled on each lane), of the recombinant GFRα1 were incubated with a constant 

concentration (250nM) of the respective aptamers.
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G_Apta1 

        M     -        C    250  500  750 

 

G_Apta2 

         M      -      C    250  500  750 
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G_Apta9 

         M      -      C    250  500  750 

 

G_Apta13 

         M       C      250    500    750 

 

G_Apta15 

         M       C      250    500    750 

 

 

 

 

 

100bp 

200bp 

Figure 4.1. Electrophoretic mobility shift assay of six candidate aptamers against GFRα1. The respective aptamers (250nM) were incubated with 

increasing concentrations (0, 250, 500 and 750 nM) of GFRα1 and resolved on a 3% non-denaturing PAGE gel. 
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The presence of a band with a molecular weight higher than that of the free unbound aptamer 

suggests that there is interaction between the aptamer and the protein. All 6 aptamers 

(G_Apta1-6) showed the capacity to bind to the GFRα1 protein, as shown by the high 

molecular weight band present in Figure 4.1. G_Apta13 was the only aptamer where no 

complex formation was observed at the lowest (250nM) GFRα1 concentration. The intensity 

of the high molecular weight band increased as the concentration of GFRα1 increased from 

250nM to 750nM. This suggests that as the concentration of the protein increases, so too does 

the concentration of complex (GFRα1/aptamer). The intensity of the low molecular weight 

band, which represents the aptamers, decreased as the concentration of the GFRα1was 

increased. This is due to the increasing amounts of aptamers binding to the GFRα1 as more 

GFRα1 becomes available at higher concentrations of the protein. This also confirms that 

there was indeed an interaction between the GFRα1 protein and the aptamers. 

 

In some cases, very distinct GFRα1/aptamer bands were observed (G_Apta2, 9, 13 and 15) 

and in other cases, smears were observed (G_Apta1 and 3). It is possible that the GFRα1-

aptamer complexes dissociated either prior to electrophoresis and as a result, the co-migration 

of the aptamer and protein caused smearing effects; or potentially, the heat produced during 

electrophoresis resulted in dissociation of the complex. These can be managed easily by 

limiting the time taken to load samples, optimizing the time and voltage required to 

electrophorese the gel and controlling the temperature during electrophoresis using a cooling 

system or performing the electrophoresis in a cold room (Holden et al. 2011).  
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4.4.2. SPR: Investigating the binding affinity and specificity of the candidate aptamers 

SPR is the most commonly employed method to characterize aptamer/target interactions 

(Ruscito and DeRosa, 2016). It provides information about binding,  binding kinetics and can 

also be used to determine the binding affinity (KD) values in low mM to the nM range 

(Jerabek-willemsen et al. 2011; Jerabek-willemsen et al. 2014). A detailed description of the 

methodology is provided in Section 4.3.2. In principle, it is a label-free optical based detection 

method that measures the change in the refractive index, on a metal surface layer of a sensor, 

in response to ligand/analyte interactions (Jerabek-willemsen et al. 2011; Nguyen et al. 2015). 

The binding kinetics, consists of four phases, that is, 1) association, 2) steady state, 3) 

dissociation and 4) regeneration (Ritzefeld and Sewald, 2011). 

 

During the association phase, the analyte is injected and binding may occur when the ligand 

and analyte collide at the sensor surface, due to diffusion and the point at which the correct 

orientation and a sufficient amount of energy is achieved (Ritzefeld and Sewald, 2011). The 

steady state phase represents the point at which the association and dissociation of the 

ligand/analyte complex occurs at equal rates (Ritzefeld and Sewald, 2011). Hereafter, the 

analyte injection ends and the analyte dissociates from the ligand – typically resulting in the 

reduction of the response units (Ritzefeld and Sewald, 2011). And finally, the regeneration 

phase, if necessary, is the point at which the regeneration buffer, usually a high salt 

concentration or detergents such as SDS, is used to wash off any remaining analyte molecules 

(in the case of covalent immobilization) or ligand molecules (in the case of non-covalent 

immobilization) from the sensor surface (Ritzefeld and Sewald, 2011).  

 

To facilitate the SPR interaction, the ligand must be immobilized on the sensor chip surface 

(Ritzefeld and Sewald, 2011). For DNA-protein interactions, either one of the biomolecules 

http://etd.uwc.ac.za/



 
 

176 

can be immobilized first, depending on the nature of the experiment; for example, in this 

study, several candidate aptamers were screened against one protein and therefore, the most 

cost effective approach was to immobilize the GFRα1 protein. Figure 4.2 shows the 

successful immobilization of GFRα1 and the control proteins (HSA and IgG) on a CM5 sensor 

chip (BIAcore). The CM5 sensor chip is a carboxymethylated dextran matrix that is attached 

to the gold surface and is suitable for covalent coupling via amine, thiol, aldehyde or carboxyl 

groups (Muguruma et al. 2000).  

