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Abstract

Artificially-selected single-stranded oligonucleotides that bind to targets with high 

affinity and selectivity are known as aptamers. This relafively new technology is 

emerging as a viable molecular recognition element for use in biosensor platforms. 

Similar to antibodies, aptamers have many therapeutic, research and diagnostic 

applications. Aptamers, however, display several advantages over their antibody 

counterparts including chemical stability and a lower cost o f  production. Additionally, 

aptamer generation is performed in vitro using the Systematic Evolution o f  Ligands by 

Exponential enrichment (SELEX) process. This procedure screens large combinatorial 

DNA libraries for desired target binding through a series o f  iterative selection rounds. 

Despite their potential for diagnostics and therapeutics, relatively few aptam ers exist that 

bind to small molecules. Small m olecules are o f  interest due to their m any roles in 

biology. Mycotoxins are small molecules o f  particular interest as they are frequent 

contaminants o f food and feed worldwide. Chronic exposure leads to a variety o f  toxic 

endpoints including cancer. This research focuses on the development o f  aptamers to 

some mycotoxins and other medically relevant small molecules. Research was conducted 

to improve the success o f SELEX experiments by modifying various steps in the process. 

For example, increasingly stringent selection conditions have been included in the 

SELEX procedure. Additionally, computational methods have been used to generate 

DNA libraries for SELEX that display increased structural diversity. These complex 

libraries have been demonstrated to lead to the selection o f aptamers with improved 

binding properties. With these modified techniques, we have developed novel aptamers 

for L-homocysteine and adenosine-5'-triphosphate (ATP) as well as for the m ycotoxins



ochratoxin A (OTA) and fumonisin Bi (FBi). We are also in the process o f  selecting 

aptamers for deoxynivalenol (DON) and have described the procedure for incorporating 

an OTA aptamer in solid-phase extraction columns for rapid clean-up o f  OTA from 

wheat samples. Finally, an aptamer database (Aptamer Base) was developed that 

captures detailed experimental conditions about SELEX u.id the resulting aptamers. With 

the information entered into the database, potential relationships can be evaluated 

between aptamer affinity and their selection conditions. This information will help 

streamline SELEX protocols for specific targets o f  interest and may open up the 

possibility o f  rational aptamer design.
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Chapter 1. Introduction



1.1 Aptamers

Historically, nucleic acids were associated with the storage and genetic coding of 

information and have long been thought to be less complex than proteins1. However, like 

proteins, nucleic acids are able to fold into intricate tertiary structures that have the 

potential to perform a variety of functions including gene-regulation, catalytic activity 

and ligand-binding2. Interest in functional nucleic acids was prompted by the number of 

discoveries o f non-coding ribonucleic acids (RNAs) displaying catalytic or binding 

properties2.

Two decades ago, several researchers revolutionized molecular recognition by 

developing synthetic RNA motifs that bound specifically to molecular ligands3'5. These 

RNA structures, called aptamers, were selected using an in vitro selection procedure 

called Systematic Evolution of Ligand by Exponential enrichment (SELEX)3. Like 

antibodies, these synthetically derived molecular recognition probes were found to be 

selective and able to bind to their target with high affinity.

Figure 1-1: The thrombin aptamer is able to form a specific binding interaction with its target, 
thrombin (blue). Image generated using Discovery Studio 2.5 by Accelrys.
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1.1.1 Comparison of aptamers with other affinity probes

There is a growing need for rapid, robust and inexpensive methods for sensing 

and diagnostic purposes6. As molecular recognition is the cornerstone o f  sensing, there 

has been increased focus on the development of new molecular recognition probes for 

sensing applications7. While antibodies remain the standard in molecular recognition 

since the 1950’s, the relatively new technology o f aptamers offers several advantages8.

Firstly, the in vitro aptamer selection process allows a greater control over 

aptamer binding conditions. Non-physiological conditions such as high salt 

concentration or non-physiological temperatures and pH can be used in successful 

selections9. Due to the stability o f the oligonucleotide phosphodiester backbone, 

aptamers exhibit improved stability over their antibody counterparts. In particular, 

aptamers can be reversibly denatured by changing the conditions that were used for 

selection. For example, a change in pH, temperature, ionic strength or use o f denaturants 

irreversibly denatures antibodies, while aptamers simply unfold. The aptamer structure 

can then regain functionality upon return o f the original binding conditions6. Due to the 

nucleic acid nature o f aptamers, they bind to complementary nucleic acids as well as their 

targets, which can be exploited in sensing schemes or as “antidotes” in vivo. Aptamer 

generation has been achieved for a wide variety o f targets including small molecules10, 

proteins'', viruses12 and whole cells13. Unlike antibodies, aptamers can also be generated 

for targets that are toxic as well as for targets that do not elicit an immune response in

o
vivo .

Once selected, aptamers are manufactured using the well-established 

oligonucleotide automated chemical solid-phase synthesis procedure14,15. The accuracy



and reproducibility o f this procedure allows for a relative ease in producing aptamers at 

large scales, with very little batch-to-batch variation in activity16. Additionally, aptamer 

sequences can be modified with reporter molecules at select nucleotide positions 

throughout this solid-phase synthesis without affecting the functionality or activity o f the 

aptamer17,18.

Aptamers offer advantages over other synthetically created molecular recognition 

systems such as molecular imprinted polymers (MIPs). As artificial recognition systems, 

MIPs offer several similar advantages as aptamers compared to antibodies19. For 

example, MIP synthesis can be simple and cheap. MIPs are also stable for years and are 

not damaged by changes in heat and pH20. However, MIPs are typically limited to 

binding small molecules and display high cross-reactivity19.

1.1.2 Analytical applications of aptamers

Since the development o f aptamers in 1990, many applications using aptamers 

have been reported21. The majority o f the articles published since 1990 focus on aptamer 

applications instead o f designing new aptamers21. One o f the most common uses of 

aptamers is for optical sensors22,23. Aptamers frequently undergo large conformational 

changes upon binding to their target ligands24. Introduction of dyes into 

conformationally labile regions o f aptamers allows for a change in optical characteristics 

such as a shift in colour, change in intensity or polarization upon ligand binding25. 

Frequently, quantum dots (QDs) or fluorescent -  quenching pairs such as fluorescein and

dabsyl can be included to observe either signal-on or signal-off behavior in the presence

26of a target . Gold nanoparticles (AuNPs) can be conjugated to aptamer systems causing



a colour change upon binding25. Finally, dye displacement assays using fluorophores 

have also been reported in many papers27. These dyes bind to an aptamer, typically in a 

non-specific fashion, and can be displaced by an unlabeled target. Reporter molecules 

such as ethidium bromide and crystal violet are highly fluorescent when they form 

complexes with the aptamer, however, the fluorescence drastically decreases as the target 

displaces the reporter. Several o f these optical applications have moved from in-solution 

spectroscopic assays to more practical lateral flow assays .

Regardless o f the optical applications, the analytical applications of aptamers are 

rapidly moving toward electrochemical strategies. Electrochemical approaches have the 

potential o f high sensitivity, low cost and the ability to readily miniaturize the

• •  25instrumentation . With electrochemical detection, a change in aptamer conformation or 

a binding competition can also be exploited. By covalently conjugating electroactive 

reporters to either the aptamer or to a complementary strand, binding can be detected 

using either signal-on or signal-off strategies, depending on the redox reporter. Signal 

transduction for electrochemical methods has been achieved using a variety o f

”) Q  l f l  7 1

electroactive reporters such as methylene blue ’ , ferrocene , ruthenium complexes , 

and Fe(CN)64“/3“ 33.

Although conformational signal transduction is often exploited in analytical 

applications, not all aptamers undergo conformational changes required for detection. 

However, since aptamers can be readily synthesized and conjugated to surfaces, mass- 

sensitive detection methods performed on or at a surface can be used. For example, 

aptamer-based surface plasmon resonance (SPR)34 and quartz crystal microbalance

■JC
(QCM) sensors have been developed. While these methods are typically label-free,



analysis is related to a change in mass. These applications are generally only useful for 

large aptamer targets such as proteins and cells.

Finally, several aptamer applications are reliant on the same techniques used to 

detect other nucleic acids. The most reliable and accepted techniques make use o f a 

variety o f nucleic acid amplification systems. For example, rolling-circle amplification 

(RCA)36, the polymerase chain reaction (PCR)37 and the proximity ligation assay (PLA)38 

have been used for analytical aptamer detection purposes.

While aptamer development in this thesis was primarily for analytical purposes, it 

is important to note that the utility o f aptamers stretches far beyond analytical 

applications. Several researchers are interested in the therapeutic application of 

aptamers. Work towards using aptamers as drugs16, target delivery systems39 and 

imaging agents40 is constantly being investigated. Currently, there are 9 aptamers that 

have undergone clinical trials and several other aptamers that have been selected for 

therapeutic purposes16. The best known aptamer therapeutic is the drug Macugen®. This 

aptamer is injected intravitreally to improve symptomatic decline in visual acuity typical 

of age-related macular degeneration. The modified RNA aptamer binds to all isoforms o f 

human vascular endothelial growth factor (VEGF), blocking its ability to interact with the 

VEGF receptors41. While this drug is no longer in use due to a competing treatment, it 

exemplifies the potential o f aptamers as therapeutics16.

Originally, aptamer attention was focused on the use o f RNA. Due to its role in 

natural systems, it was long considered that only RNA could fold into functional motifs. 

However, only two years following the original in vitro selection experiments, several 

groups reported DNA aptamers that were capable of binding specific molecular targets



with high affinity42. The lack o f the 2' hydroxyl o f the DNA sugar results in an increased 

chemical and biological stability compared to RNA43, a useful characteristic for almost 

all applications of aptamers and in particular for in vitro sensing applications. Despite 

this finding, researchers continued to preferentially select RNA aptamers over DNA, 

resulting in few available DNA aptamers. As a result, DNA aptamers for the targets 

ATP, thrombin, platelet-derived growth factor and immunoglobin E have often been used

•yr
to demonstrate the utility o f these analytical systems . These have been valuable for 

proof-of-concept purpose. However, these applications can only reach their full potential 

if they can be used with new, economically relevant aptamer targets. I was particularly 

interested in developing new aptamers that could be employed for such purposes.

1.2 Systematic evolution of ligands by exponential enrichment (SELEX)

The idea o f in vitro evolution was first reported in the 1960s when Dr. Sol 

Spiegelman at the University o f  Illinois observed that in a cell-free system, the RNA 

genome of the QP bacteriophage could be evolved during replication to form RNAs that 

were more efficiently copied by the viral replicase44. Later, Dr. Spiegelman was able to 

evolve sequences for other traits such as resistance to ethidium bromide45. However, the 

true potential o f in vitro evolution was not achieved until several decades later. In that 

time, several biological advances occurred including the invention of polymerase chain 

reaction (PCR), the isolation o f reverse transcriptase and the ability to generate long 

oligonucleotides containing random nucleotide regions using solid-phase synthesis. 

Equipped with these modem techniques, in vitro selection was able to realize its full 

potential. In 1990, three separate groups reported in vitro selection and evolution o f



nucleic acids46. Tuerk and Gold3 used the term SELEX for their process o f selecting 

RNA ligands against T4 DNA polymerase; Ellington and Szostak4 performed in vitro 

selection to select RNA ligands (for which they coined the term ‘aptamers’) against 

various organic dyes. Finally, Robertson and Joyce5 evolved the Tetrahymena self

splicing intron to carry out a DNA cleavage reaction.

Since its invention, several researchers have performed SELEX to isolate nucleic 

acids with a wide variety o f functions. While several modifications have been proposed, 

the general SELEX process remains the same (Figure 1-2). Typically, SELEX begins 

with an initial library (often referred to as a “pool”) consisting o f random nucleic acid 

sequences (either RNA or DNA depending on the nature o f the research). Typical 

SELEX libraries consist o f 30-80 random nucleotide positions flanked by primer binding 

sites necessary for PCR steps47. The library is then incubated with the target o f interest 

and several washing steps are employed to remove non-functional sequences. For small 

molecule targets, the target is typically immobilized onto a solid-support matrix such as 

agarose to permit partitioning48. In the selection o f aptamers, the sequences that display 

affinity to the target o f interest remain bound to the immobilized target. The next steps in 

SELEX include the elution o f the binding sequences from the target and the polymerase 

chain reaction (PCR) amplification o f those binding sequences to yield an enriched 

library for subsequent, more stringent, selection rounds10. As the interactions that lead to 

molecular recognition between the binding sequences and the target are non-covalent in 

nature, mild conditions can be used to separate the two species. Elution using high 

concentrations of the target molecule, high-temperatures or hydrogen bond-disrupting

8



compounds such as urea can be performed. The strength of the molecular interactions 

within the target-aptamer complex will dictate the conditions required for elution7.

DNA library

Amplification of selected 
sequences using PCR

Incubation with 
target of interest

Removal of non
specific 
sequences

Figure 1-2: The Systematic Evolution o f Ligands by Exponential enrichment (SELEX) process. 
Beginning with a large library of DNA, iterative cycles o f target incubation, library partitioning and 
amplification are performed to select aptamers.

Once separated from the target, the few binding DNA sequences are amplified by 

PCR to yield a practical amount of sample to continue the process. As PCR generates 

double-stranded DNA and aptamers are single-stranded, the aptamer sequence is

9



separated from its complement using one o f  a number o f techniques, such as gel 

electrophoresis49 or using an agarose resin50. SELEX progress is monitored by 

modifying the aptamer strand with a traceable label, to determine when more stringent 

conditions should be applied51. The enriched library generated from a round o f selection 

is subjected to further selection rounds that serve to increase the affinity o f the library for 

the target molecule (positive selections). After several rounds, the enriched library is 

cloned, sequenced and characterized to isolate aptamers with the desired properties.

Once these sequences are elucidated, solid-phase chemical synthesis is used to 

reproducibly synthesize aptamers in large quantities.

1.2.1 Modifications to the SELEX process

An enormous advantage o f SELEX is its flexibility with respect to methodology, 

binding conditions, and library design. The first modifications introduced involved the 

inclusion o f negative or counter-selection steps to eliminate library members displaying 

affinity for either the solid-support matrix or compounds sharing structural similarity to 

the target. The majority o f modifications involve changing the stringency, the platform 

on which selection is performed or the type o f ligand being targeted52,53. The library 

used in the selection can also be modified to include fixed regions of known functionality 

or additional steps can be included in the selection scheme such as using mutagenic PCR 

to increase the diversity o f the library54. Later, the SELEX process was automated by 

Ellington and others55"57. More recently, as the targets for SELEX have advanced from 

small molecules to whole cells, several new SELEX techniques including “cell-SELEX”

10



have been adopted13. Table 1-1 below lists several o f the modifications to the original

SELEX process.

Table 1-1: A list o f modifications to the SELEX process and their descriptions (adapted from  
Stoltenberg et al.52).

g ^ | | j j g | ^ ^ g j |

Negative
selection

An additional step performed typically at the beginning of 
selection that removes sequences that have an affinity for 
the selection matrix

58

Counter
selection

Additional rounds added to SELEX that remove sequences 
that bind to similar target structures

59

Blended SELEX Incorporation of an extraneous molecule into a nucleic acid 
library and then selecting the most active of these composite 
assemblies. Each nucleic acid sequence in the starting 
library is a variant of the small molecule moiety and allows 
up to 1015 variants of the small molecule to be screened for 
the most active variant

60

Expression 
cassette SELEX

A special form of Blended SELEX that involves 
transcription factors and optimizes aptamer activity for gene 
therapy application

61

Chimeric
SELEX

Uses two or more different oligonucleotide libraries for 
production of chimeric aptamers with more than one wanted 
feature or function. Each of the parent libraries will be 
selected first to a distinct feature; the resulting aptamers are 
then fused together

62

Multi-stage
SELEX

A modification on chimeric SELEX. Here the fused 
aptamer components then go through an additional selection 
with all the targets

63

Deconvolution
SELEX

Used to generate aptamers for complex targets. Typically 
selection is performed on mixtures (or a cell). Once 
aptamers have been generated, a second part of SELEX 
involves discriminating which aptamers bind to which parts 
of the complex mixture

64

Covalent/
Crosslinking
SELEX

Aptamers contain reactive groups which are capable of 
covalent linking to a target protein 65

Photo SELEX Uses aptamers bearing photo-reactive groups that can photo 
cross-link to a target and/or photo activate a target molecule

66

Spiegelmer
technology

Aptamer selection is performed with the natural D-nucleic 
acids for the mirror-image (enantiomer) target and the final 
synthesis of the resulting aptamers are L-isomers which bind 
to the original target

67
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Table 1-1 continued

Tailored SELEX An integrated method to identify aptamers with only 10 
fixed nucleotides through ligation and removal of primer 
binding sites within the SELEX process

68

Genomic SELEX The SELEX library is constructed from an organism’s 
genome and target proteins and metabolites from the same 
organism are used to elucidate meaningful interactions

69

Toggle-SELEX Selection is performed on different targets at alternating 
rounds

70

Indirect SELEX The target used in the selection is not the aptamer binder; 
however, it becomes required for aptamer binding to the 
new target

71

In vivo SELEX Uses transient transfection in an iterative procedure in 
cultured vertebrate cells to select for RNA-processing 
signals

72

Tissue Generates aptamers capable of binding to tissue targets 64

FluMag There are two modifications in this method. First, the library 
is modified with fluorescein instead of radiolabels for 
quantification purposes. Secondly, the target is immobilized 
to magnetic beads instead of agarose

49

CE-SELEX Separation is performed using capillary electrophoresis 73

Non-SELEX Involves repetitive steps of partitioning with no 
amplification steps.

74

EMSA-SELEX Partitioning occurs through the use of electrophoretic 
mobility shift assay (EMSA) at every round

75

Atomic force 
microscopy 
SELEX (AFM- 
SELEX)

Makes use of a dynamic atomic force microscopy tip to pick 
up and visualize aptamer-target complexes. This SELEX 
requires only one round of selection.

76

Yeast Genetic 
SELEX

Optimizes in vitro selected aptamers by creating a library of 
degenerate aptamers and performing a secondary selection 
in vivo using a yeast three (one)-hybrid system

77

Cell-SELEX Can generate aptamers that can bind specifically to a cell 
type of interest. Commonly, a cancer cell line is used as the 
target to generate aptamers that can differentiate that cell 
type from other cancers or normal cells

78

The above SELEX modifications include changes to target immobilization,

nucleic acid library, selection stringency, amplification or monitoring of the enrichment. 

The goal of these changes was to either generate improved aptamers for novel 

applications or to render the currently laborious SELEX procedure, rapid and simple.
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1.3 SELEX targets

With the success o f the first in vitro selection experiments to small organic dyes4, 

much of the original SELEX focus was on developing aptamers for small molecules. 

Since then, selections using a variety of targets have been performed. Figure 1-3 shows 

the number o f aptamers for various target types selected between 1990 and 2007.

m Other Protein (65)

■Am inoAcid (7)

■ Nucleic Acid (6)

■ Carbohydrate

■ Dye

Cells (2)

Virus (6)

Figure 1-3: Breakdown o f the various types of aptamer targets (number o f occurrences) that have 
been selected between 1990 and 2007. This list was generated using aptamer.freebase.com on 
February 20‘\  2012.

However, once it was discovered that aptamers could be easily selected for proteins and 

cells, new aptamers for small molecules became few and far between. These larger 

targets, containing more functional groups and structural motifs, give a higher probability 

o f finding sequences that can interact with the target via hydrogen bonds, electrostatic 

interactions and hydrophobic interactions6. Additionally, there are several challenges 

associated with developing aptamers for small molecules. The primary complication



arises from the need to immobilize the target to a solid support matrix. Several aptamers 

for small molecules have been selected for targets that can be purchased on pre-made 

agarose material10. Should an aptamer researcher choose to take the time to perform 

conjugation chemistry, several targets do not contain functional groups that can be 

coupled to agarose columns. For cases where conjugation is possible, the amount of 

column material available for aptamer binding compared to target is very high, resulting 

in high non-specific binding of the library. Despite negative selection steps, this problem

7Qis difficult to avoid .

In the early 1990’s, in an effort to promote the power of SELEX, numerous 

papers and reviews boasted that in vitro selection is easy, inexpensive and fail-safe, 

resulting in little publication interest for new selections (Dr. Justin Gallivan, Emory 

University, personal communication). On the contrary, SELEX is very laborious and less 

than 30% o f selections result in aptamers51. Additionally, patents for virtually every 

application o f aptamers have placed a stranglehold on aptamer innovation80. Few 

research groups have chosen to invest in the development o f aptamers for new small 

molecules and as a result very few aptamers have been made. Table 1-2 lists all 33 small 

molecules for which DNA aptamers have been selected and characterized at the time o f 

writing. With an average o f only three new small-molecule targeted DNA aptamers 

being developed every two years, and the upcoming expiry o f several aptamer patents, 

there is an exciting drive to develop new aptamers for small molecules.
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Table 1-2: A complete listing o f DNA aptamers that have been confirmed to bind to small molecules. 
The dissociation constant, a measure of binding affinity, is included as well as the year o f aptamer 
development.

Target Binding affinity 
measured as ltd Year Reference

Reactive Green 19 33 pM 1992 42

AMP and ATP 6 pM 1995 81

L-arginine 2.5 mM 1995 82

L-argininamide 0.25mM 1995 82

Sulforhodamine B 190 nM 1998 83

Cellobiose 600 nM 1998 84

7,8-dihydro-8-hydroxy-2'-
deoxyguanosine

270 nM 1998
85

Cholic acid 5 to 67.5 pM 2000 86

Hematoporphyrin 1.6 pM 2000 87

L-tyrosinamide 4.5 pM 2001 88

Sialyllactose 4.9 pM 2004 89

Ethanolamine 6 -1 9  nM 2005 90

(R)-thalidomide 1 pM 2007 92

Hoechst derivative 7e 878 nM 2007 93

Tetracycline 64 nM 2008 94

L and D arginine 590-810 pM 2008 95

Daunomycin 10 nM 2008 96

Oxytetracycline 10 nM 2008 97

Ochratoxin A (OTA) 200 nM 2008 50

Arsenic (V) 7 nM 2009 98

Arsenic (III) 5 nM 2009 98

Dopamine 700 nM 2009 99

8-hydroxy-2'-deoxyguanosine 100 nM 2009 100

Diclofenac 42.7-166.34 nM 2009 101

Atrazine 2 pM 2010 102

(S) and (R)-ibuprofen 1.5-5.2 pM 2010 103

ATP 3.7 pM 2010 104

Fumonisin B, (FBO 100 nM 2010 105

Acetamiprid 4.98 pM 2011 106

Kanamycin 78.8 nM 2011 107

L-tryptophan 1.757 pM 2011 108

Bisphenol A (BPA) 8.3 nM 2011 109

Small molecules (molecular weight o f 1000 g/mole) are important in biological 

processes due to their ability to diffuse across cell membranes110. These compounds may 

be harmful (e.g. toxins and carcinogens), or they may play key roles in nutrition or 

treatment, such as drugs or nutrients. In cells, small molecules display a variety of 

biological functions serving as cell signaling molecules, pigments or as defense



mechanisms'11. In molecular biology, they can be used as tools, acting as antibiotics or 

other important drugs' '2. In food, small molecules are important for energy storage or 

can act as natural pesticides"3. It is known that aptamers are ideal molecular recognition 

probes for small molecules8, " 4, where the potency of aptamer-target interactions lies in 

the high degree o f selectivity observed with these interactions. Several groups have 

demonstrated this ability. The first example o f this unparalleled selectivity was observed 

in 1994, when the selected RNA aptamer for theophylline displayed a 10,000 times 

weaker binding affinity to caffeine, a xanthine that differs by a single methyl group. This 

selectivity was found to be a 10 fold improvement on the selectivity for the antibodies for 

these targets59.

Aptamers are additionally able to select for chirality. Given that the majority of 

organic compounds and biological molecules are chiral, and their activity relies on this 

handedness, aptamers are a powerful tool in specific detection and separation o f  these 

com pounds"5. Several groups have reported this stereoselectivity"6. Initially, several 

RNA aptamers displayed some discrimination between various L and D amino acids"7, 

" 8. In 1996, Geiger et al.58 reported the selection of RNA aptamers that bind to L- 

arginine with high affinity and enantioselectivity. In 1997, Williams et a l ."9 produced 

the first stereoselective DNA aptamer that bound to the D-enantiomer of the peptide 

hormone vasopressin with high affinity. This aptamer displayed a significantly lower 

affinity for the L-enantiomer. More recently, enantioselective DNA aptamers have been 

selected for the small molecule (R)-thalidomide92 and separate aptamers have been 

identified for (S) and (R)-ibuprofen'03.

1.4 Mycotoxins
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Mycotoxins are small-molecules that have to date not received much attention by 

aptamer researchers. These molecules are fungal secondary metabolites that can 

contaminate a wide range o f agricultural commodities worldwide. Many tens of 

thousands of analyses are done for mycotoxins each years and are thus high priority 

targets for the development o f new biosensors and detection systems120.

Most mycotoxins are secondary metabolites meaning they are typically formed 

when one or more nutrients has become limiting, after mycelia growth has ceased121. It is 

estimated that at least 25% of the maize and small-grains produced worldwide are 

contaminated with mycotoxins which may be capable o f causing disease and death in 

plants, animals and humans122. Several mycotoxins can be cytotoxic, carcinogenic, 

mutagenic or immunosuppressive. Since the discovery o f aflatoxins in 1960, 

governments have been attempting to limit mycotoxin contamination in foods and feeds. 

Compared to food contamination with bacteria, mycotoxins are not inactivated by 

cooking temperatures, therefore careful monitoring o f cereals is essential prior to 

distribution for consumption. Due to the health risks to humans and animals, national 

and regional food authorities have addressed the mycotoxin problem by adopting and 

amending regulatory limits123. Although prevention is the best control strategy, 

mycotoxin contamination cannot be completely avoided124. Additionally, post-harvest 

control, decontamination and detoxification procedures are constantly being investigated; 

however, no single method has been developed that is effective against a wide variety of 

mycotoxins125. Therefore, rapid and inexpensive monitoring is the best course for 

reducing mycotoxin exposure to humans and animals.
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Current detection methods include thin layer chromatography, enzyme-linked 

immunosorbent assays, capillary zone electrophoresis, gas chromatography, and high 

performance liquid chromatography technologies'26. While these methods are effective, 

the need for highly trained personnel and expensive equipment make them inaccessible in 

all but the most well-equipped laboratories. Testing for contamination with these 

methods is labor-intensive and slow. The use o f aptamers in place of antibodies in 

mycotoxin detection may be particularly useful as mycotoxin extraction involves organic 

extraction procedures that commonly denature antibodies127. The production o f 

mycotoxin binding aptamers is therefore the first step in the realization o f inexpensive, 

robust and innovative detection technology that could offer a solution to the limitations o f 

the existing detection techniques. These tests strategies may be appropriate for crop 

handlers and agricultural inspectors in the field that are far from laboratories.

1.5 Aptamer binding affinity

The high affinity aptamers exhibit for their targets is quantified using either an 

association constant (Ka) or dissociation constant (Ka). The majority o f aptamers are 

described using the latter, which represents the target concentration in which half of the 

aptamers are bound by target. This type o f equilibrium constant (K), in molarity, 

measures the propensity o f the aptamer-target complex (AT) to dissociate into its 

individual components, aptamer (A) and target (T), see the general reaction128:

AT A + T
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For this general dissociation reaction, the dissociation constant can then be described as:

„  [A][T] 1
d [AT] Ka

From the equation, the following relationships are evident: a lower Kd value represents a 

higher affinity o f the aptamer-target complex and Kd is the inverse of Kd. Aptamers rival 

antibodies in that they can bind to their targets with dissociation constants in the 

nanomolar and some cases picomolar range8. Sub-picomolar dissociation constants as a 

result o f non-covalent binding interactions between two molecules are rare and have yet 

to be discovered with aptamers129.

To measure the Kd, a constant concentration o f either the aptamer or target is 

titrated with an increasing concentration o f the other component. For example, if  the 

initial target concentration is held constant, then the fraction o f bound target (ft) is given 

by:

h  Kd +  M

This equation results in the formation o f a binding isotherm in the form o f a rectangular 

hyperbola that saturates at ft = 1, which represents nearly 100% o f the target binding to 

the aptamer. From this binding isotherm, the Kd is found at ft = 0.5 and can be estimated 

directly using a nonlinear regression analysis. However, this equation requires that the 

concentration o f target is significantly smaller than the Kd so that the free aptamer 

concentration [A] at equilibrium does not change significantly from the total target

concentration upon binding128. Depending on the sensitivity of the method being used to

1measure the K&, this is not always possible . In the cases where higher concentrations 

of target are required to obtain a measurable signal, both the target and aptamer
19



concentrations must be included into the equation. This equation, below, gives a more 

accurate representation of the dissociation constant.

,  _ ([A0] + [To] + Kd) ~ V(Ho] + [To] +' Kd)2 ~ ^UoJtT’o]
U ~  2 [A0]

The dissociation equilibrium can also be described as the ratio o f the rate 

constants o f the forward (kon) and reverse reactions (&0ff)- Two aptamers may have the 

same Kd, but one may have much higher kon and ko{{ rates compared to the other. This is 

related as shown6:

K f f  [A][T]
“ K „  [AT]

In terms of aptamer-target binding, a few trends have emerged over the past two 

decades. First, a higher affinity often results in higher selectivity. This is due to the 

higher number of interactions formed with the target, which may not be present with a 

different ligand. However, some studies have shown that this is not always the case130. 

Secondly, as mentioned earlier, large molecules bind to aptamers better than smaller 

molecules due to the increased possible number o f non-covalent interactions131. Sub

nanomolar dissociation constants are rare with small molecules, but are often found with 

aptamers binding to proteins and cells6. Third, targets with heterocyclic functionality, 

such as theophylline, make better aptamer targets, often binding at much lower 

dissociation constants. This may be attributed to the increased pi-pi stacking interactions
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between the nucleotide bases and the heterocyclic target132, though others have postulated 

that this property is due to a decreased number o f rotatable bonds131.

1.5.1 Methods for measuring binding affinity

Methods o f determining binding affinity are constantly being developed and are 

often the limiting factor in the rapid development and testing of aptamers. Moreover, the 

method used to measure the Kd may affect the reported apparent Kd. For example, some 

techniques may not be sensitive enough to effectively measure the interaction128.

A list o f methods for determining binding affinity can be found in Table 1-3. 

Binding affinity can be determined by measuring or detecting a change in aptamer 

conformation upon binding to target. While this has been useful for several aptamers, not 

all aptamers undergo a measurable conformation change133. Alternatively, fluorescent 

and absorbance related methods can be used to rapidly determine Kd values, however, 

these are generally limited to targets that have intrinsic fluorescence or absorbance 

properties. Surface mass-sensitive detection methods such as quartz crystal microbalance 

(QCM) and surface plasmon resonance (SPR) are rapid but are typically limited to large 

targets such as proteins35. Size-exclusion procedures tend to be much more common 

among several target types. Capillary electrophoresis (CE) and high-performance liquid 

chromatography (HPLC) methods are limited to laboratories that have access to this 

equipment. Therefore, small molecule binding aptamers, whose targets lack any intrinsic 

fluorescent properties, are typically assayed using affinity chromatography, equilibrium 

dialysis or ultrafiltration.
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T able 1-3: M ethods for determ in ing  binding affinity of ap tam ers to  th e ir  targets.
M ethod D escription Reference

Binding detected using the conformational change experienced by the aptamer
Isothermal titration 
calorimetry (ITC)

Allows simultaneous determination o f  K A, stoichiometry and thermodynamic properties. It relies on the fact that 
formation o f  the aptamer-target complex is an exothermic process that releases heat.

134

Circular dichroism (CD) CD refers to the differential absorption o f  left and right circularly polarized light. DNA displays optically active 
chirality. Upon aptamer folding around the target, the CD spectra will change.

135

Nuclear magnetic 
spectroscopy (NMR)

Distinguishes individual amide protons. By comparing the heteronuclear single quantum coherence 
spectroscopy (HSQC) o f the free/ bound aptamer, changes in the chemical shifts o f the peaks is possible.

136

Electrophoretic mobility 
shift assay (EMSA)

The presence o f  the target increases the molecule weight o f  the complex, resulting in a gel shift. With small 
targets, binding may cause a conformational change resulting in a change in migration through the gel matrix.

137

Fluorescence/ absorbance based methods
Fluorescence intensity The fluorescence o f  the aptamer or target may be quenched or increased upon binding. 138

Fluorescence polarization A fluorophore is excited with polarized light and due to rotational diffusion, the size o f  the fluorophore will 
dictate the proportion o f polarized light that is emitted.

139

UV-Visible
spectrometry absorption

If there is an intensity change in the maximum absorption o f either the aptamer or its target or if  another 
absorption peak appears in the near visible region due to the presence o f  protein, metal ions or an extended 71-  

electron system, binding can be measured. In some cases, melting studies can be used.

140

Masthaensitive surface-based measurement
Surface plasmon resonance 
(SPR)

Either the target or aptamer can be coupled to a chip. By flowing various concentrations o f  the non-tethered 
ligand, changes in refractive index can be measured as the aptamer-target complex forms.

54

Quartz crystal microbalance 
(QCM)

This method uses piezoelectric crystals to correlate the mass accumulated (target binding) on the surface with a 
decrease o f  the resonance frequency o f  the quartz crystal.

141

; Size-exclnsion separation methods
High-performance liquid 
chromatography

Allows the separation o f different interactions with the stationary phase. Zone separations o f aptamer, target 
and complex can be used to assess the equilibrium distribution o f these components.

142

Capillary electrophoresis 
(CE)

This method is similar to HPLC except that it using an electric field to separate the components o f  the mixture 
by size and charge.

143

Equilibrium dialysis Equilibrium dialysis allows the aptamer, target and the complex to equilibrate. However, two compartments are 
separated by a semi-permeable membrane allowing only the smallest component to pass through.

50

Ultrafiltration/ nitrocellulose 
filtration

This method is similar to dialysis. The aptamer and target are incubated to allow binding. The fraction o f  the 
smallest unbound component is forced through a filter and measured.

144

Affinity chromatography Either the target or aptamer is covalently immobilized to a solid-phase support. The other component is allowed 
to bind and non-binders are washed through.

7
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Relatively few methods are available for measuring aptamer binding to small 

molecules, the main methods used in this thesis are described below.

Affinity chromatography is a simple technique that allows separation of 

biological mixtures based on highly specific interactions. For measuring aptamer-target 

equilibrium, the target is immobilized to a solid support matrix, typically using the matrix 

that was used for the aptamer selection. Various concentrations o f a fluorescently or 

radio-labeled aptamer are allowed to incubate with the target-immobilized matrix to 

permit binding. Washing steps are then performed to remove non-binders49. Since the 

binding of the aptamer is a result o f non-covalent interactions, elution o f the aptamer 

from the affinity medium can be performed in the same way as elution in SELEX; 

therefore, by using denaturants, heat or changing the pH, ionic strength or polarity. The 

concentration o f the aptamer can then be measured via the tracer, using either 

fluorescence or radioactivity assays. While commonly-used, aptamers that have been 

directly selected using these solid-support matrices often display non-specific binding to 

the matrix itself79. As a result, Kd values obtained only in this way have large error 

values or do not always accurately reflect the apparent binding in solution.

Equilibrium dialysis and ultrafiltration techniques (see Figures 1-4 and 1-5

respectively) have the advantage o f measuring binding directly in solution. Various

concentrations of the aptamer and the target are allowed to incubate and are placed into

the loading chamber o f the dialysis tube or into the top portion o f the ultrafiltration cell.

After binding occurs, separation is performed using the semi-permeable membrane in

these devices. It is necessary that the smallest component o f the aptamer-target complex

be specifically measured. With small molecule cases, it is always the target that must be
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detected particularly since the smallest reported aptamer (for thrombin) is over 4000 

g/mol145. With equilibrium dialysis, the tubes are allowed to shake at low speeds. Over a 

period o f 24 hours, the small molecule will be allowed to diffuse across the membrane; 

however, the larger aptamer will remain in the original loading chamber. The more 

tightly the aptamer is bound to the small molecule, the less likely the small molecule will 

be able to diffuse into the other chamber50. Ultrafiltration can be performed slightly 

faster, using a brief, centrifugal force to make the unbound small molecular target pass 

through the filter membrane. With both o f these methods, the amount o f small molecule 

present on either side o f the membrane is compared, and the fraction can be used to 

generate a binding curve59. If there are no spectroscopic methods available to measure 

the concentration of the small molecule, liquid chromatography mass-spectrometry 

(LC/MS) methods may be used. While the dialysis and filtration techniques are low-cost, 

they can be quite laborious and result in significant error. More importantly, the 

molecular weight cut-off for these devices cannot always be purchased for the aptamer- 

target system. Moreover, it has been found that some o f the small-molecular targets non- 

specifically interact with the membranes themselves.
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Figure 1-4: The equilibrium dialysis apparatus consists o f  two compartments separated by a semi- 
permeable membrane. The target (purple) in this case is allowed to move between the chambers, 
whereas the aptamer (green) is unable to pass through the membrane.
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Figure 1-5: The process of using ultrafiltration tubes to determine aptamer binding: the target 
(purple) and aptamer (green) are allowed to incubate. Separation occurs using centrifugation, 
allowing only unbound target to pass through the filter membrane. The filtrate is measured to 
determine the concentration o f  unbound target.
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A tool that has been frequently used in studying biological interactions is 

fluorescence polarization. This technique can give information about the size of 

fluorescent molecules or information about binding. In this method, excitation light is 

passed through a polarizing filter called a polarizer that causes the light to oscillate in a 

single orientation. The fluorophore will then absorb the most light energy when it is 

parallel with the polarization axis o f the excitation light. During the nanosecond 

timescale that a fluorescent molecule is in the excited state, rotation may occur causing a 

change in orientation o f the emission dipole with respect to the excitation dipole. This is 

also known as depolarization o f the fluorescence emission. Due to Brownian motion, 

small molecules have more rotational diffusion than large molecules and therefore have a 

greater propensity for depolarization, whereas fluorescence polarization is retained for 

large molecules displaying limited motion. This phenomenon (see Figure 1-6) can be 

exploited to measure the fraction o f aptamers bound to small fluorescent molecule. Since 

aptamer binding to the target will result in an increase in size, the rotational diffusion will 

decrease and a higher polarization o f the fluorescent target will be observed146.
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Figure 1-6: Using fluorescence polarization to quantify aptamer binding. A) The fluorescent target (purple) experiences rotational diffusion, resulting in 
the emission of depolarized light. B) When the target is bound by the aptamer (green), the complex experiences less rotational diffusion, leaving the 
majority of the emitted light polarized.
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1.6 Thesis objectives

While aptamer technology has existed for over two decades, the difficulties on the 

development o f aptamers for small molecules has resulted in very few aptamers that can 

bind to such compounds. This thesis aims to develop new aptamers for small molecules 

including medically relevant targets and food-contaminating mycotoxins as well as to 

improve the procedures used in their selection and testing.

In Chapter 2, the investigation into the feasibility o f using aptamers in 

commercial food-safety testing is presented. Using an existing aptamer for ochratoxin A 

(OTA), we demonstrate the utility o f  aptamer-based solid-phase extraction columns for 

rapid clean-up o f OTA from naturally contaminated wheat samples prior to detection.

Apart from this OTA aptamer, no other groups had successfully isolated aptamers 

that recognized mycotoxins. In Chapter 3, newly selected OTA aptamers with improved 

binding characteristics are presented. Additionally, the generation and testing o f novel 

aptamers for the mycotoxin FBi is presented in Chapter 4, and the progress in the 

selection o f aptamers for DON is presented in Appendix A.

Because homocysteine is a marker for a number of medical conditions, selection 

o f aptamers for homocysteine are investigated. Information on their binding properties 

and selectivity is presented in Chapter 5. Additionally, the development o f new aptamers 

for ATP (Chapter 6) is discussed, one o f which displayed improved binding over pre

existing aptamers for this target.

Chapter 6 explores the use of computational methods to generate SELEX 

libraries that exhibit higher structural complexity. The value o f these libraries was
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demonstrated in selection experiments and the development o f high affinity aptamers for 

small molecules.

Finally, Chapter 7 details the development of a new functional database for 

SELEX and aptamers. The data model that describes the structured information about the 

experimental conditions under which aptamers were selected and assessed is also 

described. The utility of this database is investigated by querying the entered data to 

determine relationships between SELEX conditions and the functionality o f  the aptamers 

developed.
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Chapter 2. Development of aptamer solid-phase extraction columns for 

the extraction and detection of ochratoxin A

De Girolamo, A.; McKeague, M.; Miller, J. D.; DeRosa, M. C.; Visconti, A. 

Determination o f ochratoxin A in wheat after clean-up through a DNA aptamer-based 

solid-phase extraction column. Food Chem. 2011, 127, 1378-1384.
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2.0 Statement of contributions

Synthesis and binding characterization o f the aptamer, and initial preparation of 

the oligosorbent by M. McKeague. All aptamer solid-phase extraction tests, optimization 

and wheat extraction were performed at the Instituto di Scienze delle Produzioni 

Alimentari, Consiglio Nazionale delle Ricerche (CNR) in Bari, Italy by Annalisa De 

Girolamo and Maria C. DeRosa.

2.1 Introduction

2.1.1 Ochratoxin A

Ochratoxins are a group of mycotoxins produced by several fungi in the genera

Aspergillus and Penicillium147. Ochratoxin A (OTA), Ar-[(3/?)-(5-chloro-8-hydroxy-3-

methyl-l-oxo-7-isochromanyl)carbonyl]-L-phenylalanine (MW= 403.81g/mol), see

Figure 2-1, is the main compound that accumulates in food. Since its discovery in

1965148, it has become one of the most studied mycotoxins and has recently attracted

regulatory attention in a number of countries149. This mycotoxin is a structural analogue

of the amino acid phenylalanine linked to a chlorinated dihydro isocoumarin moiety via

an amide bond 15°. It is able to compete with phenylalanine in the reaction catalyzed by

phenylalanyl-t-RNA synthetase and thus results in protein synthesis inhibition151.

1Various studies have since shown that OTA impairs blood coagulation , glucose 

metabolism153, is immunosuppressive154 and teratogenic155.
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Figure 2-1: Structure of ochratoxin A.

In particular, OTA is known for its nephrotoxicity in all animal species tested156. OTA is 

also carcinogenic157 to rodents and has been classified by International Agency for 

Research on Cancer (IARC) as a possible human carcinogen150. The occurrence o f OTA 

in cereals such as wheat, barley, com, oats, and rye is o f primary concern due to the 

importance o f the aforementioned cereals in diet. However, several other food products 

such as beer, wine, nuts, liquorice, coffee, cocoa, meat and spices are also susceptible to 

OTA contamination. Unlike crops contaminated with other mycotoxins, OTA 

contamination does not result in any observable physical damage. As a result, careful 

monitoring and testing is required and several regulatory limits have been established 

worldwide158. Table 2-1 lists some o f the maximum tolerated levels o f OTA in 

foodstuffs from various countries worldwide. Several countries have also established 

regulations on OTA in animal feed 149,150,159. For example, the recommended tolerance 

levels in Canada for poultry and swine diets is 2 mg/kg160. The proposed Health Canada 

maximum limits for OTA in various food commodities can be found in Table 2-2.
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Table 2-1: Examples o f maximum tolerated levels of OTA in foodstuffs by country and product 
(adapted from Duarte et a l.149)._________________________________ ____________________________

Country Product... . • ’xT'C
Maxkaam level of 

OTA (ppb)
B ulgaria grape juice 3

dried vine fruit and cereals to be subjected to sorting, or other physical treatment, 
before human consumption or use as an ingredient in foodstuffs

5

cereals and processed products thereof intended for direct human consumption or as an 
ingredient in foodstuffs

3

Spices 10
green coffee beans 8
roasted coffee 4

C u b a coffee and cereals 5
C zech
R epublic

child and baby nourishment 1
flours and cereal products 3
Foodstuffs 5

D enm ark pig kidney 10
E ston ia pig liver 10

cereals, cereal flours, cereal groats and flakes, pasta products, ordinary baker's wares, 
fine baker's wares; isolates, concentrates and hydrolysates o f  cereals protein

5

G reece coffee (raw and processed) 20
H ungary cereals (including the nee and Fagopyrum sp.) 5

every cereal product including milled products and those cereal products used for direct 
human consumption

3

raisin (currant, sultana); roasted coffee and coffee products; other plant originated foods 10
green/unroasted coffee 15

Indonesia Coffee N o t detectab le
Iran dates, dried grapes (raisins and sultanas), official figs and all dried fruits 10

baby food based on cereals without milk and baby instant food (ready to use) 1
barley and maize 50
rice and wheat 5
Legumes 20

Israel cereals, cereal products and other foods 50
Italy Coffee 8

roasted coffee 4
cocoa and derived products 0.5
Beer 0.2
pig meat and derived products 1
fruit juice 50
baby food 0.5

L atv ia Cereals 5
M orocco Cereals 30
R om ania alimentary products 20

alimentary products for babies o f  3 years old 5
S erb ia  and 
M ontenegro

all foodstuffs 10

S ingapore cereal, raw and roasted coffee beans 2.5
S lovak ia milk, meat, poultry, flour and its products, rice, vegetables, potatoes 5

infant formulae and food for children 1
other foodstuffs 10

Sudan Wheat 15
Sw itzerland dried fruit and spices 20

infant formulae and follow-on formulae and processed cereal-based foods and baby 
foods for infants and young children

0.5

all foodstuffs 5
Turkey raw grain 5

foodstuffs produced from grain 3
Raisins 10

U ruguay rice, barley, beans, coffee, com 50
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Table 2-2: Proposed Health Canada maximum limits for the presence o f ochratoxin A in various food 
commodities (adapted from Health Canada 2009161).