 

 

 

 

 

 

 

In this study, the proteins were immobilized using 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) chemistry. This is observed by the first peak on the sensorgram, which 

indicates the activation of all the channels in the CM5 matrix. Each line on the sensorgram 

represents a channel and it is clear that all the channels were equally activated, based on the 

response units (on average >50 000 RU) that were similar throughout the injection and 

Figure 4.2. BIAcore sensorgram for the immobilization of GFRα1 and control proteins on a CM5 

sensor chip, using EDC chemistry.  Each protein was bound to a separate channel. Channel 1: No 

protein (EDC/NHS) (red). Channel 2: GFRα1 (green). Channel 3: Immunoglobulin G (IgG) (blue) and 

Channel 4: Human serum albumin (HSA) (pink). 
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stabilization after injection. Following activation, 200 ug/ml of the respective proteins were 

immobilized onto designated channels, that is, channel 2: GFRα1 (green); channel 3: IgG 

(blue) and channel 4: HSA (pink). Channel 1 (red) was used as a blank control (buffer only), 

with no protein immobilized. This is performed to provide information about any non-specific 

interactions of the aptamers with the sensor surface (Ritzefeld and Sewald, 2011). After blank 

subtraction, all three proteins had relative response units at approximately 20 000 RU. 

Additionally, only one peak was observed for each protein injection, indicating that the 

proteins were only immobilized in the channels as expected and no leakage occurred between 

channels. The results obtained for the immobilization were satisfactory to proceed with the 

interaction analysis. At this point, the sensor surface was blocked with 1M ethanolamine. 

 

 

 

 

 

 

 

Figure 4.3. BIAcore sensorgram validating the immobilization of GFRα1, using Anti-GFRα1. 

Anti-GFRα1 antibody (0.33 µM) was injected into channel 2 (GFRα1) at a flow rate of 5 ul/min. 
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To validate that the immobilization of GFRα1 in fact occurred and that it was localized to the 

expected channel, 330 nM of anti-GFRα1 antibody (Abcam) was injected into channel 2 

(GFRα1). To which end, an interaction with a relative response unit at approximately 33000 

RU, before blank subtraction, was only observed in channel 2 (GFRα1) (Figure 4.3). These 

results were satisfactory to proceed with the aptamer screening. 

 

To establish if the aptamers indeed bind GFRα1, the six candidate aptamers, respectively, 

were injected at 3.3 uM and 10 uM, to flow over all four channels, at a flow rate of 5 ul/min. 

All the experiments were performed in duplicate to demonstrate reproducibility. Several 

controls were included; these were as follows:  

 

1) A blank channel (SELEX buffer only) on the sensor chip to ensure that no 

interactions were occurring with the sensor surface and erroneously translated as binding. As 

a double reference, SELEX buffer was introduced as an analyte injection to further validate 

that any binding curves observed were not in fact due to buffer. 

 

2) Both IgG and HSA, which were used in the counter selection process, during 

SELEX, were immobilized onto the sensor chip to establish that no cross-reactivity occurred 

with these proteins. This is also important because the future application of the aptamers aim 

to detect GFRα1 in serum samples, which is generally rich in other unrelated proteins, such 

as HSA. If the aptamers are not able to discriminate between proteins, the detection test may 

yield false positive results.  
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3) The use of three unrelated aptamer sequences (C1, C2 and C3), to ensure that the 

interaction observed with the candidate aptamers are a true reflection of their binding and 

that it is not attributed to the intrinsic protein properties that may, otherwise, be favourable 

for DNA interactions, in general. This aspect was not evaluated during the analysis since an 

unrelated aptamer was not employed to test the specificity of the aptamers. 
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Figure 4.4. Screening of six candidate aptamers for binding to GFRα1 and cross-reactivity to control serum proteins. Binding measurements of the six 

candidate aptamers (G_Apta1, 2, 3, 9, 13 and 15), in all sensor channels, were performed at 3.3 µM (Graph A) and 10 µM (Graph B), with buffer 

subtractions. Three unrelated aptamers were used as negative controls, denoted as C1, C2 and C3. Error bars represents standard deviations from duplicate 

measurements. 
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The results as shown in Figure 4.4 are expressed as values after the buffer subtraction. Graph 

A and B represents the aptamer binding measurements performed at 3.3 µM and 10 µM, 

respectively. One RU is equivalent to the binding of approximately 1pg protein/mm2 of the 

sensor surface and in practice, >50 pg/mm2 (50 RU’s) of analyte binding is required to 

produce good reproducible results (Joshi 2006). However, to achieve this level of analyte 

binding can be challenging because it would require high density immobilization of the ligand 

(Joshi 2006).  To an extent, Biacore sensor chips have compensated for this difficulty by 

generating 100-200 nm thick dextran matrices, which adds a third dimension to the surface 

and in turn allows for higher ligand immobilization (Joshi 2006). Thus, RU values between 

30-50 are also acceptable and indicative of successful binding (Joshi 2006).  