Product .. ■*.
raw cereal grains 5
directly consumer grains (i.e. rice, oats, pearled barley) 3
derived cereal products (flour) 3
derived cereal products (wheat bran) 7
breakfast cereals 3
grape juice (and as ingredients in other beverages) and 
related products 2

dried vine fruit (currants, raisins, sultanas) 10
baby foods and processed cereal-based foods for infants 
and young children 0.5

dietary foods for special medicinal purposes intended 
for infants 0.5

Collected data has shown that OTA levels in Canadian grain are generally below 

international limits. From 1994-2010, the average contamination of all grain cargo 

shipments was 0.8 ppb158. With the technology currently available, 1 ppb is the limit of 

quantification of OTA in food samples. Typical detection uses chromatographic 

techniques. Thin-layer chromatography-fluorescence detection (TLC-FD) and high 

performance liquid chromatography-fluorescence detection (FIPLC-FD) have been 

adopted as official methods162. However, much work is being done to either improve 

these techniques or to develop new detection methods to improve the cost, speed, and 

sensitivity associated with detection. Sensing platforms such as capillary electrophoresis, 

solid-phase extraction-liquid chromatography-electrospray tandem mass spectrometry 

and solid-phase microextraction-liquid chromatography-fluorescence detection have 

been reported. Among a variety o f detection methods, toxin-specific antibody is 

consistently being utilized as the molecular recognition agent163.
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A major issue with many o f these methods is that multiple steps are required prior 

to detection. These include extraction, extensive sample clean-up, pre-concentration, and 

even derivatization o f the analyte. For compounds regulated in the ng/g level, sample 

clean-up is performed using one-time use immunoaffinity columns. Additionally, in an 

attempt to overcome the limitations encountered with chromatographic analysis, many 

immunoaffinity methods have been developed164. Additionally, fiber optics165 and 

fluorescence polarization166 have been shown to be useful for rapid mycotoxin analysis.

2.1.2 The first mycotoxin aptamer

The first report o f OTA aptamers appears to be from 2006 by Hungarian 

workers11 (see Chapter 3). However the first that received considerable attention was 

reported in 2008. This aptamer was selected using conventional SELEX strategies in 

200850. A minimal aptamer was found, henceforth referred to as aptamer 1.12.2, that is 

36 nucleotides in length and binds to OTA with a reporteu dissociation constant o f 200 

nM50. While structural studies have not been performed on this aptamer, the high 

guanine incidence (47 %) suggests it folds into a G-quadruplex162 like several other DNA 

aptamers81’145. Studies with divalent cations show that this aptamer affinity increases 4 

fold in the presence o f 20 mM Ca2+. This occurrence is presumably because calcium 

forms a coordination complex between the carboxyl and the 8-hydroxyl groups in OTA50, 

reducing free rotation131. The aptamer has also been tested for selectivity, showing no 

binding to compounds with similar structures such as N-acetylphenylalanine and 

warfarin. Additionally, the aptamer bound with a 100-fold less affinity to ochratoxin B, 

which lacks the chloro group50.
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Several groups have integrated this aptamer into typical antibody detection 

systems and applications. For example, the aptamer has been incorporated into a 

colorimetric detection system utilizing gold nanoparticles, where accurate measurements 

can be done in less than 5 minutes162. Aptamer-based electrochemical and 

electrochemiluminescent sensors have also been developed using the OTA aptamer164,167, 

,68. These systems are sensitive, displaying detection limits in the low ppb range. Other 

applications include chromatographic and fluorescent test strips169,17°, colorimetric

1 *71  1 4* “7  1 *7^

assays with horseradish peroxidase , fluorescent quenching assays ’ , rolling circle

amplification detection173 and fluorescence polarization139,174.

To demonstrate the feasibility o f using this aptamer as a sorbent in place of 

antibodies, affinity columns for solid-phase extraction (SPE) were prepared and tested for 

OTA cleanup from wheat extracts50. While promising, the study lacked the robustness 

required to bring the technology to commercial readiness.

2.1.3 Aptamers in food safety

Despite the promise o f aptamers as biosensors and the advantages they pose over 

antibodies, relatively little work has been achieved in aptamer-related food safety testing. 

Only a handful of aptamers exist for antibiotics, adulterants, toxic metals, pesticides, 

bacteria and viruses related to food175. Most o f  these aptamers have been incorporated 

into one or two biosensing platforms, but the majority o f them have not been used for 

food-related testing. Additionally, very few o f the biosensor platforms have been tested 

for their ability to function directly in food matrices. Regardless, the few studies that 

have tested aptamer-biosensors with food matrices have shown great potential. For
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example, a screening assay employing solid-phase extraction (SPE) followed by an RNA 

aptamer-based procedure was employed for rapid detection of malachite green residues in 

fish tissues176. Zhang et al. developed a DNA aptamer modified glassy carbon electrode 

and were able to directly quantify tetracycline in less than 5 minutes in 6 separate milk 

samples with a coefficient o f variance o f less than 10%33. An electrochemical sensor was 

also developed by Zelada-Guillen that was able to rapidly detect Escherichia coli in skim

177milk . An aptamer-magnetic bead and quantum dot sandwich assay was also able to 

detect Campylobacter jejuni in dilute food matrices such as ground beef, 2% milk and 

chicken ju ice178. While all o f these studies have demonstrated the promise o f aptamer- 

based biosensors for food safety testing, these studies need to be further optimized and 

tested for commercial purposes.

2.1.4 C hap ter objectives

Despite the promise o f aptamers as biosensors, none have progressed to the point o f 

commercial readiness. This chapter investigates the use of a DNA aptamer for preparing 

solid-phase extraction columns for the rapid extraction o f OTA from naturally 

contaminated wheat samples. The optimization work and comparison with 

immunoaffinity columns is presented.

2.2 Experim ental

2.2.1 M aterials

Phosphoramidites, modifiers, activator, deblock, capping, and oxidizing reagents 

were obtained from Glen Research. Standard support columns and acetonitrile were
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purchased from BioAutomation. Ultra High Purity 5.0 argon was purchased from 

Praxair. All buffers were prepared with Millipore Milli-Q deionized water at 18 MQcm. 

Buffering agents, salts, OTA from Petromyces albertensis > 98% (TLC) for binding 

studies and OTA standards were purchased from Sigma-Aldich. All molecular biology 

grade electrophoresis chemicals were purchased from BioShop Canada (Burlington, 

Ontario). All solvents for the solid-phase extraction experiments were HPLC grade 

(Mallinckrodt Baker, Milan, Italy). Sulfo-NHS acetate, Amicon-Ultra 0.5 mL 3 kDa 

centrifuge units and Stirred-cell Ultrafiltration Membranes (1 kDa, 25 mm) were 

purchased from Fisher Scientific Canada. Sample Dispo Equilibrium Dialysis units, 

5000MWCO, were purchased from Harvard Apparatus (Holliston, Massachusetts, USA). 

CarboxyLink Coupling gel (immobilized diaminodipropylamine, DADPA, supplied in a 

50% slurry) and 1 -ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) 

were received from Pierce (Rockford, Illinois, USA). Empty Bond Elut® columns o f 1- 

ml capacity (0.5 mm internal diameter) and 3 ml capacity (0.9 mm internal diameter) 

were received from Varian (Palo Alto, California, USA). OchraTestTM WB columns 

were purchased from Vicam L.P. (Watertown, Massachusetts, USA). Unprocessed wheat 

samples were received from an Italian local milling factory (Bari, Italy). Prior to 

analysis, the wheat samples were ground with a laboratory mill (Tecator Cyclotec 1093, 

International PBI, Hoganas, Sweden) to a uniform consistency (particle size < 500 pm).

2.2.2 Aptamer synthesis

The ssDNA aptamer sequence, 1.12.2 (5'-GATCGGGTGTGGGTGGCGTA- 

AAGGGAGCATCGGACA-3')50 was prepared by using standard phosphoramidite
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chemistry on a Bio Automation Mermade 6 (Plano, Texas) using 1 pmol controlled pore 

glass (CPG) columns (500A pore size). Synthesis conditions recommended by the 

manufacturer were followed with the exception o f a 60 second increase in the coupling 

time for any 5' modifier. Unmodified sequence 1.12.2 was synthesized in addition to 

sequences modified at the 5' end with fluorescein phosphoramidite (6-FAM).

The 6-FAM modified and unmodified DNA columns were removed from the 

synthesizer. All o f the CPG support beads were dried using argon and transferred to 

microcentrifuge tubes and allowed to incubate in 1 mL of 28% NH4OH for 16-24 hours 

at 55°C. The CPG beads were removed using 0.22 pm Spin-X cellulose acetate 

microcentrifuge filter tubes (Coming) and dried over night by cryopumping on a Savant 

AES2010 SpeedVac. Cellulose acetate filters were used rather than nylon filters as DNA 

binds to the nylon membranes, whereas cellulose acetate has very low DNA binding.

This DNA was purified using a 12% denaturing polyacrylamide gel procedure adapted 

from the Molecular Cloning Laboratory Manual179. A gel solution was prepared using 

31.5 g o f urea, 23.5 mL o f stock acrylamide solution (acrylamide/bis-acrylamide, 40% 

solution 19:1), 15 mL o f 5 x TBE buffer (45 mM Tris, 45 mM boric acid, 1 mM 

EDTA) and 14 mL o f deionized water. The solution was stirred and warmed to 37°C, 

filtered through Whatman No. 1 filter paper and allowed to cool. The polymerization 

reaction was initiated by adding 0.45 mL o f 10% ammonium persulfate and 35 pL of 

N,N,N',N'-tetramethylethylenediamine (TEMED). The gel was cast by loading the 

solution into a glass-plate set up and inserting the one-well comb. After polymerization 

for 30 minutes, the gel wells were rinsed with deionized water and the gel was pre-run on 

an SE 600 Chroma Standard Dual cooled gel electrophoresis unit (Hoefer, USA) for 15
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minutes using a constant current o f 25 mA. The crude DNA sample was dissolved in 

water and mixed with an equal amount of formamide and heated at 55°C for 5 minutes. 

One synthesis column of sample was loaded per gel. In place o f loading dyes, a single 

lane o f an 18-nt fluorescein modified DNA strand was loaded to track DNA migration. 

The gels were run at 25 mA for approximately 2 hours, or until the tracer had migrated 

half-way through the gel. The gel was characterized using absorbance by imaging on a 

20 x 20 cm TLC plate (F254) using an Alpha Imager Multi Image Light Cabinet (Alpha 

Innotech) on the epi-UV setting (excitation wavelength o f 254nm). Fluorescein-labeled 

bands were also visualized using emission (excitation at 302nm). The relevant DNA 

bands were cut from the gel, crushed and incubated in deionized water at 37°C overnight 

with gentle shaking or rotation.

Various gel extraction techniques were used in aptamer isolation. The above 

incubation in deionized water proved to be the fastest and most efficient and resulted in 

the least amount o f contamination with other DNA samples. The crush and soak method, 

adapted from the Molecular Cloning Laboratory Manual1 9, follows a similar procedure 

as above. The relevant DNA bands were cut from the gel, crushed using a pipette tip and 

incubated in elution buffer containing 0.1% SDS, 0.5 M ammonium acetate and 10 mM 

magnesium acetate at 37°C overnight with shaking or rotation. The freeze/thaw 

method180 was adapted from Chen et al. Again, the relevant DNA bands were cut from 

the gel. The gel was crushed by passing it through a small-bore syringe. For every 0.5 

mL o f gel, 3 mL o f 10 mM Tris, pH 7.4 buffer was added. The sample was rapidly 

frozen at -80°C for 30 minutes, followed by a quick 5 minute thaw in a 50°C hot water
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bath and a 5 minute soak at 90°C. This was followed by an overnight elution on a rotary 

shaker at room temperature.

Following extraction, gel was removed via filtration through 0.22 pM cellulose 

acetate syringe filters. Extracted DNA was purified using filtration with 3kDa cutoff 

Amicon-Ultra centrifuge units. After concentration o f the sample, the filters were rinsed 

four times with deionized water to remove trace amounts of urea and other remaining gel 

components. Purified DNA was then quantified using a Cary 300 Bio UV-Visible 

spectrophotometer (Varian, USA).

2.2.3 Confirming binding of aptamer 1.12.2

Equilibrium dialysis

The same procedure used by Cruz-Aguado et al. was used to verify the binding 

affinity o f the 1.12.2 aptamer for OTA50. Single-use Sample Dispo Equilibrium Dialysis 

units with a 5000Da molecular weight cut-off were used. In each of these units, 75 pL o f 

selection buffer (SB) containing 10 mM HEPES, pH 7.0, 120 mM NaCl, 5 mM KC1, and 

5 mM MgCb was placed in the receiving chamber. To ensure equilibrium of OTA could 

be reached, the loading chamber was filled with 75 pL o f 200 nM OTA dissolved in SB. 

After 48 hours, the fluorescence was measured in each chamber. To determine whether 

aptamer was able to pass through the semi-permeable membrane, 75 pL o f a 20 pM 

solution o f aptamer 1.12.2 in SB was added to the loading chamber. After the 48 hour 

incubation time, the concentration o f DNA in the receiving chamber was measured using 

UV-Visible spectrometry. Finally, for the single-point binding assays a 75 pL solution of 

20 pM aptamer and 200 nM OTA in SB was loaded into the loading chambers o f seven
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separate units. The units were allowed to gently shake at 60rpm while lying flat for 48 

hours to permit equilibration between the chambers. Following the 48 hour agitation 

period, fluorescence measurements of the loading and receiving chambers were obtained 

by direct fluorescent measurement (excitation wavelength 375nm; emission wavelength 

430nm) using a Fluorolog Fluorescence Spectrophotometer (Horiba Jobin Yvon, USA) 

with a SpectrAcq controller.

The fraction o f bound OTA (f) was determined as:

and the dissociation constant (Kd) was estimated as:

j .  _  Wo] r„ iKd — —  [v40]

A full binding curve was produced for aptamer 1.12.2 using the same procedure, but in 

place o f 20 pM aptamer, 9 samples o f aptamer concentrations varying from 0.5 nM to 30 

pM were used. The fraction of OTA bound was measured, calculated as above and 

plotted against aptamer concentration. The Kd was evaluated by minimizing the residual 

values between calculated and observed experimental fraction o f bound OTA using the 

solver feature o f Microsoft Excel181,182.

Affinity chromatography

OTA-immobilized column material was prepared as previously reported50. A 1

mL aliquot o f DADPA slurry was washed ten times with 1 mL of 20 mM phosphate

buffer, pH 5.0. 40 pL o f a 5 mM solution o f OTA dissolved in diinethylsulfoxide

(DMSO) was mixed with a 20 times excess of EDC in 200 pL cold deionized water and
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was added to the DADPA slurry. The mixture was incubated with shaking for 1 hour at 

room temperature. Following coupling, the DADPA resin was washed 3 times with 0.1 

M NaHC(>3, pH 8.5. 100 mg o f sulfo-NHS acetate was immediately dissolved in 2 mL o f 

0.1 M NaHCC>3, pH 8.5 and reacted with the column matrix to quench unreacted amine 

groups. The mixture was incubated with shaking for another hour, followed by ten 1 mL 

washes with SB.

An affinity chromatography assay was set up by preparing 12 Spin-X cellulose 

acetate microcentrifuge filter tubes containing OTA column. 100 pL o f a 1 mg/100 pL 

mixture o f the OTA-immobilized column in SB buffer was added to each o f the filter 

tubes. Buffer was removed by centrifugation at 14,000 g  for 1 minute. Twelve 

concentrations o f fluorescein-modified aptamer were prepared in SB buffer from 5 nM to 

50 pM. Each aptamer sample was heated to 90°C for 5 minutes, followed by 30 minutes 

o f cooling at room temperature. 100 pL o f the aptamer samples were then added to the 

filter tubes and allowed to incubate with shaking for 30 minutes. Non-binding aptamers 

were removed by centrifugation followed by 5 washing steps using 100 pL o f SB. The 

receiving tube was changed and the bound aptamers were eluted from the column by 

washing twice with 100 pL o f 90°C SB. The DNA elution fractions were pooled and the 

fluorescence was measured (excitation wavelength 490nm; emission wavelength 520nm). 

The fluorescence was plotted versus the concentration o f aptamer used. The Kd was 

determined by minimizing the residual values between calculated and observed 

experimental fraction of OTA.
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Fluorescence polarization

Six dilutions o f unmodified aptamer in SB were prepared ranging from 1 nM to 

20 pM. This DNA was heated and cooled as described above. 50 pL o f each aptamer 

dilution was mixed with 50 pL o f a 1 pM mixture of OTA in SB, and allowed to incubate 

for 30 minutes. Following incubation, the polarization o f each sample was measured 

using the Fluorolog Fluorescence Spectrophotometer with polarizers. Ten measurements 

were taken for each sample using a 1 second integration time, slit width o f 10 nm and 

excitation 375nm; emission 430nm. The average polarization values were plotted versus 

the aptamer concentration and used to calculate the apparent K&.

Ultrafiltration

To evaluate the feasibility o f using centrifuge tubes for ultrafiltration as a means 

o f determining aptamer binding affinity, 200 pL o f a 200 nM mixture o f OTA in SB was 

loaded into a 3kDa molecular weight cut-off Amicon-Ultra centrifuge filter units. Half o f 

this volume was allowed to pass through the membrane by centrifugation at 14,000 g  for 

10 minutes. Additionally, 200 pL of a 200 nM mixture o f OTA in SB was loaded into a 

lOkDa molecular weight cut-off Amicon-Ultra centrifuge filter units. To allow half o f 

this volume to pass through the membrane, centrifugation at 14,000 g  for 2 minutes was 

performed. The concentration o f OTA in both the retentate and filtrate was determined 

as before, using fluorescence.

The stirred-cell apparatus (Model 8010, Amicon) was tested as an alternative for 

determining the aptamer K&. The 1 mL minimum volume required for the apparatus, 

consisting o f 200 nM OTA in SB was loaded into the chamber. The solution was
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allowed to pass through the ultrafiltration membranes (lkD a molecular weight cutoff) 

using UHP argon at 50 psi of pressure. Again, the concentration of OTA in both the 

retentate and filtrate was determined using fluorescence.

To measure binding affinity using the stirred-cell apparatus, five 1 mL dilutions 

o f various unmodified aptamer concentrations from 1 nM to 10 pM were prepared. After 

heating and cooling the DNA as described above, 1 pL o f a 1 mM OTA solution was 

added to each DNA dilution. The mixtures were incubated for 30 minutes. Beginning 

with the lowest DNA concentration, the full 1 mL mixture was added to the stirred-cell 

apparatus. With the argon-based pressure, the solution was allowed to completely pass 

through the filter over a 10 minute period. The filtrate was collected and stored while the 

stirred-cell filter was rinsed 3 times with SB. This procedure was repeated for the 

following 4 dilutions in ascending order o f aptamer concentration. The five filtrates were 

then measured using fluorescence to determine OTA concentration. The fluorescence o f 

the filtrate was plotted against aptamer concentration and used to calculate K&.

2.2.4 Standards preparation

An OTA stock solution with a final concentration of 4 pg/ml was prepared in 

toluene:acetic acid (99:1; v/v). OTA solutions for spiking purposes were prepared at 

various concentrations ranging from 50 ng/mL to 2 pg/mL (i.e. 124 nM to 5 pM) by 

drying and reconstituting the stock solution in methanol. Additional spiking solutions 

between concentrations o f 0.4 and 40 ng/mL (i.e. 1-100 nM) were reconstituted in 

binding buffer (BB). The binding buffer contained 10 mM Tris (pH 8.5), 120 mM NaCl, 

5 mM KC1 and 20 mM CaCL. The OTA standard solutions necessary for HPLC
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calibration were prepared by drying and reconstituting stock in methanoheluting buffer 

(20:80, v/v) or into acetonitrile:water:acetic acid (99:99:2, v/v/v) to obtain final 

concentrations of 0.02 to 40ng/ mL OTA (i.e. 0.05-100 nM). Eluting buffer consisted of 

10 mM Tris, pH 9 and 1 mM EDTA.

2.2.5 Preparation of the aptamersorbent

The unmodified aptamer was conjugated to a slurry o f immobilized DADPA 

through internal phosphate groups as previously described50. This coupling gel was used 

as the sorbent material for the solid-phase extraction (SPE) columns. An aliquot of 5 mL 

of the DADPA slurry was washed three times with 10 mL o f deionized water and once 

with 5 mL o f 0.1 M imidazole (adjusted to a pH o f 6.0 using dilute HC1). A 1 mL 

solution of 400 nmol aptamer in deionized water, 2.5 mL imidazole solution and 5 mL o f 

156 mM EDC in 0.1 M imidazole (pH 6) were added to the coupling gel and vortexed 

thoroughly. The gel was allowed to react for 3 hours at room temperature with rotation. 

To remove the supernatant, the tube was centrifuged for 2 minutes at 1000 g. The gel 

was then washed with 5 mL of binding buffer 4 times, discarding the washes each time. 1 

mL columns were packed with 100 pL or 200 pL o f the prepared sorbent, using 

polyethylene diskettes (Varian Inc.) on the bottom. The gel was allowed to settle for 30 

minutes and another frit was placed on top. 3 mL columns were packed with either 200 

or 300 pL o f the sorbent in the same fashion, always ensuring the sorbent remained wet. 

The packed SPE columns were then washed with 10 mL o f binding buffer. The columns 

were capped with a small volume o f BB and stored at 4°C until the first use.
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2.2.6 Binding efficiency of SPE columns

The prepared 1 and 3 mL SPE columns were tested for their ability to bind OTA 

in standard solution by loading various concentrations o f OTA onto the column, followed 

by elution. Firstly, the columns were conditioned by running 5 mL o f BB through each 

column. After conditioning, 1 mL aliquots (loading fractions) o f standard solutions (0.4,

1 and 40ng/ mL OTA in BB) were passed through the columns. Columns were then 

washed by with 2 mL of binding buffer (washing fraction) and the adsorbed OTA was 

eluted from the column with 2 mL methanoheluting buffer (20:80, v/v) (1st eluting 

fraction) as previously described50. Two additional elutions with methanoheluting buffer 

were performed (second and third eluting fractions) to completely recover OTA from the 

column. The loading and washing fractions and the final three eluting fractions were 

retained at 4°C until HPLC analysis. The injection volume for HPLC analysis was 50 pL. 

Additional analysis was performed in the same way as described above, with 15% 

methanol in the final extraction dilutions to be loaded onto the columns.

The flow rates o f the loading, washing and eluting steps were measured with both 

the 1 and 3 mL columns by running 10 mL of diluted extraction solvent through the 

column (loading step), followed by 6 mL BB (washing step) and 4 mL methanoheluting 

buffer (20:80, v/v) (eluting step) to optimize the elution time throughout the clean-up 

procedure.

2.2.7 OTA determination in wheat samples

Wheat samples were extracted using procedure after Cruz-Aguado et al.50. An 

amount (10 g) of ground sample was weighed and extracted with 40 mL o f
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methanol:water (60:40, v/v) followed by a one minute shaking period. The extracts were 

then filtered using Whatman No. 4 filter paper and diluted 4 times in BB. The diluted 

extract was then filtered through glass microfiber filters (Whatman GF/A) and cleaned-up 

using either the prepared SPE columns or on immunoaffinity (IMA) columns.

A 10 mL sample o f diluted extract was passed through the SPE columns packed 

with 300 pL o f aptamersorbent. The column was washed with 6 mL o f BB followed by 

OTA elution using 4 mL o f methanoheluting buffer (20:80, v/v). Sample extracts were 

stored at 4 °C until HPLC analysis. The injection volume for HPLC analysis was 50 pL 

and each extraction was measured 3 times.

The performance o f the aptamer-SPE columns was evaluated using 10 mL 

samples o f diluted extraction solvent containing 0.4, 0.8, 3.8, 37.5, 75.0, 150.0 and 

500.0ng OTA (i.e. 0.001-1.238 nmol OTA). The column was washed and eluted as 

described above.

2.2.8 Comparison with IMA columns

IMA columns were used for the clean-up o f extracts following the AOAC Official 

Method 2000.03 for the determination o f OTA in barley183. Briefly, 10 mL o f the diluted 

extract was run through IMA columns at a flow-rate o f one drop per second, followed by 

washing with 2 x 5  mL wash buffer (2.5% NaCl, 0.5% N aH C 03, 0.01% Tween 20) and 

10 mL distilled water. OTA was eluted with 1.5 mL methanol and collected in a clean 

vial. The eluted extract was evaporated under nitrogen flow at approximately 50 °C 

followed by reconstitution in 500 pL o f the HPLC mobile phase. Sample extracts were
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stored at 4 °C until HPLC analysis. The injection volume for HPLC analysis was 50 pL. 

Each extraction sample was measured 3 times.

2.2.9 Recovery experiments

Recovery experiments were performed in triplicate by spiking blank (OTA-free) 

durum wheat sample with OTA at concentrations o f 0.5, 1.0, 5.0, 10.0 and 50.0ng/g. The 

SPE columns packed with 300 pL o f aptamersorbent were used for clean-up as described 

in 2.2.7.

2.2.10 Regeneration and re-usability of SPE columns

To evaluate the re-usability o f SPE columns, five new columns packed with 300 

pL o f aptamersorbent were re-used up to five times. A 10 mL sample o f diluted extract 

o f wheat sample spiked with 5ng/g OTA was cleaned-up using the SPE column 

procedure described in section 2.2.7. Following each use, the SPE columns were washed 

with 10 mL o f methanokeluting buffer (20:80, v/v) and 5 mL binding buffer for 

regeneration purposes.

2.2.11 HPLC conditions

HPLC analyses o f OTA in eluates from SPE columns were carried out using the 

Alliance® High Throughput (HT) System (Waters Corporation, Milford, MA) equipped 

with a fluorometric detector (Multi-Wavelength Fluorescence Waters 2475) and the 

Empower™ software systems for instrument control and data processing. The analytical 

column was a Symmetry C18 (150mmx4.6mm, 5 pm, Waters). The flow rate o f the
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mobile phase was 1.0 mL/min and the column temperature was maintained at 35°C. The 

mobile phase consisted o f a mixture o f acetonitrile:water:acetic acid (99:99:2, v/v/v). 

OTA was eluted at a retention time of 7.0 minutes and detected with an excitation 

wavelength o f 333 nm and emission wavelength o f 460nm. Quantification o f OTA was 

performed by integrating the relevant peak areas and comparing to the appropriate 

calibration curves.

2.2.12 Statistical analysis

All data was subjected to ANOVA (one-way analysis of variance). Significant 

differences (p<0.05) between mean values were identified by the General Linear Model 

(GLM) procedure with the Duncan’s and Dunnett’s tests post-hoc. The data was 

processed using the statistical software package Statistics for Windows (StatSoft, Tulsa, 

OK, USA).

2.3 Results and Discussion

2.3.1 Binding affinity of aptamer 1.12.2

To confirm binding of the aptamer 1.12.2, binding studies were performed on the

synthesized aptamer. Given the apparent ease of the one-point equilibrium dialysis

method previously reported for this aptamer, this method was tested first. To

successfully employ this method, it was necessary to first ensure that OTA was able to

pass through the semi-permeable membrane; allowing equilibrium to be reached. Figure

2-2 shows the correlation between the amount o f OTA (in fluorescence units) loaded into

the tubes and recovered after a 48-hour equilibration. Additionally, aptamer was loaded
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into the loading chamber o f the equilibrium dialysis tube and allowed to equilibrate. As 

expected, very little aptamer was able to pass through the semi-permeable membrane, in 

this case 0.65% (1.3xlO'7M) was detected in the receiving chamber.
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Figure 2-2: Total fluorescence (CPS) o f OTA measured (ex: 375nm, em: 430nm) before dialysis and 
in the loading/ receiving chambers following 48 hours o f equilibration. Based on fluorescence, no 
OTA adhered to the membrane and equilibrium was reached.

The affinity experiment was then performed. However, in addition to several 

complications that arose using these dialysis tubes, such as bubbles becoming trapped in 

one of the chambers, the overall results demonstrated that this method is very 

inconsistent. The was calculated as described in section 2.2.1 and the results of each 

individual equilibration can be found in Table 2-3. The average Kd (14 pM), with a large 

standard deviation, is 70 times greater than originally reported in 2008 (0.2 pM)50.
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Table 2-3: Dissociation constant (/fd) results o f aptamer 1.12.2 with OTA from 7 trials using the one- 
point equilibrium dialysis assay.

Trial JKdOiM)
1 40.7
2 15.1
3 15.6
4 14.8
5 0.78
6 10.8
7 4.86

Average 14 ±13

To avoid the large error associated with this one-point equilibrium dialysis assay, 

a full binding curve was performed using the equilibrium dialysis units. While fitting this 

data resulted in a slightly improved Kd (5.3 ± 0.7 pM), the data was relatively noisy 

(Figure 2-3). This noise was again due to the complication in using these devices such as 

attempting to avoid trapping bubbles in the chambers. Additionally, binding saturation 

could not be reached with this method, which could result in an artificially lower 

estimated K&.

Since the OTA-immobilized column matrix used in the original selection was 

relatively facile to prepare, an affinity chromatography binding assay to elucidate the Kd 

was performed. Again, binding saturation was not reached and more importantly the 

estimated Kd was much larger than the previous studies (97 pM) (see Table 2-4 and 

binding isotherm in Appendix B). It was hypothesized that the 5 washing steps used to 

remove non-binding aptamers may have been excessive, removing the majority o f the 

bound aptamers as well. Alternatively, the conjugation reaction of OTA to the DADPA
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material may have been unsuccessful. The conjugation reaction was performed with 5 

times less OTA than originally described in 200850.
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Figure 2-3: Binding isotherm for aptamer 1.12.2 with OTA obtained using equilibrium dialysis.
DNA aptamer concentration was varied with a constant concentration o f OTA (200 nM). Following  
48 hours o f dialysis, fluorescence was determined and the fraction o f OTA was calculated and plotted 
against DNA concentration. A theoretical curve was fit using Microsoft Excel Solver. Inset: Plot o f  
the experimentally determined OTA fraction vs. the theoretical calculated OTA fraction.

As OTA is intrinsically fluorescent, this property was exploited for binding 

studies. Others in our group have had some success using fluorescence polarization. 

Additionally, fluorescence polarization has been very successful in measuring binding of 

antibodies to this toxin. Again with this method, binding saturation could not be

achieved. This is likely because the aptamer does not display high enough affinity to the
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target. Therefore, saturation can only be reached at concentrations that are difficult to 

synthesize and are outside the detection limit o f the individual methods themselves. 

Regardless, the estimated Kd (6.1 ± 0.2 pM) was in agreement with the estimated Kd 

obtained using the full curve equilibrium dialysis assay (see Table 2-4 and binding 

isotherm in Appendix B).

A final attempt was made to measure the binding affinity of this aptamer in the 

hope that either binding saturation could be achieved or a Kd value closer to the reported 

Kd could be estimated. Equilibrium filtration (or ultrafiltration) techniques, similar to the 

principle o f equilibrium dialysis, have been used by many to measure the Kd values for 

small molecule-binding aptamers59. The 3kDa cut-off Amicon Ultra Centrifuge devices 

were tested for their ability to allow OTA to pass through the membrane. Figure 2-4 

shows that the majority o f the OTA does not go through the filter. While a small 

percentage (up to 10%) o f target sticking to the filter is acceptable, and can typically be 

corrected for in Kd determinations, these filters trapped more than 90% of the loaded 

OTA. The lOkDa filters did not display any improvement for this. These filters function 

by allowing water and small dissolved compounds to pass through the filters placed on 

the sides o f the centrifuge device. Since OTA is only slightly soluble in water, it is 

possible that the high gravitation speeds prevent OTA from staying in solution and 

passively moving through the membrane. To test this hypothesis, the Amicon stirred-cell 

units that use high pressure to help force solution through the filter membranes, were 

used. For these devices, 90% o f the OTA was able to pass through the lkD a membranes. 

Using this technique, an equilibrium filtration assay was performed. The Kd for this 

method was also much higher than the other methods (30 ± 1 pM).

54



3.0E+06

2.5E+06

2.0E+06

1.5E+06

CD
CL
O
0oc
©O
(0
©
O
3

1: 1.0E+06

£
5.0E+05

0.0E+00
Loaded

OTA sam ple
Filtrate

Figure 2-4: Total fluorescence (CPS) o f OTA measured (ex: 375nm, em: 430nm) loaded into the 
3kDa cut-off Amicon Ultra Centrifuge devices and in the filtrate following a 10 minute centrifugation 
at 14,000 g. Based on fluorescence, >90%  o f the OTA adhered to the filter and did not pass through 
the filter.

We theorize that this is due to the high level o f error inherent with this method. 

Due to the handling difficulty and long filtration times required, only 5 concentrations 

were tested. For typical IQ experiments, more points should be used, specifically in the f  

= 0.2 to 0.8 range128.

The resulting Kd values for each experiment can be found in Table 2-4 and the 

binding curves can be found in Appendix B. It is apparent that aptamer 1.12.2 does bind 

to the target OTA with relatively high affinity for a small molecular target. However, we 

were unable to reproduce the high affinity originally reported50. More importantly, these
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results show that binding affinity is affected by the method used tc acquire the 

measurements.

Table 2-4: Dissociation constant (Afd) values for aptamer 1.12.2 with OTA estimated using various 
binding affinity methods.

Method X* OiM)
Reported in 200850 0.2

Equilibrium dialysis (1 point) 14 ±  13

Equilibrium dialysis (full curve) 5.3 ±0 .7

Affinity chromatography 97 ± 3

Fluorescence polarization 6.1 ±0 .2

Equilibrium filtration 30 ± 1

Since aptamer 1.12.2 showed binding, and has been previously demonstrated to 

be highly selective, it was used to prepare the aptamer-solid-phase extraction columns.

2.3.2 Binding efficiency of aptamer-SPE columns

The OTA aptamer 1.12.250 was conjugated to a coupling gel for use as 

aptamersorbent for the preparation o f aptamer-based SPE columns. The columns were 

used for the clean-up and pre-concentration o f OTA prior to HPLC analysis. Beginning 

from preliminary results reported in 2008 by Cruz-Aguado et al.50, we optimized the 

clean-up procedure by examining the effect o f several different parameters.

First, different combinations between the volume (100, 200 or 300 pL) o f packing 

aptamersorbent and the 1 mL and 3 mL sized cartridges were tested to determine the 

most suitable analytical clean-up conditions. According to Cruz-Aguado et al., 100 pL of
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aptamersorbent contained approximately 8 nmol o f aptamer. To determine the best 

combination o f volume and size, the prepared SPE columns were tested for their binding 

efficiency of OTA. The amount o f OTA recovered from each column in the loading, 

washing and eluting fractions was measured by HPLC and is reported in Table 2-5.

1 mL Columns

1 mL columns packed with either 100 or 200 pL o f aptamersorbent showed good 

binding towards OTA. In the first eluting fraction almost all o f the OTA (about 78%) 

was recovered using the methanol :eluting buffer at all the tested levels o f OTA (0.1-40 

ng) and only low (maximum 5%) or no OTA was detected in the second and third eluting 

fractions. Up to about 9% OTA was lost in the loading fractions, whereas a very low 

amount or no OTA was detected in the washing fraction. As the total amount o f OTA 

recovered from columns was lower than 100% (approximately 20%), an attempt to 

recover this OTA was performed. Washing with up to 5 mL of 50°C eluting buffer was 

attempted as well as several 2 mL washes with up to 50% methanol in the eluting 

solvent. The lack o f OTA in these washes led us to conclude that some o f the OTA is 

irreversibly binding to the aptamersorbent under these conditions.

3 mL Columns

When 3 mL columns were packed with 200 or 300 pi aptamersorbent, the mean 

OTA binding efficiency was also good (about 81%). However, compared to the 1 mL 

columns where the majority of the OTA was recovered in the first fraction, the 3 mL 

columns gave only 47% to 63% OTA recovery in the first eluting fraction. The
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Table 2-5: OTA recovery from aptamer-SPE columns, using different sorbent volume and column 
size. Recoveries were determined by running standard solutions of different OTA concentrations 
through the column. Values in each column correspond to the mean o f three measurements ± 1 
standard deviation. n.d.= none detected

OTA OTA recovery (% )
■i V

concentration 
(ng/ mL)

Loading
fraction

W aging
fraction,

2* *
,  i f  duftUC Total

Anting
recovery

100 pL aptamersorbent/1 mL column

0.4 8.7 ± 1.5 n.d. 76.6 ± 0.8 n.d. 76.6 ± 2.8

1.0 7.5 ± 2.6 n.d. 78.3 ± 3.9 0.7 ±1.1 78.9 ± 3.2

40.0 5.7 ± 2.0 0.7 ± 0.2 78.7 ± 4.4 0.5 ± 0.01 79.2 ± 4.4

200 pL aptamersorbent/1 mL column

0.4 4.5 ± 0.5 n.d. 77.4 ± 1.9 n.d. 77.4 ± 1.4

1.0 4.1 ±2.5 n.d. 78.4 ± 4.0 4.0 ± 0.9 82.4 ±3.1

40.0 0.6 ± 0.4 n.d. 81.4 ± 1.0 1.9 ± 1.7 83.3 ± 1.9

200 pL aptamersorbent/3 mL column

0.4 5.7 ±2.7 n.d. 63.4 ± 6.5 21.2 ± 3.1 84.6 ± 4.2

1.0 3.3 ±3.4 n.d. 62.6 ± 3.9 20.0 ±4.4 82.6 ± 1.8

40.0 1.8 ± 0.6 0.7 ± 0.2 61.6 ±6.4 17.3 ±5.9 78.9 ± 0.5

300 pL aptamersorbent/3 mL column

0.4 3.3 ±2.8 n.d. 47.4 ±3.6 31.3 ± 1.9 78.7 ±4.4

1.0 1.8 ± 1.7 n.d. 60.3 ± 8.5 24.8 ± 6.6 85.1 ±3.1

40.0 4.1 ± 1.7 n.d. 55.4 ±0.3 24.5 ± 0.3 80.0 ± 0.4
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remaining 20-25% was recovered in the second elution, but again only a small amount or 

no OTA was detected in the third eluting fraction. This observation is likely related to 

the larger number o f aptamer sites present in the larger aptamersorbent volumes, resulting 

in a greater exposure o f the OTA to aptamer binding sites. With more aptamers present, 

some OTA could be partially eluted from some o f the aptamersorbent, but bind again to 

aptamers present in lower portion o f the sorbent. Additionally, it is known that binding 

of OTA to the aptamer depends on the presence o f divalent cations. In particular, as 

noted, OTA forms a coordination complex with calcium present in the binding buffer and 

this complex enhances binding to the aptamer that is highly negatively charged. The 

eluting solvent used contained EDTA for chelating the divalent cations, thus aiding the 

removal of OTA from the aptamersorbent. With the larger 3 mL columns, it is possible 

that the amount o f EDTA in the first eluting step did not completely chelate the calcium 

present; therefore, an additional eluting step was required.

Despite the fact that approximately 20% of OTA was not recovered, elution with 

4 mL methanol:eluting buffer gave a mean recovery higher than 77% which was 

considered adequate for the purpose of the study.

Binding efficiency in the presence o f  methanol

Cruz-Aguado et al. reported that the binding affinity between OTA and the aptamer 

was not significantly affected by concentrations of methanol up to 20%; however, no data 

on column performances in the presence o f methanol was reported50. Since methanol is 

used in the extraction o f OTA wheat, the SPE column performance was tested in the 

presence o f methanol. The solvent was spiked with different concentrations o f OTA,
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diluted 4-fold with binding buffer and cleaned-up on SPE columns. The tested mixture 

contained 15% methanol. The amount o f OTA run through the column was compared to 

the amount o f OTA recovered in the eluting fraction and the results are reported in Table 

2-6. Recovery o f OTA ranged from 81 to 90% with relative standard deviations (RSD) 

values < 10% when up to 500ng OTA was loaded onto the column. In particular, no 

significant difference (p > 0.05) was observed when comparing OTA recoveries by 

multivariate analysis with binding buffer (no methanol, Table 2-6) or with diluted 

extraction solvent (15% methanol) at the spiking level o f 0.4, 1.0 and 40 ng (mean 

recovery values 85%, 81% and 90%, respectively). Binding capacity o f the aptamer-SPE 

columns showed a linear (r = 0.999 between loaded and eluted OTA) behaviour range o f 

0.4-500ng OTA (0.001-1.2 nmol), indicating that the column capacity is higher than the 

maximum tested level o f 4 nmol OTA/ml oligosorbent (Figure 2-5).

Table 2-6: Recovery and precision (relative standard deviation, RSD) results o f binding experiments 
(n = 3  measurements) performed by passing different amounts o f OTA through aptamer-SPE 
columns packed with 300 pL aptamersorbent in the presence o f  15% methanol.

OTA added 
(ng)

OTA added 
(pmol) Recovery (%) RSD (%)

0.4 1 87 8

0.8 2 81 8

3.8 9.4 90 3

37.5 93 86 4

75.0 186 85 8
150.0 372 82 2

500.0 1238 81 4
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Figure 2-5: Linear regression between OTA amount loaded on and recovered from aptamer-SPE  
column resulting from binding experiments (n = 3 measurements).

2.3.3 Optimization of clean-up time and sample handing

Flowrate

The flow rate and the time elapsed for the entire clean-up procedure using 

different column sizes and aptamersorbent amount were tested and are reported in Table 

2-7. Mean flow rates using the 1 mL columns ranged from 0.25 to 0.43 mL/min, 

corresponding to a total clean-up time of about 1 hour regardless of the aptamersorbent 

volume. However, the flow rates using the 3 mL SPE columns was faster, approximately 

4 times that o f the 1 mL columns. As a result, total clean-up time was less than 20 

minutes. These results led us to continue using the 3 mL SPE columns for the clean-up
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of wheat samples. For convenience, further studies were performed using the 3 mL 

columns packed with 300 pL aptamersorbent. These columns, containing 24 nmol of 

aptamer, resulted in a 4 fold improvement in clean-up time compared to the conditions 

reported in 200850. Therefore, a sufficient batch (n = 200) of new columns was prepared 

and used for remaining experiments.

Table 2-7: Solvent elution flow rate and total clean-up time from 1 mL and 3 mL SPE columns 
packed with different volumes of aptamersorbent. Each value corresponds to the mean o f  three 
measurements ± 1 standard deviation.

Oligosorbent
(pL)

Column
capacity

(mL)

Elution flow rate (mL/min) Total clean
up time 
(min)Loading Washing Eluting 

fraction fraction fraction

100 1 0.25 ± 0.01 0.36 ± 0.03 0.25 ± 0.02 73 ± 2

200 1 0.30 ± 0.06 0.43 ± 0.03 0.29 ±0.01 62 ± 8

200 3 1.26 ±0.16 1.77 ±0.25 0.87 ±0.13 16 ± 2

300 3 1.29 ±0.21 1.47 ±0.06 0.78 ±0.13 17 ± 2

Orbital shaking

Based on the stoichiometry ratio of 1:1 reported by Cruz-Aguado et al., it would 

be expected that columns containing 24 nmol aptamer can bind up to about 10 pg o f 

OTA corresponding to about 16 pg/g OTA in wheat. Experiments at these levels were 

not performed simply because OTA concentrations in wheat are commonly much 

lower184. The 3 mL columns packed with 300 pL of aptamersorbent were applied to the 

purification of OTA from wheat extracts prior to determination by HPLC. Preliminary
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experiments were carried out with an OTA-free wheat sample (previously analyzed by 

HPLC) spiked at a level o f 5ng/g OTA and extracted. This was performed as previously 

described50 except the 4 mL o f methanol :eluting buffer was used for elution and OTA 

detection was by HPLC/FLD. Although a good OTA recovery (82%, n = 3) was 

obtained, the extraction by manual shaking is unsuitable for the analysis o f a large 

number o f samples. Additionally, the centrifugation required the transfer o f samples to 

appropriate containers, increasing sample handling. Additional recovery experiments 

were performed to evaluate the efficiency o f extraction by orbital shaking (from 5 to 60 

min) in combination with filtration o f the extracted sample. OTA recovery obtained with 

manual shaking were similar to that obtain using orbital shaking (p > 0.05) and ranged 

from 98 to 105% with relative standard deviations (RSD) ranging from 4 to 11%. The 

percent recovery obtained using manual extraction compared to orbital shaking between 

5 and 60 minutes can be found in Figure 2-6. Extraction by orbital shaking for 5 minutes 

was found to be suitable for the extraction o f OTA from wheat and more efficient than 

manual shaking.
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Figure 2-6: OTA percent recovery from spiked wheat samples (5ppb) obtained using manual 
extraction or orbital shaking at varying times between 5 and 60 minutes.

2.3.4 Statistical overview of the aptamer-SPE clean-up

Recovery experiments were carried out on OTA-free wheat samples that were 

spiked at levels ranging from 0.5 to 50 ng/g. Table 2-8 shows the collected recovery and 

precision results. The mean recovery o f OTA from wheat samples spiked at 

concentrations ranging from 0.5 to 50ng/g ranged from 74 to 90%, with an overall 

average o f 80%. The RSD values for these recoveries ranged from 1 to 7%. These 

values fulfill the criteria set by the European Commission for the acceptability o f OTA 

analysis (i.e. recoveries from 50 to 120% and RSDr < 40% for OTA concentrations less 

than 1 (ig/kg; recoveries from 70 to 110% and RSDr <20% for OTA concentrations in 

the range o f 1-10 pg/kg). The limits of detection (LOD), calculated as the OTA content 

associated with an HPLC signal corresponding to three standard deviations (n = 10) from
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that of the OTA-free control, was 23pg/g. The limits o f quantification (LOQ), calculated 

as the OTA content associated with an HPLC signal corresponding to ten standard 

deviations (n=10) from that o f the OTA-free control, was 77pg/g.

Table 2-8 Recovery and precision (relative standard deviation, RSD) results o f ochratoxin A (OTA) 
from spiked wheat (n= 3 measurements) after clean-up on solid-phase-extraction (SPE) columns 
packed with 300 pL oligosorbent (24 nmol DNA aptamer).