 

From the six candidate aptamers, at a final concentration of 3.3 µM, only G_Apta1 (21.1 RU) 

and G_Apta2 (19 RU) bound to GFRα1 (Graph A). The same trend follows at a final 

concentration of 10 µM, G_Apta1 (46.6 RU) and G_Apta2 (37.4 RU) (Graph B) where 

selectively towards GFRα1 was observed and the only difference, as expected, were higher 

relative RU’s at 10 µM. In both cases, low and high concentrations, G_Apta3, G_Apta9, 

G_Apta13 and G_Apta15 did not show any evidence of binding to GFRα1. Further evaluation 

using the serum proteins, IgG and HSA, demonstrated that all the aptamers do not bind non-

specifically to these proteins; which is indicative of the specificity and potential 

discriminative power of the aptamers to bind GFRα1 in serum.  

 

Due to the fact that GFRα1 has a theoretical pI of approximately 8, it is possible that the 

positively charged nature of the protein, may in fact, favour an electrostatic interaction with 

DNA, in general. It was therefore important to determine if the unrelated aptamer sequences 
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(C1, C2 and C3) may bind to GFRα1. These unrelated aptamers didn’t show any selectivity 

to GFRα1 (Figure 4.4).  

 

A point to consider is that the hypothesis used in the selection of G_Apta9, G_Apta13 and 

G_Apta15, as candidate aptamers, based on the secondary structure prediction and lowest 

minimal free energy values, proved to be null and void. Perhaps a better approach would be 

to employ a program such as Valfold, a software tool that can be used to predict the secondary 

structure of aptamers, which contains an algorithm that minimises the free energy and is 

optimised to predict all the stem candidate combinations, including the G-Quartet structures 

(Akitomi et al. 2011). Since aptamers are generally known to bind their target by means of 

the single-stranded bulge or loop regions, Valfold is designed to extract these regions from 

the predicted secondary aptamer structure and use this to calculate scores for conserved motifs 

(Akitomi et al. 2011). If the conserved motifs are found in either the bulge or loop region, 

further processing by truncation should aim to retain these motifs and be evaluated by binding 

assays (Akitomi et al. 2011). In contrast, G_Apta1, 2 and 3, which were selected based on 

sequence frequency, proved to favour the hypothesis which stated that as the selection library 

evolves to bind the target protein, the most abundant occurring sequence may potentially have 

the highest affinity towards the target. Although reported in literature that this is not always 

the case, it was observed that from all the aptamers candidates, G_Apta1 and 2; in fact, bound 

GFRα1 with the highest affinity in the order listed.  

 

It is important to note that GFRα1 belongs to a family of proteins and in some cases, despite 

the high specificity, the aptamers can also bind biomolecules with similar structures. Bearing 

this in mind, a multiple alignment of the GFRα protein family was generated using Clustal 

Omega and as expected the percentage similarity ranged from 32.32% (GFRα4) up to 50.56% 
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(GFRα2) (Figure 4.5). To this end, a comparative analysis of the binding of the 6 aptamers 

to GFRα1, 2 and 3 was performed using SPR. 

 

 

 

 

 

 

 

 

Figure 4.5. Multiple alignment (A) and percentage similarity matrix (B) of the GFRα protein 

family, using Clustal Omega.  

A 

B 

% Similarity 

GFR3    GFR4      GFR1       GFR2              Uniprot ID            Protein 
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Figure 4.6 shows the immobilization of the GFRα family of proteins, that is, Channel 2: 

GFRα1, Channel 3: GFRα2 and Channel 4: GFRα3. Channel 1 was used as a blank control 

(buffer only). As before, the CM5 sensor chip was first activated using EDC/NHS, followed 

by immobilization of the respective proteins, blocking with ethanolamine and then 

regeneration using NaOH/NaCl. After the blank subtraction, immobilization was achieved at 

6816 RU, 2887 RU and 4802 RU, for GFRα1, 2 and 3, respectively. 

 

 

 

 

 

 

      

 

 

 

 

 

 

 

All the channels were equally activated, based on the response units that were similar 

throughout the injection and stabilization after injection. Additionally, only one peak was 

observed for each protein injection, indicating that the proteins were only immobilized in the 

channels as expected and no leakage occurred between channels. The results obtained for the 

immobilization were satisfactory to proceed with the interaction analysis.  
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Ethanolamine 
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Figure 4.6. BIAcore sensorgram for the immobilization of GFRα family of proteins on a CM5 

sensor chip, using EDC chemistry. Each protein was bound to a separate channel. Channel 1: 

Blank. Channel 2: GFRα1. Channel 3: GFRα2 and Channel 4: GFRα4 
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To validate that the immobilization of GFRα1 in fact occurred and that is was localized to the 

expected channel, 330 nM of anti-GFRα1 (Abcam) was injected into all four channels. To 

which end, an interaction was observed in all the channels, indicative of cross-reactivity of 

anti-GFRα1 to the GFRα family of proteins. Although a signal was detected in the blank 

channel, the curve does not imitate a typical SPR curve, instead it shows evidence of a sharp 

increase, immediate plateau, sharp decrease and finally resolving back to the baseline. This 

trend is suggestive of full mass transfer. So, the analyte (anti-GFRα1) transfers from the bulk 

solution to the sensor surface and no actual binding to the ligand (buffer) occurs, resulting in 

the immediate dissociation. 