Added
(ng/g)

Average detected
(ng/g)

Recovery
(% )

RSD
(% )

0.5 0.45 90 1 .1

1 .0 0.84 84 1 .2

5.0 3.83 77 4.4

1 0 .0 7.24 74 4.5

50.0 36.46 75 5.2

2.3.5 Comparison of aptamer-SPE column clean-up with IMA column clean-up

The applicability o f SPE columns to the clean-up of wheat sample extracts was 

tested on 33 samples o f naturally contaminated wheat flour. Since no official method for 

the determination o f OTA in wheat has been reported, the results were compared to those 

obtained using IMA column clean-up for the AOAC Official Method 2000.03 183 for the 

determination o f OTA in barley. The results are presented in Figure 2-7. Mean OTA 

levels ranged from not detected to 9.5ng/g in samples analyzed by SPE/HPLC and from 

0.3 to 10.7ng/g in samples analyzed by IMA/HPLC. This difference was likely caused 

by the different OTA recovery o f the two methods. The SPE/HPLC method showed a 

lower sensitivity as compared to IMA/HPLC as indicated by the slope of the equation 

(0.891) that was significantly different (p < 0.05) from 1. However, a good correlation (r



value, 0.990) was observed between OTA values obtained by using the two different 

clean-up methods. These findings suggest that the SPE clean-up in combination with 

HPLC/FLD could be considered a suitable method for the purification and pre

concentration of OTA prior to HPLC analysis in wheat samples at levels that naturally 

occur in wheat. Figure 2-8 shows the chromatograms o f an OTA-free wheat sample 

(lower line) and of a wheat sample naturally contaminated with 1.5ng/g OTA. The clean

up using aptamer-SPE columns provided a good chromatographic profile due to the 

specificity o f the aptamer contained in the column. Therefore the SPE/HPLC method can 

be used as an alternative method to HPLC/IMA clean-up.
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Figure 2-7: Comparison of ochratoxin A (OTA) content determined by solid-phase-extraction (SPE) 
column-clean-up versus immunoafTinity (IMA) column clean-up. Each point corresponds to the 
mean o f  three measurements. Results are reported without correcting for recovery.
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Figure 2-8: Chromatograms o f an ochratoxin A (OTA)-free wheat sample (lower line) and a wheat 
sample naturally contaminated with l.Sng/g OTA (upper line). Sample extracts were deaned-up on 
SPE columns containing 300 pL oligosorbent (24 nmol DNA aptamer).

2.3.6 Re-usability of aptamer-SPE columns

The reusability o f the aptamersorbent for OTA analysis in wheat samples was also 

investigated. Five concentrations o f diluted samples were loaded on five different 

columns for five consecutive clean-up procedures. There is no change (p > 0.05) in 

extraction recovery between the first and the five subsequent uses. Assuming a 100% 

OTA recovery after the first use, the mean OTA recovery over the consecutive 4 uses 

ranged from 92 to 109% (Figure 2-9) with RSD values ranging from 2 to 7%. Based on
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these results, it was concluded that SPE columns packed with 300 nl aptamersorbent 

could be re-used at least 5 times without affecting the binding affinity o f  the aptamer 

towards OTA. Further experiments could be performed to test the performance o f 3 mL 

columns packed with 200 pL aptamersorbent to reduce the amount of aptamersorbent 

required.
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Figure 2-9: Normalized OTA recovery for 1 mL SPE columns after 2 to 5 re-uses.

2.4 Conclusion

While the high binding affinity o f aptamer 1.12.2 as previously reported was not 

reproducible using the above experiments, binding studies consistently indicated 

sufficient affinity for OTA. Moreover, we have investigated several methods for Kd
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determination, recognizing that some methods are better suited for different target types. 

More importantly, it has become clear that may vary by affinity method, indicating 

that full characterization o f new aptamers should involve more than one method to 

confirm high affinity.

Regardless o f the measured binding o f aptamer 1.12.2 for OTA, SPE columns 

were prepared with 24 nmol o f this aptamer covalently immobilized. With this 

concentration o f aptamer, even aptamers with moderate affinity would be sufficient in 

OTA extraction o f concentrations up to 500ng (using the 300 pL columns). Assuming a 

dissociation constant o f 5 pM, 94% of the 500ng o f OTA would be bound by this 

concentration o f aptamer. As a result, the aptamer-SPE columns showed good 

performance in the range 0.4-500 ng o f OTA and were then applied to the clean-up o f 

OTA from wheat samples. Recovery and precision data o f the aptamer-SPE/HPLC 

method were acceptable and within the criteria established by the European Union. 

Comparative analysis o f several naturally contaminated wheat samples using IMA clean

up and aptamer-SPE clean-up showed a good correlation between the two clean-up 

procedures, suggesting that the aptamer-SPE/HPLC method can be applied to the 

quantitative determination of OTA in unprocessed wheat at levels below the maximum 

admissible levels proposed by the European Commission for durum wheat and could be 

potentially useful for the management of OTA in commodities. The successful outcome 

of this research provides evidence that DNA aptamers can be used to replace antibodies 

as molecular recognition and binding reagents in diagnostic assays for commercial 

applications for food testing. Future work will evaluate the applicability o f the proposed 

method for the analysis o f OTA in other food matrices. Further research is needed to
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verify if other aptamer sequences and aptamersorbent preparations might have improved 

operational characteristics. In particular, new aptamers for OTA that show an improved 

affinity for the target should be developed.
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Chapter 3. Selection and binding assessment of new OTA aptamers
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3.0 Statement of contributions

Selection o f the putative aptamer sequences was performed at the Department of 

Medical Chemistry, Semmelweis University in Budapest, Hungary by Viola Bardoczy et 

al. The binding affinity experiments were performed by M. McKeague.

3.1 Introduction

3.1.1 Multiple aptamers for the same target

A typical SELEX library contains on average 40 random nucleotides ( N 4 0 ) .  With 

this number o f random positions, the size o f the sequence space (the number o f possible 

sequences) is 440 or lx l 024. However, this number o f DNA sequences would correspond 

to 24 kg o f DNA, an expensive and impractical amount to synthesize. Therefore, 

practical and technical considerations limit the number o f random sequences that can 

actually be used in SELEX to approximately 10 nmoles, which corresponds to 

approximately 1016 different sequences. As a result, the sequence space is substantially 

unrepresented 47. Despite this statistical limitation, aptamer selections often succeed. For 

example, the RNA ATP aptamer binds to the adenosyl (Ado) moiety o f ATP and AMP 

with submicromolar affinity (Kd = 0.7 pM in solution)185. The same motif was then 

observed in aptamers selected to other targets such as nicotinamide adenine dinucleotide 

(NAD+) 186 and S-adenosyl methionine (SAM)187. The repeated isolation o f this m otif for 

adenosine-containing targets (see Figure 3-1) exemplifies reproducibility and success of 

SELEX experiments.
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Figure 3-1: Structures of adenosyl containing compounds -  adenosine monophosphate (AMP), 
nicotinamide adenine dinucleotide (NAD4)  and S-adenosyl methionine (SAM).

Regardless, there are several factors that may affect the result o f in vitro selection 

experiments. Larry Gold, the co-inventor o f SELEX, indicated that less than 30% o f 

selections are successful51. Many experimental variables must be considered for SELEX, 

including pH, temperature, choice o f buffer, use o f an organic co-solvent, metal ion 

concentrations and incubation time. The choices for all o f these variables depend on the 

specific target being used, and there is no general rule for optimal selection conditions47. 

Therefore, some selections for the same target may be more successful than others. As a 

result, researchers continue to perform new selections to find better aptamers for targets 

when aptamers for such targets already exist.

As mentioned, one of the common aptamer targets is thrombin. The first 

thrombin aptamer was selected by Bock et al. in 1992. This DNA aptamer is 15 

nucleotides in length, folds into a G-quadruplex and binds to the fibrinogen-recognition 

site o f thrombin with a Kd value o f 100 nM 145. However, a few years later, Macaya et al.



identified a DNA aptamer containing a duplex that bridges the ends o f the quadruplex 

structure. This aptamer improved the binding affinity by an order of magnitude (Xd = 10- 

25 nM)188. In 1997, Tasset et al. then repeated the selection o f thrombin aptamers, using 

filtration as the partitioning step rather than the affinity chromatography originally 

employed. From this selection, an aptamer displaying a o f 0.5 nM was selected that

was found to bind to the heparin recognition exosite o f thrombin189. In 2001, White et al. 

selected RNA aptamers displaying similar affinity (1-4 nM) using a toggle-SELEX 

approach70. More recently, in 2010, Miyachi performed AFM-SELEX and identified a 

new thrombin aptamer sequence that displayed a 1 0 0 0  fold improvement in binding over 

the original selected aptamer (K4  = 200 pM)76. The apparent increase in aptamer binding 

from this succession o f selection experiments gives promise that using novel selection 

techniques can result in the discovery o f improved aptamers for the same target.

However, the efforts made to select improved aptamers by new methods had 

mixed success. For example, several groups have employed new and fairly extensive 

SELEX methods at an attempt to discover improved aptamers for the target streptavidin. 

Tahiri-Alaoui et al. first selected streptavidin binding aptamers displaying a Kd o f 7 

nM 190. Then, in 2005, a selection called FluMag SELEX that involved selection on 

magnetic beads in place of agarose yielded aptamers displaying affinities o f only 56 to 85 

nM90. Additionally, Bittker et al. performed several selections using non-homologous 

recombination and error-prone PCR steps in the selection process and yielded aptamers 

with only a modest improvement o f binding (3.3 nM )191. Regardless, due to the selection 

conditions available, the variable stringency strategies possible and the inability to
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sample the entire sequence space, new selections are a worthwhile effort to discover 

novel sequences for the same target.

3.1.2 Nanoparticle binding assay

As evidenced in Chapter 2, Ka determination is often the bottle-neck in aptamer 

development, particularly for aptamer-small molecule interactions. Therefore the 

possibility o f using a new method for Ka determination, involving gold nanoparticles 

(AuNPs), was investigated. Gold nanoparticles are described as a suspension (or colloid) 

o f sub-micrometre sized particles o f gold in water or other liquid. When the suspension 

of gold is on the nanometer scale, the prominent spectroscopic feature o f surface plasmon 

resonance is observed. Because gold nanoparticles have tunable optical properties and 

some o f the highest extinction coefficients reported, they are useful in colorimetric 

detection192.

The ability to tune the optical properties o f gold is not possible in the bulk 

material. In colloid form, however, gold nanoparticles arc in a dispersed state due to the 

negatively charged citrate molecules present in the suspension. The negatively charged 

citrate ions act as capping agents o f the nanoparticles and result in relatively large inter

particle distances, which results in the visualization o f a red colour. Aggregation of the 

nanoparticles can result from varying the temperature, pH and ionic strength o f the 

solution. Manipulation of these properties promotes the nanoparticles to come closer 

together, causing the inter-particle distance to be smaller than the average diameter of the 

particle. This aggregated state results in a change of the inter-particle plasmon coupling 

which generates a significant absorption band shift in the visible region o f the

75



electromagnetic spectrum. Therefore a change in colour from red to purple or blue is 

observed .

Several methods exist for gold nanoparticle synthesis. The Turkevich method, 

named after John Turkevich for his work on gold nanoparticles in 1951194, is one of the 

most simple. Generally, this method produces monodisperse spherical gold nanoparticles 

o f approximately 10-20 nm in diameter. In this method, sodium citrate (NajQHsO?) is 

reacted with chloroauric acid (HAuCU). The citrate ion (C6H5O73 ) oxidizes, forming 

acetone dicarboxylic acid (C5H6O5), which can then form a complex with Au(III). 

Reduction of Au(III) to Au(0) occurs when the complex reaches a critical mass that is 

greater than its thermodynamic stability. This forms a suspension of nuclei that continues 

to grow with the addition o f more gold particles. Once the gold is consumed, this growth 

is terminated. The sodium citrate also acts as a capping agent that stabilizes the colloid 

suspension by electrostatic repulsion195.

Due to their optical properties and ease o f use and synthesis, gold nanoparticles 

have been incorporated into a number o f novel DNA sensor strategies196. In 2004, Li and 

Rothberg discovered that single-stranded DNA (ssDNA) adsorbs onto citrate-coated gold 

nanoparticles but double-stranded DNA (dsDNA) does not197. This was a remarkable 

observation that has since been exploited in several biosensor platforms. While the 

reasons for this observation have yet to be verified, the recent theory is that the 

electrostatic interaction between ssDNA and gold nanoparticles is of little importance to 

the mode o f interaction and the largest effects are from solvation forces, in particular, the 

hydrophobic effect198.

76



This difference in interaction o f ssDNA and dsDNA with nanoparticles has been 

applied to aptamer-based biosensors. For example, Wei et al. were able to use the 

thrombin aptamer to adsorb to the surface o f AuNPs, preventing their aggregation upon 

addition of salt. However, with the addition o f thrombin, the aptamers preferentially 

interact with the thrombin and fold into a rigid tertiary structure that is unable to adsorb 

around the AuNP surface. This leaves the AuNPs susceptible to salt-induced aggregation 

causing them to turn blue193. The same concept was applied to the DNA aptamer for 

adenosine199 and more recently for OTA162. Figure 3-2 describes this biosensing scheme. 

The ability o f these aptamer-nanoparticies sensing schemes to detect small concentrations 

of their target provide precedent that a similar platform could be used to determine the 

binding affinity o f newly developed aptamers.

Figure 3-2: Gold nanoparticle aptamer assay for target detection. A: Sodium citrate stabilized 
AuNPs undergo salt-induced aggregation, resulting in a blue-purple colour. B: Single-stranded DNA  
aptamer coils around the AuNP surface, preventing salt-induced aggregation, therefore the colloid 
solution remains red. C: Upon addition o f the aptamer’s target, the aptamer folds into a rigid 
structure around the target, preventing the adsorption o f the ssDNA on the AuNP surface.
Therefore, salt-induced aggregation returns and a blue-purple colour is observed.
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3.1.3 C hap ter objectives

This chapter investigates the possibility o f selecting new aptamers that bind to the 

target OTA with high affinity. Such aptamers may be useful in developing improved 

aptamer-based biosensors and extraction columns for this toxin. The selection strategies 

as well as the binding characterization of the aptamers are described.

3.2 Experim ental

3.2.1 M aterials

All buffers were prepared with Millipore Milli-Q deionized water at 18 MOcm. 

Buffering agents, salts, reagents for nanoparticles synthesis and OTA from Petromyces 

albertensis >98% (TLC) for binding studies were purchased from Sigma-Aldich. All 

molecular biology grade electrophoresis chemicals were purchased from BioShop 

Canada (Burlington, Ontario). EAH sepharose 4B was obtained from GE Healthcare.

The streptavidin-coated high-binding capacity plate was purchased from Thermo Fisher 

Scientific (Rockford, IL, USA). The DNA Taq polymerase and PCR components were 

purchased from Invitrogen. A pGEM-T-easy vector by T/A cloning kit was received 

from Promega (Madison, WI, USA). Phosphoramidites, modifiers, activator, deblock, 

capping, and oxidizing reagents were obtained from Glen Research. Standard support 

columns and acetonitrile were purchased from Bio Automation. Ultra High Purity 5.0 

argon was purchased from Praxair. Sulfo-NHS acetate and Amicon-Ultra 0.5 mL 3kDa 

centrifuge units were purchased from Fisher Scientific Canada. Sample Dispo 

Equilibrium Dialysis units, 5000MWCO, were purchased from Harvard Apparatus 

(Holliston, Massachusetts, USA). CarboxyLink Coupling gel (immobilized
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diaminodipropylamine, DADPA, supplied in a 50% slurry) and l-ethyl-3-[3- 

dimethylaminopropyljcarbodiimide hydrochloride (EDC) were received from Pierce 

(Rockford, Illinois, USA).

3.2.2 Preparation of OTA resin

Ochratoxin A was coupled to EAH Sepharose 4B according to manufacturer’s 

protocol. Briefly, a 5 mM solution o f OTA in deionized water was prepared and adjusted 

to a pH of 4.5. The OTA solution was mixed with sepharose at a 1:1 v/v ratio. 0.1 M of 

EDC was prepared in water with the pH adjusted to 4.5 and added to the OTA and 

sepharose mixture. The reaction was incubated at room temperature for 4 hours with 

gentle shaking. After the first 3 hours, the pH was again adjusted to 4.5. After the 

incubation period, the gel matrix was washed with three cycles o f alternating washes 

consisting o f 0.1 M acetate buffer pH 4.0 containing 0.5 M NaCl and 0.1 M Tris-HCl 

buffer pH 8  containing 0.5 M NaCl. The OTA resin was stored at 4°C until use.

3.2.3 OTA SELEX experiments

The oligonucleotide library was synthesized on a 1 pmol scale and purified using 

RP-HPLC (Metabion, Martinsried, Germany). This library was composed o f 40 random 

nucleotides flanked by two fixed regions at the 5' and 3' ends. 5'-AGCCTCGTCTGT 

TCTCCC-40N-GGGAAGACAAGCAGACGT-3'. The forward primer, SELF, 5’-AGC- 

CTCGTCTGTTCTCCC -3', and reverse primer, SELR, 5'-BIOTIN-ACGTCTGCTT- 

GTCTTCCC-3', annealing to the flanking regions were also synthesized and prepared for 

the selection procedure.
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SELEX was performed as described by Murphy et al. with some modification200. 

The SELEX library (1 nmol) was dissolved in selection buffer (SB) containing 10 mM 

Na2H P04, 2 mM KH2P 0 4, 2.7 mM KC1, 137 mM NaCl and 0.05% Triton-X, pH 7.4.

This library was incubated with 10 pL o f the OTA resin and allowed to shake at room 

temperature for 1 hour. The resin was washed 3 times with the SB to eliminate non- 

specifically bound sequences. The putative aptamers were then eluted using 10 pL o f 50 

mM NaOH and cleaned using a phosphate buffered saline (PBS)-equilibrated desalting 

column and transferred directly to a PCR reaction.

The 100 pL PCR reaction mixture contained 10 pL o f 10 x reaction buffer, 1.5 

units o f Taq polymerase, 1 M of the two primers (SELF and biotinylated SELR), 0.8 mM 

o f each deoxyribonucleotidetriphosphate (dNTPs) and 1.5 mM MgCl2. Amplification 

was performed by heating to 95°C for 2 minutes followed by 18 cycles o f 30 seconds at 

95°C, 30 seconds at 56°C and 30 seconds at 6 8 °C, followed by a final extension at 6 8 °C 

for 2 minutes. After checking the PCR product quality on 2.5% agarose gel using 10 pL 

samples, 23 pL o f 5 M NaCl was added to the remaining 90 pL PCR mixture. This 

solution was divided into two parts and incubated with a Reacti-Bind streptavidin-coated 

high-binding capacity plate (Thermo Fisher Scientific, Rockford, IL, USA) then washed 3 

times using 1 mL o f PBS-Tween. The nonbiotinylated strands were separated from the 

immobilized complementary strand by incubating with a 30 pL/well aliquot o f fresh 100 

mM NaOH for 5 minutes. The ssDNA was removed and diluted using SB. The pH was 

adjusted and the ssDNA solution was heated to 95°C for 5 minutes and immediately 

placed on ice and kept at 4°C until the next round o f SELEX.
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10 |iL o f the OTA resin was used in cycles 1 through 7. To increase the 

stringency o f selections, only 5 pL o f OTA resin was used in cycles 8  through 11 and 2.5 

|iL in cycles 12 through 15. Negative selections were performed using unmodified EAH 

Sephadex 4B at cycles 4, 8  and 12. After cycle 15, the final PCR of the selected ssDNA 

sequences was performed using the SELF and nonbiotinylated SELR primers. 4 pL of 

this PCR mixture was ligated into p-GEM-T-easy vector by T/A cloning and transformed 

into DH5a Escherichia coli competent cells. Twenty-one colonies were selected and 

tested for the presence of the correct inserts using colony PCR with M l 3 forward and 

reverse primers. The PCR products were purified by polyethylene glycol precipitation 

and sequenced using the M l3 promoter primer201.

3.2.4 Screening of binding affinity

Aptamer synthesis

Aptamer sequences A08, B08, D07 and E08 were synthesized, unmodified, as 

described in section 2.2.2 (sequences are found in Table 3-2). Aptamer A08 was also 

synthesized with the 5' fluorescein modifier, 6 -FAM. All aptamers were purified by 

PAGE as described in section 2.2.2.

Equilibrium dialysis

The same procedure used by Cruz-Aguado et al. (described in section 2.2.3) was

used to screen four of the selected aptamers for binding affinity to OTA50. Single-use

Sample Dispo Equilibrium Dialysis units with a 10,000Da molecular weight cut-off were

used. To ensure the aptamer sequences were unable to pass through the semi-permeable
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membrane, 75 pL o f a 20 pM solution o f aptamer A08 in SB was added to the loading 

chamber. After the 48-hour incubation time, the concentration o f DNA in the receiving 

chamber was measured using UV-Visible spectroscopy.

For the equilibration studies, several variants o f the original selection buffer (SB) 

were used. Firstly, SB was used as listed in section 3.2.3. However, the Triton present in 

this original buffer resulted in the production o f bubbles upon agitation o f the dialysis 

units. Since the presence o f these bubbles may affect equilibrium, SB without Triton was 

also used. Additionally, to ensure that OTA could be solubilized, SB with 2.5% DMSO 

in place o f Triton was also tested. All 4 unmodified aptamer sequences were individually 

dissolved in these 3 buffers at a concentration o f 20 pM and mixed with 200 nM OTA.

75 pL o f this solution was loaded into the loading chambers o f separate dialysis units 

with 75 pL o f the corresponding buffer solution in the receiving chamber. The units 

were allowed to shake at 60 rpm while lying flat for 48 hours to permit equilibration 

between the chambers. Following the 48-hour agitation period, fluorescence 

measurements of the loading and receiving chambers were obtained by direct fluorescent 

measurement (excitation wavelength 375nm; emission wavelength 430nm) using a 

Fluorolog Fluorescence Spectrophotometer (Horiba Jobin Yvon, USA) with a SpectrAcq 

controller.

The fraction of bound OTA (f) was determined as:

and the dissociation constant (A^) was estimated as:



Previous reports indicate that increased concentrations o f Ca2+ increased the 

affinity o f the reported aptamers for OTA. Investigation was performed to determine 

whether the newly selected aptamers, A08 and D07, displayed a similar effect. The SB 

used in these selections contain phosphate that when mixed with calcium salts forms 

insoluble calcium phosphate compounds {CaHP0 4  solubility = 0.004303 g/100 g H2O at 

20°C and Ca3(P0 4 ) 2  solubility = 0.002 g/100 g H2O at 20°C}. Therefore the buffer used 

by Cruz-Aguado et al.50 in 2008, containing HEPES, was used so that there would be no 

precipitation of calcium salts. However, aptamers can be sensitive to the conditions in 

which they were selected, therefore multiple buffer conditions were investigated. The 

conditions are summarized in Table 3-1.

Table 3-1: Buffer composition used in the equilibrium dialysis binding screen for OTA aptamers.

Buffer Composition

SB, no-Triton 10 mM Na2HP04, 2 mM KH2P 04, 2.7 mM KC1, 137 mM NaCl, 
pH 7.4

SB, no-Triton DMSO 10 mM Na2HP04, 2 mM KH2P 04, 2.7 mM KC1, 137 mM NaCl, 
2.5% DMSO, pH 7.4

2008 Buffer50 10 mM HEPES, 5 mM KC1, 120 mM NaCl, pH 7.0
2008 Buffer DMSO50 10 mM HEPES, 5 mM KC1, 120 mM NaCl, 2.5% DMSO, pH 7.0
Combination buffer 10 mM HEPES, 2.7 mM KC1, 137 mM NaCl, pH 7.4
Combination buffer 
DMSO 10 mM HEPES, 2.7 mM KC1, 137 mM NaCl, 2.5% DMSO, pH 7.4

Using the combination buffer and combination buffer with 2.5% DMSO, the 

equilibrium dialysis tests were repeated for aptamer A08 and D07 in the presence o f 

OmM, 10 mM and 20 mM CaC^.
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Affinity chromatography

OTA-immobilized column material was prepared as reported by Cruz-Aguado et 

al.50. A 1 mL aliquot o f DADPA slurry was washed ten times with 1 mL o f 20 mM 

phosphate buffer, pH 5.0. 40 pL o f a 5 mM solution o f OTA dissolved in 

dimethylsulfoxide (DMSO) was mixed with a 20 times excess o f EDC in 200 pL cold 

deionized water and was added to the DADPA slurry. The mixture was incubated with 

shaking for 1 hour at room temperature. Following coupling, the DADPA resin was 

washed 3 times with 0.1 M NaHCOa, pH 8.5. 100 mg of sulfo-NHS acetate was 

immediately dissolved in 2 mL o f 0.1 M NaHC0 3 , pH 8.5 and reacted with the column 

matrix to quench unreacted amine groups. The mixture was incubated with shaking for 

another hour, followed by ten washes with lmL SB.

An affinity chromatography assay was set up by preparing 14 Spin-X cellulose

acetate microcentrifuge filter tubes containing OTA-modified column. 100 pL o f a 1

mg/100 pL mixture o f the OTA-immobilized column in SB buffer was added to each o f

the filter tubes. Buffer was removed by centrifugation at 14,000 g  for 1 minute.

Fourteen concentrations o f fluorescein-modified A08 aptamer, from 1 nM to 50 pM,

were prepared in SB buffer. Each aptamer concentration was heated to 95°C for 5

minutes, followed by 30 minutes o f cooling on ice. 100 pL o f the aptamer concentrations

was then added to the filter tubes and allowed to incubate with shaking for 30 minutes.

Non-binding aptamers were removed by centrifugation followed by 3 washing steps

using 100 pL o f SB. The receiving tube was changed and the bound aptamers were

eluted from the column by washing twice with 95°C SB. The DNA elution fractions

were pooled and the fluorescence was measured (excitation wavelength 490nm; emission
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wavelength 520nm). The fluorescence was plotted versus the concentration o f aptamer. 

As before, the K4  was determined by minimizing the residual values between calculated 

and observed experimental fraction o f OTA using the solver feature o f Microsoft Excel.

3.2.5 Dissociation constant (Jfd) determination using gold nanoparticles

Gold nanoparticle synthesis

All glassware used for AuNP synthesis was cleaned by soaking in aqua regia (3:1 

mixture of concentrated HCI/HNO3) for 15 minutes followed by thorough rinsing with 

deionized water. A 250 mL Erlenmeyer flask was used to mix 98 mL o f deionized water 

and 2 mL o f 50 mM HAuCL* for a final concentration o f 1 mM HAuCU. The solution 

was heated to boiling with magnetic stirring. Upon boiling, 10 mL o f 38.8 mM sodium 

citrate was added. Following a change in suspension colour from pale yellow to dark 

blue and finally to a wine red, heating was continued for an additional 20 minutes. The 

flask was removed from the heat and allowed to cool to room temperature with continued 

stirring. The nanoparticles were characterized by UV-Visible spectrometry.

Binding assay using gold nanoparticles

The assay was performed as described by Zheng et al. with modifications202. Five 

samples o f OTA in water were prepared at various concentrations from 10 nM to 100 

pM. 243 pL o f the OTA dilutions or a blank solution o f deionized water was added into 

microcentrifuge tubes containing 6  pL o f either unmodified aptamer 1.12.2 (10 pM in 

2008 buffer50) or unmodified aptamer A08 (10 pM in SB buffer). After a 30 minute 

incubation period with shaking, 135 pL o f the AuNP solution (10.5 nM) was added,
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vortexed briefly and allowed to react for 5 minutes. 72 pL o f  0.25 M NaCl was then 

added to each microcentrifuge tube and allowed to incubate for a further 5 minutes. Each 

sample was then diluted 4 times with water and analyzed using UV-Visible spectroscopy. 

After normalization, the absorbance at 705 nm was plotted against OTA concentration. 

The Ka was evaluated by minimizing the residual values between calculated and observed 

absorption using the solver feature o f  Microsoft Excel181,182.

Controls were performed to ensure that OTA did not cause aggregation o f the 

AuNP in the absence o f NaCl. The procedure was performed as above using a 100 pM 

dilution o f OTA and using deionized water in place o f the DNA and salt. To ensure that 

OTA also did not prevent the salt-induced aggregation o f the AuNPs, the procedure was 

repeated as above but adding the 0.25 M NaCl to observe aggregation.

3.3 Results and Discussion

3.3.1 Selection of OTA aptamers

Fifteen rounds o f selection were performed, using relatively high stringency 

conditions compared to previous OTA selections1 *. While the same number o f counter

selections, 3 overall, were performed in both selections, the selection performed in 2008 

employed a total o f 13 positive selection rounds (2 less than in this SELEX).

Additionally, Cruz-Aguado et al. performed SELEX in the presence o f a large excess of 

OTA, using 250 pL o f OTA-resin each round, compared to the 10 pL or less used 

throughout this selection. While there is not a specific correlation between the number of 

selection rounds performed and the binding affinity o f the selected aptamers, studies have
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shown that using less resin, and therefore less target, drastically increases the stringency 

o f the selection and often results in higher affinity aptamers203.

The 21 clones that were sequenced after round 15 of the OTA selections are 

shown in Table 3-211.

Table 3-2: The putative aptamer sequences (o f the N40 region) cloned after round 15 o f the SELEX 
experiment. The number of clones present is indicated in the column on the right.

Name
Sequence

(5'-AGCCTCGTCTGTTCTCCC-N4o- 
GGGAAGACAAGCAGACGf#), .

Number 
of clones 
present

A08 GGCAGTGTGGGCGAATCTATGCGTACCGTTCGATATCGTG 2
B08 GGCGCATGATCATTCGGTGGGTAAGGTGGTGGTAACGTTG 2
D07 GGCCAGGAATCCATCTGTCCAGGGACAAGCAGCTAGGGTT 2
E08 GGCGGTGTCTGGCGTATGTCGTGGGTTGGGGTGCGAGTGC 2
D09 GGGTGAGTGGGCATTGGGTCCAGGGGTCTGTAACGGGTCG 1
H08 GGGGT GGGT GTCGGGG AGG AGTT CCCTGCGGC AGCGGTGG 1
E09 GGCCACGTCTTGGTGCTCGCCGACACGCGTTTGTGGAGTG 1
F07 GCCTGTTCTTCGAGCGCCCGACCCCAGAATGCGCAGGTAT 1
A09 AGGGGGGATAGGTTATGAGTTGTGGGGGAATTTTGATGTT 1
B09 AATAGGGGAGGAAAGAAGGATGTGTAATAAAAGGGTGAGT 1
A07 AAAAGAGATTGTTTGTGATTTGGTTTGGTGTAAATTTGG 1
D08 G A A AGTG ATTT ATG AAGTT A A AG AG A AT A AGGTTT GGAT G 1
F08 AAAAAGAAAATTGTTGTTGAGATGTTTTGGAATTGAGTGG 1
F09 AAAGAGGTTGTGAAAGAAGAATGGGTGAAATGTGAGGTTG 1
G09 AAGTAAGGATAAGATATGGAGTTGGTGGGATAAGTAAGTG 1
H07 GAGATGGAT GAT ATG A A A A A AT G ATTGGG AAAG A A AGGT G 1
H09 GGAGGA A AATT A AGAGTT AATA AGTGATT AAGAGGTAATG 1

Since aptamers A08, B08, D07 and E08 were present multiple times in the 

sequenced library, these aptamers were synthesized for further analysis. No sequence 

homology was found between these 17 different sequences. This was not surprising as 

typically hundreds o f individual clones are required to identify consensus aptamer 

sequences47. The cost o f sequencing can be quite high ($20 per sequence) and therefore 

it is not always practical to sequence so many clones. However, even when dozens of
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colonies can be sent for sequencing, it is not uncommon to find a lack in sequence 

homology, or to find a relatively low sequence incidence o f each clone. Regardless, 

many o f these selections have yielded high affinity binders for their target54.

Despite the lack o f sequence homology observed in the 17 sequences obtained for 

SELEX, it is interesting that the first 4 putative aptamer sequences contain a relatively 

high incidence o f deoxyguanine (G) residues. Aptamer 1.12.2 contains 47.2% G. 

Completely random sequences should contain 25% G: however, A08 consists o f 35% G, 

B08 42.5% G, D07 32.5%G and E08 52.5% G. While high contents o f G are common in 

DNA aptamers81’14S, the continued selection o f G-rich sequences suggests that the target 

OTA may have an affinity towards G-rich motifs.

The secondary structure predictions for sequences A08, B08, D07 and E08 were 

performed using the Mfold software204, using corrected folding parameters o f 157 mM 

Na+ concentration and temperature o f 25°C205. The structures found to have the lowest 

minimum free energy can be found in Figure 3-3206. Each predicted structure indicates 2 

or 3 stem-loop motifs, very common to aptamers. The high incidence o f guanine 

residues is usually characteristic o f G-quadruplexes; however, G-quadruplex structures 

cannot be predicted using the Mfold software and are therefore not shown in these 

predicted structures.
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Figure 3-3: Secondary structure prediction for the full length putative OTA aptamer clones. Image 
generated by Mfold.
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3.3.2 Screening of the binding affinity

Equilibrium dialysis

Since Ka and structure determination are typically labour-intensive processes, 

aptamer clones are first screened to determine their relative target-binding properties. 

From this, the “winning” sequences are then studied in greater detail. The one-point 

equilibrium dialysis assay, despite the previous trouble experienced, was a good starting 

point for this screening. As before, 20 pM aptamer (in this case o f sequence A08) was 

loaded into the loading chamber o f the equilibrium dialysis tube and allowed to 

equilibrate. As expected, very little aptamer was able to pass through the semi-permeable 

membrane; in this case, 0.36% (7.1xlO'8M) was detected in the receiving chamber. This 

indicated that the amount o f DNA lost to the receiving chamber would be negligible and 

could be excluded from the calculations.

The initial screening was performed in the buffer used in SELEX (SB), however, 

after a few minutes o f incubation, the Triton X-100 had produced significant bubbles in 

the individual chambers. As bubbles can prevent equilibrium from being reached, the 

assay was repeated without Triton X-100. However, as OTA is only slightly soluble in 

water, a third trial in the presence o f 2.5% DMSO was performed as well. The results o f 

this screening can be found in Table 3-3.

Despite the large variation for each measurement, sequence A08 and D07 showed 

the highest binding affinity. Using various buffer conditions and salt concentrations, 

several dialysis experiments were performed on these two sequences and aptamer 1.12.2, 

for comparison purposes.
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Table 3-3: Results o f the one-point equilibrium dialysis method for screening OTA putative aptamer 
sequences A08, B08, DO7 and E08. The KA in the various buffer conditions is reported. The average 
Ad o f all 3 trials with the calculated standard deviation is detailed. As the trials using the SB with 
Triton resulted in significant bubbles, the average is also reported excluding this initial value.

Calculated JtjfuM}
A08 B08 D07 £08

SB (with Triton 
X-100)

12.7 0.69 0.39 22.2

SB (no Triton X- 
100)

0.769 10.6 0.45 29

SB (with 2.5% 
DMSO)

1.8 54 1.6 43

Average Kd 
(all points)

5 ± 6 22 ± 2 8 0.8 ± 0 .7 31 ±11

Average Kd 
(excluding Triton 
buffer)

1.2 ± 0 .7 32 ± 3 0 1.0 ±0 .8 36 ± 10

Table 3-4: Results o f the one-point equilibrium dialysis method for putative OTA aptamer sequences 
A08, and D07 compared to aptamer 1.12.2. The Kd in various buffer conditions is reported. The 
average Ad of all the trials with the calculated standard deviation is detailed.

Calculated Kd (ftM)
1.12.2 A08 D07

SB (with Triton X) 
Trial 1 10.8 12.7 1360

SB (no Triton X) 4.86 38.1 0.452
SB (2.5% DMSO) 240 0.769 0.391
SB (with Triton X) 
Trial 2 190 3.07 *

2008 buffer50 210 66.2 1.29
Combination buffer 
Trial 1 160 0.124 3.45

Combination buffer 
(2.5% DMSO) 160 50.3 86.5

Combination buffer 
Trial 2 40.7 0.510 760

Combination buffer 
(10 mM Ca2+) 15.6 0.47 2430

Combination buffer 
(20 mM Ca2+) 14.8 1.75 810

Average Kd (all 
points) 105 ± 95 17 ±25 606 ± 844

*Calculated a negative Kd value
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The results of the screening were extremely inconsistent and showed a large 

spread in calculated Ka values. The inconsistency o f this method is evident in the large 

change in calculated Ka values observed in the second trials o f repeated dialysis 

conditions. For example, as shown in Table 3-4, the second dialysis trial using SB with 

Triton X-100 resulted in a 20x increase in Ka value for aptamer 1.12.2, but resulted in a 

4x decrease in Ka value for aptamer A08. In the second trial, the Ka calculation for 

aptamer D07 was found to be negative. While the negative value was likely caused by 

bubble formation, it emphasizes the difficulty and inconsistency of this method. 

Additionally, the effect o f buffer and calcium concentration could not be determined 

from this screen and the calculated standard deviations were in some cases larger than the 

average Ka values. This method should therefore not be employed for aptamer binding 

experiments. However, despite the inconsistent results, the overall trend indicated that 

newly selected aptamer A08 performed well in comparison to the 1.12.2 aptamer reported 

in 200850 and was therefore chosen for further experimentation.

Affinity chromatography

Using the remaining OTA-column material from the previous OTA affinity

chromatography experiments, an affinity chromatography binding assay was performed

to elucidate the Ka o f the winning aptamer A08. Again, binding saturation was not

reached and more importantly the estimated Ka was in the mM range. To ensure that the

washing process was not excessive, as was potentially the problem in section 2.3.1, only

3 washes instead o f 5 were performed to remove non-binding aptamers. Despite this

change, the lack o f binding indicates that it is more likely that the conjugation reaction o f
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OTA to the DADPA resin was unsuccessful. The binding isotherm of the affinity 

experiment can be found in Appendix B.

3.3.3 AuNP dissociation constant (Ad) experiment

The synthesized nanoparticles were a red-wine colour. UV-Visible spectrometry 

was used to confirm plasmon absorbance at Xmax = 525nm. Given that the £520 = 2.7 x 108 

IVf 'crrf this  extinction coefficient was sufficient for calculating the concentration of

JCi'J
AuNP at this Xmax • The concentration was measured to be 10.5 nM, comparable to the 

11 nM used in the method by Zheng et al., and was therefore sufficient for this study. 

Should the AuNP size be critical for future assays, methods such as dynamic light 

scattering (DLS), atomic force microscopy (AFM) or scanning electron microscopy 

(SEM) can be used to determine the size and uniformity o f the colloid. However, for 

these initial studies, characterization with UV-Visible spectrometry was satisfactory 207.

The qualitative results o f the binding assay with aptamer A08 can be found in 

Figure 3-4. For both aptamer A08 and 1.12.2, an increasing concentration o f OTA 

resulted in aggregation o f the AuNPs and thus a change in colour from red to purple and 

then to blue. The controls showed that high concentrations ( l x l  0‘4) o f OTA alone did not 

induce AuNP aggregation; therefore, AuNP aggregation can only be attributed to the 

aptamer preferentially binding to the target rather than the AuNP. While this assay 

provided a quick means o f qualitatively assessing aptamer affinity, UV-Visible 

spectrometry was used to quantify the observed aggregation. Results o f the normalized 

spectra are show in Figure 3-5. With increased concentrations o f OTA, the X ^  o f the 

AuNPs shifted from 525 nm (red) to 705 nm (blue). The absorbance at 705 nm was
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Figure 3-4: OTA binding assay o f aptamer A08 using AuNPs. Increasing concentrations o f OTA 
resulted in aggregation o f the AuNP, and therefore a change in colour from red to blue.
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Figure 3-5: UV-Visible absorbance spectra of the OTA binding assay o f aptamer A08 using AuNPs. 
Increasing concentrations o f OTA resulted in a decrease in the absorbance at 525nm, and an increase 
in the absorbance at 705nm. Absorbance at 300 -  350 nm results from high concentrations o f OTA.



was plotted against the OTA concentration to fit binding isotherms and estimate the Kd 

values (binding isotherms can be found in Appendix B). Only one trial for each aptamer 

was performed due to the high concentrations o f OTA required for the study. Therefore, 

Kd error was calculated by determining the error on the slope o f the line comparing 

experimental and theoretical absorbance values. Aptamer A08 was found to have an 

apparent Kd o f 1.4 ± 0.4 pM, while aptamer 1.12.2 was estimated to have an apparent Kd 

of 6  ± 3 pM.

This method for determining Kd values was o f particular value as it provided 

evidence that aptamer A08 could be directly incorporated into a AuNP-based OTA 

sensor. Additionally, the apparent Kd values obtained in this way measure the aptamer 

binding to OTA in solution. Measuring binding affinities in solution with small 

molecules often poses a significant problem. As a result, most aptamers that bind to 

small molecules are verified for binding properties using affinity chromatography on the 

modified column matrix used in selection208. However, it is often the case that the 

aptamers display significant affinity to the column matrix, resulting in a Kd value that 

does not reflect direct binding to the target7.

Interestingly, the Kd value obtained here for aptamer 1.12.2 is consistent with the 

values obtained using the full-curve equilibrium dialysis (5.3 ± 0.7 pM) and fluorescence 

polarization (6.1 ± 0.2 pM) in section 2.3.1. This validates both this method for Âd 

determination and provides further evidence that the reported binding affinity o f aptamer

1.12.2 could not be reproduced in our hands50. Further, the approximate 4 fold improved 

binding observed with A08 over aptamer 1.12.2 using the AuNP assay is consistent with 

the approximate 6  fold improvement of binding observed using the equilibrium dialysis
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screen. By manual inspection o f the data from the biosensor experiment performed with 

aptamer 1.12.2 by Yang et al., an apparent K& o f 0.3 to 0.6 pM for aptamer 1.12.2 was 

observed162. While these values are more closely related to those originally reported in 

200850, the higher affinity is likely attributed to the use o f 1 mM Mg2+ As described 

earlier, the use o f these divalent cations drastically improved binding affinity. With this 

concentration, again, aptamer 1.12.2 did not perform as well as reported in the AuNP 

assay.

3.4 Conclusion

A new selection, using slightly more stringent conditions, was performed for 

OTA with the hope o f discovering improved binding motifs for this target. Several 

unique sequences were elucidated from this selection. While no consensus sequences 

emerged, it is clear that OTA shows an affinity towards G-rich motifs. From the 

screening experiments, A08 emerged as the winning sequence. Further characterization 

revealed that this sequence binds to OTA in solution with an apparent Ka o f 1.4 ± 0.4 

pM, showing a 4 to 6  times improvement in binding over the original OTA aptamer 

1.12.2. Future work will investigate the selectivity o f this aptamer for similar targets 

such as ochratoxin B and other components frequently found in food-testing systems. 

Additionally, as a means o f reducing the cost o f  aptamer synthesis, we will test the 

binding affinity o f the aptamer with the original primer sequences removed. Further 

minimization may be performed by partially fragmenting the full length sequence and 

then testing the fragments that form well-defined secondary structures as predicted by 

Mfold.
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Chapter 4. Developm ent of a high affinity aptam er for fum onisin B,

McKeague, M.; Bradley, C. R.; De Girolamo, A.; Visconti, A.; Miller, J. D.; DeRosa, M. 

C. Screening and initial binding assessment o f fumonisin B1 aptamers. Int. J. Mol. Sci. 

2010, 77,4864-4881.

97



4.0 Statement of contributions

Selection o f the putative aptamer sequences was performed by M. McKeague, 

with the assistance o f Charlotte R. Bradley.

4.1 Introduction

4.1.1 Fumonisin Bj

The class o f mycotoxins known as fumonisins is produced mainly by the fungi 

Fusarium verticilliodes and Fusarium proliferatum209. In 1970, F. verticillioides was 

isolated from infected com that was thought to cause an outbreak of 

leukoencephalomalacia in horses in South Africa. As a result, the fungus was studied 

extensively and led to the isolation o f fumonisins in 1988210. These molecules consist o f 

a hydroxylated hydrocarbon chain to which tricarballylic acid, methyl and other groups 

are bonded. There are currently 15 different reported fumonisins grouped into four main 

categories (A, B, C, and P). In particular members o f group B contain a free amino 

group, group A contain amides and group C lack the C-l terminal methyl group210’211. 

Among the many different fumonisins identified, fumonisin Bi (FBi), also known as 

macrofusine, is o f particular concern as it is the most abundant and toxic (Figure 4-1)212.

0  COOH 
O ^ k ^ C O O H  QH QH

° y ^ y ^ cooh
O COOH 

Figure 4-1: Structure of fumonisin B(.

98



Fusarium is found as a natural contaminant in com (maize) and com-based foods 

worldwide. However, they have also been found in several other foodstuffs including 

rice213,214. Insect damage and some other environmental conditions, such as high 

temperatures and drought, result in favorable conditions for fungal infection and therefore 

the accumulation o f fumonisins209,215. FBi comprises approximately 70% to 80% o f the 

total fumonisins found in maize grain samples and has been detected in com in all parts 

o f the world. The concentrations found are highly variable, but levels as high as 300 

mg/kg have been observed in feed in Hungary and United States. The mean daily intake 

o f FBi is estimated at 12 to 140 pg per person, depending on geographical factors210.

At high concentrations, FBi causes a variety o f acute toxicological effects in 

domestic and laboratory animals, depending on the species. For example, it causes 

leukoencephalomalacia in horses, pulmonary edema in pigs and nephrotoxicity in rats, 

rabbits and lambs. It also has been associated with a reduction in body weight in 

chickens and causes hepatotoxicity in all species tested216. It has been shown to be a 

powerful cancer promoter and a mild complete carcinogen in rodents217. Esophageal 

cancer has also been associated with FBi in countries where consumption is high, such as 

China and South Africa211. As a result, FBi has been declared by the IARC to be a group 

2B carcinogen213.

Though FB| toxicity results in wide variety o f clinical symptoms dependent on 

species and exposure, its toxicity stems from its clear structural similarity to the long- 

chain backbones o f sphingolipids bases, co-substrates o f the enzyme ceramide synthase. 

Due to the structural similarity with sphingoids bases, FB| inhibits ceramide synthase, 

disrupting sphingolipid biosynthesis. This results in an accumulation o f bioactive
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intermediates of sphingolipid metabolism such as sphinganine and sphingoid bases as 

well as depletion o f complex sphingolipids218. Sphingolipids have important roles in 

membrane structures, inter-cell communication, cell growth, differentiation, cellular 

death and immune response219. Therefore, FBi causes inhibition of cell-growth as well as 

interference with apoptosis. Additionally, interference with the function o f membrane 

proteins, including the folate-binding protein, resulting in inhibition o f the uptake of 

folate, can occur211.

The Joint FAO/WHO Expert Committee on Food Additives and Contaminants 

established a provisional maximum tolerable daily intake of 2  pg/kg o f body weight per 

day for total FBi, FB2 and FB3184’212. Due to the concern o f potential human exposure to 

fumonisins, the European Commission established regulatory limits for the total level o f 

FB] and FB2 in com and com-based foods. Depending on intended use and type o f 

finished food product, the limits range from 200 to 4000 mg/kg. In the United States, 

recommended maximum levels for total fumonisins (FBi, FB2 and FB3) exist for human 

food and animal feed. These levels ranging from 2 to 4 ppm for fumonisins in human 

food and from 5 to 10 ppm for fumonisins in animal feed220. Regulatory levels have not 

been established in Canada.