 

 

 

 

 

 

As with GFRα3, a similar trend as that which occurred with the buffer control was observed 

and since GFRα3 has a lower sequence similarity to that of GFRα1 (Figure 4.5B), the region 

at which anti-GFRα1 antibody binds is possibly not present on GFRα3. Whereas with GFRα2, 

the SPR curve depicts an association, followed by a steady increase towards an equilibrium 

and then a dissociation with the baseline equaling out above zero. Therefore, if the alignment 
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Figure 4.7. BIAcore sensorgram validating the immobilization of GFRα1, using Anti-GFRα1. 
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(Figure4.5A) and structural similarity between GFRα1 and 2 are taken into consideration, 

then it is not so unlikely that anti-GFRα1 could show cross-reactivity because there is a 

possibility that GFRα2 may be similar in sequence and structure in the same region where 

anti-GFRα1 binds GFRα1.  

Another experiment was setup in a similar manner as with the previous SPR experiments. 

These included: 1) a blank channel (SELEX buffer only) on the sensor chip as well as a 

SELEX buffer injection over all the channels. 2) GFRα2 and 3 were immobilized on channel 

3 and 4, respectively, to determine the potential discriminative power and specificity of the 

aptamers developed against GFRα1. 3) Two unrelated aptamer sequences were included as 

negative controls.  

 

The results as shown in Figure 4.8 are expressed as values after the buffer subtraction. Graph 

A and B represents the aptamer binding measurements performed at 3.3 µM and 10 µM, 

respectively. As before, G_Apta1 (Graph A: 45,5 RU and Graph B: 58,7 RU) and G_Apta2 

(Graph A: 22,55 RU and Graph B: 57,55 RU) were the only aptamers that bound to GFRα1. 

What was observed is that G_Apta1 and G_Apta2 only bound to GFRα2 and GFRα3 at a 

higher concentration (10 µM). Although the GFRα protein family share sequence and 

structural similarities (Figure 4.5), the cross-reactivity of G_Apta1 and G_Apta2 towards 

GFRα2 and GFRα3 was almost absent at a lower concentration. Therefore, at 10 µM, the 

binding observed could be accounted for as non-specific interactions as a result of the high 

concentration of aptamers. In the case of the unrelated aptamer sequences C1 and C2, it was 

expected that no binding should occur since these aptamers were not developed against the 

GFRα family. As expected, the control aptamers didn’t show any selectivity to any of the 

GFRα proteins. Only C2 (Graph B: 34,5 RU) bound non-specifically to GFRα1, at a high 

concentration. 
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Figure 4.8. Evaluating the specificity of the six candidate aptamers against the GFRα protein family. Binding measurements of the six candidate 

aptamers (G_Apta1, 2, 3, 9,13 and 15), in all four channels, were performed at 3.3µM (Graph A) and 10µM (Graph B), with buffer subtractions. Two 

unrelated aptamers were used as negative controls, denoted as C1 and C2. Error bars represents standard deviations from duplicate measurements. 
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The SPR data (Figure 4.8) still supports G_Apta1 and G_Apta2 as potential candidates to 

take forward; of which G_Apta1 shows the strongest affinity to GFR1. This, however, 

should be validated by another method. For the purpose of this study, G_Apta1 was further 

investigated.  

 

4.4.3. MST: Investigating the binding interaction of G_Apta1 and the GFRα family. 

MST is a highly sensitive quantitative method used to characterize, virtually, any kind of 

molecular interaction based on the principle of thermophoresis, under microscopic 

temperature gradients (Jerabek-Willemsen et al. 2014). Upon a binding event, even the 

slightest change in conformation, charge or size of the molecule-solvent interface is directly 

translated into the thermophoretic effect detection for each interaction. Detection is monitored 

using either labeled or intrinsic fluorophores present in the sample. This method has a 

detection limit in the pM range, which is particularly applicable for aptamer/target interactions 

(Jerabek-willemsen et al. 2011; Ruscito and DeRosa 2016). In this study, G_Apta1 was 

labelled with a Cy5 fluorophore in order to investigate its binding affinity and specificity to 

GFRα1. 

 

In order to validate the results obtained from the SPR analysis, further evaluation of the 

binding affinity was performed using MST. In SPR, the ligand was immobilized, whereas 

with MST another dimension is added because the binding capability and affinity of the 

protein-aptamer interaction can be evaluated in a free solution. The MST process begins with 

a quality control check of the capillaries to ensure that the fluorescent aptamer does not stick 

to the walls of the capillary, due to aggregration, precipitation or adsorption, subsequently 

interfering or preventing the thermophoretic movement of the aptamers (Jerabek-Willemsen 

et al. 2011; Plach et al. 2017). In total, 16 capillaries with 16 different concentrations can be 
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analysed in one experiment. Each peak, observed in Figure 4.9, represents a capillary and in 

the event that any sticking occurred, the shape of the peak (U-shaped peaks, bumps or spikes) 

would alter. Furthermore, if large differences in the fluorescence read outs between the 

capillaries are observed, it can also be indicative of sample aggregation. This is because 

aggregates are usually characterised by having significantly higher fluorescent densities, 

subsequently exhibiting high fluorescent read outs. The capillaries were scanned for each 

interaction, that is, Cy5-labelled G_Apta1 with GFRα1, 2 and 3; showed evidence of adequate 

quality. In each case, the response for the quality control check was the same, therefore, one 

capillary scan was included as a representation of all the interactions (Figure 4.10).  

 

 

 

 

 

The focal temperature gradient, within the glass capillary, required for the thermophoretic 

movement of the molecules was then generated using infrared (IR) light. The target 

molecules, in this case, the Cy5-labelled G_Apta1, located in the IR light, were monitored by 

its fluorescence and movement along the temperature gradient (Figure 4.10). At first, in the 

absence of a temperature gradient, G_Apta1’s fluorescence was detected to ensure 

homogeneity. Then after ~5sec, activation of the IR light induced the temperature gradient; 

which resulted in a steep initial drop in the fluorescent signal, known as the Temperature jump 

Figure 4.9. Quality check of capillaries. Increasing concentrations (in the respective capillaries) of 

the respective GFRα1 proteins were incubated with the respective candidate aptamers. This was 

followed by loading all 16 capillaries and inducing a temperature gradient, using infrared light. 
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(T-jump). Hereafter, a slower thermophoretic depletion of the fluorophore, in the optic focus, 

occurred until the IR light was switched off and results in a reverse T-jump, to which end a 

back-diffusion of the Cy5 aptamers was observed. Again, any form of aggregation would have 

been noted as a scrambled and irregular graph, however, a smooth lined graph of the 

thermophoretic movement of the protein-aptamer complex was observed.  

 

 

 

 

 

Towards determining the KD of the G_Apta1 in relation to the GFRα protein family, several 

MST measurements, using increasing concentrations of the ligand and a fixed concentration 

of the analyte must be recorded (Plach et al. 2017). The ligand concentration range is prepared 

in a way that the lowest concentration, essentially, does not bind – typically, at a concentration 

that is 10-fold below the anticipated KD. Conversely, the highest concentration should result 

in the ligand being fully bound (saturated), usually at a concentration that is 10-fold above the 

anticipated KD. Additionally, the concentration of the analyte is kept below the anticipated 

KD, to allow for accurate extrapolation of the equilibrium affinity.  

 

Figure 4.10. Normalized fluorescence of all the protein-aptamer complexes. The blue and red lines 

represent the point at which the IR light was activated and deactivated, respectively. 
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Figure 4.11. MST analysis of the interaction of the G_Apta1 with the GFRα protein family. The proteins (A, B and C: GFRα1, 2 and 

3, respectively) served as the unlabelled ligand and was added in increasing concentrations to the Cy5 labelled G_Apta1 that served as the 

analyte. An unrelated aptamer (D) was used as a control. The raw fluorescence was normalized to the bound fraction of G_Apta1. Error 

bars represent standard deviations from duplicate measurements. The KD was determined from a 1:1 binding fit. 
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To comparatively evaluate the different interactions, the data was normalized to the fraction of 

bound molecules. The MST assay (Figure 4.11) demonstrated that G_Apta1 binds to GFRα1 

with high affinity. The experiment was performed in duplicate and the average calculated KD 

value of this interaction was determined to be 351 nM. G_Apta1, also bound GFRα2 with an 

average KD value of 527 nM. In the case of GFRα3, evidence of binding was detected and a 

KD value of 451 nM was calculated; which may not be reliable because a proper curve fit could 

not be established since no bound plateau was reached. Hence, either higher concentrations of 

the protein are required or there is a possibility that non-specific binding occurred. The latter 

is a more likely assumption, since with the SPR analysis, poor binding to GFRα3 was observed 

and from the alignment data (Figure 4.5), it has been shown that GFRα3 and GFRα1 only 

share ~30 % sequence homology.  

 

Furthermore, during the sample preparation, it was observed that at high concentrations, the 

proteins became viscous in solution, which could have interfered with the movement of 

G_Apta1. Subsequently, an unrelated aptamer control was included to evaluate if the protein 

viscosity influenced the MST measurement. No binding was observed for this aptamer (Figure 

4.11D) and as a result, the data could not be normalized to the bound fraction. The results of 

the control confirmed that the viscosity effect had no impact on the interaction and subsequent 

movement of G_Apta1. The MST data validated that G_Apta1 binds with high affinity towards 

GFR1 and that cross-reactivity occurs against the GFR2; which can be attributed that the 

structural similarity between the family of proteins.   
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4.4.4. Evaluating the binding and specificity of G_Apta1 to cell surface GFRα1. 