4.1.2 Current detection methods

Given its toxicity and prevalence, several analytical methods have been reported 

for the detection o f FBi. For regulatory purposes, the fully validated AOAC Official 

Method for FBi, FB2 and FB3 in com uses a strong anion-exchange column cleanup, pre

column derivatization with ort/w-phthaldialdehyde followed by HPLC analysis with
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fluorometric detection ’ . However, several other detection methods exist including

gas-chromatography mass spectrometry (GC/MS) analysis and capillary zone

• 211 • •  • • •electrophoresis . These methods are sensitive and selective but require expensive

211equipment . Immunoaffinity-based methods, such as fluorescence polarization assays, 

have also been developed120. These techniques are often tedious and require time- 

consuming cleanup and pre-concentration steps following extraction. A new liquid 

chromatography, LC/MS/MS, approach has been developed for the fast sample screening 

of up to 87 mycotoxins simultaneously222. However, more rapid approaches for FBi 

detection are increasingly being requested by the food and feed industry. 

Immunochromatographic lateral flow tests allow rapid on-site detection o f mycotoxins 

within a few minutes. The strip tests are easy to perform, require only a sample 

extraction step before use and provide results within a few minutes. These tests are 

gaining acceptance and are being integrated into routine quality-monitoring procedures. 

While these lateral flow assays are easy to perform and do not require extensive 

equipment, they can only be used for qualitative screening o f FBi. Typically, these 

assays result in higher estimates o f FBi concentrations than those determined using 

GC/MS and HPLC methods. The over-estimation is thought to occur due to the cross 

reactivity o f the antibodies used in these assays213.

4.1.3 FluMag SELEX

FluMag SELEX49 utilizes fluorescent labels for DNA quantification and magnetic 

beads for target immobilization. These modifications have proven useful for aptamer
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selection of small molecules, particularly those that are difficult to isolate and are thus 

valuable and expensive.

During the SELEX procedure, separation o f the binding DNA from the sequences 

lacking affinity is required. Typically, this is achieved by immobilizing the target of 

interest to a column matrix, usually agarose or sepharose. The sequences displaying 

affinity for the target will bind to the immobilized target, allowing easy partitioning of 

unwanted sequences through multiple washes. FluMag SELEX makes use of magnetic 

beads as the solid matrix49. These beads can be surface-functionalized with almost any 

chemical group to allow for easy covalent attachment o f a target. The uniformity of the 

beads provides optimal and reproducible binding o f target molecules and prevents fusion 

between beads90. Additionally, only a relatively small amount o f target (1 mg) is 

required for efficient conjugation to the beads compared to conventional column 

materials (10 mg or more). Use of the magnetic beads also provides a means for facile 

separation o f the bound sequences from the non-binding sequences. In the presence o f a 

magnetic field, the bound target is attracted to the side o f the tube and can be isolated. 

This allows easy removal o f unwanted material left in the supernatant. Therefore, the 

DNA library can be introduced into a solution o f the magnetic beads with bound target. 

Sequences displaying affinity for the target will bind. When brought near the 

supermagnet, the target-immobilized beads along with any bound DNA sequences will be 

brought towards the magnet, allowing easy separation o f unbound sequences in solution 

(see Figure 4-2). This method is much more rapid than typical agarose column 

separation by gravity and milder than performing separation using a high centrifugal 

force.
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Figure 4-2: The partitioning o f the DNA library using target-immobilized magnetic beads.

Following library partitioning, radioactive labels are usually used to quantify the 

binding and non-specific fractions o f oligonucleotides. Radioactivity assays are 

sensitive, enabling detection o f the low concentrations o f DNA isolated in a round of 

SELEX. However, this technique is expensive and environmentally incompatible and 

requires that the entirety o f the SELEX process be managed within an isotope laboratory. 

To avoid these complications, the FluMag SELEX process makes use o f fluorescent 

labels49. Fluorescein can be purchased as 5'-fluorescein phosphoramidite and be directly 

incorporated into the synthesis of the forward primer. In this way, the 5' end o f the
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putative aptamer sequences become labeled with fluorescein during PCR amplification. 

The reverse primer is modified with a hexaethylene glycol spacer followed by an 

additional 20 deoxyadenine residues to allow separation o f the PCR double stranded 

product. As a result, DNA concentrations can then be easily quantified using 

fluorescence detection. In Chapter 3, isolation o f the aptamer sequence was performed 

using a biotin-labeled reverse primer in PCR amplification. Following PCR, separation 

of the dsDNA PCR was achieved by removing the complement strand with streptavidin- 

coated beads. However, research shows that this method is ineffective and that the 

undesired complement strand often contaminates the eluted library o f putative aptamer 

sequences223. The FluMag method alleviates the possibility o f isolating complementary 

aptamer sequences by separation o f the dsDNA PCR product using PAGE and further 

allows the fluorescent visualization o f the single-stranded product of interest (see Figure 

4-3).

4.1.4 Chapter objectives

This chapter describes the selection o f an aptamer for the mycotoxin FBi. An 

aptamer for FBi could be the needed molecular recognition agent for the development o f 

inexpensive, robust and innovative biosensor platforms that could offer solutions to the 

limitations of the existing detection technology. In turn, this testing process may be 

simple enough to be performed by crop handlers and agricultural inspectors in the field, 

ultimately reducing its exposure and millions o f dollars in waste. The binding 

characterization o f the selected aptamers is also presented.
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Figure 4-3: PCR performed using FluMag SELEX modified primers. The forward primer is 
modified with 5' fluorescein (yellow). The reverse primer is modified with a spacer followed by dA20. 
Insert: The end products o f PCR product separated via PAGE, l  eft: DNA absorbance o f each 
product. Right: Fluorescence emission o f the fluorescein-modified putative aptamers.

4.2 Experim ental

4.2.1 M aterials

Phosphoramidites, modifiers, activator, deblock, capping, and oxidizing reagents 

were obtained from Glen Research. Standard support columns and acetonitrile were 

purchased from BioAutomation. Ultra High Purity 5.0 argon was purchased from 

Praxair. ProMag 3 Series Carboxylic Acid Surfactant Free magnetic beads were



purchased from Bangs Laboratories Inc (Fishers, IN, USA). Fumonisin Bi was a gift 

from Prof. Miller (Carleton University). All PCR and electrophoresis components were 

purchased from BioShop Canada. l-ethyl-3-[3-dimethylaminopropyl]carbodiimide 

hydrochloride (EDC), chemicals for buffering agents and all other purposes were 

purchased from Sigma-Aldrich. A StrataClone PCR Cloning Kit was received from 

Agilent Technologies. A TempliPhi Amplification kit was purchased from GE 

Healthcare. Amicon-Ultra 0.5 mL 3kDa centrifuge units were purchased from Fisher 

Scientific Canada.

4.2.2 DNA library and primer synthesis

The starting DNA library was prepared by using standard phosphoramidite 

chemistry on a BioAutomation Mermade 6  (Plano, Texas, USA) as described in section

2.2.2 using 200 nmol controlled pore glass (CPG) columns with the larger, 1000A pore 

size. The sequence is 96 nucleotides in length, containing a central region of 60 random 

nucleotides flanked by two primer binding sites necessary for PCR and cloning: 5'-

ATACC AGCTTATT C A ATT-N60-AGAT AGT A AGT GC A ATCT-31. The following 

primers used for amplification and cloning o f the selected oligonucleotides were 

synthesized: Primer 1: 5'- ATACCAGCTTATTCAATT-3' and Primer2: 5'- 

AGATTGCACTTACTATCT-3'. Modified primers were also synthesized to allow for 

fluorescent labeling o f the binding DNA and separation of strands on a denaturing 

polyacrylamide gel: ModPrimerl: 5’-6FAM-ATACCAGCTTATTCAATT-3' and 

ModPrimer2 5'-poly-dA2o-HEG-AGATTGCACTTACTATCT -3'. HEG represents the 

hexaethylene glycol Spacer Phosphoramide 18 (Glen Research). Library DNA and
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modified primers were purified using denaturing polyacrylamide gel electrophoresis 

(12%) followed by clean-up with Amicon YM-3 Centrifugal Filter Devices as described 

in section 2.2.2. Unmodified primers were purified using reverse phase-HPLC (RP- 

HPLC) using an Agilent 1200 Series HPLC unit (Agilent Technologies, USA). A Zorbax 

300-Ext C 18, 5 pM, 9.4 x 250 mm column was used for DNA collection. Samples were 

run using a gradient elution starting at 95% 50 mM ammonium acetate and 5% 

acetonitrile. Over a 30 minute period, the gradient was changed to 60% 50 mM 

ammonium acetate and 40% acetonitrile. Purified sample was identified by UV-Visible 

spectrometry monitoring at 260 nm and 330nm. The purified sample was collected, 

lyophilized, resuspended in deionized water and quantified using UV-Visible 

spectrometry.

4.2.3 Derivatization of magnetic beads

ProMag 3 Series Carboxylic acid Surfactant Free Bangs magnetic beads were

covalently modified through amino groups o f various target compounds according to the

instructions from the beads’ manufacturer. Aliquots o f 500 pL (approximately 5 x l0 8

beads) were washed 5 times with Coupling Buffer (0.1 M K 2 H P O 4 ,  0.15 M NaCl, pH 5.5)

and magnetically separated from the supernatant using a Dynal MPC-S, 6 x 1 .5  mL tube

supermagnet (Invitrogen). To test the coupling efficiency, 500 pL o f a 5x1 O'5 M solution

of FBi was reacted at room temperature with the beads both in the presence and absence

of excess l-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) hydrochloride (~5 mM

) for 60 minutes, followed by 5 washes with 10 mM Tris-HCl, pH 7.4 to remove excess

FBi and EDC. Coupling efficiency was measured by determining the concentration of
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unbound FBi remaining in the supernatant following the coupling reaction. The 

concentration o f FBi was determined using HPLC with fluorescence detection (FLD) as 

described by Visconti et al224. 20 pL o f a sample o f FBi was derivatized with 50 pL of 

OPA solution (20 mg o-phthaldialdehyde (OPA), 2.5 mL 0.1 M NaB4C>7, 0.5 mL 

methanol and 20 pL 2-mercaptoethanol) and mixed for 30 seconds at room temperature 

three minutes prior to injection into the HPLC. Separation o f OPA from OPA derivatized 

FBi was achieved with a C-18 Reverse Phase HPLC column (5 pM, 250 x 4.6 mm) using 

a 77:23 v/v methanol: 0.1 M NaH2P0 4  (pH 3.35) solvent system. Quantification was 

done using fluorescence detection, excitation at 336 nm and emission at 440nm. Bound 

FBi was calculated as the difference between the initial and unbound concentrations. 

Separate aliquots o f beads were derivatized with one o f L-homocysteine, L-cysteine, L- 

methionine or L-glutamic acid for counter-selection steps. Coupling efficiency for these 

targets was not verified.

4.2.4 Fumonisin Bt SELEX experim ents

Fresh aliquots o f FBi -derivatized beads and unmodified beads or beads modified 

with a counter-selection target were washed 5 times with 0.5 mL of Column Buffer (CB), 

100 mM NaCl, 20 mM Tris, 2 mM MgCl2, 5 mM KC1, 1 mM CaCl2, pH 7.6, before each 

SELEX round. Prior to the first selection, the library (2 nmol) was suspended in 0.5 mL 

of CB and heated for 10 minutes at 90°C then cooled at 4°C for 15 minutes, followed by 

incubation at room temperature for at least 7 minutes. In subsequent rounds, lOOpmol of 

library was used.
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The library was first incubated with either unmodified beads or beads derivatized 

with counter-selection target molecules with mild shaking for 60 minutes. Only DNA 

lacking affinity for the counter-selection targets was collected by removal o f the bead 

supernatant. This library, presumably devoid o f sequences displaying non-specific 

affinity, was subjected to the same heating and cooling process described above, followed 

by incubation with a varying amount of FBi-derivatized beads for a specific amount of 

time, depending on the stringency o f binding selection desired (see Table 4-1).

Table 4-1: Summary of fumonisin B, selection round conditions.

Selection
Round

Derivatization of 
beads used for 

counter-selection

Number of FBi - 
derivatized beads 

used

Incubation time 
with FBr 

derivatized 
beads (min)

1 Unmodified 5x10* 60
2 Unmodified 5x10s 60
3 Unmodified 5x10s 60
4 Unmodified 5x10s 60
5 L-homocysteine 1x 1 0 s 60
6 L-homocysteine 1x 1 0 s 60
7 L-homocysteine 1x 1 0 s 45
8 L-homocysteine 1x 1 0 * 45
9 L-homocysteine 1x 1 0 s 45
1 0 L-homocysteine 5x10' 45

11
L-cysteine and L- 

methionine 5x l0 7 45

1 2
L-cysteine and L- 

methionine 5x l0 7 30

13 L-cysteine and L- 
methionine 5xl0 7 30

14 L-cysteine and L- 
methionine 5x l0 7 30

15 L-cysteine and L- 
methionine lxlO 7 30

16 L-glutamic acid 1x 1 0 ' 30
17 L-glutamic acid 1x 1 0 ' 30
18 L-glutamic acid 1x 1 0 ' 2 0
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Following incubation, sequences with little to no affinity for FBi were removed 

by washing 3 to 8  times with 0.1 mL of Column Buffer. DNA bound to the FBi was then 

removed with 7 M urea at 90°C. Five elution fractions o f 0.1 mL each, were collected, 

purified using Amicon Ultra 3kDa 0.5 mL centrifugal filters and quantified using UV- 

visible spectroscopy and/or fluorescence. In the final two selection rounds, binding DNA 

was removed with five 30 minute elutions using 0.2 mM FB].

The entire selected oligonucleotide library was amplified in 15-30 parallel PCR 

reactions for the first round; in subsequent rounds, only 90% o f the selected library was 

amplified with the remaining 10% set aside for analysis and in case o f PCR failure. Each 

reaction consisted o f 0.1 M Tris HC1 pH 9, 50 mM KC1, 1% Triton X-100, 1.9 mM 

MgCh, 0.3 mM dNTP mix, 1 pM each modified primer and 5 units o f Taq DNA 

polymerase. The DNA was initially melted for 10 minutes at 94.0°C, followed by 25 

cycles o f 94.0°C (1 minute), 47.0°C (1 minute) and 72.0°C (1 minute). Final extension 

occurred at 72.0°C for 10 minutes after the last cycle. In rounds 10-18, asymmetric PCR 

(1:50 ratio o f primers, 35 cycles) was performed to facilitate the isolation o f the aptamer 

strand from the complement. PCR products were dried down, heated at 55°C for 5 

minutes in the presence o f formamide and run on 12% denaturing PAGE to separate the 

double stranded product. Details o f the PAGE set-up can be found in section 2.2.2. The 

5' fluorescein-labeled DNA strands (the selected sequences) were identified using an 

Alpha Imager UV-illuminator. The corresponding DNA bands were cut from the gel and 

extracted using the freeze/rapid thaw method described by Chen & Ruffner (described in 

section 2.2.2) in 10 mM Tris HC1 buffer, pH 7.4. The DNA was then purified using the
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Amicon centrifugal filters, quantified and re-suspended in CB and could be used in the 

next selection round.

Enrichment of the DNA library was assessed throughout the rounds o f selection 

by monitoring the percent o f DNA library binding to the FB|-derivatized beads by 

measuring absorbance at 260 nm using a Cary 300 BioUV-visible spectrophotometer and 

measuring fluorescence (excitation 490nm, emission 520nm) with a Fluorolog 

Fluorescence Spectrophotometer (Horiba Jobin Yvon, USA) with a SpectrAcq controller. 

After round 16, no additional enrichment was observed; therefore a total o f eighteen 

selection rounds were performed.

4.2.5 Cloning and sequencing

The enriched DNA library obtained from SELEX round 18 was PCR amplified 

using the unmodified primers (Primerl and Primer2) and cloned using the StrataClone 

PCR Cloning Kit according to the manufacturer’s protocol. Briefly, the ligation reaction 

mixture was prepared by combining 3 pL o f StrataClone Cloning Buffer, 2 pL o f the 

PCR product and 1 pL o f the StrataClone Vector Mix in a microcentrifuge tube and 

mixed by repeated pipetting. The ligation reaction was incubated at room temperature for 

5 minutes and then placed on ice. 1 pL of this ligation reaction was added to the 

StrataClone Solopack competent cells that were thawed on ice. The competent cells were 

incubated on ice for 20 minutes, followed by a 45 second heat-shock at 42°C and a 2 

minute incubation on ice. 250 pL o f LB broth at 37°C was added to the transformation 

reaction mixture, which was then allowed to recover for 1 hour at 37°C with gentle 

agitation. LB-ampicillin plates for blue-white screening were prepared by spreading 40



pL of 2% X-gal on each LB-ampicillin agar plates (1.0% NaCl, 1.0 % tryptone, 0.5 % 

yeast extract, 2.0% agar, and 100 pg/mL ampicillin). 20 to 100 pL of the competent cells 

were spread onto the plates. The colonies were left to grow overnight at 37°C. Positive 

colonies (white) were picked. DNA was prepared for sequencing by rolling-circle 

amplification with the TempliPhi Amplification kit using the protocol provided. A small 

portion o f each colony plaque was transferred, using a pipette tip, into a 0.2 mL PCR tube 

containing 5 pL of Templiphi sample buffer. The samples were denatured by heating at 

95°C for 3 minutes and cooled to room temperature. The TempliPhi premix was 

prepared by combining 5 pL of reaction buffer and 0.2 pL o f  enzyme mix in a separate 

tube. 5 pL o f this mix was added to each o f the cooled, denatured samples.

Amplification was allowed to proceed for 18 hours at 30°C followed by inactivating the 

enzyme at 65°C for 10 minutes. The samples were cooled to 4°C and sent for full service 

sequencing at the University o f Calgary University Core DNA Services.

4.2.6 Binding assays

6  unique sequences obtained from the cloning experiment were tested for binding 

to FBi. These sequences, as well as unenriched library, were synthesized labeled with 6 - 

FAM on a 200 nmol scale using standard phosphoramidite chemistry. Sequence 

synthesis was verified through molecular weight verification using electrospray 

ionization mass spectrometry, ESI-MS (Novatia LLC).

Each sequence was heated to 90°C for 10 minutes, cooled to 4°C and incubated at 

room temperature for 7 minutes. Aliquots of 2x l0 8 FBi-derivatized beads were washed 

with CB and incubated for 30 minutes at room temperature with 15pmol o f each DNA
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sequence separately. Non-binding DNA was removed with 3 washing steps using 

column buffer. Bound DNA was eluted first with two 0.1 mL fractions o f CB at 90°C for 

10 minutes each. To ensure complete removal o f bound DNA, elution using two 

fractions o f 0.1 mL 7 M urea at 90°C for 10 minutes was also performed. The percent o f 

DNA eluted with column buffer and urea were determined using fluorescence (excitation 

at 490nm, emission at 518nm) and calculated using calibration curves. The same 

experiment was performed on unmodified beads to ensure the observed binding of 

sequences was specific to the target.

4.2.7 Dissociation constant (lSTd) determination using affinity chromatography

The dissociation constant for each aptamer sequence was determined by 

performing binding assays as above. Varying concentrations o f aptamer (1 nM to 1 pM) 

were incubated as above with 2x108 FBi-derivatized beads in column buffer. Non

binding DNA was removed with five washes. Bound DNA was eluted with two 0.1 mL 

fractions o f column buffer at 90°C for 10 minutes each. The fluorescence o f the eluted 

aptamers was recorded and plotted against aptamer concentration. The dissociation 

constants were evaluated as described earlier, by minimizing the residual values between 

calculated and observed experimental fluorescence data using the solver feature o f 

Microsoft Excel. This experiment was performed three times to obtain the reported 

dissociation constants.
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4.2.8 Confirmation of aptamer binding in solution

Ultrafiltration

To evaluate the feasibility o f using ultrafiltration as a means o f determining 

aptamer binding affinity, 200 pL o f a 2 pM mixture o f FBi was loaded into lOkDa 

molecular weight cut-off Amicon-Ultra centrifuge filter units. Half o f this volume was 

allowed to pass through the membrane by centrifugation at 14,000 g  for 2 minutes. The 

concentration o f FBt in both the retentate and filtrate was determined using HPLC with 

FLD as described in section 4.2.3 following derivatization with OPA.

The stirred-cell apparatus (Model 8010, Amicon) using ultrafiltration membranes 

(lkD a and 5kDa molecular weight cutoff) was tested as an alternative for determining the 

aptamer K&. 1 mL of 2 pM mixture o f FBi was loaded into the chamber. The solution 

was allowed to pass through the membrane using UHP argon at 50psi o f pressure. Again, 

the concentration o f OTA in both the retentate and filtratt was determined using HPLC 

with FLD as described in section 4.2.3.

DMS-piperidine protection assay

6 -FAM labeled aptamer FB]39 was diluted to a concentration o f 20 pM in CB and

heated to 90°C for 10 minutes, cooled to 4°C and incubated at room temperature for 7

minutes. 50 pL o f this DNA was incubated for 30 minutes with 50 pL o f 1 mM FBf in

CB, 50 pL o f 1 mM glutamic acid in buffer or 50 pL o f CB alone. A fresh solution of

10% v/v o f dimethyl sulfate (DMS) was prepared and 1 pL was added to each DNA

mixture to give a final concentration o f 0.1% (v/v) DMS. This was allowed to incubate at

room temperature for 10 minutes. Methylation was stopped by adding 5 pL stop solution
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(1.5 M sodium acetate pH 7.0, 1 M 2-mercaptoethanol and 100 pg tRNA/ml). The 

reactants were ethanol precipitated with 50 pL 3 M NaCl and 1 mL anhydrous ethanol. 

The DNA was allowed to precipitate on dry ice for 30 minutes followed by centrifugation 

at -4°C for 20 minutes at 14,000 g. The supernatant was removed and the pellet was 

washed with 80% chilled ethanol, followed by centrifugation for an additional 1 0  

minutes. The majority o f the supernatant was removed using a pipette, the remaining few 

microliters were removed in vacuo. 100 pL o f 10% (w/v) piperidine was added to each 

DNA sample, vortexed briefly and incubated at 90°C for 30 minutes. Following 

piperidine cleavage, the sample was dried, redissolved in 20 pL water and 20 pL 

formamide followed by heating at 55°C for 5 minutes. The entire reaction was separated 

on a 7 M urea, 19% polylacrylamide gel at 20 mA. After 2 hours, fluorescein 

fluorescence imaging was performed using the Alphalmager.

4.3 Results and  Discussion

4.3.1 Fumonisin Bi immobilization

To effectively separate binding ssDNA from non-binding DNA, immobilization

o f the target to a solid matrix was necessary. As magnetic separation technology is fast,

simple and effective, the use o f surface modified magnetic beads is a superior alternative

to conventional immobilization to sepharose or agarose. In particular, substantially less

target is required for efficient immobilization compared to the amounts required for

column immobilization90. This is particularly important in the case o f expensive or rare

targets such as FBi. Carboxylic acid modified beads were chosen due to the simple

coupling chemistry possible with the sole primary amine of FBi. Fumonisin B2, B3 and
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B4 all have this amine which could allow for a similar aptamer selection protocol for 

these other members o f the fumonisin family in the future. In addition, some evidence 

has shown that the primary amine is a critical part o f the anti-FBi antibody binding 

epitope. Conjugation via the amine would force the aptamer to exclude the amine in its 

binding epitope which could allow for the development o f antibody/aptamer sandwich 

assays22S. Coupling via the carboxylic acid groups to an amine modified bead was also 

possible. However, this coupling strategy would require an additional reaction step to 

block remaining amines; otherwise DNA would non-specifically bind to these amines via 

electrostatic forces. Successful conjugation of the target, FBi, was confirmed using 

HPLC. Ophthaldialdehyde (OPA) derivatized FBi was fluorescently detected at a 

retention time o f approximately 6  minutes. Any remaining derivatizing agent (OPA) was 

detected at 4 minutes. Quantification o f unbound FBi using a standard curve, measured 

as the total peak area, showed 1-5 nmol o f target successfully conjugated to aliquots of

O
5x10 beads. Comparison o f the immobilized FBi in the presence and absence o f the 

required coupling agent (EDC) showed that a small amount o f FBi (less than 0.1 nmol) 

can non-specifically interact with the carboxylic acid surface activated beads (see Figure 

4-4).

4.3.2 Selection of FB( aptamers

Careful consideration was made when choosing the selection buffer for this 

experiment. Since the DNA backbone is polyanionic, the negative-negative charge 

repulsion may inhibit formation o f complex structures in the absence o f counterions such 

as Na+. This may ultimately impede binding with the target. Divalent cations in
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Figure 4-4: HPLC chromatographs comparing the unbound FB] remaining in the supernatant 
following reaction with: A) no EDC present in the reaction B) EDC present as the coupling agent. 
Excess OPA retention time 4 minutes; OPA derivatized FBI retention time 6 minutes.

particular, such as Mg2+, block the negative charge repulsion and allow the backbone to 

form tighter folding. Interestingly, aptamers with higher affinity show less magnesium 

dependence than weaker binding aptamers131. Therefore, performing SELEX 

underphysiological conditions (1-2.5 mM Mg2+) may increase the stringency o f selection 

conditions, leading to the production o f high-affinity binding aptamers. While the only 

other mycotoxin aptamer, the OTA aptamer, was selected under buffer conditions lacking 

calcium, an increase in binding affinity was observed upon the addition o f calcium ions50. 

It is suggested that the OTA forms a coordination complex with divalent ions such as 

calcium with the aid of the carboxyl and hydroxyl groups. Calcium ion was included in 

the buffer for this experiment to allow for a similar coordination complex that may form 

between neighboring carboxyl groups in FBj. As mentioned, many published aptamers 

fold into G-quadruplex structures such as the thrombin-binding aptamer226 and the HIV-1
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integrase aptamer227. Potassium was included in the selection buffer since monovalent 

cations, especially K+, are required to help stabilize G-rich sequences into these 

guanosine tetrads.

While aptamers have been selected using a variety of random region lengths 

within the initial library, a 60 nucleotide length was chosen for these experiments. A 

minimum of 25 nucleotides should be employed to achieve a diversity o f 1015 different 

sequences. Generally, as the length o f the random region increases, the structural 

complexity o f the library increases. This increase in complexity allows for the presence 

o f complex structures which are often high-affinity binders104. For this reason, lengths 

over 200 nucleotides have been used. However, an increased library length is associated 

with a lower synthesis yield and higher cost o f production. An initial library with 60 

random nucleotides was chosen to strike a balance between these two competing factors.

When performing SELEX on a solid matrix for target immobilization, it is

extremely important to ensure that any sequences displaying binding properties towards

the matrix and/or the linker arm are eliminated. Once aptamers are generated, they are

typically used to measure free target in solution, therefore any aptamer affinity derived

from any partial binding to the matrix will reduce the functionality o f the aptamer for

sensing applications. For example, the published rhodamine aptamer displays a weaker

binding to the target rhodamine when in solution compared to when it is immobilized on

the matrix used in the selection83. To mitigate this, it is necessary to remove all

sequences that display even weak binding or partial recognition to the matrix. Typical

SELEX experiments do this by performing a pre-selection step prior to the first selection

round to remove any initial sequences displaying this unwanted binding47. However, as
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mutation and evolution o f the library occurs with each selection and amplification step, 

this negative selection step was performed prior to each round to ensure as best as 

possible that the library was only binding to the target. To further enhance the selectivity 

of the aptamers, negative selection was performed using various targets beginning at 

round 4. These negative selection steps, often called counter-selections, remove any 

sequences from the library that bind to structurally similar molecules, or molecules that 

may be found in a sample containing the target o f interest. Counter-selections using L- 

homocysteine (rounds 5-10), L-cysteine, L-methionine (rounds 11-15) and L-glutamic 

acid (rounds 16-18) immobilized to the magnetic beads were used since these amino 

acids could be easily coupled to the beads via the amino group. Library sequences that 

would bind to any exposed carboxylic acid functional group would be removed by these 

negative selections. A negative selection using FB2 was not employed in the selections 

for several reasons. The difference between these two structures is very subtle: FB2 lacks 

the 11-hydroxy group. While aptamers have been selected that can recognize as small a 

difference as this, the counter-selection against FB2 would likely reduce the DNA library 

and eliminate many high affinity binders. The loss o f high affinity binders in order to 

gain selectivity may not be worthwhile in this case as FB2 is often found in samples 

containing FB|. Both the USA recommended levels and the European Commission 

maximum tolerable intakes include the total of FBi and FB2 intake; therefore, total 

fumonisin is often detected228. Note that the absence o f counter-selections against FB2 

does not guarantee that the selected aptamers will be able to bind both targets.

To assess the enrichment o f the library for target binding, as well as to determine 

when increased stringency could be applied to the selection, the percent binding of the
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DNA library was monitored after each round using fluorescence and absorbance 

measurements (see Figure 4-5). Typical selection matrices include pmol amounts of 

target. However, due to the cost and availability o f the target FBi, as well as the 

possibility o f using small concentrations o f target with the magnetic beads, the selection 

matrix contained a maximum of 5 nmol o f target. In the later rounds, the amount of 

target available for binding could be as low as 20pmol (1:5 ratio of FBI :DNA). This 

accounts for the seemingly low percent recovery o f binding sequences with each round. 

In the initial few rounds, the maximum amount o f target immobilized beads (5xl08 

beads) was
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Figure 4-5: Percent recovery o f binding ssDNA to the FB, immobilized magnetic beads after each 
selection round. With any observable significant increase or plateau in percent recovery, 
increasingly stringent selection conditions were implemented the following round (see experimental 
and Table 4-1).
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used for selections. This was to ensure complete capture o f binding sequences.

However, every 4-5 rounds, the number o f magnetic beads used for positive selection, 

and therefore the amount o f target available for binding, was reduced 2 to 5 fold (see 

Table 4-1). This decrease in the concentration o f the target increased the stringency of 

the selection round, allowing for competition between sequences within the selection, 

similar to the SELEX strategy employed in Chapter 3. Competition for the fewer binding 

sites should ultimately yield tighter-binding aptamers. Tok et a l .203 described a novel 

method to generate DNA aptamers by using a single target-immobilized microbead.

They found that the weak binding aptamers were displaced by the higher affinity 

aptamers. After only 2 selection cycles, aptamers displaying dissociation constants in the 

low nanomolar range were obtained.

Two other conditions were manipulated to increase the stringency o f selections 

(see Table 4-1). First, non-binding aptamers were washed away with column buffer 

(prior to elution) only 3 times in the initial rounds. As the number o f rounds increased, 

this was increased to 8 washing steps to wash away not only the non-binding sequences 

but also any weaker-binding sequences. Second, the binding incubation time was slowly 

decreased as the selections progressed. In the initial rounds, a one hour period was used 

to allow for slow folding or refolding in the presence o f the target. However, in the last 

rounds, 20 minute incubations were used since higher affinity binding species can be 

readily selected within a short equilibration time47.

Several methods are possible for the elution o f target-binding sequences. Direct

cleavage o f the target-bound aptamer from the bead was not possible in this case. While
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elution by affinity with free ligand is typically used47, the amount required for successful 

elution for each round (often up to 50 mM ) o f 98% purity would be prohibitively 

expensive. Typically, the target used for elution should be as pure as possible: this would 

cost closer to $12,000 if obtained through a standard chemical supply house. For this 

reason, the elution methods available included changing the ionic strength or use o f 

denaturants. It was determined that simply changing the ionic strength by addition o f 

metal chelators, such as EDTA, or using deionized water only allowed removal o f weak 

binders. This is not surprising as some aptamers have been shown to maintain their 

binding in the absence of Na+ and K+ cations50. To fully remove the high affinity 

binders, several elutions with 7 M urea at 90°C over several minutes were required. 

However, to ensure the final aptamers would bind to FBi free in solution, elution with 

pure FBi was performed in the last 2 selection rounds. As high affinity binders in these 

late rounds of SELEX should have very long residence times, a few long elution times 

were performed to completely remove all bound species. Following elution in these last 

2 rounds, extensive clean-up to remove the FBi from the binding sequences was required 

as the FBi inhibited PCR and quenched fluorescence measurements.

Six unique sequences were obtained after cloning from round 18 (see Table 4-2). 

Surprisingly, sequences having the highest incidence (FBi 31 and FBt 39) have the 

lowest G content. As discussed previously, high G content is typical o f several DNA 

aptamers.
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Table 4-2: Full length sequences obtained after 18 selection rounds for the target fumonisin Bi.

Sequence
5’- ATACCAGCTTATTCAATT-NW- 

AGATAGTAAGTGC AATCT- 3*

G
, Content
... M > .±

Sequence
Incidence

(%  of Total)

FB, 14 CTAT ACGG AGT GG AT ATCG AT CT GT A ACGT 
GAGTG AGAT AATGTG ATGCAT AGTCGTGG 32 12.5

FB, 16 CATCCAGT AACAAACACATAAGTAACGGC 
GAT ATGTCAAAGCGGTATCGGCTACAGATG 2 2 12.5

FB, 23 GCGGATGCGT AAATGACGATAAACATAGA 
TGGGGTATATCGCGATGCGACAGGGTGT 35 12.5

FB, 31 CGGGGACGTGT AT ACCAGCTT ATTCAATTC 
AC AGTT ATGT CCT AT ACCAGCTT ATTC A ATT 17 25

FB, 32 AATGTACGATGTGTGGGCAACATGAGTATG 
TCGTGTG AT AT CT AGAT G AGGT AGCGGT GG 37 12.5

FB, 39 AATCGCATT ACCTT AT ACCAGCTT ATTCA A 
TT ACGT CT GC AC AT ACCAGCTT ATTCA ATT 8 25

Secondary structures of the sequences were predicted using Mfold204 (see Figure 

4-6) with a folding temperature o f 25°C and Na+ and Mg2+ concentrations as in the CB205. 

The resulting predicted secondary structures are all o f very low complexity. All 

sequences consist o f simple hairpin-loop motifs. This is very typical of selected 

aptamers104. At this early stage, however, it is unclear if  the large, initially unstructured 

regions o f these sequences are involved in target binding, nor is it known whether these 

stretches fold in the presence o f the target molecule as a result o f new molecular 

interactions. These questions will be addressed in our future work.
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Figure 4-6: Secondary structure prediction for the full length FBi aptamer clones. Image generated 
by Mfold.
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4.3.3 Binding assays

Each aptamer clone was screened for its relative ability to bind to FB]-derivatized 

beads using a chromatography binding assay. This allowed for comparative 

determination o f the relative binding ability o f each aptamer generated in the selection 

experiment. The selection conditions used in the SELEX experiment were used for these 

binding assays, using aliquots o f FBi-derivatized beads as the target. To remove any 

non-binding or weakly-bound DNA, many washes were performed. Bound DNA was 

eluted first with column buffer at 90°C. Elution using high temperatures is sufficient to 

denature most target-DNA interactions; however, the addition o f the denaturant urea, in 

our experience, is able to displace even the most tight, non-covalent, interaction. The 

comparison of binding DNA eluted only with 90°C buffer compared to 90°C urea can be 

found in Figure 4-7. The specific binding o f the aptamers to the target was compared to 

binding of the unenriched initial library (Control Library). Binding assays were also 

performed on unmodified (control) magnetic beads. This was done to ensure that the 

individual clones were binding specifically to FBi rather than interacting with the surface 

o f the magnetic beads.

125



TJ
0>h-
0
>oo
o

<z
o
0) 
cn

"D
0*-»
3

LU

50

45
h  Urea elution

40 ■ Buffer elution

35

30

25

20

.cP - V  'V
&

4?'

Sequence and bead type

y  *
<?
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The control library, which did not undergo enrichment, has a small degree o f non

specific affinity for the beads as evidenced by the low percentage of DNA bound. This 

amount is comparable to the non-specific binding seen between each o f the sequences 

and the unmodified beads (Control Beads). For most sequences, 50% or more o f the 

DNA non-specifically bound to the unmodified beads can be removed using the 90°C 

buffer, indicative that these interactions are relatively weak. The opposite is true in the 

case of the aptamer sequences and their affinity for FBi beads. Across all sequences, a 2 

to 5 fold increase in affinity is seen in the presence o f the target. Additionally all o f the 

FBi tests required high concentrations o f 90°C urea in order to remove the majority o f the 

bound sequences. The observed percent binding o f the aptamer sequences is sizeable for 

this type o f assay. A similar binding assay performed using streptavidin conjugated 

magnetic beads by Stoltenburg et al. showed a maximum percent binding o f 21% for 

their aptamer clones. Despite the lower binding percents observed, their aptamers were 

found to bind to the target with dissociation constants in the low nanomolar range49.

Interestingly, FBi 39 which yielded the highest binding to the target contains the 

lowest guanosine content (only 8%). As mentioned earlier, this is atypical o f most 

aptamers. This sequence is slightly T-rich (35%) compared to C (27%) or A (30%).

While less common, there is some precedent for T-rich aptamer sequences. For example, 

the DNA aptamer for tubulin is a T-rich aptamer displaying binding in the micromolar 

range. The random library used in their selection was also able to generate G-rich 

aptamers for other targets such as chitin, indicating that the T-rich aptamer property is 

specific for the target type and not simply a chance event due to the nature of the original 

library229.
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As the screen revealed that all sequences showed a reasonably high affinity for 

the FBi immobilized beads, all sequences were further analyzed to determine their K& 

values. The average IQ values from 3 trials, with the corresponding standard deviation 

values, can be found in Table 4-3. The binding isotherms can be found in Appendix B.

As expected, sequence FBi 39 displayed the highest affinity for the target with a K& value 

of 100 nM. For a small molecular target, this is considered a relatively low K& value 

(high affinity). A few DNA aptamers have recently been isolated for small molecules 

and small ions, displaying Kd values in the low nanomolar range such as the aptamer for 

BPA109 and the aptamer for arsenic98. However, the majority o f aptamers that bind to 

small molecules display affinities in the low to mid micromolar range. Our stringent 

selection procedure may have resulted in the isolation o f this high affinity aptamer. 

Additionally, all other selected sequences displayed good to moderate binding to the 

target, with all values lower than 1 pM.

Table 4-3: Average Kd values obtained from 3 separate affinity chromatography experiments for FB, 
sequences obtained from SELEX. Reported error was found using standard deviation.

Sequence K A
(nM)

FB! 14 920 ± 40
FB, 16 2 0 0 ± 100
FB, 23 1000 ± 2 0
FB, 31 470 ± 60
FB, 32 4 0 0 ± 100
FB, 39 100 ± 30
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4.3.4 Measuring aptamer affinity in solution

As previously discussed, aptamers selected using a solid support matrix may 

display affinity towards this matrix and/or the linker arm. Despite the efforts to eliminate 

any o f this non-specific interaction, it is clear in Figure 4-7, that each sequence displays 

some affinity (less than 10%) to the matrix. As a result, binding affinity o f the best 

aptamer, FBi 39, was tested in solution.

Equiibrium filtration

The lOkDa cut-off Amicon Ultra Centrifuge devices were tested for their ability 

to allow FBi to pass through the membrane. Similar to the problem encountered with 

OTA, the majority o f the FBi does not pass through the filter. While a small percentage 

(up to 10%) o f target sticking to the filter is acceptable, and can typically be corrected for 

in K i determinations, these filters trapped more than 90% of the loaded target. As an 

improvement had been observed in filter binding with OTA using the Amicon Stirred-cell 

units, these were tested with FBi as well. Using the lkDa MWCO filters, 60% of the FBi 

was able to pass through the filter. Typically these filter pore sizes are ±50%. Therefore, 

given that FBi has a molecular weight o f 721.83g/mol, it is not surprising that larger 

quantities of FBi were retained by the filter compared to the tests with OTA 

(MW=403.81g/mol). However, using the 5kDa filters, 90% o f the FBi was recovered 

following filtration. This method could have been exploited to determine the K4  value of 

our aptamer in solution in a similar manner to the OTA experiment performed in section 

2.3.1. However, detection of FB] could only be performed using the OPA HPLC FLD 

method. Using our fluorescence detector, the lowest detection limit was 1 pM, which
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was insufficient for producing a binding isotherm. While access to a fluorescence 

detector with much better sensitivity may be useful for measuring the value, alternate 

methods for determining binding in solution should be investigated. This is o f particular 

importance since the results for the OTA aptamer 1.12.2 (in section 2.3.1) did not agree 

with all other reported data.

DMS/piperidine protection assay

The binding affinity o f many RNA aptamers can be determined using assays such 

as in-line probing. This is owing to the presence o f the 2' hydroxyl o f RNA that can act 

as a nucleophile and non-enzymatically cleave the phosphodiester backbone on the 

adjacent phosphorus centre. The 2' oxygen, phosphorus and adjacent 5' oxygen must be 

in line to perform this cleavage230. As a result, this process is dependent on the flexibility 

at each RNA position and therefore the overall tertiary structure of the sequence. Since 

aptamer conformation often changes with target binding, a change in the backbone 

cleavage can be detected at increasing concentrations o f the target. While the lack o f the 

2' hydroxyl results in benefits in terms o f stability for applications of DNA aptamers, it 

also causes more difficulties in measuring DNA aptamer target equilibria.

However, protection assays such as the DMS piperidine assay has been useful for 

elucidating the structure o f aptamers231 and DNAzymes232 and could be used to measure 

binding affinity. Based on Maxam-Gilbert sequencing, DMS methylates purine residues, 

specifically the N7 position of G and N3 position o f A. This results in purine ring 

opening. Next, a break in the glycosidic bond between the ribose sugar and the 

nucleobase occurs, displacing the base and leaving the phosphodiester backbone
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susceptible to cleavage by piperidine. In general, DMS preferentially methylates G 

residues over A. When a labeled DNA strand, cleaved by DMS/piperidine, is separated 

on a denaturing gel, am intense band is visualized at every single G residue and a weak 

band can be seen at each A residue. This phenomenon provided the basis for one o f the 

first DNA sequencing techniques in the 1970s233. However, the same principle can be 

used for measuring the binding affinity o f an aptamer. If the target interacts with a G or 

A residue on an aptamer strand, such that methylation is either more or less favoured, a 

change in the banding pattern can be seen compared to the aptamer alone.

The results o f the DMS/piperidine protection assay can be seen in Figure 4-8. 

Unfortunately, no consistent change in banding pattern can be observed between the 

aptamer incubated with target and the aptamer with controls (no target or glutamic acid). 

While unhelpful, this does not imply that the aptamer lacks affinity for the target FBi. In 

fact the results are not surprising. Most researchers look at the guanine residues (as they 

are the more intense bands), however, FBi 39 has a very low incidence o f G residues 

(only 8%). Therefore it is possible that the aptamer does not interact with these few 

bases.

4.4 Conclusions

Eighteen rounds of increasingly stringent selection conditions were performed in order to 

obtain DNA sequences displaying high binding affinity to FBi. Of the six individual 

sequences obtained from the SELEX experiment, several candidates displayed superior 

binding to the target compared to controls. Aptamer clone FB] 39, displaying low 

complexity and an unexpectedly low percent o f G, displayed the highest affinity for
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Figure 4-8: 20 % denaturing PAGE separation o f products from the DMS/piperidine protection 
assay. All lanes contained 1 nmol o f 6-FAM labeled FB, 39 aptamer. Lane 1 was mixed with buffer, 
lanes 2 ,4 -6  were incubated with 1 mM FB] and lane 3 was mixed with 1 mM glutamic acid.

the target. Continued efforts will be made to confirm affinity o f this aptamer in solution. 

Due to the difficulty with most methods, the nanoparticle binding assay described in 

Chapter 3 will be used Further analysis will attempt to identify the minimal target- 

binding sequence in order to shorten the aptamer and improve binding while lowering its 

production cost. Dissociation constants for the final minimal aptamer will be determined 

in solution and cross-reactivity tests will be run against other mycotoxins. Should this
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aptamer not exhibit similar binding with other members o f the fumonisin family, some of 

the partially enriched library from an earlier SELEX round will be used to select 

aptamers for those fumonisins. Stability o f the aptamer under typical fumonisin 

extraction conditions and the feasibility o f incorporating the aptamer into solid-phase 

extraction columns and biosensor systems will also be examined.
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Chapter 5. Development of homocysteine aptamers
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5.0 Statement of contributions

The selection experiments and aptamer characterization was performed by M. 

McKeague. The L-homocysteine aptasensor experiments were performed by Amanda 

Giamberardino.

5.1 Introduction

5.1.1 Homocysteine

Homocysteine (Hey), 2-amino-4-sulfanylbutanoic acid (see Figure 5-1), is a non- 

proteogenic amino acid that was first isolated by Butz and du Vigneaud in 1932234. This 

amino acid serves as an intermediate in methionine metabolism and is thus produced at 

the crossroads o f two major biochemical pathways, where it is irreversibly transformed 

via the transsulfuration pathway into cysteine or is remethylated back to methionine235 

(see Figure 5-2).

O

SH
Figure 5-1: Structure of L-homocysteine
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The primary source of homocysteine is from the S-adenosylmethionine (SAM)- 

dependent transmethylation pathway. Here, methionine (Met) is converted to SAM by 

the ATP-dependent action o f methionine adenosyltransferase. SAM is demethylated to 

S-adenosylhomocysteine (SAH) by methyltransferase (MTs), which is then hydrolyzed 

by SAH hydrolase to Hey and adenosine236.

Transmethylation
Folate independent 
remethylation

Folate dependent 
remethylation

THF
SAM

MTs j MS

SAH

DMG

BHMT

Betaine

Methionine

Homocysteine

Cystathionine

Cysteine

Transulfuration

Figure 5-2: Homocysteine biochemical pathways: The transmethylation pathway and transulfuration 
pathway o f  homocysteine is flanked by the folate dependent pathway on the right and the folate 
independent pathway on the left. S-adenosylmethionine (SAM); methyltransferase (M Ts); S- 
adenosylhomocysteine (SAH); cystathionine f$ synthase (CBS); y-cystathionase (CGL); betaine 
homocysteine methyl transferase (BHMT); dimethylglycine (DMG); 5-methyltetrahydrofolate (5- 
CH3-THF); methionine synthase (MS); tetrahydrofolate (THF).

At this point in the pathway, homocysteine can be processed in two different 

ways. It can be remethylated when methionine levels are low or it can undergo
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transulfuration. There are two known remethylation pathways for methionine salvage: 

the folate dependent pathway and the folate independent pathway. In the folate 

dependent pathway, the vitamin B n237 dependent enzyme, methionine synthase (MS), 

catalyzes remethylation using 5-methyltetrahydrofolate (5-methylTHF) as a substrate238. 

The folate independent pathway makes use o f the oxidation product o f choline, betaine, 

as the methyl donor. With this substrate, betaine-homocysteine S-methyltransferase 

(BHMT) catalyzes the production o f methionine. BHMT and MS are considered to 

contribute equally in the process o f homocysteine remethylation in the liver239.

Transulfuration is the primary means o f homocysteine catabolism. The enzyme 

cystathionine p synthase (CBS) along with pyridoxal phosphate (the active form of 

vitamin Be) condenses homocysteine and serine to produce cystathionine. Cystathionine 

is then cleaved into cysteine and a-oxobutyrate by the vitamin B6 dependent y- 

cystathionase (CGL). In addition to protein synthesis, cysteine is used for glutathione 

synthesis and other biologically important molecules239.

Reduced expression of any protein along the remethylation or transulfuration

pathway will result in a disruption in homocysteine metabolism, leading to

hyperhomocysteinemia. The proposed upper reference limit for plasma homocysteine

levels in adults leading a healthy lifestyle or taking adequate vitamins is 12 pM and 15-20

pM for those without proper vitamin supplements or a healthy lifestyle240. Cases of

elevated homocysteine levels are considered mild when the plasma levels are between

15-30 pM. Typically, slight increases in levels are due to moderate renal disease, drug

use (such as antiepileptic drugs, methotrexate, theophylline, niacin, immunosuppressive

drugs), hypothyroidism, certain cancers, psoriasis, mild folate or vitamin B 12 deficiency,
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increasing age, high protein intake, low intake o f vegetables or fruits and sickle-cell 

anemia. Homocysteine plasma levels are considered moderate between 30-100 pM and 

are typically a result o f end-stage renal disease, moderate vitamin B 12 deficiency and 

severe folate deficiency. Finally, homocysteine plasma levels more than 100 pM are 

considered severe and are a result o f severe vitamin B )2 deficiency and almost always 

cystathionine beta-synthase deficiency241.

It was only in 1964 that Gibson et al. reported that patients with homocystinuria 

had vascular anomalies and arterial thrombosis. Then in 1969, McCully proposed the 

“homocysteine hypothesis” o f vascular disease, making the connection between elevated 

homocysteine levels and the risk o f atherosclerosis242. Several possible mechanisms for 

the association between homocysteine and atherosclerosis have been demonstrated in 

experimental models including stimulation o f smooth muscle growth, reduction in 

endothelial cell growth, weakened endothelial cell relaxation and reduced synthesis of 

high-density lipoprotein241.

In addition to cardiovascular disease, increased homocysteine levels have been 

shown to be associated with renal failure, Alzheimer’s disease, dementia, psychiatric 

disorders, pregnancy complications and birth defects (such as congenital heart disease, 

cleft lip and palate), late pregnancy complications, osteoporosis and cancer235. In 

particular, homocystinuria is a rare autosomal recessive condition where homocysteine 

plasma concentrations are considered severe (> 100 pM). Homocystinuria results in a 

high risk o f vascular disease early-on if left untreated. Individuals that are homozygous 

for homocystinuria also experience ocular, skeletal, and neurologic complications242.
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In patients with homocystinuria, it was discovered that treatment with folic acid 

lowered homocysteine. As a result, researchers hypothesized that treatment with folic 

acid, vitamin B6 and vitamin B 12 would decrease the risk of cardiovascular disease241. 

However, it is unclear whether such supplementation actually prevents cardiovascular 

events. As a result, there is no consensus about whose homocysteine levels should be 

measured and if homocysteine-lowering therapies should be used. Therefore, the United 

States Preventive Services Task Force currently does not recommend measuring the 

plasma homocysteine levels in the evaluation o f either low risk or intermediate-risk 

populations. Regardless, Humphrey et al. performed a systematic review and meta

analysis and found that for every 5 pM increase in serum homocysteine levels, the risk o f 

coronary heart disease (CHD) events increased by approximately 20 %, independent o f 

traditional CHD risk factors243. While experts suggest that homocysteine reduction 

therapies do not lower the risk o f cardiovascular disease, most o f the clinical trials have 

not specifically involved patients with elevated homocysteine levels and have instead 

included all patients regardless o f homocysteine level. Future studies must clarify 

whether patients with elevated homocysteine would benefit from such treatment and at 

which level o f homocysteine would it be useful to start treatment241.

5.1.2 Current detection technology for homocysteine

As previously noted, a multitude o f factors have been implicated in disturbing 

homocysteine metabolism including nutrient deficiency, use o f pharmacological agents, 

genetic defects and certain disease states. While hyperhomocysteinemia is a hallmark o f 

the aforementioned conditions, the impact on other related metabolites is condition
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specific. As such, analytical techniques for homocysteine detection and related 

metabolites in biological samples are important to gain specific knowledge about the 

metabolic disturbance244.

In 2003, Nekrassova et al. reviewed 24 detection methods for homocysteine. The 

comparison included 15 high performance liquid chromatography (HPLC) separation- 

based methods. The remaining 9 methods included gas chromatography/ mass 

spectrometry (GC/MS), capillary electrophoresis (CE), electrochemical detection and 

capillary zone electrophoresis (CZE). The majority o f the HPLC separation techniques 

were coupled with fluorescence detection based on various derivatization methods and 

had a limit o f detection (LOD) ranging from 2.5 nM to 120 nM. The remaining 

separation techniques involved UV detection or electrochemical detection and had LOD 

in the low micromolar range. The LOD for the GC/MS methods ranged from 0 .1 7 -5  

pM. The three capillary electrophoresis methods used were coupled to various detection 

methods, namely UV, electrochemical and laser induced fluorescence detection. These 

three methods had a LOD range o f 0.5 -  3.0 pM245. These methods are sensitive and 

allow analysis o f a wide range o f analytes; therefore, simultaneous detection o f cysteine 

and glutathione is possible alongside homocysteine. However, the difficulty in resolution 

of compound peaks often compromises the specificity o f these methods244. Additionally, 

these tedious analytical procedures require expensive reagents and instrumentation246. In 

general, immunoassays such as chemiluminescence immunoassays, fluorescence 

polarization immunoassays, ELISA and enzyme assays were found to be rapid and 

simple but are costly247.
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Despite the many analytical methods, none have emerged that are rapid, sensitive, 

selective and inexpensive. Alternative approaches are therefore required and aptamers 

may be valuable for mitigating these detection issues. Several aptamer-based biosensors 

for detection o f analytes in serum have been successful developed and tested51,248. 

Additionally, an RNA aptamer for SAH249 with an affinity o f approximately 0.1 pM has 

already been selected. However, competition studies o f this aptamer revealed that the 

adenine is the main contributor to binding affinity, with only a minor aptamer-target 

interaction at the thioether of homocysteine. As a result, new DNA aptamers selective 

for homocysteine should be developed for detection purposes.

5.1.3 C hapter objectives

This chapter describes the selection o f novel high affinity aptamers that are 

selective for the target, L-homocysteine. The binding characterization and selectivity are 

described. One o f the selected aptamers, Hcy8, is used in the development o f a sensitive 

and selective gold-nanoparticle biosensor that may be used for the rapid detection of L- 

homocysteine in serum samples.

5.2 Experim ental

5.2.1 M aterials

Phosphoramidites, modifiers, activator, deblock, capping, and oxidizing reagents 

were obtained from Glen Research. Standard support columns and acetonitrile were 

purchased from BioAutomation. Ultra High Purity 5.0 argon was purchased from 

Praxair. All PCR and electrophoresis components were purchased from BioShop
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Canada. L-homocysteine thiolactone hydrochloride (L-HcyT), DL-homocysteine, L- 

homocysteine (L-Hcy), L-cysteine, L-methionine, NHS Sepharose, 5,5'-dithiobis-(2- 

nitrobenzoic acid (DTNB) and chemicals for buffering agents and all other purposes were 

purchased from Sigma-Aldrich and prepared with Millipore Milli-Q deionized water at 

18 ML2cm. Amino-agarose was purchased from MP Biomedicals (Solon, OH, USA). 1- 

ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and sulfo-A- 

hydroxysulfosuccinimide (sulfo-NHS) were received from Pierce (Rockford, Illinois, 

USA). Spin-X cellulose acetate microcentrifuge filter tubes, Amicon-Ultra 0.5 mL 3kDa 

centrifuge units and sulfo-NHS acetate were purchased from Fisher Scientific Canada. 

ProMag 3 Series Carboxylic Acid Surfactant Free magnetic beads were purchased from 

Bangs Laboratories Inc (Fishers, IN, USA).

5.2.2 Preparation of L-homocysteine

Originally, the thiolactone form o f homocysteine was the only form commercially 

available as the pure L isomer. The acyclic homocysteine was only available as a 

racemic mixture. Therefore, the L-homocysteine thiolactone ring was opened with a base 

hydrolysis procedure adapted from Duerre and Miller250. 35 mg of L-HcyT was reacted 

with 250 pL of 5M NaOH for 15 minutes at room temperature. The reaction was then 

heated to 100°C for 25 minutes and 1.25 mL o f 1 M N a^PtT* was added to the reaction 

followed by storage at 4°C for 3-4 days to allow precipitation o f excess NaCl. Following 

centrifugation at 10,000 g  for 10 minutes, the supernatant was removed and filtered 

through 0.22 pm Spin-X filter tubes. Solvent was removed in vacuo and the product was 

stored under argon at 4°C until further use.
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To verify reaction completion, absorption o f L-HcyT at >.=238 nm was compared 

prior to and following base hydrolysis using UV-Visible spectrometryspectrophotometry. 

NMR spectra

on a Bruker 300 MHz Spectrometer were run in D2O for both L-HcyT and L-Hcy to 

assess the reaction success and purity. L-Hcy: ‘H NMR (300 MHz D2O): 5 3.80 (m, 1H, 

C//NH2), 2.55 (m, 2H, C /^SH ), 2.10 (m, 2H, C f^ O ^ S -)  and L-HcyT: 'H  NMR (300 

MHz D20): 5 4.25 (dd, 1H, CWNH2), 3.45 (m, 2H, CHS), 2.78 (m, 1H, C //2CH2S-), 2.20 

(m, 1H, C ^ C H 2S-).

5.2.3 Preparation of homocysteine modified agarose

Coupling via the primary amine

Both L-Hcy and L-HcyT were coupled to a pre-activated carboxyl-agarose NHS- 

Sepharose. 10 mg o f L-Hcy was dissolved in 0.5 mL coupling buffer containing 0.1 M 2- 

(iV-morpholino)ethanesulfonic acid (MES) and 0.5 M NaCl. Drained NHS-Sepharose (1 

mL) was mixed and allowed to react for 2 hours with mild shaking. The supernatant was 

removed following a 5 minute centrifugation at 10,000 g. The sepharose was washed 5 

times by incubation with 1 mL o f 50 mM Tris, pH 10.4 for 30 minutes to quench 

unreacted amines. The newly modified sepharose was stored at 4°C until further use. 

Sepharose modified with L-cysteine and L-methionine were prepared in the same way.

Coupling via the carboxylic acid

As L-Hcy could be immobilized to agarose via either the primary amine or 

carboxylic acid, coupling using both chemistries were performed and compared.
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Coupling o f the carboxylic acid to amino-agarose was performed as described by 

Graberek et al. with moderate changes. 10 mg (82 pmoles) o f L-Hcy was dissolved in 

0.5 mL o f coupling buffer, 82 pmoles o f EDC and 210 pmoles o f sulfo-NHS were added 

and allowed to react at room temperature for 15 minutes. This solution was added to 1 

mL of drained amino agarose and allowed to react for 2 hours at room temperature. Five 

washes with 1 mL o f 50 mM Tris, pH 10.4 were performed to quench unreacted amines 

as described above and stored at 4°C overnight.

Assessing coupling efficiency

Coupling efficiency of L-Hcy was determined using the Ellman’s test. A 40 pM 

DTNB solution was prepared in 10 mM phosphate buffer, pH 8.0. 15 mg o f drained L- 

Hcy bound agarose (NHS sepharose or amino agarose) was reacted for 5 minutes with 

0.5 mL of the prepared DTNB solution. The supernatant was removed by filtration 

through Spin-X filter tubes. Coupling efficiency was assessed by measuring the 

concentration of the produced thiolate ion in solution at 412nm251.

5.2.4 DNA library  and prim er synthesis

The starting DNA library was prepared using standard phosphoramidite chemistry 

on a BioAutomation Mermade 6 (Plano, Texas) as described in section 2.2.2 using 200 

nmol controlled pore glass (CPG) columns with the larger, 1000A pore size. The 

sequence is 96 nucleotides in length, containing a central region of 60 random 

nucleotides flanked by two primer binding sites necessary for PCR and cloning: 5’- 

ATACCAGCTTATTCAATT-N60-AGATAGTAAGTGCAATCT-3'. The following
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primers used for amplification and cloning o f the selected oligonucleotides were 

synthesized on a 1 pmol scale: Prim erl: 5'- ATACCAGCTTATTCAATT-3' and Primer2: 

5'-AGATTGCACTTACTATCT-3’. Modified primers were also synthesized to allow for 

fluorescent labeling o f the binding DNA and separation o f strands on a denaturing 

polyacrylamide gel: M odPrimerl: 5'-6FAM-ATACCAGCTTATTCAATT-3' and 

ModPrimer2 5'-poly-dA20-HEG-AGATTGCACTTACTATCT -3'. HEG represents the 

hexaethylene glycol Spacer Phosphoramide 18 (Glen Research). DNA was purified 

using denaturing polyacrylamide gel electrophoresis (12%) followed by clean-up with 

Amicon YM-3 Centrifugal Filter Devices as described in section 2.2.2.

5.2.5 Homocysteine SELEX experim ents

SELEX was performed as described by Mannironi et al. 252 with several changes. 

Fresh aliquots o f L-Hcy-immobilized sepharose, unmodified sepharose or sepharose 

modified with a counter-selection target were pre-equilibrated by washing 10 times with 

0.5 mL of homocysteine binding buffer (HBB), 50 mM Tris-HCl, 5 mM MgCl2 , 0.5 M 

NaCl (pH 7.4), before each SELEX round. Prior to the first selection, the library (5 

nmol) was suspended in 0.5 mL o f HBB and heated for 5 minutes at 65 °C then cooled to 

room temperature. In subsequent rounds, 200pmol o f library was used.

The library was first incubated with 250 pL o f either unmodified column material

(rounds 1- 5) or sepharose derivatized with counter-selection target molecules (round 6 -

8) with mild shaking for 30 minutes. Only DNA lacking affinity for the counter-selection

targets was collected by removal o f supernatant following a 1 minute centrifugation at

5000 g. This library, presumably devoid o f sequences displaying non-specific affinity,
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was subjected to the same heating and cooling process described above, followed by 

incubation with 100 pL o f L-Hcy derivatized column for 30 minutes. Following 

incubation, sequences with little to no affinity for L-Hcy were removed with 10 washing 

steps using 200 pL o f HBB. DNA bound to L-Hcy was then removed using a variety o f 

recovery methods depending on the round, as described in Table 5-1. Recovery o f 

putative aptamers was performed until the fluorescence o f the elution fractions was 

negligible. The elution fractions were collected, purified using Amicon Ultra 3kDa 0.5 

mL centrifugal filters, and quantified using UV-visible spectroscopy and/or fluorescence.

Table 5-1: The various elution methods used to recover putative aptamer sequences from the L-Hcy 
immobilized sepharose, by selection round.

SELEX
round Recovery of putative aptamers (elution)

1 5 x 250 pL washes with 0.1 M L-Hcy
2 10 x 250 pL washes with 0.1 M L-Hcy

3 3 x 250 pL washes with 10 mM L-Hcy; 5 x 250 pL 3.5 M urea in Tris at 
90°C

4 5 x 250 pL 3.5 M urea in Tris at 90°C; 5 x 250 pL 7 M urea at 90°C
5 5 x 250 pL dl H20  at 95°C; 5 x 250 pL 7 M urea at 90°C
6 5 x 250 pL 0.15 M NaOH; 5 x 250 pL 7 M urea at 90°C

7 & 8 5 x 250 pL 7 M urea at 90°C

The entire selected oligonucleotide library was amplified in 15-30 parallel PCR 

reactions for the first round, in subsequent rounds only 90% of the selected library was 

amplified with the remaining 10% set aside for analysis and in case of PCR failure. Each 

reaction consisted o f 0.1 M Tris HC1 pH 9, 50 mM KC1, 1% Triton X-100, 1.9 mM 

MgC^, 0.3 mM dNTP mix, 1 pM each modified primer and 5 units o f Taq DNA 

polymerase. The DNA was initially melted for 10 minutes at 94.0°C, followed by 25
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cycles o f 94.0°C (1 minute), 47.0°C (1 minute) and 72.0°C (1 minute). The final 

extension occurred at 72.0°C for 10 minutes after the last cycle. In rounds 10-18, 

asymmetric PCR (1:50 ratio o f primers, 35 cycles) was performed to facilitate the 

isolation o f the aptamer strand from the complement. PCR products were dried down, 

heated at 55°C for 5 minutes in the presence o f formamide and run on a 12% denaturing 

PAGE to separate the double stranded product. Details o f the PAGE set-up can be found 

in section 2.2.2. The 5' fluorescein-labeled DNA strands (the selected sequences) could 

be identified using an Alpha Imager UV-illuminator. The corresponding DNA bands 

were cut from the gel and extracted using the freeze/rapid thaw method described by 

Chen & Ruffner (described in section 2.2.2) in 10 mM Tris HC1 buffer, pH 7.4. The 

DNA was then purified using the Amicon centrifugal filters, quantified and re-suspended 

in HBB and could be used in the next selection round.

Enrichment o f the DNA library was assessed throughout the rounds o f selection 

by monitoring the percent o f DNA library binding to the L-Hcy column each round by 

measuring DNA absorbance at 260 nm using a Cary 300 BioUV-visible 

spectrophotometer and measuring fluorescence (excitation 490nm, emission 520nm) with 

a Fluorolog Fluorescence Spectrophotometer (Horiba Jobin Yvon, USA) with a 

SpectrAcq controller. A total o f 8 rounds were performed.

5.2.6 Cloning and sequencing

The enriched DNA library obtained from SELEX round 8 was PCR amplified

using the unmodified primers (Primerl and Primer2) and cloned using the StrataClone

PCR Cloning Kit according to the manufacturer’s protocol. Briefly, the ligation reaction
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mixture was prepared by combining 3 pL o f StrataClone Cloning Buffer, 2 pL o f the 

PCR product and 1 pL of the StrataClone Vector Mix in a microcentrifuge tube and 

mixed by repeated pipetting. The ligation reaction was incubated at room temperature for 

5 minutes and then placed on ice. 1 pL o f  this ligation reaction was added to the 

StrataClone Solopack competent cells that were thawed on ice. The competent cells were 

incubated on ice for 20 minutes, followed by a 45 second heat-shock at 42°C and a 2 

minute incubation on ice. 250 pL o f LB broth at 37°C was added to the transformation 

reaction mixture which was then allowed to recover for 1 hour at 37°C with gentle 

agitation. LB-ampicillin plates for blue-white screening were prepared by spreading 40 

pL o f 2% X-gal on each LB-ampicillin agar plates (1.0% NaCl, 1.0 % tryptone, 0.5 %  

yeast extract, 2.0% agar, and 100 pg/mL ampicillin). 20 to 100 pL o f the competent cells 

were spread onto the plates. The colonies were left to grow overnight at 37°C. Positive 

colonies (white) were picked. DNA was prepared for sequencing by rolling-circle 

amplification with the TempliPhi Amplification kit using the protocol provided. A small 

portion o f each colony plaque was transferred, using a pipette tip, into a 0.2 mL PCR tube 

containing 5 pL o f Templiphi sample buffer. The samples were denatured by heating at 

95°C for 3 minutes and cooled to room temperature. The TempliPhi premix was 

prepared by combining 5 pL o f reaction buffer and 0.2 pL o f enzyme mix in a separate 

tube. 5 pL o f this mix was added to each o f the cooled, denatured samples.

Amplification was allowed to proceed for 18 hours at 30°C followed by inactivating the 

enzyme at 65°C for 10 minutes. The samples were cooled to 4°C and sent for full service 

sequencing at the University o f Calgary University Core DNA Services.
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5.2.7 Assessing aptamer binding affinity and selectivity

Aptamer synthesis

Aptamer sequences Hcy8 and Hey 10 were synthesized, unmodified, as described 

in section 2.2.2 (sequences are found in Table 5-2). Both putative aptamers were also 

synthesized with the 5' fluorescein modifier, 6-FAM. All aptamers were purified by 

PAGE as described in 2.2.2. A truncated version o f aptamer Hcy8, Hcy8.1, was also 

synthesized with the primer regions removed. An unmodified control sequence, Control 

ssDNA, 5 '-TGCTCCTACAAATGCCATCATTAGTCCGTGGTAGGGCAGGT 

TGGGGTGACTGCTGCAGCGAGCTTACG-'3 was also synthesized. Fluorescein- 

modified control sequence FBi 32 (from section 4.3.2) was obtained from previous 

experiments.

Equilibrium filtration

200 pL of a 2 pM mixture o f L-Hcy in HBB was loaded into a 3kDa molecular

weight cut-off Amicon-Ultra centrifuge filter units. H alf of this volume was allowed to

pass through the membrane by centrifugation at 14,000 g  for 10. minutes. The

concentration o f L-Hcy in both the retentate and filtrate was determined as described in

section 6.2.3, using the Ellman’s test.

For the K<\ determinations, serial dilutions o f Hcy8 were made ranging from 10

pM to 10 nM in HBB. These dilutions were heated to 65°C for 5 minutes then cooled to

room temperature. 100 pL o f each DNA dilution was mixed with 100 pL o f

homocysteine in HBB (1 pM) and incubated with mild shaking for 30 minutes.

Following the incubation, the samples were transferred to a 3kDa molecular weight cut-
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off Amicon-Ultra centrifuge filter units and centrifuged for 6 minutes at 14,000 g. The 

Detect X® ThiolStar fluorescence detection kit (Arbor Assays) was used to quantitatively 

measure thiol groups (in this case homocysteine) as described by the manufacturer. 10 

pL o f the filtrates and retentates from each dilution were added to 90 pL o f assay buffer 

(two times concentrated phosphate buffer containing detergents and stabilizers) along 

with 25 pL o f thiostar® thiol detection reagent. The samples were incubated for a period 

o f 30 minutes and the fluorescence o f the samples was measured at excitation wavelength 

o f 390 nm and emission wavelength o f 570nm.

Quartz crystal microbalance

A quartz crystal microbalance (QCM) from Stanford Research Systems 

(QCM200, 5 MHz AT-cut quartz crystal oscillator with 0.1 sec gate time) was employed 

in an attempt to measure homocysteine-aptamer interactions. The gold electrodes were 

cleaned by treatment with a solution o f H 2 O 2 / N H 4 O H / H 2 O  (1:1:5) for 10 min at 70°C, 

followed by several washes with deionized water. To assess the sensitivity o f the QCM 

at detecting homocysteine, a 1 mM solution o f L-Hcy in water was prepared and placed 

on the gold surface for 30 minutes, followed by several washes to remove unbound 

species. After drying under argon, the change in frequency was noted, ensuring that any 

capacitance was nulled by manual control o f the bias voltage.

Affinity chromatography: Sepharose

L-Hcy-immobilized sepharose was prepared as described in section 6.2.3 using 

DL homocysteine purchased from Sigma-Aldrich. An affinity chromatography assay
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was set up by preparing 14 Spin-X cellulose acetate microcentrifuge filter tubes 

containing L-Hcy-modified column. 100 pL o f a 1 mg/100 pL mixture o f the L-Hcy- 

immobilized column in HBB buffer was added to each o f the filter tubes. Buffer was 

removed by centrifugation at 14,000 g  for 1 minute. Fourteen concentrations o f 

fluorescein-modified Hey aptamer (Hcy8 or Hey 10) or control sequence FB] 32 from 

section 4.3.2 were prepared in HBB buffer at concentrations ranging from 1 nM to 50 

pM. Each aptamer dilution was heated to 65°C for 5 minutes, followed by cooling to 

room temperature. 100 pL o f each aptamer sample was then added to the filter tubes and 

allowed to incubate with shaking for 30 minutes. Non-binding aptamers were removed 

by centrifugation followed by 2 washing steps using 100 pL o f HBB. The receiving tube 

was changed and the bound aptamers were eluted from the column by washing twice with 

90°C HBB. The DNA elution fractions were pooled and the fluorescence was measured 

(excitation wavelength 490nm; emission wavelength 520nm). The fluorescence was 

plotted versus the concentration of aptamer. As before, the was determined by 

minimizing the residual values between calculated and observed experimental 

fluorescence using the solver feature o f Microsoft Excel.

Affinity chromatography: Magnetic beads

ProMag 3 Series Carboxylic acid Surfactant Free Bangs magnetic beads were

covalently modified through amino groups o f L-homocysteine, L-methionine and L-

cysteine according to the instructions from the beads manufacturer. In this case, >98% L-

homocysteine from Sigma-Aldrich was used for these tests. Aliquots o f 500 pL

(approximately 5xl08 beads) were washed 5 times with Coupling Buffer (0.1 M K 2 H P O 4 ,
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0.15 M NaCl, pH 5.5) and magnetically separated from the supernatant using a Dynal 

MPC-S, 6 x 1.5 mL tube supermagnet (Invitrogen). 500 pL o f a 5x1 O'5 M solution o f 

target and 5 mM EDC was reacted with the beads for 60 minutes, followed by 5 washes 

with 10 mM Tris-HCl, pH 7.4 to remove excess target and EDC. Coupling efficiency o f 

L-homocysteine and L-cysteine was verified using the Ellman’s test as described in 

section 6.2.3 using 500 pL of derivatized beads.

The dissociation constant for each fluorescein modified aptamer sequence or 

control (FBi 32 from section 4.2.3) was determined by performing binding assays as 

described in section 4.2.6. Each sequence was heated to 95°C for 5 minutes and cooled 

to room temperature. Varying concentrations o f aptamer (5 nM to 10 pM) were 

incubated as above with 2xl08 L-Hcy-derivatized beads in HBB for 30 minutes with mild 

shaking. Non-binding DNA was removed with 2 washes o f HBB buffer. Bound DNA 

was eluted with two 0.1 mL fractions o f HBB at 90°C for 10 minutes each. The 

fluorescence o f the eluted aptamers was recorded and plotted against aptamer 

concentration. The dissociation constants were evaluated as described earlier, by 

minimizing the residual values between calculated and observed experimental change in 

fluorescence data using the solver feature of Microsoft Excel. For selectivity tests, the 

aptamer sequences were incubated with the L-cysteine or L-methionine modified beads 

in the same way.

5.2.8 Preparation of a homocysteine biosensor

Nanoparticles were synthesized as in section 3.2.5 and displayed a A11iax=520nm. 

The assay was performed as described by Zheng et al. with modifications202. Seven
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samples o f L-Hcy in water were prepared at various concentrations ranging from 200 nM 

to 36 pM. 243 pL o f the L-Hcy dilutions or a blank solution o f deionized water was 

added into microcentrifuges tubes containing 6 pL o f either unmodified aptamer Hcy8 

(10 pM in HBB), unmodified truncated aptamer Hcy8.1 (10 pM in HBB buffer) or 

control sequence. After a 30 minute incubation period with shaking, 135 pL o f the AuNP 

solution (10.5 nM) was added, vortexed briefly and allowed to react for 5 minutes. 72 pL 

o f 0.25 M NaCl was then added to each microcentrifuge tube and allowed to incubate for 

a further 5 minutes. Each sample was then analyzed using UV-Visible spectrometry. 

After normalization, the relative absorption ratio between 660 nm and 524 nm 

[(A66o/As24)n — (A66o/A524)o] was plotted against the corrected L-Hcy concentration. The 

Kd was evaluated by minimizing the residual values between calculated and observed 

absorption ratio using the solver feature o f Microsoft Excel181, ,82. This experiment was 

replicated an additional 3 times as described. Furthermore, the experiment was repeated 

using unmodified aptamer Hcy8, replacing L-homocystei.ie with L-cysteine. Additional 

one-point controls were performed using 3.6 pM L-methionine, as well as L-Hcy in 

diluted serum (diluted between 2 and 10 times) as described above.

5.3 Results and Discussion

5.3.1 Preparation of L-homocysteine

Given that the pure L isomer o f homocysteine could only be purchased in the

thiolactone form, it had to be hydrolyzed with base to L-Hcy250. As thiolactone absorbs

in the UV region, between 235-238nm, and the open L-Hcy form displays no absorption

properties, UV-Visible spectrometry was used to assess the reaction completion. Small
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amounts o f the reacted L-HcyT were dissolved in deionized water to a concentration of 

0.05g/L. At this concentration, L-HcyT results in an absorbance greater than 1.0 between 

the wavelengths o f 235-238nm. The complete disappearance o f this peak was indicative 

o f reaction completion (see Figure 5-3). *H NMR was used for

0.8

HcyT 0.05g/L

£  0.6
Hey 0.05g/L

5  0.4

0.2

200 220 240 260

Wavlength (nm)

280 300 320 340

Figure 5-3: UV-Visible absorbance spectra of L-homocysteine thiolactone HCI (absorbance at 
238nm) and o f L-homocysteine at 0.05g/L.

comparison purposes with L-HcyT and for verification of the L-Hcy product. As shown

in Figure 5-4, all the chemical shifts in the thiolactone 'H NMR spectrum were shifted

downfield relative to the thiol. This is due to the presence of the significantly more

electron withdrawing thiolactone group. The protons on the chiral carbon 1 o f the

thiolactone produce a doublet of doublets. The protons on the carbon adjacent to the

chiral center are diastereotopic; thus each will couple separately to the proton on the

chiral center. Well-resolved peaks for the diastereotopic protons are not observed in the
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open form o f homocysteine. Although the protons adjacent to the chiral center are still 

diastereotopic, the effect is not as pronounced due to the free rotation about the C-C bond 

between the chiral center and the adjacent carbon. In the thiolactone spectrum, each 

proton o f carbon 2 is well resolved due to the locked ring structure and results in two 

separate peaks at chemical shifts o f 2.78ppm and 2.20ppm. The amine and hydroxyl 

protons in both L-Hcy and L-HcyT did not produce any peaks as these protons are readily 

exchanging with the deuterium from D2O. Some residual L-HcyT peaks were observed 

in the L-Hcy spectrum. Integration o f these peaks indicated that L-Hcy was 

contaminated with approximately 2% thiolactone. Due to the slightly alkaline buffer 

used in SELEX, it is expected that this remaining thiolactone would likely be converted 

to L-Hcy.
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Figure 5-4: 'H NMR (300 MHz) of L-homocysteine thiolactone HC1 (bottom) and L-homocysteine 
produced via base hydrolysis (top).

155



5.3.2 Agarose column preparation

Immobilization o f L-Hcy to a solid support matrix could be achieved using the 

primary amine, the carboxylic acid or even the thiol group. Given that the thiol group 

distinguishes L-Hcy from other amino acids (except cysteine), it was important that this 

group remained free for aptamer binding. Therefore, immobilization was tested using the 

amino group to a carboxylic acid modified support matrix as well as immobilization via 

the carboxylic acids groups to an amino modified column material. Ellman’s test for the 

determination of thiols was used to determine the coupling efficiency for each column 

preparation. Ellman’s reagent (DTNB)251 absorbs light in the UV range at 325nm.

When this disulfide is mixed with a free thiol group, the mixed disulfide is preferentially 

produced253, releasing free thiolate ion that is yellow in colour and absorbs light at 

412nm. The thiolate ion is produced at a 1:1 ratio with the free thiol, therefore, by 

determining the concentration o f thiolate ion, the amount of free thiol (in this case L- 

Hcy) can be indirectly quantified (see Figure 5-5).

Utilizing the amino-modified agarose would ensure that only the open form o f 

homocysteine could be immobilized as the thiolactone does not have a free carboxylic 

acid group. This would eliminate the potential o f immobilizing a fraction o f the 2% L- 

HcyT that was present in the prepared L-Hcy. However, the NHS sepharose allows for a 

shorter functionalization time and an improved coupling efficiency since only one 

nucleophilic substitution step is required. As expected, the carboxyl-agarose preactivated 

with N-hydroxysuccinimide (NHS) had the best coupling efficiency determined as 4.3
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Figure 5-5: UV-Visible absorbance spectra of Ellman’s reagent (DTNB) and DTNB with L- 
homocysteine (Hey). DTNB reacts with the thiol group, producing a yellow coloured thiolate ion that 
absorbs at 412nm. Inset: the yellow colour observed from mixing DTNB with Hey compared to the 
colourless DTNB solution.

nmol of L-Hcy per mg o f dry material. The amino agarose had a coupling efficiency of

1.2 nmol L-Hcy/mg column. As a result, the carboxyl-agarose was used for the L-Hcy 

coupling and for the SELEX experiments. This also eliminated the need to block 

remaining amino groups to prevent non-specific interaction o f the negatively charged 

backbone of DNA with the positively charge amino groups.

5.3.3 Selection of homocysteine aptamers

As with each selection, careful consideration was made when choosing the 

selection buffer for this experiment. Since the DNA backbone is polyanionic, the
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negative-negative charge repulsion may inhibit formation o f complex structures in the 

absence o f  counterions such as Na+. Divalent cations in particular, such as Mg2+, block 

the negative charge repulsion and allow the backbone to form tighter folding. Due to the 

very small molecular weight o f the target (L-homocysteine = 135.18g/mol), there are less 

sites for DNA interaction via intermolecular forces. However, Carothers et al. found that 

using higher concentrations o f Mg2+ increased the likelihood o f finding sequences with 

binding properties131. Therefore, compared to other selections, a higher concentration o f 

Mg2+ (5mM) was included, though this concentration was comparable to other small 

molecule aptamer selections252.

Due to the success o f the fumonisin B) selection (Chapter 4), the same library 

template and primers were used for the homocysteine selections. In particular, these 

primers had been previously optimized by Crameri et al. for SELEX experiments254. The 

design prevented the accumulation of higher molecular weight products from PCR due to 

the 3' ends priming onto another product. Additionally, the primers were designed to 

minimize the formation o f smaller products, such as primer dimers, through the reduction 

o f possible intramolecular secondary structure formation254. The same random region 

length o f 60 nucleotides was chosen to strike a balance between two competing factors: 

shorter sequences are easier to synthesize and handle, while longer sequences allow for a 

greater structural complexity and possibly new functional motifs104.

As described in Chapters 4 and 5, a negative selection step was employed prior to 

each selection round. Once aptamers are generated, they are typically used to measure 

free target in solution, therefore any aptamer affinity derived from any partial binding to 

the matrix will reduce the functionality o f the aptamer for sensing applications. Given
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the relatively small surface area o f L-Hcy compared to the column matrix, the DNA 

sequences are much more likely to interact with the column matrix. Therefore, a negative 

selection step was performed with each SELEX round to ensure that sequences that 

display even weak binding or partial recognition to the matrix are removed from the 

selection library.

To further enhance the selectivity o f the aptamers, counter-selections were 

performed to remove any sequences from the library that bind to structurally similar 

molecules. Counter-selections using L-cysteine and L-methionine were performed 

simultaneously in rounds 6 through 8 once significant enrichment of the library was 

observed. These amino acids were chosen as they are the only other amino acids with 

side chains containing a sulfur atom; methionine consisting o f a thioether and cysteine 

containing a free sulfhydryl group. There are several other forms of homocysteine found 

in the body. For example, in its most common form, homocysteine is bound to the 

protein albumin by a disulfide linkage. Additionally, homocystine, which consists o f two 

homocysteine molecules bound by a disulfide bridge and the homocysteine-cysteine 

disulfide (Hcy-Cys) occur. The extra counter-selection steps to gain selectivity against 

these additional targets were not considered to be worthwhile since total homocysteine is 

typically measured, which requires a general reduction step to convert all these forms to 

homocysteine240.

It is well known that several aptamers have been selected that are able to 

distinguish between various enantiomers o f targets. For example, several examples o f 

RNA aptamers exist that display some discrimination between various L and D amino

58  117 118acids ’ ’ . DNA aptamers have also been selected that are enantioselective; for
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example, aptamers have been identified that differentiate (S) and (R)-ibuprofen103. 

However, in this case, counter-selections with D-homocysteine were not possible due to 

the unavailability o f either D-homocysteine or D-homocysteine thiolactone.

To assess the enrichment o f the library for target binding, as well as to determine 

when increased stringency could be applied to the selection, the percent binding o f the 

DNA library was monitored after each round using fluorescence and absorbance 

measurements (see Figure 5-6). Compared to the fumonisin selection in Chapter 4, 

where only nanomoles or picomoles were available for sequence binding, the coupling 

efficiency o f the NHS sepharose allowed the selections to be performed in the presence 

of micromole amounts o f target. This accounts for the much higher percent recovery of 

binding sequences with each round in this selection compared to Chapter 4. The purpose 

o f large concentrations o f target was to ensure complete capture o f  binding sequences. 

Beginning with round 6, the counter-selections with L-cysteine and L-methionine 

resulted in a drastic reduction in the percentage of DNA eluted from the L-Hcy 

immobilized column. This was not surprising as L-cysteine in particular, is structurally 

very similar to L-Hcy. With the drastic reduction in library binding, it is expected that 

the resulting aptamers will have a significant preference in binding L-Hcy over the 

counter targets L-cysteine and L-methionine.
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with L-cysteine and 
L-methionine started

Selection round

Figure 5-6: Percent recovery o f binding ssDNA to the L-Hcy immobilized sepharose after each 
selection round. Beginning at round 6, counter-selections with L-cysteine and L-methionine were 
performed prior to positive selection.

Several methods are possible for the elution o f target-binding sequences. Direct 

cleavage o f the target-bound aptamer from the bead was not possible in this case. Elution 

by affinity with free ligand is often used47. This method was employed in the first two 

rounds o f selection, with 10 mM L-Hcy. While originally successful, this method 

required several washing steps with target to fully remove all the bound sequences. The 

several washes necessary may have been a result o f very slow k0ff values for some o f the 

high affinity sequences. To mitigate this, longer incubation times of the library with the 

free target were attempted. However, unlike some SELEX methods that allow 

monitoring o f the k0ff and kon rates79, the column based selection does not provide this

161



• 9information . Therefore, despite several elution steps, some high affinity aptamers may 

not have been recovered from the column. Eluting with free L-Hcy was additionally 

problematic as the proton NMR spectrum indicated the presence of a 2% impurity o f L- 

HcyT. As a result, sequences with a binding preference to the thiolactone form of 

homocysteine may have been selected.

Several other elution methods were employed to ensure the recovery o f all high 

affinity binders. Other than direct cleavage and elution with the free target, use o f heat, 

change in ionic strength or the use o f denaturants can be used. It was found that simply 

using heat and changing the ionic strength by washing with 95°C deionized water only 

allowed removal o f weak binders. This is not surprising as some aptamers have been 

shown to maintain their binding in the absence o f Na+ cations50. Elution with moderate 

concentrations o f urea (3.5M) or with NaOH were also performed. In every case, further 

elution with 7 M urea at 90°C over several minutes was able to remove additional DNA 

from the column. Therefore, it was determined that elution with 7 M urea at high 

temperatures was required to ensure full recovery o f putative aptamers. Later, it was 

determined that 6 M urea at high temperatures was as effective as 7 M urea and resulted 

in a less rigorous DNA clean-up prior to PCR.

Four unique sequences were obtained after cloning from round 8 (see Table 5-2). 

Secondary structures o f these sequences were predicted using Mfold204 (see Figure 5-7) 

with a folding temperature o f 25 °C and Na+ and Mg2+ concentrations as found in the 

HBB (0.5 M Na+, 5 mM Mg2+)205. At this early stage, it is unclear if the large, initially 

unstructured regions o f these sequences are involved in target binding, nor is it known
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whether these stretches fold in the presence of the target molecule as a result of new 

molecular interactions. These questions will be addressed in our future work.

Table 5-2: Putative aptamer sequences for L-homocysteine obtained after 8 rounds o f selection.

Sequence
5’- ATACCAGCTTATTCAATT-N^- 

AGATAGTAAGTGCAATCT- 3’

Sequence
incidence

(% )

Hcyl ATGATCGTCCATATCCGGCACAACACCATATCTAT
GTACCACACGCCAAGCATGTTGTGT 12.5

Hcy3 CCAATACTATGACGCAGCAATGAGACCACTAGAA
TATCCAGGCACCCATACAACGGTTAC 12.5

Hcy8 ACCAGCACATTCGATTATACCAGCTTATTCAATTC
ACAGCTATGTCCTATACCAGCTTATTCAATT 50

HcylO GTGGAAAGCCGAATGTGATTAGGGACCAGTGGA
GAAGTAGTACGGACTGACCTCGCGTGTA 25

5.3.4 Dissociation constant (Kd) experiments

As L-homocysteine is one o f the smallest targets used in aptamer selection, 

determining the affinity o f the selected aptamers was exceedingly difficult90. 

Furthermore, homocysteine does not absorb light, therefore, the majority o f the methods 

for measuring target and aptamer equilibria, described in Table 1-3, are ineffective for 

this target. However, the presence of the thiol group provided new chemistry to exploit 

at an attempt to measure the selected aptamer Kd values. Unfortunately, these attempts 

were unsuccessful for a variety o f reasons described in Table 5-3.
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Figure 5-7: Secondary structures o f  putative L-Hcy aptamer sequences generated using IVffold.
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As a result, affinity chromatography was again employed to measure the affinity for the 

selected aptamers. Since this technique is laborious, only sequences Hcy8 and Hey 10 

were tested, due to their high incidence in sequencing results. For this analysis, 

sepharose was prepared with the commercially available DL-homocysteine for time 

purposes and to ensure that no other compounds such as L-HcyT were present. The 

measured K& values of sequence Hey8 and Hey 10 compared to the control sequence are 

listed in Table 5-4 (binding isotherms can be found in Appendix B).

Table 5-3: Summary o f methods attempted to elucidate the binding affinity o f L-Hcy aptamers. A 
brief description explaining why these methods were ineffective is included.

Method Reason for ineffectiveness io determining K&
Equilibrium filtration with L-Hcy 

detection using DTNB DTNB not sensitive enough: 7 pM LOD

Equilibrium filtration with L-Hcy 
detection using ThiolStar Kit

ThiolStar detection kit results in background noise; 
not sensitive enough: 200 nM LOD

Quartz crystal microbalance Low sensitivity and extremely time-consuming

AuNP assay Interaction o f thiol with the gold surface is non
specific (further discussion in section 6.3.6)

As previously discussed, aptamers selected using a solid support matrix may 

display affinity towards this matrix and/or the linker arm. Despite the efforts to eliminate 

any o f this non-specific interaction by performing multiple negative selections, aptamers 

from the selection in section 4.3.3 displayed some affinity for the matrix. Therefore, an 

attempt to test the binding affinity o f the aptamer sequences using L-Hcy derivatized 

magnetic beads was performed. L-Hcy was commercially available at this point and was 

therefore used for coupling purposes. While there is a possibility for some non-specific 

interaction with the beads, it is far less likely since the beads were not used in the SELEX
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experiments. The measured Kd values o f sequence Hcy8 and HcylO compared to the 

control sequence are listed in Table 5-4 (binding isotherms can be found in Appendix B).

Interestingly, the Kd values obtained using the magnetic beads are half the value 

o f those obtained using the sepharose. This may be partially attributed to the fact that 

DL-homocysteine was used for coupling to the sepharose. If the aptamer sequences are 

enantioselective, only half o f the total concentration o f target would be available for the 

sepharose based affinity chromatography experiment compared to the beads based 

experiment. Even without performing counter-selection steps, it is possible that the 

selected aptamers would display such an enantioselectivity. However, when comparing 

the Kd values for the control sequence, the affinity decreases by half as well with the 

beads based method. This result could be attributed to the fact that the control sequence, 

FBi 32, which resulted from the beads based selection o f  an aptamer for fumonisin Bi 

(Chapter 4), was shown to have some affinity for the beads. Alternatively, the 

consistently smaller Kd values obtained with the beads based method may provide further 

proof (see Chapter 2) that the affinity method used to elucidate aptamer target equilibria 

has an effect on the measured Kd value. Regardless, these results suggest that both 

sequence Hcy8 and Hcyl 0 bind to homocysteine with high affinity. Hcy8 consistently 

resulted in the best Kd value, in the low micromolar range. However, both o f the 

sequences’ measured affinities are suitable for detecting homocysteine within clinically 

relevant ranges.
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Table 5-4: Dissociation constants (A"d) for sequences Hcy8 and HcylO obtained using affinity 
chromatography on L-homocysteine immobilized sepharose or magnetic beads. (All binding 
isotherms can be found in Appendix B).

Sequence Sepharose (jiM) Beads (uM)
Control 28 ± 3 14.7 ±0 .7
Hey 8 0.8 ±0 .3 0.21 ±0.03
Hey 10 3.0 ± 0 .3 1.8 ± 0.1

5.3.5 Selectivity

Hcy8 displayed the best measured Kd value; therefore, further testing was 

performed to determine its selectivity for similar amino acid targets. Using the magnetic 

beads, Hcy8 was found to bind to L-methionine with a Kd o f 44.3 ± 0.6 pM, over 200 

times weaker than to its selected target (binding isotherm can be found in Appendix B). 

The actual value is likely to be much higher as binding saturation was not observed.

Even for small molecules, aptamers with Kd values in this range are considered very 

weak. Especially considering the lack o f binding saturation, it is possible that sequence 

Hcy8 does not bind to methionine at all. This indicates that the aptamer is merely 

interacting with the amino acid backbone, characteristic o f all amino acids. Instead the 

thiol group on the amino acid side chain must be critical in binding recognition. Using 

the magnetic beads, Hcy8 was found to bind to L-cysteine with a Kd o f 22.6 ± 0.8 pM, 

over 100 times weaker than to its selected target (binding isotherm can be found in 

Appendix B). Again, no binding saturation was achieved so it is possible that there is no 

binding recognition with this target. However, the lower Kd value for cysteine compared 

to methionine is not unexpected. L-cysteine and L-homocysteine vary by a single extra 

carbon position in the side group carbon chain. Regardless, the significant reduction in
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binding indicates that the aptamer is interacting with the entire side group o f the amino 

acid and not simply the sulhydryl group. Further selectivity studies with other 

biologically relevant thiols, such as glutathione will be tested in the future.