 

Flow cytometry is a tool used to measure optical and fluorescence characteristics of single cells 

(Brown and Wittwer 2000). Every cell that passes through the flow cytometer and is detected 

is regarded as an event (Brown and Wittwer 2000). When labeled cells pass through a light 

source in the flow cytometer, the fluorescent molecules (fluorophores) are excited by a laser to 

a higher energy state and as these fluorophores return to their resting energy state, they emit 

light (colour) at higher wavelengths (Nilsson et al. 2013). In this study, G_Apta1 was labelled 

with a Cy5 fluorophore in order to investigate 1) if G_Apta1 is able to bind to GFRα1 on MCF7 

cells and 2) to investigate if G_Apta1 shows specificity to GFRα1 expressing cells. In principle, 

after incubating the cells with Cy5 labelled G_Apta1, what was expected is that G_Apta1 

would bind to GFRα1 on the surface of the cells and as these cells pass through the light source, 

the Cy5 fluorophore attached to G_Apta1 would generate a fluorescent signal that is measured 

to generate a histogram. From the histogram, the Cy5 fluorescence intensity (horizontal axis) 

vs the number of detected events (vertical axis) will be displayed. This allows for the 

identification of distinct cellular population subsets, that is either a negative population as 

exhibited by lower fluorescence intensity (a peak at low number of events) or a positive 

population as exhibited by a higher fluorescence intensity (a peak that shifts towards the right 

or higher number of events) for Cy5 labeled G_Apta1 staining. 

 

To establish if G_Apta1 indeed binds to the cell surface GFRα1, MCF7 cells were incubated 

with the Cy5 labelled G_Apta1 as described in Section 4.3.4. All the experiments were 

performed in triplicate to demonstrate reproducibility and several controls were included as 

follows:  
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1) MCF12A cells were included as a negative control cell line, as demonstrated by Drah 

(2015) that MCF7 cells expresses significantly higher protein levels of GFRα1 as 

compared to MCF12A cells (Drah 2015, University of the Western Cape, Department 

of Biotechnology). This was important to determine staining specificity. 

 

2) MCF7 and MCF12A cells that were not incubated with the Cy5 labelled G_Apta1 

(unstained cells). These were included to identify the negative population, of which 

background fluorescence could be observed due to cellular auto-fluorescence; 

therefore, the negative population was expected to be displayed as a low number of 

detected events on the histogram (Nilsson et al. 2013). 

 

3) MC7 and MCF12A cells incubated with unlabelled G_Apta1 were included to ensure 

that the fluorescence observed were not artefacts caused by the interaction between the 

cells and the aptamer.  

 

4) MCF7 and MCF12A cells that were blocked with unlabelled G_Apta1, followed by 

incubation with the Cy5 labelled G_Apta1. This was done to establish that G_Apta 1 in 

fact bound to GFRα1 and no non-specific interactions between the fluorophore and the 

cells occurred.  

 

5) Finally, in the second experiment, a panel of human cancer cell lines were evaluated to 

determine the specificity of G_Apta1 towards GFRα1 in MCF7 cells.  
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Figure 4.12. Evaluation of G_Apta1 binding to the cell surface GFR1 protein, using flow cytometry. A and B shows a histogram of the control 

MCF12A and MCF7 cells, respectively, incubated with or without Cy5 labelled G_Apta1 (31.25nM) as shown in the legend. C) shows the percentage 

fluorescence for a panel of human cell lines incubated with Cy5 labelled G_Apta1 (31.25nM). Error bars represent standard deviations from triplicate 

measurements.  
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The histogram generated for MCF7 (Figure 4.12B) shows the fluorescence intensity of events 

detected on FL4, for two distinct cell populations as observed by the black and red peaks. FL4, 

in the BD Accuri™ C6 flow cytometer used in this study, is a detector for fluorophores that 

have wavelength emissions near infrared; which where Cy5 emits light. The red peak (Figure 

4.12B), represents the cells that were stained with the Cy5 labelled G_Apta1 (positive 

population), since the peak formed at a high number of detected events and showed higher 

fluorescence intensity on FL4. This confirms that G_Apta1 bound to GFRα1 expressed on the 

surface of the MCF7 cells. The black peak, represents the cells that were unstained (negative 

population) and since the peak formed at a low number of detected events, it is indicative of 

low fluorescence intensity. The weak fluorescence was therefore accounted for as background 

fluorescence, possibly emitted from intracellular fluorescent components. What was observed 

is that the cells that were incubated with the unlabelled G_Apta1 had a cell population peak 

(pink) in the exact region as the unstained cells. Confirming that the fluorescence was in fact 

coming from the cells.  

 

Furthermore, those cells that were blocked with unlabeled G_Apta1 formed a peak (green) that 

overlapped between the negative and positive populations. Although it was expected that these 

cells should only be observed in the negative population, it is possible that the concentration 

of the unlabeled G_Apta1 was not sufficient to saturate the surface of all the cells or the 

incubation period may have been to short; consequently, the Cy5 labeled G_Apta1 was able to 

bind to any GFRα1 that was not blocked by the unlabeled G_Apta1. It was evident that 

G_Apta1 demonstrated specificity to the MCF7 cells because the Cy5 labelled G_Apta1 did 

not bind to MCF12A cells (Figure 4.12A). To further interrogate the specificity of G_Apta1, 

it was incubated with a panel of human cell lines (Figure 4.12C), to which end it was very 
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clearly demonstrated that the interaction between G_Apta1 and GFRα1 was specific to MCF7 

cells.  