5.3.6 N anoparticle sensor

Several cysteine sensors using citrate-capped AuNPs have been developed. All o f 

these sensors have relatively high limits o f detection and lack specificity256,257. As a 

result, Wang et al. developed a cysteine sensor using citrate-capped AuNPs and 

ssDNA . As described earlier, ssDNA coils around AuNP resulting in the nitrogen 

atoms o f the bases adsorbing to the gold surface, stabilizing the AuNPs against salt- 

induced aggregation. However, due to the strong gold-thiol interaction, cysteine 

displaces ssDNA molecules adsorbed on AuNPs, making them susceptible to salt- 

induced aggregation. With this system, Wang et al. were able to develop a AuNP 

biosensor that was selective for thiol-based compounds.

The AuNP aptamer assay in Chapter 3 was useful for measuring the binding 

affinity o f the developed OTA aptamers. In that case, the target-binding to the aptamer 

prevented the aptamer from adsorbing to the AuNP, resulting in salt-induced aggregation. 

Unfortunately, with homocysteine and cysteine, the competing interaction o f the thiol 

group with the AuNP as well as with thiol group with the the aptamer prevented accurate 

Kd determination using this AuNP assay. However, given that the sensor described by 

Wang et al. was not selective for homocysteine over cysteine, we tested whether using 

the aptamers selected for L-Hcy, rather than using random DNA, would either improve 

the sensitivity o f the assay, or impart further selectivity to this sensor.
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Figure 5-8 shows the results o f the nanoparticle binding assays. Despite the 

likelihood of a non-specific gold-thiol interaction, the preliminary comparison o f the 

binding of the aptamer shows a 3 times improved response with homocysteine (Kd apparent 

= 1.9 pM) compared to cysteine (/Cd apparent = 5.9 pM). While these binding response 

curves do reflect a preferential aptamer response with homocysteine over cysteine, none 

o f the binding models accurately reflect the experimental data. This suggests that several 

competing interactions are involved, including the target-aptamer interaction, the 

aptamer-AuNP interaction and the target-AuNP interaction. This is further emphasized 

by the difference of the observed Kd value for the aptamer obtained here (1.9 pM) and in 

section 5.3.4 (0.8pM). Furthermore, the selectivity tests in section 5.3.5 suggest that L- 

cysteine binds to the aptamer with 100 times weaker affinity. With the AuNP system, 

cysteine displayed on a three times reduction in affinity while high concentrations (3.6M) 

o f L-methionine did not result in any aggregation o f the AuNPs. L-methionine will not 

interact with the AuNP due to the lack o f thiol. These AuNP responses with cysteine and 

methionine underscore the importance o f the gold-thiol interaction in this assay.

Despite the interference o f these competing factors, it is clear from the binding 

isotherms that the aptamer imparts some selectivity in this system as a weaker binding 

using control ssDNA results in a Kd apparent = 4.3 pM.

The preliminary truncation experiments, using the aptamer sequence with the

primer regions removed, resulted in a Kd apparent = 3.6 pM. However, the binding model

again does not accurately reflect the data points which are not dissimilar from the full

length aptamer data points. With the shorter sequence length, this minimal aptamer may

be easier to remove from the AuNP surface. Therefore, at this time it is unclear whether

169



this apparent reduction in binding compared to the full-length aptamer indicates that the 

primer regions are partially involved in L-Hcy binding or aptamer secondary structure. 

Further minimal aptamers will be tested using the beads based affinity chromatography 

method.
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Figure 5-8: Binding isotherms using the AuNP assay. Target concentration (either L-homocysteine 
or L-cysteine) was varied with a constant concentration o f aptamer, control ssDNA or minimal 
aptamer. An apparent Kd was elucidated from the aggregation o f the AuNP, measured as the ratio of 
absorbances at 660 nm and 524nm. A theoretical curve was fit using Microsoft Excel Solver.

While the competing interactions may not be ideal for homocysteine detection at 

high concentrations, the sensitivity and selectivity of this system may be useful for 

detecting low concentrations o f homocysteine. When the lower linear range o f the 

biosensor is plotted (see Figure 5-9), it is clear that the aptamer provides a 2-3 times

170



signal enhancement compared to controls (non-aptamer with homocysteine or aptamer 

with cysteine). From the R2 values, it is clear that the linear relationships for the control 

samples are not ideal. Therefore, at these concentrations it is possible that the aptamer-

target interaction

0.5
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y = 3 5 1 2 0 x  
R2 = 0 .9 5 20.4 •  L-Hcy and control ssDNA
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Figure 5-9: Derived calibration curve of the adsorption ratio (A66o/A;24 ) at the lower concentration 
range of target (either L-homocysteine or L-cysteine) with a constant concentration o f aptamer or 
control ssDNA.

dominates, resulting in an observed aggregation o f the AuNP. Within the higher linear 

range (see Figure 5-10) that more accurately reflect the control data, the signal 

enhancement is not as pronounced. At these concentrations, the gold-thiol interaction 

likely dominates and the sensor loses its selectivity for homocysteine.
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The AuNP assay was carried out in serum at several dilutions. Even at a 1:10v/v 

dilution o f serum in water, using high concentrations o f L-Hcy (3.6 pM), salt-induced 

aggregation did not occur. This is likely due to the high concentration o f protein and 

other macromolecules in the serum. These may coat the nanoparticles, preventing 

aggregation. While optimization o f the salt conditions may help restore aggregation, 

using the current conditions, only highly diluted serum samples can be tested. While the 

typical gold-thiol interaction may not result in the sensitivity needed to detect L- 

homocysteine at these diluted concentrations, it is clear that our aptamer-based system 

that favours these conditions. At these concentrations it is expected that only the L- 

homocysteine will be detected. Therefore, the aptamer imparts both sensitivity and 

selectivity for homocysteine in this AuNP assay.

♦ L-Hcy and Aptamer

y = 4 9 5 0 6 x -  0 .1 0 0  
R 2 = 0 .9 7 5

•  L-Hcy and control ssDNA

■ Cysteine and aptamer
E
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R 2 = 0 .9 9 4

<:
Eco
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* y = 3 0 1 1 3 x - 0 .1 4 2  
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Figure 5-10: Derived calibration curve o f the adsorption ratio (A660/A524) for high concentrations of  
target (either L-homocysteine or L-cysteine) with a constant concentration of aptamer or control 
ssDNA.



5.4 Conclusions

Eight rounds o f SELEX were performed to obtain DNA sequences displaying 

high binding affinity to the target, L-homocysteine. Two of the 4 sequences isolated 

from selections displayed high affinity for the target. Sequence Hcy8 bound to L-Hcy 

with a K& in the low micromolar range. Given that this would represent the second 

smallest DNA aptamer target ever reported, and given the challenge o f finding aptamers 

for such a small molecule, this is an excellent binding affinity. This sequence was also 

found to be selective, binding to the similar target L-methionine and L-cysteine with 200 

and 100 times less affinity, respectively. There will be continued efforts to confirm 

affinity o f this aptamer in solution. Further analysis will attempt to identify the minimal 

target-binding sequence in order to shorten the aptamer and improve binding while 

lowering its production cost. The stability and selectivity of the aptamer under 

physiological conditions and in serum will also be further examined. With this full 

length sequence, we have developed a AuNP based biosensor able to detect low 

concentrations o f L-homocysteine. Results suggest that using this aptamer, the biosensor 

is selective for homocysteine.
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Chapter 6. Im provem ent o f SELEX libraries

Luo, X.; McKeague, M.; Pitre, S.; Dumontier, M.; Green, J.; Golshani, A.; DeRosa, M. 

C.; Dehne, F. Computational approaches toward the design o f pools for the in vitro 

selection of complex aptamers. RNA 2010, 16, 2252-2262.
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6.0 Statement of contributions

The computational experiments were run by Xuemei Luo under the supervision o f 

Prof. Frank Dehne from the Carleton University School o f Computer Science with library 

design constrains suggested by M. McKeague. Additional design conditions were 

suggested by the Carleton Bioinformatics group. All experimental work including the 

aptamer selection, library synthesis, cloning and binding characterization was performed 

by M. McKeague.

6.1 Introduction

6.1.1 Aptamer secondary structure

Structural analysis o f many aptamers shows that they form intricate binding

pockets for their ligands. In the free form o f the aptamer, the ligand binding region is

often completely unstructured and binding of the target proceeds by an induced fit

mechanism259. However, a better understanding o f the binding mechanism requires

further knowledge o f the structure. In particular, there is much interest in the three-

dimensional arrangement o f the many secondary structural elements o f aptamers,

including double-stranded helices, single-stranded loops, bulges and hairpins260.

When examining the secondary structure o f nucleic acids, a common structural

element is the junction, which connects different helical segments261. For example, in

Figure 6-1 there are 5 connected helical domains; thus, the overall structure is a 5-way

junction. It has been shown that junctions are involved in a variety o f different functional

and structural roles in nucleic acids in general, including the self-cleaving catalytic

properties o f the hammerhead ribozyme , promotion o f functional folded states o f the
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hairpin ribozyme263 and translation initiation of the hepatitis C virus at the internal 

ribosome entry site264.

/  G

P'u\ \ >
V \  A c - g

V \  O  V

\ y <3'u'°~‘K
A \
• V^ I

G-r

1  / - ■  ““ “ “ r f "  s ’-
U - A  U - G  \ T A

Sf G-C S|'
u

5 A p

a' a

Figure 6-1: An example o f  a 5-way junction where there are five connected helices (SI to S5).

Much research has been performed on the structure and function o f riboswitches,

which are considered to be natural aptamers265’266. More specifically, riboswitches are

RNA devices that consist o f an aptamer domain coupled to an expression platform that

regulates a gene267. Binding o f a ligand to the aptamer alters its structure and,

subsequently, the structure o f the expression platform. Riboswitches are commonly

found to fold into high-order junction secondary structures (such as 4-way and 5-way

junction structures). For example, the lysine riboswitch involves three-helical and two-

helical bundles joined by a five-way junction268. Almost all other riboswitches can be

classified into one of two types based on their high-junction number. Type I riboswitches
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consist of a fundamental three-way junction architecture. For Type II riboswitches, such 

as the SAM-I binding riboswitch, the aptamer domain is arranged in a four-way junction

259structure . This higher-order structure characteristic o f riboswitches is critical to target 

binding, for example in recognition o f the binding pocket domain by purine 

riboswitches .

However, analysis o f existing synthetic aptamers has revealed that the majority o f 

oligonucleotide sequences generated from SELEX experiments have simple structures 

with low degrees o f complexity and that highly complex structures are far less 

abundant ’ . For example, aptamers that bind to ATP, chloramphenicol, neomycin B

and streptomycin all have linear stem-loop or slightly branched structures272. In fact, of 

the 2793 known aptamers from the Ellington Lab aptamer database273, less than 1% of 

the aptamer predicted secondary structures are 4-way and 5-way junctions (see Figure 6- 

2).

This low degree o f complexity is concerning as it has been demonstrated that 

there is a general relationship between structure and function in aptamers. For example, 

Carothers et al. specifically noted a relationship in complexity and affinity for aptamers 

generated for the target GTP: an increased number o f stems of the aptamer structure 

resulted in an improved affinity to the target274.
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Figure 6-2: Structural distribution (percent o f sequences displaying a given junction order: either 
one-way, two-way, three-way, four-way, or five-way junction structures) o f the 2793 known aptamers 
from the Ellington Aptamer Database. Secondary structures were determined using ViennaRNA  
and the CountJunctions algorithm was used to determine the number o f  junctions.

6.1.2 SELEX libraries

As aptamer binding is related to its structure, and examples from nature and 

preliminary research show that increased complexity is critical for improved function, the 

question remains: why do synthetic aptamers form simple secondary motifs? In a recent 

computational analysis o f in vitro random RNA libraries275, it was demonstrated that 

random libraries are themselves not structurally diverse and heavily favor simple 

topological structures. The structural distribution for random libraries shown in Figure 6- 

3, which is consistent with the analytical results from Sabeti et al., illustrates that 99.80%
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of structures in a random library are expected to be 1-way, 2-way, or 3-way junctions276. 

This lack o f structural diversity in random libraries suggests that complex structure 

motifs with high-order junctions would be rare in selected aptamers.

£ 60

O 20

I I
Number o f junc tion s

Figure 6-3: Average structural distribution (percent o f sequences displaying a given junction order: 
either one-way, two-way, three-way, four-way, or five-way junction structures) o f 1 million sequences 
generated in  silico for random SELEX libraries containing 15-nt primer sites at both ends.
Secondary structures were determined using ViennaRNA and the CountJunctions algorithm was 
used to determine the number o f junctions.

It is known that structural complexity is largely dependent on sequence length.

As the length increases, there is a greater probability o f accessing more complex 

structural motifs276. However, oligonucleotide libraries for SELEX are usually restricted 

to sequences o f at most lOOnt in length due to the decrease in coupling efficiency for
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their synthesis277. Additionally, primer binding regions o f at least 15 nucleotides at each 

o f the 3' and 5' ends must be included within this length for PCR purposes. While these 

primer regions may participate in the formation o f secondary structure motifs, it is less 

likely. Therefore, the number o f variable positions available for the formation o f new 

complex motifs is reduced from 100 to 70 nucleotides.

However, Carothers et al. demonstrated that increasing the structural diversity o f 

the starting oligonucleotide library could enhance the possibility of finding novel 

aptamers with improved activity130,274,278. As a result, novel approaches have been 

employed that aim at increasing the structural complexity of starting libraries. One 

approach to increase the structural complexity is to keep the structure constant and

•}*7Q

introduce random segments in the proximity o f the existing structure ' . Other

l O I  A
approaches involve changing sequence length and composition ’ . Davis et al.

performed SELEX using a typical random library as well as a partially structured RNA

library consisting o f a designed stem-loop within the random region. Subsequent

analysis o f  the obtained aptamers revealed that most o f those with highest affinity

originated from the partially structured portion o f their library . However, the above

observations are based on adhoc library designs for individual experiments and targets.

Furthermore, these adhoc libraries with more complex structures were generated by

inserting particular stem-loops that were known a priori to be relevant for the given

target. Such prior knowledge is not available in many cases. Hence, it is necessary to

develop more general library design approaches that can be used for targets without such

prior knowledge. Such designs should make use o f  primer binding regions as part of

their strategy for predicting high complexity structures for use in SELEX. Additionally,
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to increase the number o f functional sequences available in the starting library for 

SELEX, the starting library should be engineered to have a uniform distribution over all 

possible structures275.

6.1.3 Genetic algorithm s

Computational methods, in particular genetic algorithms, may be useful in 

designing a structured SELEX library. Genetic algorithms are search techniques used to 

find solutions to optimization problems and often applied in in bioinformatics, 

computational science, engineering, economics, chemistry, manufacturing, mathematics 

and physics. It is a very powerful process as it mimics the natural process o f evolution, 

using techniques inspired from nature including mutation and recombination. While 

several variations exist, the overall process for genetic algorithms consists of 

initialization, selection, reproduction and termination (see Figure 6-4)285.

Initialization

The method begins with an initial generation of individual solutions forming the 

current population. This population is usually randomly generated to allow a greater 

range o f possible solutions (i.e. the search space). While the population size depends on 

the particular problem, there are usually several hundreds or thousands o f possibilities.

Selection

Each individual in this initial population is evaluated and assigned a fitness score 

based on its ability to solve the problem. A fraction o f the existing population is then
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stochastically selected to breed a new generation. The individuals with the best fitness 

scores are more likely to be selected285.

Begin

A s s ig n  f i tn e s s  
to  e a c h  
in d iv id u a l

Selection

Copy, crossover and mutation

A s s i g n  f i tn e s s  to  e a c h  
in d iv id u a l

Stop

End

Initial generation

Current population

N e w  p o p u la tio n

Intermediate population

Figure 6-4: Process o f a genetic algorithm.
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Reproduction

The selection members o f the first population are then modified using three 

operations: copy, crossover and mutation for optimization purposes. These new solutions 

are then assigned a fitness score and form the new population. Generally, the average 

fitness will have increased by this procedure for the new population, as typically the best 

individuals from the previous generation were selected for breeding.

Termination

This overall process is repeated hundreds or thousands o f times until a termination 

position is reached. Ideally, termination occurs if a solution is found that satisfies 

minimum criteria. However, termination may also result if a plateau occurs where 

successive rounds o f selection and reproduction do not produced improved results, or 

until a maximum number o f generations is reached due to time constraints.

6.1.4 C hap ter objectives

The majority o f selected aptamers fold into simple structural motifs, such as

hairpins. The lack o f structural complexity in random DNA libraries may account for

this lack o f complex structural motifs in existing aptamers. This chapter investigates

whether initial SELEX DNA libraries containing sufficient pre-determined structural

complexity would be useful in finding new functional motifs. These initial SELEX

libraries should be sufficiently diverse such that they contain new complex structural

motifs without losing the simple motifs that are known to result in high affinity aptamers.
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As such, a computational method called Genetic Filtering is used to design a DNA 

library recipe with uniform structural distribution (i.e. having equal proportion o f simple 

and complex structural motifs). This library is tested in a new selection for the target 

ATP. The initial ATP aptamer selection by Huizenga et al. resulted in an aptamer with 

moderate affinity and low complexity that has been well-studied by several groups. This 

target therefore serves as an excellent comparison for the structured library, to investigate 

whether, if  given the opportunity, selection o f new functional motifs for the same target is 

possible.

6.2 Experimental

6.2.1 Computational method: random filtering

A random filtering method was used to selectively increase the number o f 5-way 

junctions in a SELEX DNA library. The initial population consisted o f 1 million 100 nt 

random sequences with and without primer binding regions. From these sequences, those 

that formed 5-way junction secondary structures, as determined by ViennaRNA folding 

software, were isolated. These 5-way junctions were used as the starting point for 

potential SELEX libraries and the theoretical structural distribution o f each 5-way 

junction was determined by generating 1 million mutated sequences in silico. These 1 

million sequences were generated by mutating every non-primer, single-stranded position 

with a randomly chosen DNA base (either A,C,G or T) to substitute for the original. 

ViennaRNA was used to generate all secondary structures. The ViennaRNA 1.6.5286 

software package includes RNAfold which generates a single RNA or DNA secondary 

structure prediction through energy minimization based on a dynamic programming
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algorithm originally developed by Zuker et al287. ViennaRNA provides a nucleotide 

pairing list indicating for each nucleotide whether or not it is paired with another 

nucleotide. From this information, the number o f junctions for each sequence was 

computed using the Countlunctions algorithm (see Appendix C).

6.2.2 Computational method: genetic filtering

Genetic filtering was used to design a DNA SELEX library with a uniform 

structural distribution, i.e. 20 % o f each 1-way, 2-way, 3-way, 4-way and 5-way 

junctions. The pseudo-code is provided in Appendix C. The initial generation o f library 

designs was based on a set of 5-way junctions which contained a  given set o f primer 

binding regions. Each library design was assigned a fitness score indicative o f its 

proximity to the desired uniform structural distribution. The fitness was assessed as 

follows: For a sequence S, let jet, be the percentage o f /-way junctions counted after 

mutating its single-stranded positions 104 times, and let djct, be the desired percentage o f 

i-way junctions (/ = 1, ..., 5). The fitness score for S was calculated as £ f=1|/c tj — d jc t i |. 

The desired percentage o f  /-way junctions is the uniform structural distribution and each 

djcti was set to 20 %. The libraries were selected such that there would be 24 single

stranded random positions, excluding primer binding sites, to ensure complete sequence 

space coverage (424~ 1014). Therefore, when each library design was assigned a fitness 

score, sequences that contained a number o f single-stranded positions (n u m s s ) not equal 

to the desired number o f single-stranded positions (dnum ss) were penalized. The details 

o f this Algorithm, Fitness Junction with jpenalty, is in the Appendix C.
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New generations o f library designs were then obtained by selecting designs from 

previous generations with better (i.e. smaller) fitness scores. Here, a roulette wheel 

selection method was used to select library designs from the current population where 

each design was chosen with a probability that corresponded to its relative fitness. By 

repeatedly spinning the roulette wheel, the new intermediate population was selected, 

where fitter individuals had a greater chance to be selected than weaker ones. Finally, 

crossover, mutation and copy operations were applied to the intermediate population to 

create the next generation. For the crossover method, two sequences SI and S2 from the 

intermediate population of library designs were chosen. A random number, 

randomPosition, was generated. To create the next generation, the sub-sequences of SI 

and S2 from a given position were switched to allow potential switching o f sub-structures 

between two sequences.

When a sequence in the intermediate population was selected for mutation, a 

random number was generated between 0 and 1 for each position of the sequence 

excluding primer sites. If the number was less than a parameter Pposition, the position was 

mutated by choosing one o f the other three nucleotides, with equal probability. The 

mutated sequence was then used in the next generation.

When a sequence in the intermediate population was selected for a copy 

operation, the sequence was simply copied unchanged to the next generation. The above 

crossover, mutation and copy methods have parameters Pcrossover, Pmumtion and Pcopy, 

respectively, which represent the likelihood o f applying the respective method to a given 

sequence. Furthermore, for every 10 generations, the best sequence o f all the generations 

was re-inserted into the new generation o f library designs.
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6.2.3 Reagents

Phosphoramidites, modifiers, activator, deblock, capping, and oxidizing reagents 

were obtained from Glen Research. Standard support columns and acetonitrile were 

purchased from BioAutomation. Ultra High Purity 5.0 argon was purchased from 

Praxair. All PCR and electrophoresis components were purchased from BioShop 

Canada. Adenosine 5'-triphosphate, immobilized on Agarose 4B, and chemicals for 

buffering agents and all other purposes were purchased from Sigma-Aldrich and prepared 

with Millipore Milli-Q deionized water at 18 M ficm. Spin-X cellulose acetate 

microcentrifuge filter tubes, Amicon-Ultra 0.5 mL 3kDa centrifuge units and stirred-cell 

ultrafiltration membranes (lkD a, 25mm) were purchased from Fisher Scientific Canada.

6.2.4 DNA library and primer synthesis

The starting DNA library was prepared using standard phosphoramidite chemistry 

on a BioAutomation Mermade 6 (Plano, Texas) as described in section 2.2.2 using 200 

nmol controlled pore glass (CPG) columns with the larger, 1000 A pore size. The 

sequence GFLibraryl was obtained from the genetic filtering procedure. This library 

contained 24 random nucleotide positions and two primer binding sites necessary for 

PCR (shown in bold): 5 -

ATACCAGCTTATTCAATTGCNNNNGCAATTNNNGTCNGGACNNNNGTTCNG 

ACNNTCGGCGNNNCGCCGANCTATCTNNNNNAGATAGTAAGTGCAATCT-3’. 

A fraction o f this library was set aside prior to SELEX for cloning and sequencing 

experiments. The following primers used for amplification and cloning o f the selected
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oligonucleotides were synthesized on a 1 pmol scale: Primerl: 5'- ATACCAGCT- 

TATTCAATT-3' and Primer2: 5'-AGATTGCACTTACTATCT-3'. Modified primers 

were also synthesized to allow for fluorescent labeling o f the binding DNA and 

separation o f strands on a denaturing polyacrylamide gel: M odPrimerl: 5'-6FAM- 

ATACCAGCTTATTCAATT-3' and ModPrimer2 5'-poly-dA20-HEG-AGATTGCA- 

CTTACTATCT -3'. HEG represents the hexaethylene glycol Spacer Phosphoramidite 18 

(Glen Research). DNA was purified using denaturing polyacrylamide gel electrophoresis 

(12%) followed by clean-up with Amicon YM-3 centrifugal filter devices as described in 

section 2.2.2. Similarly, the RFLibraryA from the random filtering experiments and the 

corresponding primers required for PCR amplification were synthesized with the 

following sequences:

RFLibraryA 5'-GGAAGAGATGGCGACGCTACTCCCATCNGGTACCGTNNNNA-

CGGTATTNNGACGCNNNNNGCGTCNNNACACNNNNGTGTGGATCAGCTGATC

CTGATGG-3'

RFPrimerl 5 '-GGAAGAGATGGCGACGCT-3' and RFPrim erl: 5'- CCATCAGGAT- 

CAGCTGAT-3'

6.2.5 ATP SELEX experiments

ATP-agarose and unmodified agarose column, 0.25 mL in volume, were washed 

with 10 mL o f column buffer (300 mM NaCl, 5 mM MgCl2, 20 mM Tris HC1, pH 7.6). 

The DNA library (5 nmoles), suspended in 1 mL o f column buffer, was heated for 5 

minutes at 75 °C then cooled to room temperature over a 20 minute period, as performed

o 1
by Huizenga et al . The library was then immediately loaded into the unmodified
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agarose column and left to incubate with mild shaking at room temperature for 30 

minutes. The column was washed with 4 mL o f column buffer, collecting the DNA that 

did not bind to the unmodified agarose material to be used for the selection process.

After this pre-selection, 8 rounds o f  positive selection were performed as follows: The 

DNA library was subjected to 5 minutes o f heating and a 20 minute incubation at room 

temperature followed by immediate incubation with the ATP-modified agarose column, 

as described above. After 30 minutes, sequences that did not have an affinity for ATP 

were washed away with 5 mL o f column buffer. To obtain the sequences bound to the 

ATP, the column was incubated for 10 minutes with 0.5 mL elution buffer (40 mM Tris 

HC1, 3.5 M urea, pH 8) at 80°C and removed using centrifugation at 10,000 g  for 1 

minute. Five elution fractions were collected and the DNA was purified using an 

ultrafiltration stirred cell (Millipore).

The entire selected oligonucleotide library was amplified in 5-15 parallel PCR 

reactions. Each reaction consisted o f 0.1 M Tris HC1 pH 9.0, 50 mM KC1, 1% Triton X- 

100, 1.9 mM MgCL, 0.3 mM dNTP mix, 1 jiM each primer and 5 units o f Taq DNA 

polymerase. The DNA was initially melted for 10 minutes at 94.0°C, followed by 25 

cycles of 94.0°C (1 min), 47.0°C (1 min) and 72.0°C (1 min). Final extension occurred at 

72.0°C for 10 minutes after the last cycle. PCR products were dried down, heated at 

55°C for 5 minutes in the presence o f formamide and run on a 12% denaturing PAGE to 

separate the double stranded product. The fluorescein-labeled DNA strand (the selected 

sequences) was identified using an Alpha Imager UV-illuminator. The corresponding 

DNA bands were cut from the gel and extracted using the freeze/rapid thaw method 

described by Chen & Ruffner180 (described in section 2.2.2) in 10 mM Tris HC1 buffer,



pH 7.4. After purifying the DNA on the stirred cell and re-suspending it in column buffer, 

the DNA was used for the next selection round.

Enrichment o f the DNA library was assessed throughout the rounds o f selection 

by monitoring the percent o f DNA library binding to the ATP column each round by 

measuring DNA absorbance at 260 nm using a Cary 300 BioUV-visible 

spectrophotometer and by measuring fluorescence (excitation 490nm, emission 520nm) 

with a Fluorolog Fluorescence Spectrophotometer (Horiba Jobin Yvon, USA) with a 

SpectrAcq controller.

6.2.6 Cloning and sequencing

The selected oligonucleotides from SELEX round 8 and a fraction o f the starting 

library were amplified using the unmodified primers (Primer 1 and 2) and cloned using a 

StrataClone PCR Cloning Kit (Agilent Technologies) according to the manufacturer’s 

protocol. The RFLibraryA was amplified using RFPrimerl and RFPrimer2 and 

subjected to the same cloning procedure. Briefly, the ligation reaction mixture was 

prepared by combining 3 pL of StrataClone Cloning Buffer, 2 pL of the PCR product and 

1 pL o f the StrataClone Vector Mix in a microcentrifuge tube and mixed by repeated 

pipetting. The ligation reaction was incubated at room temperature for 5 minutes and 

then placed on ice. 1 pL o f  this ligation reaction was added to the StrataClone Solopack 

competent cells that were thawed on ice. The competent cells were incubated on ice for 

20 minutes, followed by a 45 second heat-shock at 42°C and a 2 minute incubation on 

ice. 250 pL o f LB broth at 37°C was added to the transformation reaction mixture, which 

was then allowed to recover for 1 hour at 37°C with gentle agitation. LB-ampicillin
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plates for blue-white screening were prepared by spreading 40 pL of 2% X-gal on each 

LB-ampicillin agar plates (1.0% NaCl, 1.0 % tryptone, 0.5 % yeast extract, 2.0% agar, 

and 100 pg/mL ampicillin). 20 to 100 pL of the competent cells were spread onto the 

plates. The colonies were left to grow overnight at 37°C. Positive colonies (white) were 

picked and removed carefully from the agar and vortexed in 50 uL of deionized water. 

These samples were sent for direct sequencing at the University o f Calgary University 

Core DNA Services using the T3 promoter primer and T7 promoter primer. Sequencing 

results were analyzed and vector sequences were deleted from the total sequence to retain 

only the data that represent the selected random sequences. The secondary structures of 

these sequences were predicted using ViennaRNA.

6.2.7 Dissociation constant (Kd) experiments

Aptamer synthesis

Aptamer sequences ATPF4 and ATPF8 were synthesized with the 5' fluorescein 

modifier 6-FAM (sequences are found in Table 6-6) and purified by PAGE as described 

in section 2.2.2.

Affinity chromatography method

An affinity chromatography assay was set up by weighing samples of 1 mg of

ATP agarose (approximately 23 nanomoles o f ATP) into Spin-X cellulose acetate

microcentrifuge filter tubes. These were then washed with column buffer. Dilutions o f

fluorescein-modified ATP aptamer were prepared in column buffer at concentrations

ranging from 1 nM to 10 pM. After incubation for 30 minutes, the tubes were

centrifuged at 10,000 g  for 10 minutes. 100 pL o f 90°C column buffer was added and the
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tubes were vortexed briefly, followed again by centrifugation at 10,000 g  for 10 minutes. 

The fluorescence o f the DNA fraction was measured (excitation wavelength 490nm; 

emission wavelength 520nm). The fluorescence was plotted versus the concentration of 

aptamer. As before, the Ka was determined by minimizing the residual values between 

calculated and observed experimental fluorescence using the solver feature o f Microsoft 

Excel181’182.

6.3 Results and Discussion

6.3.1 Increasing the number of complex structures in SELEX libraries

The first goal was to increase the percentage o f complex structures in initial 

libraries for SELEX experiments. Random filtering was used to selectively increase the 

number o f 5-way junctions in such libraries. It was initially unclear whether using a 

million rounds of mutations was sufficient to determine the structural distribution of a 

random library with a reasonable degree o f accuracy. Table 6-1 shows a typical example 

for the structural distribution of a given library determined with a different numbers of 

mutations. Each experiment was repeated 100 times, and the numbers shown represent 

the average and variance for each value. The averages are very stable for different 

numbers of mutations. However, the variance is clearly reduced with additional 

experiments, reaching very close to zero when the number o f mutations reaches 1 

million. Hence, using 1 million mutations was determined to be sufficient to reliably 

estimate the structural distribution.
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Table 6-1: Average structural distribution for a typical SELEX library determined using a different 
numbers o f mutations (variances in brackets).

Number of 
mutations

Percentage of sequences forming 1 to 5-way junction structures (%) 
and the corresponding variances

1 2 3 4 5
102 10.04 (9.72) 49.45 (30.23) 27.12(20.19) 8.78 (9.71) 4.61 (4.54)

103 10.26 (0.70) 49.99 (3.05) 26.45 (2.04) 8.44 (0.65) 4.86 (0.41)

104 10.31 (0.09) 49.87 (0.29) 26.69 (0.19) 8.34 (0.07) 4.80 (0.04)

105 10.36 (0.01) 49.93 (0.02) 26.57 (0.02) 8.36 (0.01) 4.78 (0.00)

106 10.35 (0.00) 49.93 (0.00) 26.58 (0.00) 8.35 (0.00) 4.79 (0.00)

Using ViennaRNA to predict the secondary structures o f  106 lOOnt random 

sequences, 76 5-way junction sequences were found. These sequences were subjected to 

Random filtering to generate an enhanced library, consisting of a larger proportion o f 5- 

way junction structures. Figure 6-5 shows an increase in the structural complexity (using 

junction order) o f a library generated from random filtering (using the 76 5-way junctions 

as a starting point) compared to a library o f 1 million lOOnt random sequences. The most 

frequent structures in the random filtering libraries are 3-way junctions (48.65%) while 

the most frequent structures in the random libraries are 2-way junctions (64.35%). In the 

random filtering libraries, 10.23% of the sequences are 5-way junctions and 15.45% 

compared with 0.01% in a random library.

As the primer binding sites are generally used in SELEX experiments, the effect 

o f including them on structure diversity was determined. The 15 nucleotide primer 

binding regions GGAAGAGATGGCGAC at the 5' end and AGCTGATCCTGATGG at 

the 3' end were chosen, thereby occupying 30 fixed positions in the starting sequence.
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With only 70nt left for design modification compared to the original lOOnt, finding 

complex structures was made considerably more difficult276. From a lOOnt library o f 20 

million random sequences containing these primer binding regions, only 35 sequences 

were found exhibiting 5-way junctions. These sequences were used to generate a library 

using random filtering. Compared with 76 5-way junctions found in a 1 million lOOnt 

random library without primer sites, 5-way junctions are 40 fold less abundant in the 

same library containing fixed primer binding sites. According to Sabeti et al.276, a 5-way 

junction motif in a 70nt random library is approximately 100 to 200 fold less abundant 

than a 5-way junction motif in a lOOnt random library. However, primer binding sites are 

able to participate in the formation o f junctions even though the effective random library 

length has been decreased. Therefore, the 5-way junction abundances in a lOOnt library 

containing 30nt primer sites should be higher than a simple 70nt random library, 

explaining the 40 fold difference between these two cases.

Similar to the case without primer binding sites, random filtering produced a more 

structurally complex library (Figure 6-5). The most frequent structures in the random 

filtering libraries are 3-way junction sequences (45.76%) while the most frequent 

structures in random libraries are again 2-way junction sequences (71.72%). In the 

libraries containing primer binding sites, random filtering produces an average o f 6.65%

5-way junctions compared to 0.00% for completely random libraries. Therefore, random 

filtering increases the percentage o f highly complex structures available for selection in 

the SELEX experiments. The sequence shown in Figure 6-6 called RFLibraryA has 19 

single-stranded positions (indicated as N) excluding primer sites and resulted in the 

largest number of 5-way junctions (31.13%) see Table 6-2.
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Figure 6-5: Comparison o f average structural distribution (percent o f sequences displaying a given 
junction number: either one-way, two-way, three-way, four-way, or five-way junction structures) o f  
1 million sequences for typical random nucleic acid libraries (light colours) and libraries generated 
by the random filtering process (dark colours), with (red shades) and without (blue shades) primer 
binding sites. The random filtering method greatly increases the percentage o f high-complex 
structures such as 5-way junctions by 10% without primers and 6% with primers.

The RFLibraryA was synthesized, amplified, cloned and sequenced and sample 

sequences were folded using ViennaRNA. From the 17 sequences recovered, 11.76% of 

them formed 5-way junctions (see Table 6-2); sequences are in Table 6-3.
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Figure 6-6: Sample secondary structure of the RFLibraryA  DNA sequence including primer sites 
GGAAGAGATGGCGAC and AGCTGATCCTGATGG designed to generate the highest percentage 
of 5-way junction sequences (31.13%). The sequence has 19 single-stranded positions, excluding 
primer sites (noted as N). As a starting library for SELEX experiments, these 19 single-stranded 
positions are considered as random (N) and the other positions are considered as fixed. Image 
generated by Mfold.

Table 6-2: In  silico and in vitro structural distribution for the RFLibraryA  library with primer 
binding sites GGAAGAGATGGCGAC and AGCTGATCCTGATGG shown in Figure 6-6. The in  
vitro values were generated by cloning and sequencing o f the library following solid-phase synthesis 
(17 sequences were obtained). The sequences are in Table 6-3.

Percent of sequences (%)

1-way
junctions

2-way
junctions

3-way
junctions

4-way
junctions

S^way
junctions

In silico 3.28 25.68 24.68 15.22 31.13

In vitro 0 47.06 29.41 11.76 11.76

196



Table 6-3: DNA sequences obtained experimentally from the RFLibraryA  and the corresponding 
number of junctions as predicted by ViennaRNA.

Name Sequence (5' to 3')
Number of 
junctions

RF1
GGAAGAGATGGCGACGCTACTCCATCGGTCCGTACACGGTTTAAGA
CGCTTTTGCGTCTTAACACGGGCGTGTGATCAGCTGATCCTGATGG 2

RF2

GGAAGAGATGGCGACGCTACTTCCATCCGGTCCGTCCGAACGGTAT
TGAGACGCTTTGAGCGTCTATACACGCACGTGTGGATCAGCTGATC
CTGATGG 2

RF5

GGAAGAGATGGCGACGCTATCCACCGGTACCGTAGATACGGTATTC
GGACGCACGCCGCGTCGATACACATTAGTGTGGATCAGCTGATCCT
GATGG 3

RF6

GGAAGAGATGGCGACGCTACTCCCATCTGGTACCGTAGTTACGGTA
TTTTGACGCGCTGCGTCGTAAACACTGTATAGATCAGCTGATCCTGA
TGG 2

RF7

GGAGAGATGGCGACGCTACTCCCATCTGGTACCGTTATAACGGTAT
TAAGACGCTTAATGCGTCATTACACTTCCATAAGGATCAGCTGATCC
TGATGG 2

RF8

GGAAGAGATGGCGACGCTACTCCCATCCGGTACCGTCGGACGGTAT
TGGGACGCGCCACGCGTCGGGACACAGTAGTGTGGATCAGCTGATC
CTGATGG 3

RF9

GGAAGAGATGGCGACGCTATCCCATCGGGTACCTrAATAACGGTAT
TAAGACGCAAAGGGCGTCGTTACACGCACGTGTGGATCAGCTGATC
CTGATGG 5

RF10

GGAAGAGATGGCGACGCTACTCCCATCTGGTACCGTACTCACGGTA
TTTTGACGCATTTAGCGTCTATACACGAATGTGTCGATCAGCTGACC
TGATGG 3

RF11

GGAAGAGATGGCGACGCTATCCATCTGGTACCGTGAAGGGCGAATT
CCACAGGGACGGTATTTGGACGCTTCGGCGTCTCGACACAAGTGTG
TGGATCAGCTGATCCTGATGG 2

RF12

GGA AGAG ATGGCGACGCT ACTCCC ATCTGGT ACCGT AGTT ACGGT A 
TTTTGACGCGCTGCGTCGTAAACACTGTATAGATCAGCTGATCCTGA 
TGG 2

RF13
GGAAGAGATGGCGACGCTCCCCACCGGCCTGAAACGGTATTTGACG
CTAATAGCGTCTGGACACCCATAAGGATCAGCTGATCCTGATGG 2

RF14

GGAAGAGATGGCGACGCTACTCCCATCGGGTACCGTATTTACGGTA
TTCAGACGCCGGACGCGTCTCAACACATTAGTGTGGATCAGCTGAT
CCTGATGG 5

RF15

GGAAGAGATGGCGACGCTACTCCCATCAGGTACCGTTTTCACGGTA
TTAAGACGCTCAAAGCGTCGGCACACATTTGTGTGGATCAGCTGAT
CCTGATGG 4

RF16

GGAAGAGATGGCGACGCTACTCCCATCAGGTACCGTATGACGGTAT
TCTGACGCCAGTTGCGTCATAACACAGCAGTGTGGATCAGCTGATC
CTGATGG 3

RF18

GGAAGAGATGGCGACGCTCTCCCATCCGGTACCGTATGTACGGTAT
TGTGACGCTGCGTGCGTCACAACACATACGTCCAGATCAGCTGATC
CTGATGG 2

RF19

GGAAGAGATGGCGACGCTACTCCCATCCGGTACCGTGTTACGGTAT
TCAGACGCTAGATGCGTCCCTACACCTTAGTGTGGATCAGCTGACC
TGATGG 4

RF20

GGAAGAGATGGCGACGCTACTTCCATCTGGTACCGTAAGCACGGTA
TTTCGACGCAGTGGGCGTCGACACACTCGTGTGTGGATCAGCTGAT
CCTGATGG 3

197



It may initially appear that the structural diversity o f the libraries designed using 

random filtering will be overly constrained given the stretches o f fixed positions in the 

stems. However, an examination o f a number o f structures resulting from the same 

design demonstrates that while the sequence in these regions is constrained, the 

corresponding structure is not. Examples o f different junction structures formed from the 

RFlibraryA in Figure 6-6 are shown in Figure 6-7. These sample structures illustrate that 

the same fixed sequence region may participate in a stem in one structure while forming a 

loop in another. For example, for the 5-way junction structure shown in Figure 6-7A, the 

sequence GCGT starting at base 61 participates in a stem while the same fixed sequence 

forms a loop in the corresponding 4-way junction structure illustrated in Figure 6-7B.

Overall, compared to nearly zero five-way junctions and only 0.2% four-way 

junctions in a typical random DNA library with 106 structures o f 100 nucleotides each, 

random filtering was able to generate libraries o f the same size where more than 10% of 

the sequences are 5-way junctions and more than 15% of the sequences are 4-way 

junctions. Very similar results were found for lOOnt DNA libraries with fixed primer 

binding sites. Compared to a completely random library, the random filtering method 

was able to dramatically increase the likelihood o f obtaining high-order junctions 

experimentally.
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Figure 6-7: Sample sequences and representative secondary structures for RFLibraryA, shown in 
Figure 6-6. A) a 5-way junction structure B) a 4-way junction structure C) a 3-way junction 
structure and D) a 2-way junction structure.

6.3.2 Designing a SELEX library with uniform structural distribution

The genetic filtering method was initiated using a set o f 5-way junctions for the 

initial library design. The reason for this is that it is possible to obtain low complexity 

structures through the mutation o f high complexity structures; however, the opposite is 

highly unlikely. For example, by mutating 50 different 3-way junction sequences 1 

million times each, for a total o f 50 million sequences, only 62 5-way junction structures 

were obtained. This observation was also reported in a recent investigation where 5-way
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junctions were derived from the pre-existing 3-way junctions through evolutionary 

pathways, but it was observed that the probability was very small288.

For the purposes o f the genetic filtering, only 104 instead of 106 mutations of 

single-stranded positions were performed for the fitness score calculations. This number 

was reduced for fitness score estimation simply to save computation time as the method 

takes hours on a 200 processor PC cluster. As shown in Table 6-1 above, the structural 

distribution estimated with 104 mutations is close to that estimated with 106 mutations. 

Furthermore, all final results were confirmed through a re-calculation o f the the fitness 

score using 106 mutations.

A uniform structural distribution was chosen such that the highest possible ratio 

o f high-order junction structures could be sampled without losing the ability to select for 

simple motifs such as 2-way junction structures that are known to make high affinity 

aptamers.

The reason for selecting 24 single-stranded positions lies in the SELEX 

experiment. Most SELEX experiments begin with a starting library consisting o f 

nanomoles o f sequences, as this is a reasonable amount o f DNA that can be synthesized. 

This equates to approximately 1015 sequences47. Given that 4 possible bases can be 

inserted at any random sequence position and 424~1014, this implies that 24 random 

positions allows complete sequence coverage o f the initial library (ie. allowing several 

expected copies o f every different sequence), as well as sufficient diversity (1014 different 

sequences).

The genetic filtering method was used to create a SELEX library o f lOOnt in 

length, containing the primer binding sites ATACCAGCTTATTCAATT and
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AGATAGTAAGTGCAATCT. With each generation, the fitness score decreased 

steadily (see Figure 6-8). After 571 generations with a runtime o f 2hrs lOmin on a 200 

processor cluster, the library with the best fitness score was obtained.
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Figure 6-8: The best fitness value observed for each generation o f  genetic filtering for the 100 
nucleotide library containing the primer binding sites ATACCAGCTTATTCAATT and 
AGATAGTAAGTGCAATCT. Inset: Sample secondary structure o f the DNA library sequence 
(G FLibraryl). This lOOnt library, containing 24 random nucleotide positions, was synthesized and 
used in selection experiments against ATP. Image generated by Mfold.

This design, GFLibraryl shown in Figure 6-8, had a structural distribution close to a 

uniform distribution with a distance from the optimal o f 2.95 (see Table 6-4). This 

library was synthesized, cloned and sequenced (see Table 6-5). In the subset o f only 19

sequences, 26.3% were found to be 5-way junctions and 21.1% were 4-way junctions.
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Compared to a completely random library, the random filtering method was able to 

dramatically increase the likelihood o f obtaining high-order junctions experimentally. 

More importantly, even within this small sample set, the percentage o f each junction 

structures is fairly uniform (nearly 20%), with a distance from the optimal o f only 27.4.

Table 6-4: In  silico structural distribution o f the GFLibrary 1 obtained after 571 generations of the 
genetic filtering method. The structural distributions prior to starting SELEX and after 8 rounds of 
selection using ATP as the target are also given.

Percent of sequences (%) Distance
from
20%

1-way
junctions

2-way
junctions

3-way
junctions

4-way
junctions

5-way
junctions

In silico 19.6 20.4 18.9 20.4 20.7 2.95

In vitro 
(initial) 15.8 26.3 10.5 21.1 26.3 27.4

In vitro 
(after 8 

rounds of 
SELEX)

0 50 30 0 20 80

This second method, genetic filtering, was able to generate DNA library designs 

of 100 nucleotides each, where 30nt are fixed primer sites, with distributions in silico that 

are very close to uniform. Analysis o f a small set o f the sequences obtained from the 

GFLibraryl in vitro showed significant structural diversity, with each o f the junction 

structures present at levels o f at least 10%. It is expected that with a larger sample o f 

sequences, the distribution o f junction structures would be near the optimal uniform 

distribution. However, for cost reasons, only a small number o f sequences were 

obtained.
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Table 6-5: DNA sequences obtained experimentally from the initial G F Libraryl and the 
corresponding number o f junctions predicted by ViennaRNA.

Name Sequence (S' to 3')
Number

of
junctions

ATPS11
ATACCAGCTTATTCAATTGCTGCCGCAATTTGCGTCGGGACTAGTGTT
CAGACTGTCGGCGGGCCGCCGATCTATCTTAAGAAGATAGTAAGTGCAATCT 1

ATPS12
ATACCAGCTTATTCAATTGCTTTAGCAATTGGGGTCCGGACTGATGTT
CCGACCCTCGGCGCTGCGCCGATCTATCTAACAGAGATAGTAAGTGCAATCT 2

ATPS14
ATACCAGCTTATTCAATTGCCTGGGCAATTCATGTCAGGACTAAAGTT
CCGACATTCGGCGAATCGCCGAACTATCTTGTCGAGATAGTAAGTGCAATCT 2

ATPS15
ATACCAGCTTATTCAATTGCGCGTGCAATTCGGGTCAGGACAACTGTT
CAGACTATCGGCGTTACGCCGAACTATCTGTCCTAGATAGTAAGTGCAATCT 2

ATPS16
ATACCAGCTTATTCAATTGCTGATGCAATTGCGGTCAGGACCCTAGTT
CAGACGTTCGGCGCCACGACGATCTATCTTGCTAAGATAGTAAGTGCAATCT 1

ATPS17
AT ACC AGCTT ATTC AATTGCT ATCGC A ATT ACCGTC AGG ACTTC AGTT 
CGGACGTTCAGCGCCACGCCGAACTATCTTTCTCAGATAGTAAGTGCAATCT 2

ATPS18
ATACCAGCTTATTCAATTGCAGCAGCAATTAACGTCAGGACGGGAGTT
CCGACTTTCGGCGTGGCGCCGATCTATCTACTGTAGATAGTAAGTGCAATTCT 5

ATPS19
ATACCAGCTTATTCAATTGCTTGAGGCAATTACTGTCAGGACTTGTTCC
GACTGTCGGCGCCTCGCAGACCTATCTTATGTAGATAGTAAGTGCAATCT 3

ATPS20
ATACCAGCTTATTCAATTGCGGGTGCAATTAGAGTCGGGACATTGGTT
CTGACTCTCGGCGATCCGCCGAACTATCTGCCCTAGATAGTAAGTGCAATCT 2

ATPS21
ATACCAGCTTATTCAATTGCCTCGGCAATTGTTGTCCGGACTATAGTT
CCGACTGTCGGCCTCTCGCCGAACTATCTGCTCAGATAGTAAGTGCAATCT 1

ATPS22
ATACCAGCTTATTCAATTGCTTGCGCAATTCGTGTCAGGACTAATGTT
CTGACCCTCGGCGAGACGCCGATCTATCTTTAGTAGATAGTAAGTGCAATCT 4

ATPS23
ATACCAGCTTATTCAATTGCGGCTGCAATTATAGTCGGGACTAATGTT
CAGACTTTCGGCGTTACGCCGATCTATCTAGATGAGATAGTAAGTGCAATCT 5

ATPS24
ATACCAGCTTATTCAATTGCAACCGCAATTTTTGTCAGGACGGATGTT
CTGACGATCGGCGCAACGCCGATCTATCTTTCCTAGATAGTAAGTGCAATCT 4

ATPS25
AGATTGCACTTACTATCTGGTTAAGATAGATCAGCGAGGCGCCGATAG
TCTGAACTGTCGTCCAGATTTAATTGCCTACGCAATTGAATAAGCTGGTAT 3

ATPS26
ATACCAGCTTATTCAATTGCCTCAGCAATTTACGTCTGGACTCAAGTTC
CGATCTCGGCGCCTCGCCGAGCTATCTCAAGGAGATAGTAAGTGCAATCT 5

ATPS27
ATACCAGCTTATTCAATTGCCTTGGCAATTTTCGTCGGGACTTCCGTCC
GACAATCGGCGATCCGCCGACCTATCTATACTAGATAGTAAGTGCAATCT 5

ATPS28
AT ACC AGCTT ATTC AATTGC A AGTGC AATTAAGGTC AGG ACGCC AGTT 
CAGACATTCGGCGATGCGCCGACCTATCTAGTAAAGATAGTAAGTGCAATCT 5

ATPS29
ATACCAGCTTATTCAATTGCGACTGCAATTCCAGTCTGGACTTTTGTT
CGGACACTCGGCGACTCGCCGAACTGTCTACTTAAGATAGTAAGTGCAATCT 4

ATPS30
ATACCAGCTTATTCAATTGCGCTTGCAATTCCGGTCCGGACTATCGTT
CAGACTCTCGGCGTGCCGCCGATCTATCTTCGAGAGATAGTAAGTGCAATCT 4
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6.3.3 Selection o f ATP aptamers using the improved library design

SELEX experiments were performed using the uniform structure library, 

GFLibraryl, generated by the genetic filtering method, in an effort to confirm that the 

design approach yielded a library that allowed for sampling o f an increased range o f 

complex structures during the selection process. Selections were performed to find DNA 

sequences with affinity for ATP81. In the original ATP aptamer SELEX experiments, the 

random DNA library used to screen for ATP binders consisted o f  ~ 2 x l0 14 different 

sequences using a 72 nucleotide random region flanked by defined primer binding sites. 

After 8 rounds o f selection, the random region o f the sequence with the best binding 

affinity was determined to be 5'-

GACTGGGCTTGTGCTTGGGGGAGTATTGCGGAGGAAAGCGGCCCTGCTGAAG 

TGGGATACATGTGGATACCC -3' (personal communication, J.W. Szostak). This 

sequence, with its flanking primer sites, is o f low complexity, predicted to form a 2-way 

junction. Given the extensive study o f this system, ATP was chosen as the target for 

testing the uniform structure library, GFLibraryl. A total of eight rounds o f SELEX 

were performed, equivalent to the original procedure by Szostak. The recovery o f DNA 

after each round, corresponding to the amount o f DNA binding to the ATP target, was 

monitored using UV-Visible spectrometryabsorbance and fluorescence measurements. 

With each round, a low but increasing percentage o f the library DNA bound to the target 

was observed (see Figure 6-9).
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Figure 6-9: Percent recovery o f binding ssDNA to the ATP agarose after each selection round.

DNA from GFLibraryl after 8 rounds o f enrichment was cloned and sequences 

were obtained. The secondary structures were analyzed using ViennaRNA. From the 10 

sequences, 2-way junctions, 3-way junctions and 5-way junctions were found in the 

enriched library (see Table 6-4), confirming not only the structural diversity o f this 

designed library, but also that complex structures were retained after several rounds of 

enrichment. Sequences following the 8 rounds o f selection are in Table 6-6.
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Table 6-6: DNA sequences obtained experimentally from the G F Libraryl following 8 rounds of 
SELEX using ATP as the target. The corresponding number o f  junctions predicted by ViennaRNA  
are listed.

Name Sequence (S' to 3’) Number of 
junctions

ATPF1 ATACCAGCTTATTCAATTGCGACAGCAATTAGTGTCTGGACGTGTGTTCC
GACTCTCGGCGAATCGCCGAACTATCTCCGTCAGATAGTAAGTGCAATCT 2

ATPF2 ATACCAGCTTATTCAATTTGCTTCCGCAATTTGGGTCCGGACTATGGTTCG
GACTTCGGCGATGCGCCGATCTATCTTAGACAGATAGTAAGTGCAATCT 2

ATPF4 ATACCAGCTTATTCAATTGCCACCGCAATTTATGTCAGGACGCCAGTTCA
GACGATCGGCGTACGCCGACCTATCTTAATTAGATAGTAAGTGCAATCT 5

ATPF5 ATACCAGCTTATTCAATTGCCATTGCAATTCGGGTCTGGACACAGGTTCC
GACGTTCGGCGCTCCGCCGATCTATCTCGTAGAGATAGTAAGTGCAATCT 3

ATPF6 ATACCAGCTTATTCAATTGCCGTAGCAATTCCGGTCGGGACGGGGGTTCG
GACTATCGGCGAAACGCCGGCTATCTCTTGTAGATAGTAAGTGCAATCT 2

ATPF7 ATACCAGCTTATTCAATTGCCCAAGCAATTTGGGTCAGGACATGTGTTCG
GACTATCGGCGTCGCGCCGAACTATCTTAAATAGATAGTAAGTGCAATCT 2

ATPF8 ATACCAGCTTATTCAATTGCTCCGGCAATTTCCGTCAGGACCGGGGTTCT
GACACTCGGCGTGACGCCGACCTATCTATTCAAGATAGTAAGTGCAATCT 5

ATPF9 ATACCAGCTTATTCAATTGCCGGTGCAATTAAAGTCAGGACTtGCGTTCGG 
ACTTTCGGCGCGCCGCCGATCTATCTTTCTT AGATAGTAAGTGCAATCT 3

ATPF10 ATCCCAGCTTATTCAATTGCCAGGCCAATTCTTGCTGGACCACAGTCCGA
CTTTCGGCGCCTCGCCGAGCTATCTCACGTAGATAGTAAGTGCAATCT 2

ATPF11 ATACCAGCTTATTCAATTGCGTTAGCAATTGCAGTCTGGACTCCCGTTGA
CCCTCGGCCAACGCCGATCTATCTTGACTAGATAGTAAGTGCAATCT 3

After the GFLibraryl was subjected to 8 rounds of selection against the target 

ATP, complex 5-way junction structures accounted for 20% of the sampled sequences. 

However, in typical random libraries out o f 20 million sequences, only 35 fold into 5-way 

junction structures. Therefore, the likelihood o f observing this concentration (20%) o f 5- 

way junction structures in a random library is approximately 10'10. These results confirm 

that the suggested approach not only leads to better access to more complex structures for 

in vitro selection experiments but also that SELEX is capable o f preserving highly 

complex structures if they are present in the initial DNA library.

Two o f the 5-way junction sequences, ATPF4 and ATPF8 were tested for binding 

affinity to ATP using affinity chromatography, yielding dissociation constant (Kd) values 

o f 24.4±0.8 pM and 3.7±0.1 pM, respectively (binding isotherms can be found in
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Appendix B). In comparison, a K& o f 6±3 pM was reported for the published ATP 

aptamer sequence81. It is important to note that the published ATP aptamer sequence 

underwent extensive optimization and minimization prior to binding affinity experiments. 

One 5-way junction generated from the SELEX experiments shows equivalent o f slightly 

improved binding over the optimized system; however, the other 5-way junction does 

not. This suggests that complexity alone does not guarantee better target binding, but 

higher complexity structures do have the potential to yield better aptamers. This clearly 

underscores the need for structural diversity, not just structural complexity, in the initial 

starting library.

6.3.4 Choice of ViennaRNA secondary structure folding package

Both approaches for SELEX library design are based on nucleic acid secondary

structure folding, using RNAfold from the ViennaRNA package. As a result, the

computational methods are subjected to the limits o f the folding algorithms. In

particular, RNA sequences that adopt pseudoknot structures are not sampled in our

approach since RNAfold in the ViennaRNA package cannot fold a sequence into a

pseudoknot. Mfold is another nucleic acid folding package using thermodynamic

methods204. Hofacker et al. compared the performance of RNAfold and Mfold, and

found that RNAfold is considerably faster than Mfold286. Recently, other folding

programs such as GTfold289 and MC-Fold290 have been developed. Figure 6-10 shows

the comparison of the structural distributions o f the same 1000 random sequences

predicted by RNAfold, GTfold and MC-Fold. The structural distributions generated by

RNAfold and GTfold are almost identical. However, MC-Fold predicted considerably
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more complex structures. Upon closer inspection o f MC-Fold, it was determined that the 

secondary structure prediction begins by enumerating all possible junction configurations 

and therefore has a tendency to overestimate the number o f complex structures. The 

runtime for each o f these methods was also compared. On a single machine, the run time 

required for a single sequence by RNAfold and GTfold are very similar289. However, 

MC-Fold takes several orders o f magnitude longer. On a PC using an Intel Core 2 Quad 

Q6600 processor (2.4GHz and 8GB DDR2 RAM), the run time o f RNAfold for folding 

one sequence was about 0.008029 seconds, while it took about 845 seconds for MC-Fold, 

which is approximately 100,000 times slower than RNAfold. Thus, it would take 27 

years for MC-Fold to predict the secondary structure for one million sequences. It is 

therefore not feasible to use MC-Fold to predict secondary structures in these 

computational methods despite its capacity to predict pseudoknot structures. Although 

there are more recent methods available for secondary structure prediction, ViennaRNA 

is faster and sufficiently accurate for the purpose of computing structural distributions for 

a large number o f sequences.

6.3.5 Com parison to recent w ork

Recently, Schlick and coworkers developed a computational approach for 

designing structured RNA libraries by modeling the library generation process using

• • •  291 293mixing matrices ' . However, synthesis o f several individual libraries is required for 

this approach, compared to the typical one-column synthesis required for the random and 

genetic filtering approaches. Therefore, these methods are less costly and less time
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Figure 6-10: Comparison o f predicted structural distributions o f RNAfold (blue), GTfold (red) and 
MC-Fold (green) for the same 1000 random sequences o f  100 nucleotides each (containing no fixed 
primer sites). The structural distributions generated by RNAfold and GTfold are almost identical. 
However, MC-Fold predicted considerably more complex structures.

consuming. Additionally, random filtering and genetic filtering are able to add more 

complex structures to the library. For example, the most complex structures created via 

mixing matrices are 4-way junction structures whereas random filtering and genetic 

filtering can increase and control, respectively, the number o f 5-way junction structures 

in the library. The mixing matrices approach also does not include primer binding sites. 

However, primer-binding regions are often required for SELEX experiments. Since the 

primer regions are considered in the random and genetic filtering approaches, the 

resulting libraries can be directly implemented into SELEX experiments. While we
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demonstrated that genetic filtering generates libraries with uniform structural 

distributions, the method can be used to design any given structural distribution, and not 

only for junction structures. This would not only be possible for different junction 

structures, but also for other defined secondary structures.

6.4 Conclusions

We have developed two methods for designing improved starting libraries for 

functional nucleic acid selection experiments: random filtering and genetic filtering. 

Random filtering yields a DNA library with significant enrichment in the number of 

highly complex structures present. Genetic filtering results in DNA libraries with a 

nearly uniform distribution over all possible structures from 1-way junctions to 5-way 

junctions. A uniform library design created with genetic filtering was synthesized and 

subjected to a SELEX experiment to isolate ATP binding aptamers. It was found that 

after 8 rounds o f selection, complex 5-way junction structures accounted for a sizeable 

percentage o f the library, confirming that our methods greatly improved generation o f 

high complexity structures and that these structures were preserved during the selection 

process. The disparate binding affinity o f two 5-way junction sequences from this 

enriched library confirmed that higher complexity sequences have the potential to lead to 

better aptamers, but certainly do not guarantee improved binding. This suggests that 

SELEX library designs should aim to increase structural complexity while still preserving 

a diversity o f both low and high complexity structures. Future work will examine in 

depth whether these designed libraries more generally lead to aptamers with improved 

binding characteristics.
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Chapter 7. A SELEX database

Cruz-Toledo, J.; McKeague, M.; Zhang, X.; Giamberardino, A.; McConnell, E.; Francis, 

T.; DeRosa, M. C.; Dumontier, M. Aptamer base: a collaborative knowledge base to 

describe aptamers and SELEX experiments. Database (Oxford) 2012, 2012, bas006.
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7.0 Statem ent of contributions

The database model was conceptualized by M. McKeague. The Aptamer Base 

and the aptamerbase.semanticscience.org web page were developed by Jose Cruz-Toledo 

from the Department o f Biology. Curation was performed by Jose Cruz-Toledo, Tariq 

Francis, Amanda Giamberardino, Erin McConnell, M. McKeague and Xueru Zhang 

under the supervision o f M. McKeague. The query programs were developed by Jose 

Cruz-Toledo with initial analysis by Phuong Que Ho and M. McKeague.

7.1 Introduction

7.1.1 C u rren t ap tam er databases

Over the past two decades, hundreds of new aptamers have been selected and 

incorporated into many biosensor platforms and therapeutic systems: a recent search on 

pubmed for ‘aptamer’ results in almost 3000 total publications. Additionally, the amount 

o f sequence data generated by these experiments has been accumulating exponentially294. 

With the growing interest in development and application of aptamers, this trend is 

expected to continue. Despite this, most o f the information describing the SELEX 

methods, resulting aptamers and binding capabilities remain in the unstructured and 

textual format o f peer reviewed publications.

Efforts for storing aptamer information in a database format have been made by a 

few groups. For example, Ponomarenko et al. were interested in the applicability o f in 

vitro selected aptamers to the analysis o f natural genes. As a result, they developed the 

first aptamer database, SELEX DB, in 2002 that focused on sequences from SELEX that 

helped define natural DNA and RNA recognition sites for proteins295. In 2004, the
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Ellington group created a more complete database, the Aptamer Database, which 

encompassed information from all in vitro experiments. This database was intended for 

identifying aptamers and unnatural ribozymes that already existed as well as for 

collecting information about SELEX experiments to develop a better understanding o f 

the distribution of functional nucleic acids in the sequence space273. In 2006, a separate 

group created RiboaptDB that contained the same information as the Aptamer Database 

with a greater emphasis on artificial ribozymes294.

Unfortunately, RiboaptDB is no longer accessible to the public. Additionally, 

none of these databases have been updated since 2006. More importantly, these 

databases cannot be updated with information about new aptamers and SELEX 

experiments by the aptamer community, outside o f the groups that developed the 

databases. Furthermore, the collected information is restricted to constricted HyperText 

Markup Language (HTML) forms, limiting the type and number o f queries that can be

9flRposed against these datasets .

Several nucleotide sequence data providers exist such as GenBank296, the 

European Molecular Biology Laboratory Nucleotide Sequence Database (EMBL- 

Bank)297 and DNA Database o f Japan (DDBJ)298. These databases do not maintain a list 

o f artificially created sequences. Additionally, journals do not require entry o f these non

natural sequences into any o f these databases. Consequently, the community lacks an 

updated data resource in which information about aptamers, their sequences and the 

experimental conditions used in their selection can be collected and searched.

7.1.2 Freebase
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The vast quantity of information that one has access to in 2012 is unprecedented 

in human history. With this information overload there is a risk of creating more noise 

than value, thereby limiting its effective use. Innovations to organize and process this 

information are therefore critical to maintain its utility299. The semantic web is one such 

innovation.

The term Semantic Web was coined by the inventor o f the World Wide Web, Tim 

Bemers-Lee. The Semantic Web is a component o f the Web 3.0 which would enable 

users to find, share, and combine information more easily. While humans are currently 

capable o f  using the Web to carry out general search tasks, machines cannot accomplish 

this without human direction. The semantic web, however, would be a system of 

information that could be readily interpreted by computers to perform the work involved 

in finding, combining, and acting upon information found in the system. This system 

would require that the relevant information sources be semantically structured300.

Freebase is a semantically enriched database platform that aims to store 

information in a structured manner. Freebase (http://www.freebase.comI is a free, openly 

licensed community-built resource for structured data that currently provides information 

about more than 22 million topics. Over 360 million facts are organized into bases, 

which are collections of thematically related topics.

Data in Freebase is stored as a structured graph in which entities or topics

represent single concepts or individuals. This is based on the entity relationship model

described which is a conceptual representation o f data first described by Peter Chen301.

Every topic in Freebase is identified by a unique identifier and is accessible by web

browser through a Uniform Resource Locator (URL). Topics can in turn be categorized
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or "typed", representing a relationship between topics and their respective types (termed 

an “IS A” relationship). For example, typing a given topic with both the RNA and 

aptamer types indicates that the particular topic is a ribonucleic acid and is also an 

aptamer. Every type in Freebase may hold any number o f properties with any given 

value. The topic therefore is described as having a “HAS A” relationship with the given 

property. For example, a ribonucleic acid has a sequence property, which may in one 

case be GATTACA. This results in an intricately connect graph of topics and data that 

span across virtually any combination o f information tables. Connecting the information 

in this way allows unlimited and detailed queries to be posed of the stored data.

7.1.3 Chapter objectives

This chapter details the development o f a new aptamer database that contains 

detailed information about aptamers and the SELEX experiments used for their selection. 

Freebase was chosen for the database platform to allow other members o f the aptamer 

community to contribute, to help ensure that the database remains current. The data 

model allows easy searches for aptamers for targets o f interest. Additionally, the 

information stored in the database provides other aptamer researchers the necessary 

information to repeat any given SELEX experiment. Using the information in the 

database, we investigate whether experimental design conditions, such as library length, 

are important for the development o f high affinity aptamers.
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7.2 Experimental

7.2.1 Data model

The Aptamer Base can be found at http://aptamer.freebase.com/. The data model 

is built upon a central interaction experiment which describes the results and 

experimental procedures used to elucidate biomolecular interactions. These experiments 

may report one or more resulting interactions. Each interaction is related to the 

participants o f the reported interaction, through the “has participants” property (Figure 7- 

1). In the case o f aptamers derived from SELEX, this interaction experiment is more 

specifically described as a SELEX experiment and results in aptamers and an aptamer 

target as participants in an interaction.

Figure 7-1: Basic type-relationship map used by the Aptamer Base to describe SELEX experiments. 
The Interaction experiment type has an interaction as the outcome. Each interaction has at least 2 
interactors as participants (for SELEX experiments these are aptamers and the aptamer target). 
Rectangles denote types and arrows represent properties between topics. Overlapping rectangles 
represent the multiple types associated with a topic.
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The SELEX experiment provides details about the SELEX methods used to generate the 

aptamer sequences. This includes the partitioning method used to isolate putative 

aptamers from sequences lacking binding properties as well as the recovery method often 

required to isolate the putative aptamers from the aptamer-target complex. Within the 

SELEX experiment entry, additional details required to reproduce a given experiment are 

entered. For example, the particular type of SELEX method (from Table 1-1 in Chapter 

1), the number o f SELEX rounds performed, the initial SELEX library template sequence 

as well as the selection buffer conditions (termed selection solution). All fields within 

the data model describing the details of the SELEX experiment can be found in the data

map, Figure 7-2.

[ Interaction experiment]

I SELEX t -
experiment

[ Experimental conditions 
I  __ ___ __

number of rounds
has

experimental
conditions

SELEX
conditions template

sequence

has selection 
solution

template bias
has partitioning 

method has recovery 
method

Selection
solution

Recovery
method

buffering
agent

temperature
concentration of 

metal cations

Figure 7-2: Basic type-relationship map used by the Aptamer Base to describe the details o f SELEX 
experiments. Rectangles denote types and arrows represent properties between topics. Overlapping 
rectangles represent the multiple types associated with a topic.
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Details are included about the aptamers such as the nucleic acid type (DNA or 

RNA), sequence, length and secondary structure. The aptamer target may have several 

properties depending on its type (i.e. protein, small molecule, cell, etc), including peptide 

sequence, molecular weight, melting temperature, etc. The resulting interactions can be 

either “confirmed” or “disputed” with the affinity experiment under a set o f experimental 

conditions, thus enabling searching for sequences displaying or lacking binding 

properties. The affinity experiment results in a dissociation constant value describing the 

affinity o f the interaction (see Figure 7-3).

Experimental conditions |
i i i  i am

Affinity 
conditions w Interaction

has
experimental

conditions
has binding 

solution
confirms

disputes
Experiment!

Binding
solution

Affinity
experiment

buffering
agent has outcome

affinity method

temperature concentration of 
metal cations

f  Experimental 
outcomeDissociation

constant

Figure 7-3: Basic type-relationship map used by the Aptamer Base to describe the details o f  affinity 
experiments. The affinity experiment results in dissociation constant and either ‘confirms’ or 
‘disputes’ an interaction. Rectangles denote types and arrows represent properties between topics. 
Overlapping rectangles represent the multiple types associated with a topic.

218



This data model also provides details about minimal aptamers, sub-sequences or 

variants o f larger sequences that exhibit binding to a target ligand (Figure 7-4). While 

sequences obtained from SELEX are typically greater than 30 nucleotides in length, 

minimization often occurs to reduce the cost o f synthesis or to improve binding 

characteristics. The reported minimal aptamers participate in interactions that are distinct 

from those o f their parent aptamers, allowing these aptamers to be described with a 

dissociation constant topic that is distinct from that o f its parent.

i nteraction experiment j
SELEX

experiment
/

A
has outcome

N

Experimental
outcome

Interaction Interaction

f Experimental
"'I outcome

has participant has participant

Inter [ Interactor

has minimal aptamer

Figure 7-4: Basic type-reiation map describing minimal aptamers. Minimal aptamers are described 
in the Aptamer Base by creating a new interaction for each individual minimal aptamer.
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For every aptamer reported in the Aptamer Base the predicted secondary 

structure using RNAfold is included286. The resulting predictions associated to aptamer 

topics that have been typed as a nucleic acid (either RNA or RNA). The dot bracket 

notation, minimum free energy and version o f RNAfold are provided for each prediction. 

Given that the nucleic acid property "has predicted secondary structure" is a one-to-many 

relation, the Aptamer Base could accommodate the incorporation of alternative secondary 

structure predictions or even tertiary structures made by other prediction programs204,290.

7.2.2 Curating the aptamer literature

Approximately 3000 articles from the primary scientific literature, from 1990 

until December 2011, were identified as potential candidates for inclusion in the Aptamer 

Base. This collection was created by performing a general search on PubMed for any 

articles containing the terms “SELEX” or “aptamer” in either the title or abstract. The 

resulting collection was manually inspected to ensure that only relevant articles, 

describing a SELEX experiment used to generate aptamers, were assembled for the 

database entry process. Therefore, review papers, articles describing applications of 

previously selected aptamers, articles characterizing or modifying existing aptamers and 

articles detailing SELEX of in vitro ribozymes were excluded from the final aptamer 

database collection. The final set o f 157 articles published between 1990 and 2006 was 

curated by six expert graduate students, all o f whom have performed experimental 

research on aptamers or SELEX. Additionally, only aptamers that had been verified 

using an affinity experiment and had an experimentally determined dissociation constant
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were considered for entry. 2 0 0  articles published after 2006 were identified for entry into 

the database and are currently being curated on a daily basis.

To ensure data curation was consistent and accurate, each curator was given the 

same training in extracting relevant details from aptamer publications (see Appendix D 

for the documentation describing the data entry process). Any curator questions were 

directed to a central SELEX expert for consistency purposes. Finally, each entry was 

verified for completion and accuracy by at least one other curator, and proper typing of 

the generated Aptamer Base topics was monitored using a correction program.

At times, information required for the data model was not present in the primary 

literature. In some cases this was due to the particular experimental design chosen by the 

author and in other cases due to incomplete information presented in the research article. 

To distinguish between these cases and an incomplete entry on behalf o f a curator, the 

terms “not described” and “not needed” could be selected for each entry.

7.2.3 Querying the database

Data in the Aptamer Base was programmatically accessed through Freebase's 

application programming interface (API) using the Metaweb Query Language. A suite of 

Java 1.6  programs were developed which implement Google's latest Java API clients 

(http://code.google.eom/p/google-api-java-client/) to query the Aptamer Base.
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7.3 Results and Discussion

7.3.1 Summary of data in the Aptamer Base

The data model was carefully constructed based on the methods and results from 

typical SELEX publications and as suggested by experts in the field. In particular, the 

required entries were chosen such that the SELEX experiments can be independently 

repeated25. The Aptamer Base currently contains information about 1068 interactions 

involving 1239 aptamers binding to 221 different targets totaling approximately 45,000 

facts (updated statistics can be found http://aptamerbase.semanticscience.org/?q=node/5). 

These facts were added on a weekly basis between September 2010 and March 2012. 

More specifically, the Aptamer Base describes interactions involving 497 DNA aptamers 

and 660 RNA aptamers, with proteins being the most frequently occurring target type 

(Figure 7-5).

■  Protein (85 )
■ Enzym e (16 ) 

Nucleotide (8)
■  Amino Acid (7)
■  Nucleic Acid (6)
■ Drug (6)
■  Peptide (6)
■  Virus (6)
111 Carbohydrate (5) 

Antibody (4)
■  Cell (2)
■  D ye (2)

Lipid (1)
a Toxin (1) 

Eukaryote (1)
*  Prokaryote (1)

Figure 7-5: Summary o f data (as of March 1,2012) found in the Aptamer Base. (A) Distribution of 
the aptamer types (B) Distribution of the aptamer targets.
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7.3.2 Accessing the database

Searching and browsing data in the Aptamer Base is possible in a number of 

ways. For researchers simply interested in searching for a list o f  aptamers, there is a 

newly created custom website (http://aptamerbase.semanticscience.org/?q=base/search) 

which includes a search interface that directly queries the contents o f the Aptamer Base 

through a simple user-friendly search form. The search can be limited by selecting either 

RNA or DNA aptamers as well as by selecting a particular target type o f interest (see list 

in Figure 7-5). Users can also search for a particular target name by inputting all or part 

o f the target name. The user can choose from a list o f available options which are auto

completed by Freebase Suggest (http://www.freebase.com/docs/suggest). PubMed 

identifiers can also be specified to limit the search to specific publications. This custom 

website also provides users with documentation on using and accessing the data in the 

Aptamer Base.

Secondly, users have programmatic access to the Aptamer Base through the 

Freebase application programming interface (API) (http://www.freebase.com/docs/data). 

The Freebase API allows users to query the Aptamer Base using the Metaweb Query 

Language (MQL), a powerful tool that allows users to formulate complex queries that are 

unlimited unlike the searches possible through our simple search interface. Using the 

API, queries are serialized as JavaScript Object Notation (JSON) through a 

Representational State Transfer (REST) interface. While this is a powerful query tool, 

the average aptamer researcher is likely to make use of the custom built search form.
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7.3.3 Mining the database

Data in Freebase is also available as part of the Linking Open Data (LOD) 

project302, a community effort that collects data from various open data sources on the 

Web and publishes and interlinks the different sources using the Resource Description 

Framework (RDF) in a dereferenceable manner303. As such, any topic in Freebase and 

specifically in the Aptamer Base can be retrieved as RDF/ (Extensible Markup Language) 

XML by using the following URL: http://rdf.freebase.com/rdf/rTOPlC IDL where 

TOPIC ID is the unique identifier given by Freebase to a topic.

Lastly, full data dumps o f the Aptamer Base are available as tab-delimited files 

from http://download.freebase.com/datadumps/latest/browse/base/aptamer/.

7.3.4 Utility of the database

The Aptamer Base is a new collaboratively developed knowledge base motivated 

by the information needs o f aptamer researchers. The Aptamer Base provides detailed 

information about the experimental conditions under which aptamers were selected and 

their binding affinity determined. The data model provides the required types and 

properties to capture experimental details o f both the partitioning method that eliminates 

sequences lacking affinity from the SELEX library and the recovery method o f the 

putative aptamer sequences from aptamer-target complexes. The Aptamer Base also 

details the pH, temperature, metal cation concentration and the buffering agent for all 

SELEX experiments. Providing access to these experimental conditions is crucial in 

ensuring the reproducibility o f the reported experiments . This information can be 

leveraged by aptamer researchers wishing to either reproduce or select new aptamers.
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For example, researchers attempting to develop aptamers for a specific target can query 

the Aptamer Base for the conditions o f successful SELEX experiments for identical or 

similar targets. Additionally, researchers wishing to develop new diagnostic and 

therapeutic applications for aptamers may find all the necessary conditions required to 

reproduce the aptamer binding.

7.3.5 Comparison with other databases

While other aptamer databases have been documented273,294,295, the Aptamer 

Base provides significant benefits. As the Aptamer Base is part of the larger resource of 

Freebase, it reuses knowledge that is already in Freebase. For example, the Aptamer 

Base reuses information from Chemistry Commons (http://freebase.com/view/chemistry) 

to provide links to PubChem and Wikipedia for the majority o f aptamer target topics. As 

a result, several properties about the aptamer targets, such as molecular weight are 

automatically included.

As stated previously, the RiboaptDB is no longer accessible to the public. 

Furthermore the other aptamer databases, the Ellington Aptamer Database and 

SELEX db, have not been updated since 2006. Aptamer Base is currently in the process 

o f being updated to include all characterized aptamers until 2011. The risk o f Aptamer 

Base following the fate o f past databases and being left un-updated is mitigated by the 

fact that data entry can be performed by any registered member o f  Freebase. This unique 

feature enables researchers, educators and students within and outside o f the aptamer 

community to contribute and make use o f the knowledge in the Aptamer Base. There is
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currently a stable community o f over 60,000 users that contribute to Freebase on a 

regular basis.

Though providing open access to the Aptamer Base poses a risk o f vandalism, 

Freebase relies on community collaboration to maintain a complete and accurate dataset, 

similar to other successful open data projects such as Wikipedia. Users can correct or 

augment facts in the Aptamer Base, but may be suspended if in violation o f basic 

Freebase content creation guidelines. Furthermore, administrators of the Aptamer Base 

can at any point modify, remove or undo changes to any entry to ensure data quality and 

consistency. For this purposes, Freebase provides the community with the ability to 

revert any changes made to the Aptamer Base through the use o f Freebase datadumps 

(http://download.freebase.com/datadumps/), which have complete backups o f the data, 

updated weekly, in Freebase for the past two months. Access to older backups is also 

available by contacting the Freebase staff.

Unlike the Ellington Aptamer Database and RiboaptDB, the Aptamer Base 

currently only provides information about aptamers. The data model used by the 

Aptamer Base has been tailored to provide a core set o f the necessary details required to 

generically reproduce current aptamer in vitro experiments. However, our data model 

can be used as a common set o f requirements for reporting future in vitro aptamer 

experiments and subsequently expanded to accommodate results of other in vitro 

experiments that involve biomolecular interactions such ribozymes. Additional links 

describing the large field o f applications o f aptamers may also be easily incorporated into 

the current data model.
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SELEX often generates several putative aptamer sequences. Often due to time 

constraints, the binding abilities of all sequences are not tested. Additionally, many 

sequences derived from SELEX do not bind to the target and are more likely a result o f 

mutation or contamination252. The Ellington Aptamer Database contains almost three 

times more aptamer sequences than the Aptamer Base. As the majority o f these 

sequences have not be verified to be aptamers using an affinity experiment, there is 

always a possibility that these sequences actually have little or no affinity for the target. 

To ensure the relevance o f the aptamer data in the database, the sequences found in the 

Aptamer Base have been verified using an affinity experiment to either bind (“confirm”) 

or not to bind (“dispute”) to the target in question. In almost all cases, the corresponding 

dissociation constant is included.

7.3.6 SELEX queries

As discussed earlier, the majority o f initial in vitro experiments involved selecting

RNA aptamers as it was considered that only RNA could fold into functional motifs.

However, several groups reported that DNA aptamers were capable o f binding specific

molecular targets with high affinity. Additionally, the lack o f  the 2' hydroxyl o f the DNA

sugar results in an increased chemical and biological stability compared to RNA, a useful

characteristic for almost all applications o f aptamers. Despite this finding, researchers

frequently select RNA aptamers due to the belief that RNA result in higher affinity

binders. As a result, more RNA aptamers exist (see Figure 7-5). Using the information

in the database we sought to investigate whether this was the case. From our queries, the

average dissociation constant of RNA aptamers is 4.7x1 O'6 M , which is 50% better than
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that o f DNA aptamers (1 x l 0"5M). Additionally, the highest affinity aptamer reported, 

binding to its target with a Kd o f 2 pM (for the target VEGF), is in fact RNA. However, 

there is also a more significant spread between various binding capabilities o f RNA. As a 

result, the two-sample t-test for equal means indicates that there is no significant 

difference between these observed Kd averages.

The effect o f aptamer length was then further investigated. Firstly, there is a wide

range of various aptamer lengths for both RNA and DNA (see Figure 7-6 and 7-7).

Additionally, RNA aptamers tend to be shorter in length. From Figure 7-6, 95% of RNA

aptamers are from 20 to 6 8  nucleotides in length with an average length o f 44

nucleotides. This range is extended to between 26 and 90 nucleotides in length for DNA

with an average o f 58nt (Figure 7-7). Here, the two-sample t-test for equal means rejects

the null hypothesis, indicating that there is a difference between these 2 values. The data

therefore does indicate that RNA aptamers are shorter in length on average. While the

average binding affinity o f RNA aptamers is not significantly different than that o f DNA,

the difference in size may be sufficient reason for choosing to perform RNA selections.

However, this observed difference may be a result in the difficulty in RNA synthesis.

Due to the extra protecting steps, RNA-based selections may begin with much smaller

random regions o f SELEX libraries. Alternatively, more effort for the minimization of

final aptamers may occur due to this increased cost and effort associated with RNA

synthesis. Alternatively, the hydroxyl group at the 2' sugar position, which can

participate in additional intermolecular interactions with the target, may result in the

formation o f tighter binding motifs within a smaller sequence length. Comparison o f the

length o f the random regions in the initial library as well as the length o f  original aptamer
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clones must be performed to provide further insight into this difference. Furthermore, the 

relationship between aptamer length and Kd was investigated. Initial inspection o f both 

the RNA and DNA aptamer datasets results in no discemable trend (see Appendix D).

As these datasets include all aptamers lengths binding to every target, there is likely 

several other factors involved that need to be inspected individually. From the work in 

Chapter 6 , there is precedent that likely secondary structure plays a more defined role in 

aptamer binding affinity104.

Figure 7-6: Histogram displaying the frequency o f RNA aptamers (as o f March 1,2012) of given 
sequence lengths (within a 5 nucleotide range). The mean RNA aptamer length is 44 nucleotides. 
Image generated using SigmaXL.
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Figure 7-7: Histogram displaying the frequency o f DNA aptamers (as o f  March 1,2012) of given 
sequence lengths (within a 5 nucleotide range). The mean DNA aptamer length is 58 nucleotides. 
Image generated using SigmaXL.

With the infinite variables available in the database, the effect o f particular small 

molecular target type on the ability to select high affinity aptamers was investigated. 

While the majority o f  aptamer targets in the database are proteins, focus was on small 

molecules due to our interest in selecting new aptamers for these targets. Work has been 

performed by Carothers et al. at an attempt to determine the effect of target structure and 

size with binding affinity131. Using aptamers for only 6 small molecules from the 

literature, as well as aptamers obtained from his own selections for two other small 

molecules, Carothers determined that the target molecular weight was proportional to the 

resulting aptamer affinity (larger targets resulted in lower K& values). This finding was 

consistent with the findings o f other studies between affinity and target mass304.

However, the target theophylline which has a very small mass (180 g/mol) did not follow
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this general trend. It was therefore concluded that targets with fewer rotatable bonds, and 

therefore a reduced degrees of freedom, can result in improved aptamer affinity. Using a 

larger dataset, several affinity comparisons based on target types were performed. The 

average K& values for a set o f target types was determined. The significance o f the 

difference in these values was evaluated using the two-Sample t-Test for equal means. 

Each o f the 4 comparisons was consistent with the findings o f Carothers et al.(see Table 

7-1). For example, aptamers bind to nucleotides with improved affinity compared to 

aptamers to amino acids. This effect may be a result o f the molecular weight argument 

(nucleotides have molecular weights o f 300 g/mol or greater whereas amino acids are 

204g/mol or less). However, this effect may be a result o f the smaller fraction of 

rotatable bonds present in nucleotide structures compared to amino acids. Alternatively, 

the planar structure o f the nucleotides as well as the high proportion o f hydrogen bonding 

sites may contribute to the improved affinity compared to amino acids. To further 

investigate this effect, the average affinities of nucleotides vs. all other small molecules 

were compared. Again, nucleotides result in improved affinities comparatively. Here the 

molecular weight o f all other small molecules spans 61g/mol to 1000 g/mol. Therefore, it 

is more likely that the reduced number o f rotatable bonds as well as the ideal planar 

structure and hydrogen bonding sites result in the high affinity o f these targets. The 

molecular weight argument however, was supported in the comparison o f amino acids 

and oligosaccharides, in which the larger oligosaccharides had significantly improved 

binding affinities. Finally, cyclic compounds having less rotatable bonds resulted in 

improved affinities compared to acyclic compounds.
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Table 7-1: Comparison o f  aptamer affinity based on target types (as o f March 1,2012). The mean 
K i for each set o f target types was compared. The 2-sampie t test was used to evaluate whether there 
was a significant difference between these results (initial results from P Q. Ho305).

Target comparison
MeanJfrQiM)

p value*
Target 1 Target 2

Nucleotides and amino acids 58 700 0.0068
Nucleotides and other small molecules 58 280 0.0197
Amino acids and oligosaccharides 700 0.5 0.0033
Cyclic and acyclic small molecules 34 430 0.0071
*2-sided p value, assume unequal variance (if less than 0.05 = true)

7.4 Conclusions

We have created a comprehensive database that stores structured information 

about aptamers and the conditions under which they were selected and tested. Currently 

this database contains additional up-to-date information compared to other aptamer 

databases and we are in the process of including all selected aptamers to January 2012. 

The platform on which this database was created, Freebase, will help ensure that up-to- 

date information is available in the future. Aptamer researchers are currently able to use 

our simple search form to search for aptamers for specific targets or target types. 

Additionally, more comprehensive queries can be made through Freebase. The database 

has been queried to extract the sequence length, dissociation constant and target 

information for aptamers stored in the database. This data was statistically manipulated 

and revealed several trends between aptamer binding affinity and target type. Further 

queries will be performed to establish trends in aptamer binding and the experimental 

conditions and methods used in their selection with the goal o f streamlining aptamer 

selection protocols in the future.



Chapter 8. Contributions to knowledge



While aptamer technology has existed for over two decades, the challenges 

imposed on the development of aptamers for small molecules has resulted in very few 

novel aptamers that can bind to practical small molecules. While aptamer detection 

systems are often superior to other biomolecular-based sensing schemes, relatively few 

have emerged for practical use. This is mainly due to two reasons: relatively few studies 

have been performed at examining the robustness o f such systems in practical scenarios 

and in relevant food matrices. Secondly, as there is a lack of produced practical aptamers, 

the majority of aptamer detection systems use targets for proof-of-concept.

To evaluate whether aptamers display the robustness needed for commercial 

applicability, we examined the feasibility of using ochratoxin A (OTA) aptamers in 

commercial food-safety testing. The OTA aptamer 1.12.2 used in the study was was able 

to perform well in aptamer-based solid-phase extraction columns (SPE) for rapid clean

up of OTA from naturally contaminated wheat samples. These aptamer-based SPE 

columns showed good performance, with recovery and precision data within the criteria 

established by the European Union. Comparative analysis with the well-used 

immunoaffinity (IMA) columns showed good correlation; however, the aptamer-based 

SPE columns displayed improved reusability properties and a lower cost o f production 

compared to the IMA columns.

Selections were performed on several useful small molecule targets relevant for

diagnostics and therapeutics. From our SELEX experiments, strategies were evolved that

can help improve aptamer selection for expensive or difficult targets. For example, using

magnetic beads greatly reduced the amount o f target, and therefore cost, required for a

SELEX experiment. Conditions which increased selection stringency may lead to better
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aptamers. However, the implementation of the stringent conditions must be chosen 

carefully and correspond to the resulting enrichment o f the library. The research found 

that computationally designed SELEX libraries with an increased structural diversity 

result in an improved sampling o f different secondary motifs during selection 

experiments. This can lead to an improved likelihood o f selecting aptamers with desired 

binding properties.

These strategies were applied for the selection o f improved aptamers for the 

targets OTA and ATP. These aptamers, displaying higher affinity for their targets, may 

be useful in the development o f sensitive biosensing platforms for detection o f these 

targets. Furthermore, we were the first to select novel aptamers for the targets fumonisin 

Bi (FBi) and L-homocysteine (L-Hcy). Given the importance o f FBi in food-safety and 

the clinical relevancy o f L-Hcy, these new aptamers may be used in rapid, inexpensive 

detection systems.

With partners that are experts in computer science, a new aptamer database called 

Aptamer Base was developed. The database included all confirmed aptamers up to 2007. 

This database allows aptamer researchers to search for aptamers that bind to either a 

group o f targets or a specific target. The availability o f a user-friendly and complete 

aptamer database will help researchers find practical targets for the development of new 

therapeutic and diagnostic designs. Additionally, SELEX labs can easily compare their 

selected aptamers with all o f those in the literature. The hope is that by having all the 

aptamer targets located in one collection, researchers will chose to select aptamers for 

new targets that are currently not available.

235



The Aptamer Base captures detailed experimental conditions about SELEX and 

the properties o f the resulting aptamers. With this information we have determined that 

RNA aptamers do not necessarily result in improved binding characteristics compared to 

their more stable counterpart, DNA. Additionally, we have confirmed previous reports 

that aptamer affinity is related to the molecular weight o f the target, with the exception o f 

targets with less rotational freedom. Additional links comparing the conditions used in 

SELEX and aptamer affinity will be made with the hope o f streamline SELEX protocols 

for specific targets o f interest and work towards the possibility o f intelligent aptamer 

design. Ultimately, we hope that this work will result the rapid and facile development o f 

novel aptamers.
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Appendices

Appendix A Towards the selection of aptamers for deoxynivalenol 

A .l Introduction 

Deoxynivalenol

Deoxynivalenol (DON) is a trichothecene mycotoxin produced by several fungal 

species o f the genera Fusarium, mainly F. graminearum  and F. culmorum?06. These 

species are responsible for Fusarium head blight o f wheat and barley and Fusarium ear

^07rot in maize . In addition to the financial loss from these plant diseases, the resulting 

contamination with deoxynivalenol and other trichothecenes results in significant waste. 

For example, direct loss o f more than $100 million resulted from a Fusarium  epidemic in 

Ontario winter wheat alone in 1996308.

There are approximately 150 structurally related sesquiterpenoid compounds that 

are members o f the trichothecene group. This group is characterized by a tetracyclic 

12,13 epoxytrichothec-9-en backbone and has been classified according to their chemical 

characteristics into four groups: type A (T-2 toxin group), type B (nivalenol group), type 

C (crotocin group) and type D (macrocyclic). DON is a member of group B, and is a 

polar organic compound with the chemical structure 12,13-epoxy-3a,7a,15- 

trihydroxytrichothec-9-en-8-on (see Figure A. 1-1). It consists o f a carbonyl group at the 

C8 position that distinguishes it from type A trichothecenes309. The other members of 

type B trichothecenes include nivalenol and DON’s acetylated derivatives, 3-
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acetyldeoxynivalenol, 15-acetyldeoxynivalenol and fusarenon X 310. DON is o f particular 

importance due to its frequent occurrence o f high levels o f contamination309.