 

4.5. Conclusions and future recommendations 

The characterization of the six candidate aptamers, developed against GFRα1, were 

successfully performed using EMSA, SPR, MST and flow cytometry. The combination of 

these techniques provided information about the binding ability, binding affinity and specificity 

of the aptamers to GFRα1.  

 

In the case of EMSA, some of the limitations identified were that more controls could have 

been used to substantiate the EMSA findings. These include the use of 1) a positive control, 

that is, a known protein-aptamer complex to validate the technique; 2) the use of the control 

proteins (IgG and HSA) used during the counter selection process and 3) the use of an unrelated 

control aptamer or a scrambled sequence of the aptamers to demonstrate the specificity of the 

aptamers that bind to GFRα1. Despite the limitations, EMSA provided insight into the potential 

binding of all the aptamers to GFRα1. 

 

An extensive SPR analysis was performed to answer three pertinent questions, 1) Do the 

candidate aptamers bind GFRα1? 2) If they do, how well do they bind? Finally, 3) how specific 

is the interaction between the candidate aptamers and GFRα1? From the data obtained, it was 

established that out of the six candidate aptamers, only two (G_Apta1 and 2) bound to GFRα1, 

of which G_Apta1 exhibited the highest affinity. At this point, two serum proteins, IgG and 

HSA, were used as controls. To which end the potential discriminative power of the candidate 

aptamers were recognized because no cross-reactivity was observed. Since GFRα1 is a part of 

a family of proteins, it was possible that some cross-reactivity may occur. Therefore, to 
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establish how specific the aptamer-protein interaction was, the candidate aptamers were tested 

against GFRα2 and GFRα3. As before, G_Apta1 had the highest affinity and selectivity 

towards GFRα1, from the two aptamers that did show evidence of binding. In this case, 

however, at a high concentration (10 M), G_Apta1 also bound to GFRα2, which could be as 

a result of GFRα2 that shares sequence and structural similarities, however, it is more likely 

that it was due to non-specific interactions as a result of the high concentration of the aptamer. 

 

To further validate the binding and binding affinity, MST assays were performed using 

G_Apta1 against GFRα1, 2 and 3. The data obtained corroborated what was established with 

SPR, that is, the strength of the interaction between G_Apta1 and GFRα1 and that G_Apta1 

also binds GFRα2, possibly due to sequence and structural similarity. Perhaps, to have 

eliminated this challenge with cross-reactivity, a better approach would have been to 

incorporate the GFRα family during the selection process. This way, any sequences that bound 

the other GFRα proteins would have been eliminated. However, since the ssDNA library 

consists of approximately 1015 molecules, the likelihood of repeating the selection and 

pipetting the same set of sequences used for SELEX in this study, is very low. Therefore, it 

would not be the best approach to take at this point, however, the limitation was recognized.  

 

Alternatively, following through on a stepwise truncation study might lead to the establishment 

of sequences with higher affinity for GFRα1 and in the process, eliminate those regions within 

the aptamer sequence that may, specifically, recognize GFRα2. This may prove to be true as 

it’s often been shown that all the nucleotides in the aptamer sequence is not necessarily 

involved in the protein-aptamer interaction. Additionally, using the stepwise truncation 

approach would provide useful information about both the aptamer sequence and structure. 
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In looking at the application of G_Apta1, using flow cytometry, the binding assay very strongly 

demonstrated the binding and specificity of G_Apta1 towards GFRα1 on the surface of MCF7 

cells. In conclusion, one high affinity aptamer, namely, G_Apta1 was successfully developed 

against GFRα1 and future work would entail investigating the use of G_Apta1 in prognostic 

applications for the detection of breast cancer.  
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Chapter Five: Thesis Overview 

 

Among the top five cancers affecting women in South Africa, breast cancer is the most 

commonly diagnosed cancer in women and has, therefore, been identified, together with 

cervical cancer, as a national priority due to increasing incidence rates (CANSA, 2018). 

Despite ongoing efforts to combat breast cancer, current prognostic and/or therapeutic 

monitoring methods are limited since very little improvement, in the rate of long term 

recurrence of breast cancer, has been observed. Considering this, developing novel strategies 

to detect breast cancer recurrence – at an early onset –  is crucial for monitoring the disease 

and potentially preventing disease progression.  

 

This study proposed the development of aptamers with the objective of applying it in the 

development of a cost-effective detection method for breast cancer. Serum/blood-based 

biomarkers are ideal targets for the development of low cost detection assays. Two candidate 

biomarkers, Unique Ligand Binding Protein 2 (ULBP2) and Glial cell line-derived 

neurotrophic Factor family Receptor alpha 1 (GFR1) were previously identified in the studies 

by Ngcoza (MSc thesis, UWC) and Drah (PhD thesis, UWC) using bioinformatics and 

proteomics, respectively. In Chapter One, a review is provided in which a strong case for 

these biomarkers as useful and independent, prognostic biomarkers for breast cancer are 

demonstrated. Furthermore, this chapter describes how the selection of aptamers against these 

biomarkers can facilitate the development of cost-effective detection methods. Therefore, the 

aim of this study was to develop DNA aptamers against putative breast cancer biomarkers for 

its application in breast cancer prognosis.  
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In Chapter Two, the aim was to express and purify the human recombinant ULBP2 protein 

for downstream use in aptamer selection. The cloning and large-scale expression of the ecto-

domain of ULBP2, in E.coli, appeared successful; however, the objective of this chapter was 

significantly hindered by the solubility problems encountered upon attempting to purify 

ULBP2. In Section 2.5, several reasons and/or limitations for this outcome were addressed; 

followed by providing the appropriate recommendations for future work. For the purpose of 

this study, it was best suited to acquire the commercially available human recombinant proteins 

to proceed with the aptamer selection. 

 

In Chapter Three, the aim was to develop DNA aptamers against the human recombinant 

ULBP2 and GFR1 proteins, respectively. A classical in vitro SELEX approach, including 

negative and counter SELEX was employed. In the case of ULBP2, the aptamer selection was 

unsuccessful as no indication of evolution was observed; instead the SELEX library pool 

showed a stronger affinity towards the SiMAG-IDA-Nickel beads used to facilitate the 

selection process. Therefore, it is recommended that the appropriate metal ion/resin used to 

facilitate the bead-based in vitro SELEX should be screened and optimised. Further limitations 

and recommendations are extensively discussed in Section 3.4.1 and Section 3.5.  

 

In the case of GFRα1, a successful evolution was observed, of which six potential candidate 

aptamers were identified, namely, G_Apta1, G_Apta2, G_Apta3, G_Apta9, G_Apta13 and 

G_Apta15. As a result, Chapter Four speaks to the characterization (binding affinity and 

specificity) of these six aptamer candidates against GFR1, using EMSA, SPR, MST and flow 

cytometry. The combination of these techniques provided information about the binding 

ability, binding affinity and specificity of the aptamers to GFRα1. EMSA provided insight into 

the ability of all the aptamers to interact with GFR1, but more controls could have been 
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included to substantiate the results obtained from this method. The SPR analysis spoke to three 

pertinent questions, 1) Do the candidate aptamers bind GFRα1? 2) If they do, how well do they 

bind? Finally, 3) how specific is the interaction between the candidate aptamers and GFRα1? 

And from the data obtained, it was established that out of the six candidate aptamers, only two 

(G_Apta1 and 2) bound to GFRα1, of which G_Apta1 exhibited the highest affinity. No cross-

reactivity was observed for IgG and HSA, however G_Apta1 showed cross-reactivity to 

GFR2 at high concentrations of the aptamer. This could be as a result of GFRα2 sharing 

>50% sequence similarity, however, it may also be due to non-specific interactions as a result 

of the high concentration of the aptamer. 

 

To further validate the binding affinity and specificity of G_Apta1, MST assays were 

performed using GFRα1, 2 and 3. The data obtained corroborated what was established with 

SPR, that is, G_Apta1 shows cross-reactivity towards GFR2, but exhibited the strongest 

affinity toward GFRα1. Furthermore, preliminary results indicate KD values in the nano-molar 

range. Perhaps, to have eliminated this challenge with cross-reactivity, a better approach would 

have been to incorporate the GFRα family during the selection process. Alternatively, 

following through on a stepwise aptamer truncation study might lead to the establishment of 

sequences with higher affinity for GFRα1 and in the process, eliminate those regions within 

the aptamer sequence that may, specifically, recognize GFRα2. 

 

To strengthen the case for G_Apta1, flow cytometry was used to evaluate 1) the ability of the 

G_Apta1 to bind to the cell surface GFR1 and 2) the specificity of the G_Apta1 to MCF7 

cells. The binding assay very strongly demonstrated the binding and specificity of G_Apta1 

towards GFRα1 on the surface of MCF7 cells.  
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In conclusion, at least one high affinity aptamer, namely, G_Apta1 was successfully developed 

against GFRα1 and future work would entail: 

1) Screening a panel of human breast cancer cell lines, using flow cytometry, to further 

evaluate the specificity of G_Apta1 to MCF7 cells.  

2) Performing comparative studies between G_Apta1 and anti-GFR1 antibodies, using 

techniques such as SPR and MST. 

3) Another route to explore is the ability/specificity of G_Apta1 to bind to breast cancer 

tissue samples, using IHC. 

4) It would also be of value to further characterise G_Apta2, using SPR and MST.  

5) Investigating the use of G_Apta1 in prognostic applications for the detection of breast 

cancer in patient samples, in platforms such as lateral flow devices, ELONA and 

biosensors.  
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