HO

HO HO

Figure A . l - 1: Structure o f deoxynivalenol

Humans are chronically exposed to DON through ingestion of food grains 

including com, barley, rye, oats and wheat that are contaminated in the field and during 

storage31'. As a result, DON has been found worldwide in foods such as bread, noodles, 

beer and malt306,312.

Deoxynivalenol was first characterized in 1972 following its isolation from 

Fusarium-'mfecled barley in Japan313. It was rediscovered in 1973 from Fusarium- 

infected com in the United States and given its colloquial name “vomitoxin” due to its 

emetic effects in swine314. DON possesses a relatively low toxicity compared to other 

trichothecenes such as T-2 toxin. Though acute toxicity may rarely be an issue, the 

widespread contamination o f DON is a problem of concern in public health. DON is 

responsible for a wide range o f disorders in animals and humans. As with most 

mycotoxins, the dangers persist throughout the food-processing system as the toxin is not 

affected by cooking. The effects o f DON include anorexic symptoms (such as nausea, 

abdominal pain, food refuse, vomiting diarrhea, weight loss)315, as well as dizziness,
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fever, headache316, reduced immunity, anemia, growth retardation and reproductive 

disorders317.

The toxic effects of DON stem mainly from its ability to inhibit the synthesis o f 

DNA, RNA and proteins. This toxin binds to the large ribosomal subunit in eukaryotes 

therefore inhibiting the peptidyltransferase mediated translation process. This also 

triggers a ribotoxic stress response309 and activates intracellular protein kinases that both 

mediate selective gene expression and apoptosis318. Additionally, DON is readily 

transported to the brain, where it interferes with dopamine receptors. This is thought to 

cause the anorexic-like symptoms306.

DON is one o f the most common grain contaminants, contributing more than 90% 

of total trichothecene contamination . As a result, levels o f DON contamination are 

tightly regulated in several regions. Recently, JECFA updated its evaluation o f DON. In 

particular, due to in vivo deacetylation o f the acetylated derivates of DON, which 

therefore contribute to total toxicity, the committee decided to convert the provisional 

maximum tolerable daily intake (PMTDI) to a group PMTDI o f 1 g/kg o f body weight per 

day for DON and its acetyl derivatives319.

To reduce the risk o f exposure to DON, Canada developed standards for the

maximum permissible levels in foods. Currently, the Canadian guideline for DON is 2

mg/kg in wheat for human consumption and 5 mg/kg for grain products used for cattle

and poultry diets. Additionally, the Canadian National Feed Inspection Program analyzes

approximately 300 samples annually for DON160. The European Commission has set

more stringent maximum permitted levels for DON in a variety o f cereal-based foods.

For example, 1750 and 1250 pg/kg were set as maximum levels for unprocessed durum
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and common wheat; 750 pg/kg for wheat flour, bran, germ and pasta; 500 pg/kg for 

wheat products for direct human consumption and 200 fig/kg for wheat-based infant and 

baby food315. Additionally, the U.S. Food and Drug Administration has set limits for 

DON in food and feed products. Food for human consumption such as bran, flour, and 

germ has a limit o f 1 mg/kg DON320, grains and grain products intended for swine have a 

limit of 5 mg/kg and other grain feed has a limit o f  10 mg/kg321.

Current detection methods

DON is o f particular concern as it is formed in the field prior to harvest and can 

continue to be produced during storage. Despite several production minimizing 

strategies, DON occurrence is unavoidable due to the major impact o f weather 

conditions309. For example, the US Dried Distillers’ Grains with Solubles (DDGS) 

survey that took place between August 2009 and January 2011 confirmed that two o f the 

eight plants sampled contained DON levels that surpassed the 5ppm US Food and Drug 

Administration (FDA) advisory level. As a result, careful regular monitoring o f this 

toxin is required.

There are two AOAC official methods for DON analysis: a TLC method and a 

GC method. The GC based method that uses electron capture detection is the most 

widely used. However, the procedure is complicated and requires the investment o f both 

expensive equipment and a skilled technician322. Therefore, several other techniques for 

DON detection are being developed and tested. For example HPLC, LC/MS or tandem 

mass spectrometry (LC/MS/MS) have been reported for DON analysis. These methods
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are very sensitive and accurate but require sample clean-up procedures and technical 

skills. Other promising detection techniques that are being developed include Fourier- 

transform near infrared (FT-NIR) spectroscopy315 and SPR312. As described earlier, 

immunoassays are ideal for routine analysis due to their simple clean-up procedure. 

Immunoassays that have been developed for DON include ELISA, lateral-flow 

immunoassays, radioimmunoassays and fluorescence polarization immunoassays315. 

While effective, rapid and simple, these assays often display strong cross-reactivity with 

other trichothecenes, require long incubation times for complete antigen reaction and are 

expensive. As previously discussed, aptamer-based biosensors may function as useful 

alternatives in DON detection.

Section objectives

This chapter describes the progress towards the selection of an aptamer for 

deoxynivalenol. To-date, no aptamers have been selected for this target. The observed 

enrichment o f the DNA library observed within the first 10 rounds o f selection is 

presented.

A.2 Experimental 

Materials

Phosphoramidites, modifiers, activator, deblock, capping, and oxidizing reagents 

were obtained from Glen Research. Standard support columns and acetonitrile were 

purchased from BioAutomation. Ultra High Purity 5.0 argon was purchased from
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Praxair. 3-acetyldeoxynivalenol was a gift from Prof. Miller. All HPLC grade solvents 

were obtained from Caledon Labs. All PCR and electrophoresis components were 

purchased from BioShop Canada. l,l'-carbonyldiimidazole (CDI) and chemicals for 

buffering agents and all other purposes were purchased from Sigma-Aldrich and prepared 

with Millipore Milli-Q deionized water at 18 MQcm. CarboxyLink Coupling gel 

(immobilized diaminodipropylamine, DADPA, supplied as a 50% slurry) was purchased 

from Pierce (Illinois, USA). Spin-X cellulose acetate microcentrifuge filter tubes, 

Amicon-Ultra 0.5 mL 3kDa centrifuge units and sulfo-NHS acetate were purchased from 

Fisher Scientific Canada.

Deacetylation of DON

250.0 mg of 3-acetyldeoxynivalenol (3-ADON) was deacetylated to DON as 

described by Bily et al323. The 3-ADON was dissolved in 5 mL of HPLC grade methanol 

and mixed with 1 mL o f 1 M NaOH in a round bottom flask for 2 hours with magnetic 

stirring. The methanol was removed in vacuo. The residue was dissolved in deionized 

water and added to a 60 mL separatory funnel and extracted with ethyl acetate ( 3 x 1 2  

mL). The combined extracts were dried in vacuo.

TLC confirmed the production o f DON (Rf= 0.2, EtOAc) from 3-ADON (Rf= 0.6, 

EtOAc). The entire product was redissolved in 2 mL o f a 1 :lv/v acetonitrile: water 

solution and purified using 80 pL injection volumes through preparative RP-HPLC on a 

Zorbax 300-Ext C l8, 5 pM, 9.4 x 250mM, with the mobile phase program described in 

Table A. 1-1 and a flow rate o f 3 mL/minute.

242



Table A . l - 1: Reverse phase HPLC program  for isolation of DON.

Time
(minutes)

Acetonitrile
(% )

Deionized water 
<%)

0 5 95
10 5 95
18 50 50
20 50 50

20.10 5 95
30 5 95

DON was detected by monitoring UV absorbance at 220nm. The collected peak was 

verified using a Biopure deoxynivalenol standard, purity 99.4 ± 0.6%, from Romer labs.

DON conjugation

DON was conjugated to DADPA via the primary alcohol using CDI chemistry as 

described by Vatele324. 0.8 mg o f CDI was mixed with 2.0 mg o f DON in a 1 mL glass 

vial containing 20 pL o f reagent grade acetone in order to convert the primary alcohol 

into a reactive carbamate. The reaction was left to shake for 7 hours. 5 mL o f DADPA 

slurry was washed with a mixture o f 0.2 M NaHCOj, pH 10 and acetone (v/v) beginning 

with 0% acetone, each time increasing the fraction o f acetone by 5%, until the column 

was suspended in 5 mL o f 70% 0.2 M NaHCC>3 and 30% acetone. The reactive 

carbamate was then added to the DADPA suspension and allowed to react for 3 days at 

room temperature. The slurry was then rinsed 5 times with 0.1 M NaHCC>3, pH 8.5 and 

reacted with 100 mg o f sulfo-NHS acetate dissolved in 3 mL o f 0.1 M NaH C03, pH 8.5 

to quench unreacted amine groups. The mixture was incubated with shaking for another 

hour, followed by ten washes with DON SELEX buffer (DSB): 20 mM HEPES, 125
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mM NaCI, 5 mM KC1, 2 mM MgCh, 1 mM CaCl2, pH 7.6 . 5 mL o f unmodified 

DADPA was also prepared for negative selection purposes by blocking amino groups 

with 100 mg sulfo-NHS as described above.

300 pL o f both the DON-immobilized column and negative column were tested 

for non-specific DNA binding. 200pmol o f fluorescein modified DNA (sequence FBi 32 

from section 4.3.2) was incubated with each column material for 30 minutes and 

recovered by centrifugation at 14,000 g. The recovered DNA was quantified using UV- 

Visible spectrometry.

DNA library and primer synthesis

The starting DNA library was prepared by using standard phosphoramidite 

chemistry on a BioAutomation Mermade 6 (Plano, Texas) as described in section 2.2.2 

using 200 nmol controlled pore glass (CPG) columns with the larger, 1000A pore size. 

The sequence is 81 nucleotides in length, containing a central region o f 45 random 

nucleotides flanked by two primer binding sites necessary for PCR and cloning: 5'- 

ATCCAGAGTGACGCAGCA-N45-TGGACACGGTGGCTTAGT -3'. The following 

primers used for amplification and cloning o f the selected oligonucleotides were 

synthesized: Primerl: 5'- ATCCAGAGTGACGCAGCA -3' and Primer2: 5'- 

ACTAAGCCACCGTGTCCA -3'. Modified primers were also synthesized to allow for 

fluorescent labeling o f the binding DNA and separation o f strands on a denaturing 

polyacrylamide gel: ModPrimerl: 5'-6FAM- ATCCAGAGTGACGCAGCA -3' and 

ModPrimer2 5'-poly-dA20-HEG- ACTAAGCCACCGTGTCCA -3'. HEG represents the
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hexaethylene glycol Spacer Phosphoramidite 18 (Glen Research). Library DNA and 

primers were purified using denaturing polyacrylamide gel electrophoresis (12%) 

followed by clean-up with Amicon YM-3 Centrifugal Filter Devices as described in 

section 2.2.2.

DON SELEX experiments

0.5 mL o f DON derivatized column matrix and negative column matrix were 

placed in new Spin-X cellulose acetate filter tubes and washed 5 times with 0.2 mL of 

DSB before each SELEX round. Prior to the first selection, the library (10 nmol) was 

suspended in 0.2 mL o f DSB and heated for 5 minutes at 92°C then cooled at 4°C for 10 

minutes, followed by incubation at room temperature for at 10 minutes. In round 2, the 

amount o f library used for the selection was 1 nmol while 200pmol o f library was used in 

subsequent rounds.

The library was first incubated with the negative column with mild shaking for 30 

minutes. The DNA lacking affinity for the negative column material was collected by 

removing the filtrate following centrifugation at 1000 g  for 3 minutes. This library, 

devoid o f sequences displaying non-specific affinity, was subjected to the same heating 

and cooling process described above, followed by incubation with the DON column 

material for 30 minutes. Following incubation, sequences with little to no affinity for 

DON were removed with five washes with 200 pL o f DSB. On the fourth wash, the 

column was transferred to a new Spin-X cellulose acetate filter tube. This was to ensure
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that any sequences non-specifically interacting with the cellulose acetate filter or tube 

would not be eluted with the DON-specific DNA in the next steps.

In odd numbered rounds (i.e. 1, 3, 5, 7, 9), bound sequences were eluted by 

incubating the column for 10 minutes using 200 pL o f 6 M urea at 90°C. This was 

repeated an additional 3 times to ensure all bound species were removed from the 

column. The eluted fractions were pooled and purified using Amicon Ultra 3kDa 0.5 mL 

centrifugal filters, quantified using UV-visible spectroscopy and/or fluorescence and 

amplified using PCR. The same procedure was performed for any DNA bound to the 

negative column. For even numbered rounds (i.e. 2, 4, 6, 8, 10), bound sequences were 

eluted from the column with 3 washes of 200 pL 2 mM DON in DSB with 2.5% DMSO. 

These fractions were directly quantified using UV-visible spectroscopy and/or 

fluorescence and amplified using PCR. In these even numbered rounds, no elution o f 

DNA from the negative column was performed.

The entire selected oligonucleotide library was amplified in 15-30 parallel PCR

reactions for the first round; in subsequent rounds only 90% of the selected library was

amplified, with the remaining 10% set aside for analysis and in case o f PCR failure.

Each reaction consisted o f 0.1 M Tris HC1 pH 9, 50 mM KC1, 1% Triton X-100, 1.9 mM

MgCb, 0.3 mM dNTP mix, 1 pM each modified primer and 5 units of Taq DNA

polymerase. The DNA was initially melted for 10 minutes at 94,0°C, followed by 25

cycles o f 94.0°C (1 minute), 47.0°C (1 minute) and 72.0°C (1 minute). Final extension

occurred at 72.0°C for 10 minutes after the last cycle. PCR products were dried down,

heated at 55°C for 5 minutes in the presence o f formamide and run on a 12% denaturing

PAGE to separate the double stranded product. Details o f the PAGE set-up can be found
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in section 2.2.2. The 5' fluorescein-labeled DNA strands (the selected sequences) could 

be identified using an Alpha Imager UV-illuminator. The relevant DNA bands were cut 

from the gel, crushed and incubated in deionized water at 37°C overnight with gentle 

shaking or rotation. The DNA was then purified using the Amicon centrifugal filters, 

quantified and re-suspended in DSB and could be used in the next selection round.

Enrichment o f the DNA library was assessed throughout the rounds o f selection 

by monitoring the percent o f DNA library binding to the DON derivatized column at each 

round by measuring DNA absorbance at 260 nm using a Cary 300 BioUV-visible 

spectrophotometer and measuring fluorescence (excitation 490nm, emission 520nm) with 

a Fluorolog Fluorescence Spectrophotometer (Horiba Jobin Yvon, USA) with a 

SpectrAcq controller. Where appropriate, the percent o f library binding to the DON 

column was compared to the percent o f library bound to the negative column. As one of 

the other mycotoxins, FBi, displayed significant quenching of fluorescein, the effect of 

DON on fluorescein was tested by mixing a 100 pL solution o f 2 mM DON with 

200pmol and 2pmol o f fluorescein modified DNA (sequence FBi 32 from section 4.3.2). 

The fluorescence intensity of these samples without 2 mM DON and in the presence o f 2 

mM DON were compared (excitation: 490nm, emission: 520nm). As no significant 

quenching effects could be detected, fluorescence was used for monitoring the library 

enrichment.
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Table A .l- 2: Changes to the SELEX procedure and the round in which these changes were 
incorporated.

Selection
Round Change to reported procedure

3 Increased number o f washes to 7, from 5, to remove non
specific sequences

6 Increased number o f washes to 8, from 7, to additionally 
remove weak-binding sequences

7 Eluted 5 times with 6 M urea to ensure full removal o f  high 
affinity sequences

8 Reduce the volume o f DON column from 500 pL to 250 
pL to select only the highest affinity sequences

11 Eluted using 5 mM DON, instead of 2mM, to ensure 
removal o f bound sequences from immobilized DON

A.3 Results and Discussion

Preparation of DON derivatized column

Aptamers are able to discriminate between small structure differences59,325.

There have been cases where aptamers have been selected for an undesired target90. As a 

result, when performing SELEX, it is critical that the target for selection be as pure as 

possible. Analytical standards o f DON are considered the purest samples available 

commercially. However, a complete purity assessment revealed that the products from 

both Biopure Romer Labs and Sigma-Aldrich are only o f > 98% and >96% purity 

respectively326. However, pure crystalline 3-ADON (fine colourless needles), isolated 

from Fusarium culmorum327 and purified by chromatography and recrystallization328, 

were received as a gift from Prof. Miller. As DON is much more prevalent than its 

acetylated derivatives, an aptamer for DON would be the most useful. As a result, 3- 

ADON was deacetylated using a strong base, NaOH. Deacetylation was confirmed using

248



TLC, by slower migration in ethyl acetate. Further characterization of the desired 

product was performed using RP-HPLC with UV detection. By comparison with the 

Biopure analytical standard, the product was eluted at a retention time o f 14.5minutes in 

the mobile phase described in Table A. 1-1. Complete purification of the deacetylated 

product was performed over 25 runs of preparative HPLC, collecting from 13.5 to 15.5 

minutes, resulting in a high purity sample. Due to the rigorous purification, the final 

yield from 3-ADON was 14.6%. Regardless, the resulting 32 mg was sufficient for 

preparing the column matrix and performing several elution steps with high 

concentrations o f DON.

DON was immobilized to DAPDA column matrix using standard carbamate 

chemistry. In the typical SELEX experiments, a significant amount o f effort is focused 

on confirming successful coupling o f target to the column matrix. Unfortunately, due to 

the small amount o f DON available, this was not possible. However, it is likely that 

DON was able to couple to the column material. All the reagents were newly purchased 

and the coupling chemistry used is efficient. Additionally, as the coupling chemistry 

used for column derivatization is generally well established, it is rare for researchers to 

invest time to verify successful coupling54,90, l02.

Our initial experiments were performed on unblocked DON modified column. 

Within the first round, more than 90% o f the DNA was non-specifically interacting with 

the column. Several elution steps using high concentrations o f urea were required to 

remove the non-specific binding sequences. As a consequence of using DADPA column, 

the unreacted amines bear a positive charge in neutral pH conditions. Therefore, the 

negatively charged backbone o f DNA binds to the column through electrostatic
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interactions. To mitigate this, a selection buffer with higher salt concentrations (to block 

the positive charge) and higher pH conditions (to deprotonate the amine) was used.

While this improved the non-specific interaction, buffers containing 5 M NaCl or with a 

pH o f 12 were required to reduce the non-specific binding to less than 20%. Instead, 

organically reacting the remaining amine groups using NHS acetate resulted in less than 

16% non-specific binding, which was considered acceptable for selection purposes10.

Aptamer selection progress

As with the SELEX experiments described in Chapter 4 and 5, careful 

consideration was made when choosing the selection buffer for this experiment. Since 

the DNA backbone is polyanionic, the negative-negative charge repulsion may inhibit 

formation o f complex structures in the absence o f counterions such as Na+. Divalent 

cations in particular, such as Mg2+, block the negative charge repulsion and allow the 

backbone to form tighter folding. As aptamers displaying less magnesium dependence 

are o f typically higher affinity131, only a moderate concentration of Mg2+was included. 

Calcium was also included due to the increase in binding observed of the OTA aptamer 

upon the addition o f calcium ions50. Finally, as many published aptamers fold into G- 

quadruplex structures 227, potassium was included to help stabilize G-rich sequences into 

G-quadruplex structures.

While aptamers have been selected using a variety o f random region lengths 

within the initial library, a 45 nucleotide length was chosen for this selection. As 

discussed in Chapter 4 and 5 this was chosen to strike a balance between two competing
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factors: shorter sequences are easier to synthesize and handle, while longer sequences 

allow for a greater structural complexity and possibly new functional motifs104. Given 

the number o f selections being performed in our research laboratory, a 45nt random 

region was also chosen to give a significant size difference (10 or more nucleotides) 

between other SELEX libraries. As a result, should cross-contamination between 

SELEX experiments occur, isolation o f the library could be performed easily using 

electrophoretic gel separation.

As evidenced in Chapter 4 and 5, it is extremely important to ensure that any 

sequences displaying binding properties towards the selection matrix are eliminated if 

SELEX is being performed using an solid support matrix for target immobilization. As 

aptamers are used to measure free target in solution, affinity to the matrix would reduce 

the functionality o f the aptamer in many applications. To mitigate this, it is necessary to 

remove all sequences that display even weak binding or partial recognition to the matrix. 

Typical SELEX experiments alleviate this using a pre-selection step prior to the first 

selection round to remove any initial sequences displaying this unwanted binding47. 

However, due to mutation and evolution o f the library, as well as the large ratio of 

available matrix compared to target for aptamer binding, performing only one pre

selection step may be insufficient. Elution with high concentrations o f target, in this case 

DON, will however, help ensure that the aptamers function well in solution. As the 

coupling efficiency could not be determined, there is at least some assurance that the 

sequence eluted DON will have affinity for the target. However, for aptamers that have 

very slow k f̂f values, long incubation times are required with free target for complete 

recovery. While there are some expensive SELEX methods that have been developed
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that allow monitoring o f the koff and kon rates such as the SPR based flow-cell SELEX by 

Dr. Larry Gold79, the column based selection does not provide this information255. As a 

result, it is unknown whether the highest affinity aptamers have been eluted and 

recovered or not. This, as well as the small amount of pure DON available resulted in the 

strategy o f performing alternative elution techniques. In odd numbered rounds, rigorous 

elutions with urea at 90°C were performed. These selection rounds would remove all 

sequences displaying high affinity for the target or the column matrix. To qualify that the 

sequences have a preferred affinity for the DON over the column matrix, the percent of 

eluted sequences from the positive column was monitored and compared to the percent o f 

eluted sequences from the negative column. Additionally, even numbered rounds 

involved eluting with a high concentration of DON. Here, only sequences that bind to 

DON in solution would be removed.

The results o f the first 11 selection rounds can be lound in Figure A. 1-2. By 

monitoring the enrichment throughout each round, changes in the selection protocol were 

made to increase the stringency. For example, the percent o f bound DNA enhanced by a 

factor o f 17 in round 2 compared to the first round. Therefore, in round 3, the number of 

washes was increased from 5 to 7 at an attempted to ensure all non-specifically bound 

sequences were removed. While the subsequent rounds did not show an increased 

enrichment compared to round 2, the comparison with the percent o f DNA bound to the 

negative column in round 3 (4:1) and 5 (7:1) indicated that the DNA was preferentially 

binding to DON (see Figure A. 1-2). Consequently, the number o f washes was increased 

to 8 in round 6, with an additional urea elution step in round 7 to ensure even the highest 

affinity aptamers were collected. In round 8, the column volume was reduced by 2 to
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Figure A .l-2: Percent recovery o f binding ssDNA to DON immobilized column after each selection 
round. With any observable significant increase in percent recovery, more stringent selection 
conditions were implemented the following round (see experimental and Table A .l-2).
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select the aptamers with the highest residency times. Unfortunately, the percent o f DNA 

eluted was significantly lower in this round (0.1%). This drop in percent binding could 

not be solely attributed to the reduction in target available for binding. It is possible that 

the increased stringency imposed was too vigorous, causing a loss of putative aptamer 

sequences. Alternatively, it is possible that the 2 mM DON was insufficient to elute the 

majority o f the enriched aptamer library. To alleviate this problem, the stringency 

remained unchanged in the following 3 rounds. Unfortunately, the percent o f DNA that
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bound to the DON column in round 9 was comparable to the concentration o f DNA that 

bound to the negative column. This further indicated that high affinity binders had been 

removed from the current selection library. As a result, the round 11 elution was 

performed with DON rather than urea to ensure the sequences displayed binding to the 

target. A higher concentration o f DON, 5 mM was used for elution, over longer 

incubation times, at an attempt to ensure complete removal o f  aptamer sequences. The 

lack of enrichment observed with this round provided the final evidence that the selection 

conditions were too stringent.

It is possible that the current library may have several high affinity aptamers for 

the target. To test for this, cloning and sequencing as well as laborious testing would be 

required. However, the time and effort for this without some indication that the results 

may be promising, is not worthwhile. Typically, cloning and sequencing steps are 

employed once the library is significantly enriched and more than 50% o f the library 

binds to the target102. Instead, selections will be re-started beginning after round 3. A 

completely new selection is not necessary as it is clear that the round 3 selected library 

contains DON binding sequences. With the new selection, the stringency will be 

incorporated much more carefully. In particular, the approach used by Dr. Larry Gold in 

his selection o f almost 1000 protein-binding aptamers will be employed. For consistency 

purposes, Gold strategically reduced the target concentration based on the ratio o f 

oligonucleotides interacting with the target-immobilized support matrix (T) compared to 

the negative support matrix (N) (ratio = T/N) according to this equation51.
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Where, [T] = target concentration and i = current round number. In other words, if  the 

fraction o f DNA binding to the target compared to the negative column is less than 10, 

the target concentration will remain constant in the next round. Should the fraction of 

DNA binding to the target compared to the negative column be between 10 and 100 

times, the target concentration will be reduced by 3.2 in the subsequent round. Finally, if 

there is a 100 times difference in the amount o f DNA binding to the target compared to 

the negative column, the target concentration will be reduced by 10 in the following 

round.

In addition to this strategic stringency approach, counter-selections with similar 

mycotoxins may be employed. However, these negative selection steps will not be 

performed with the acetylated derivatives o f DON, for several reasons. First, the 

difference between these structures is very subtle (addition o f an acetyl functional group 

on the 3-OH or 15-OH). While aptamers have been selected that can recognize such 

minute differences, these counter-selection would likely severely reduce the DNA library 

and eliminate many high affinity binders. The loss o f high affinity binders in order to 

gain selectivity is not worthwhile in this case as JECFA recommends a group provisional 

maximum tolerable daily intake (PMTDI) for DON and its acetyl derivatives319.
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A.4 Conclusions

We have developed a strategy to perform selections on the target deoxynivalenol. 

While there is interest in developing an aptamer for this target and several groups have 

worked towards its selection, none have been reported to-date329. The monitoring of our 

selection progress has demonstrated that enrichment o f the initial library was achieved. 

However, over-zealous stringency steps may have resulted in loss of the potentially high 

affinity aptamers for DON. As a result, new selections will be performed using the 

partially enriched library from round 3. As noted, the structure o f DON is has made it a 

challenging target for the isolation o f high affinity aptamers, but the progress made is 

promising. By employing more carefully planned selection strategies, we expect to 

isolate novel binding sequences for DON.
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Appendix B Binding isotherms

B.l Ochratoxin A aptamer 1.12.2 (Chapter 2)
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Figure B .l-1: Binding isotherm for aptamer 1.12.2 with OTA obtained using affinity chromatography. DNA aptamer concentration was varied with a 
constant amount o f OTA immobilized column (1 mg). Bound aptamer was eluted by washing with 95°C buffer and measured using total fluorescence. 
A theoretical curve was fit using M icrosoft Excel Solver. Ka was determined to be 97 ± 3 pM. Inset: Plot of the experimentally determined DNA 
fluorescence vs. the theoretical DNA fluorescence.
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Figure B.l-2: Binding isotherm for aptam er 1.12.2 with OTA obtained using fluorescence polarization. DNA aptam er concentration was varied with a
constant concentration of OTA (200 nM). A theoretical curve was fit using Microsoft Excel Solver. Kd was determined to be 6.1 ± 0.2 pM. Inset: Plot
of the experimentally determined fluorescence polarization vs. the theoretical fluorescence polarization.
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Figure B .l-3: Binding isotherm for aptamer 1.12.2 with OTA obtained using equilibrium filtration. DNA aptamer concentration was varied with a 
constant amount o f OTA (1 pM). Retained OTA was measured using total fluorescence. A theoretical curve was fit using Microsoft Excel Solver. KA 
was determined to be 30 ± 1 pM. Inset: Plot o f the experimentally determined OTA fluorescence vs. the theoretical OTA fluorescence.
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B.2 Ochratoxin A aptamer A08 (Chapter 3)
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Figure B.2-1: Binding isotherm for aptamer A08 with OTA obtained using affinity chromatography. DNA aptamer concentration was varied with a 
constant amount o f OTA immobilized column (1 mg). Bound aptamer was eluted by washing with 95°C buffer and measured using total fluorescence.
A theoretical curve was fit using Microsoft Excel Solver. Kd was in the mM range. Inset: Plot o f the experimentally determined DNA fluorescence vs. 
the theoretical DNA fluorescence.
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Figure B.2-2: Binding isotherm for aptamer A08 and 1.12.2 with OTA obtained using the AuNP assay. OTA concentration was varied with a constant 
concentration o f aptamer. An apparent Ad was elucidated from the aggregation of the AuNP, measured as the increased absorbance at 705nm. A 
theoretical curve was fit using Microsoft Excel Solver. Ka was determined to be 1.4 ± 0.4 pM for aptamer A08 and 6 ± 3 pM for aptamer 1.12.2. Insets: 
Plots o f  the experimentally determined absorbance vs. the theoretical absorbance.
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B.3 Fumonisin Bj aptamers (Chapter 4)
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Figure B.3-1: Binding isotherm for aptam er FB, 14 with FBI obtained using affinity chromatography. Aptamer concentration was varied using a
constant num ber of FBi immobilized magnetic beads (5x10s). Bound aptam er was eluted by washing with 90°C column buffer and measured using
fluorescence. The theoretical curve was fit using Microsoft Excel Solver. was determined to be 920 ± 40 nM.
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Figure B.3-2: Binding isotherm for aptam er FBi 16 with FBI obtained using affinity chromatography. Aptamer concentration was varied using a
constant num ber of FBi immobilized magnetic beads (5x10*). Bound aptam er was eluted by washing with 90°C column buffer and measured using
fluorescence. The theoretical curve was fit using Microsoft Excel Solver. ATd was determined to be 200 ± 100 nM.
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Figure B.3-3: Binding isotherm for aptam er FB] 23 with FBI obtained using affinity chromatography. Aptamer concentration was varied using a
constant num ber of FBt immobilized magnetic beads (5x10s). Bound aptam er was eluted by washing with 90°C column buffer and measured using
fluorescence. The theoretical curve was fit using Microsoft Excel Solver. Kd was determined to be 1000 ± 20 nM.

264



80%

60% -
Q.

50% - ♦  Trial 1

•  Trial 2 

■ Trial 3

"O
40% -

30%
LL

20%  -

10%  -

0% * * * ----------1-----
0.0E+00 2.0E-07 6.0E-074.0E-07 8.0E-07 1.0E-06 1.2E-06

DNA C oncentration  (M)

Figure B.3-4: Binding isotherm for aptam er FBi 31 with FBI obtained using affinity chromatography. Aptamer concentration was varied using a
constant num ber of FBi immobilized magnetic beads (5xl08). Bound aptam er was eluted by washing with 90°C column buffer and measured using
fluorescence. The theoretical curve was fit using Microsoft Excel Solver. KA was determined to be 470 ± 60 nM.
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Figure B.3-5: Binding isotherm for aptam er FBi 32 with FBI obtained using affinity chromatography. Aptamer concentration was varied using a
constant num ber of FBi immobilized magnetic beads (SxlO8). Bound aptam er was eluted by washing with 90°C column buffer and measured using
fluorescence. The theoretical curve was fit using Microsoft Excel Solver. Kd was determined to be 400 ± 100 nM.
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Figure B.3-6: Binding isotherm for aptam er FBt 39 with FBI obtained using affinity chromatography. Aptamer concentration was varied using a
constant num ber of FBi immobilized magnetic beads (5x10*). Bound aptam er was eluted by washing with 90°C column buffer and measured using
fluorescence. The theoretical curve was fit using Microsoft Excel Solver. KA was determined to be 100 ± 30 nM.
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B.4 Homocysteine aptamers (Chapter 5)
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Figure B.4-1: Binding isotherms for L-Hcy putative aptam ers sequences (and control sequence) obtained using sepharose based affinity
chromatography. Aptamer concentration was varied using 1 mg of L-Hcy immobilized column. Bound aptam er was eluted by washing with 90°C
column buffer and measured using fluorescence. The theoretical curve was fit using Microsoft Excel Solver.

268



2.0E+05

1.8E+05
♦ Control FB1 32

1.6E+05

1.4E+05

1.2E+05

1.0E+05

8.0E+04

6.0E+04

4.0E+04

2.0E+04

0.0E+00
1.0E-09 2.0E-06 4.0E-06 6.0E-06

DNA concen tra tion  (M)
8.0E-06

Figure B.4-2: Binding isotherms for L-Hcy putative aptamers sequences (and control sequence) obtained using magnetic beads based affinity 
chromatography. Aptamer concentration was varied using a constant number o f L-Hcy immobilized magnetic beads (5x10*). Bound aptamer was 
eluted by washing with 90°C column buffer and measured using fluorescence. The theoretical curve was fit using Microsoft Excel Solver.
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Figure B.4-3: Selectivity tests: Binding isotherms for Hcy8 aptam er sequence obtained using magnetic beads based affinity chromatography. Aptamer
concentration was varied using a constant number of cysteine or methionine immobilized magnetic beads (5xl08). Bound aptam er was eluted by
washing with 90°C column buffer and measured using fluorescence. The theoretical curve was fit using Microsoft Excel Solver.
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B.5 ATP aptamers (Chapter 6)
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Figure B.5-1: Binding isotherm for aptam er ATPF4 with ATP agarose obtained affinity chromatography. DNA aptam er concentration was varied and
incubated with 1 mg of column. A theoretical curve was fit using Microsoft Excel Solver. Kd was determined to be 24.4±0.8 pM. Inset: Plot of the
experimentally determined fluorescence vs. the theoretical fluorescence.

271



Fl
uo

re
sc

en
ce

 
of 

re
co

ve
re

d 
DN

A 
(C

PS
) .0E+07

.0E+06

.0E+05

♦ Experimental

.0E+04 — Theoretical

0E+03
1.0E-09 1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04

DNA concen tra tion  (M)

Figure B.5-2: Binding isotherm for aptam er ATPF8 with ATP agarose obtained affinity chromatography. DNA aptam er concentration was varied and
incubated with 1 mg of column. A theoretical curve was fit using Microsoft Excel Solver. KA was determined to be 3.8±0.1 pM. Inset: Plot of the
experimentally determined fluorescence vs. the theoretical fluorescence.



Appendix C Algorithms (Chapter 6)

C.l The CountJunction algorithm for determining the number of junctions in a 
nucleic acid secondary structure

From the ViennaRNA secondary structure, the CountJunctions algorithm 

determines the number o f junctions. The CountJunctions algorithm traverses the 

sequence from 5' to 3'. For each stem (at least four contiguous base pairs), there are two 

strands. Starting from one strand, if there is a stem along the path to another strand, the 

junction number is increased by 1. For example, in Figure 6-1, stem S\ has two strands,

Si and S\ . Along the path from Si to Si in the 5* to 3' direction, each stem Si, S3, S4 

and S5 forms one junction, so the number o f junctions for stem Si is 5. For each stem, the 

number o f junctions is at least 1. The number o f junctions for the RNA secondary 

structure is the maximum number o f junctions of all stems. For example, if  a secondary 

structure contains a one-way and a three-way junction, the secondary structure is defined 

as a three-way junction structure.

Algorithm CountJunctions:
1. Scan the nucleotide pairing list created by ViennaRNA and determine the list [Si, 

..., Sn] o f all stems. A stem is defined as a maximal list o f at least four contiguous 
pairs.

2. Consider the list L of nucleotides from the 5' end to the 3' end. Each stem S 
consists o f two contiguous subsequences S’ and S”  o f L. Sort the list L ’ = [Sf ,  
Si” , S2’, S2” , ..., Sn’, Sn” ] according to their location in L.

3. For each stem, calculate its number o f junctions. A k-way junction consists o f a 
sequence S ,\  S2\  S2” , S3\  S3” , .... Sk’, Sk” , S ,”

4. Find the maximum number o f junctions.

In Step 1 of Algorithm CountJunctions, a stem is defined as a maximal list o f at least four

contiguous pairs. This minimum stem length was chosen in accordance with Bindewald
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et al.330 Selecting a smaller minimum stem length results in a larger number o f predicted 

high complexity structures.

Appendix D Supplemental information for the Aptamer Base (Chapter 7)

D.l Curating the database

Create art account

Go to freebase.com. On the top right comer, click the “Sign In or Sign Up” 

button. Once you have created a Freebase account, join the Aptamer Base at 

http://aptamer.freebase.com/ and click the “Join Base” button. In the future, simply sign 

in anytime you wish to contribute to the database.

Collect information

Choose one publication that describes a SELEX experiment that results in 

aptamers that have been verified to bind to a target with a measured dissociation constant 

(Xd). Only articles that describe SELEX experiments, which resu't in aptamers with 

corresponding sequences and Ka values will be entered.
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The following information must be extracted from the publication:

Data Description
General
Document identifier The PubMed ID (PMID) or digital object identifier (DOI) 

if PMID is not available
SELEX
Method Named method used for selection (likely “Generic SELEX 

if  not specified)
Partitioning method Method used to remove the non-specific sequences from 

the initial library
Recovery method Method used to recover the putative aptamers from the 

target (if required)
Number o f rounds Number of selection rounds required to obtain the 

aptamers
Template sequence The random library used for selection including the 5' and 

3' primer binding sites
Selection
solution

Buffering
agent

Weak acid or base used to maintain the pH of the solution 
in which SELEX proceeds (generally Tris, phosphate or 
HEPES)

pH Measure o f the acidity or basicity of the SELEX solution 
(typically neutral pH)

Temperature Temperature o f the selection (usually 37°C or room 
temperature = 25°C)

Metal cation 
concentration

Concentration o f any positively charged metals in the 
SELEX solution (mainly Na, K, Ca, Mg)

Aptamers
Aptamer type Either DNA or RNA. Aptamers may additionally be 

modified at the base, sugar or 5' and 3' ends.
Target Full name o f the target for which the aptamers were 

selected
Number o f aptamers Only included the total number of aptamers that have 

measured IQ values (this includes any minimal aptamers o f 
the original full-length clone).

Aptamer sequences Sequence 5' to 3'; note the total length and any observed 
patterns

Experimentally determined 
structure

If any experiments were performed to confirm a predicted 
structure, indicate the structure. (Using predicting tools 
such as Mfold are insufficient)

Mutational analysis Was the aptamer sequence mutated to determine which 
positions were critical for binding?

Application Were any o f the aptamers applied in a therapeutic or
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detection system?
Affinity experiment
Method The method used to measuring the binding affinity and 

eventually elucidate a IQ value
Binding
solution

Buffering
agent

Weak acid or base used to maintain the pH o f the solution 
in which the affinity experiment was performed (generally 
Tris, phosphate or HEPES)

PH Measure o f the acidity or basicity o f the binding solution 
(typically neutral pH)

Temperature Temperature o f the binding solution (usually 37°C or room 
temperature = 25°C)

Metal cation 
concentration

Concentration o f any positively charged metals in the 
binding solution (mainly Na, K, Ca, Mg)

Dissociation constants The values obtained from the affinity experiment for each 
aptamer. Include the range or error if described.

Create topic names

Each entry into Freebase has a unique name. To create these names, make use of 

the topic creator found here: http://l 34.117.108.159/aptamer/

Aptamer Information  .......... ....... .........  .........

Document Identifier *: [ j

Aptamer Molecule Type * : } DNA v  I 

Target Name *: I |

Number o f Interactions *: [ j

Number o f Aptamers *: [ j
Number ofMinimal Aptamers: j_____

Number o f Dissociation Constants: j ]

Number o f Affinity Experiments: j ]

A dd/ Remove Selection Solutions
Concentration Cation

[ S u b m i t  1

[ *  indicates a required field ]
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In this form, enter the document identifier and the aptamer type. For the target name, a 

short-form is preferred. The number of interactions represents the total number o f 

aptamers that have unique Ka values. The number o f aptamers should correspond to the 

total number offull-length aptamer clones that have any corresponding Ka value. This 

distinction will be important later. The number o f minimal aptamers is the total number 

o f aptamers that are derived from a full-length aptamer clone. This may be a truncated 

sequence, an extended sequence, a mutated sequence or a modified aptamer. The number 

o f dissociation constants should correspond to the number o f different Ka values reported 

in the publication. The number o f affinity experiments corresponds to the number o f 

affinity experiments performed in which either the conditions or the method changes. 

Therefore, if one method is performed 7 times to measure the Ka value o f 7 different 

aptamers, but the conditions remain the same, only 1 affinity experiment exists. If the 

binding solution conditions are changed or the method used is changed, indicate the total 

number o f different affinity experiments that have been performed (even if  for the same 

aptamer). Finally, include the total concentration (in mol/L) and corresponding symbol 

o f each metal cation present in the buffer used in the SELEX and affinity experiments. 

(For example if 100 mM NaCl and 40 mM NaOH was used, indicated 0.14 and Na). 

More rows can be added to the form to include the many different metal cations present 

in the buffer.

Entering information into the database -  general

There are several different pieces o f information that must be entered into the 

database.



Topics: First, for any piece o f data, a topic must be first created. In general, this 

is done by using an “Add it!” link or by simply entering one o f the created topic names 

from above. If the topic (or similar topic) exists, a list o f the currently available topics 

will be presented by Freebase. If the intent is to create a completely new topic, do not 

choose any o f these suggestions, simply select “Create new.” Once a topic has been 

created it can be edited by clicking the “edit this topic” button.

Types: Once a topic has been created, certain types (categories) may be 

automatically associated with it. Other times, we must specifically indicate that a topic is 

o f a given type (category). For example, if we create an aptamer, we must indicate that it 

is either of the type DNA or RNA. To categorize a given topic, use the “+Add a type” 

button. Fill out the box with the type you would like to add (ensure it is the correct type 

as there are often several similar possibilities).

Properties: Once a topic has been typed, Freebase links several properties to this 

topic. Typically, we are required to add these properties. Depending on the property, 

you may be required to enter text, enter a value or choose from a drop-down menu. To 

ensure that the curator has not forgot to complete an entry, if a publication has not 

provided a given detail the following will be used: n/a for text; i f -1 for a value; if not- 

described or not required if a drop-down menu.

Entering a SELEX article into the database

The following steps are a suggestion. Any order can be used to fill the database 

with information extracted from a publication as long as the entry is complete
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1) Go to http://www.freebase.com/view/base/aptamer/aptamer experiment and at

the bottom of the page, click on “Add it!”. Enter the SELEX experiment, 

partitioning method and recovery method from the topic creator. Ensure that you 

click on “Create New” each time to add these new topics. Additionally, using the 

drop-down menu, chose the particular SELEX method.

2) Scroll back to the top o f the SELEX experiment page and select the SELEX 

experiment that you have just created. Once on your SELEX experiment page, 

chose “Edit this topic” on the right.

3) Using the “+Add type” button, add the type “SELEX experiment”, this should 

generate a list o f properties that you now must fill out.

4) Add the PMID by clicking on “edit” and entering the appropriate number.

5) Add all the interactions from the topic creator into the “has outcome” box. Again, 

each time ensure that you select “Create new” to add these interactions.

6 ) Add the SELEX conditions topic from the topic creator to the “has experimental 

conditions.”

7) Select the partitioning method for this experiment and edit the topic. Using the 

drop-down menu, select the appropriate method. Return to the SELEX 

experiment.

8 ) Select the recovery method for this experiment and edit the topic. Using the drop

down menu, select the appropriate method. Return to the SELEX experiment.

9) Select the SELEX conditions for this experiment and edit the topic. Using the, 

“+Add type” button, type this topic as “SELEX conditions”. You will see several 

new properties appear that we now much fill out.
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10) Enter the number o f selection rounds required to obtain the aptamers (number).

11) Enter the library template from 5' to 3' (do not include those numbers in the 

sequence). For the random region, use the symbol N followed by the total 

number o f random nucleotide positions, surrounded with dashes. For example 

GAATTCAGTCGGACAGCG-N40-GATGGACGAATATCGTCTCCC.

12) Enter the template variable region summation (number). This is the total number 

o f random positions (N) throughout the entire template sequence. For example, if 

the template is GAATT-N10-TCGGACAGCG-N15-GGA-N5- 

CGAATATCGTCTCCC, the template variable region summation is 30. If two 

separate pools are used in the selection, include the total number (for example 

GGGAGGACGATGCGG-N30-CAGACGACTCGCCCGA and 

GGGAGGACGATGCGG-N40-CAGACGACTCGCCCGA, the total would be 70.

13) Indicate if there is template bias (yes or no in the drop-down menu). This means 

that instead of using an equal proportion o f A,C,G,T bases for N, the researchers 

may have used excess o f A and T to increase the likelihood o f secondary 

structures, or perhaps a higher concentration of G to increase the likelihood o f 

obtaining G-quadruplex structures.

14) Add the selection solution topic from the topic creator to the “has selection 

solution” box. Click on this entry and edit is as usual.

15) For the selection solution, select the buffer (from a drop-down menu), add the pH 

and temperature (values) and add the metal cation concentrations as outputted in 

the topic creator.

16) Return to the SELEX experiment.
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17) Select one o f the interactions for this experiment and edit the topic.

18) This interaction must be typed as either a “collective interaction” or “pairwise 

interaction”. A collective interaction is one in which several different aptamers 

have the same dissociation constant. All other cases are “pairwise interactions” .

19) Add the aptamer topics from the topic creator to the “has participants” box.

20) Add the full target name to the “has participants” box. If an appropriate entry 

already exists, use this. (The entry may already include useful information about 

the target).

21) Add the affinity experiment topic from the topic creator to the “in confirmed by” 

box.

22) Add the dissociation constant topic from the topic creator to the “has dissociation 

constant” box.

23) Select the target topic that you created in step 19, edit the topic and type it as an 

“aptamer target” . Under the “aptamer target” property section, add all the 

categories to which the aptamer target belongs (for example small molecule and 

toxin). If the target is a small molecule, add the CHEBI ID from 

http://www.ebi.ac.uk/chebi/.

24) Return to the interaction (step 16). Select one o f the aptamers and edit the topic 

and type this as an “aptamer” and “RNA or “DNA” as appropriate.

25) Fill out the boxes as follows

Application: text

Has minimal aptamer: add the topic from the topic creator if appropriate

Has mutational analysis: yes or no drop-down menu
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Has experimentally determined structure: yes or no drop-down menu 

Secondary structure: select from the drop-down menu (only if  the answer 

above is yes)

Sequence: complete the full sequence from 5' to 3' (using letters)

Sequence length: calculate the total number o f positions (number) 

Sequence pattern: describe any pattern using text

26) Return to the interaction or SELEX experiment and select another one o f  the 

aptamers and perform steps 23-24.

27) Return to the interaction (step 16), select the affinity experiment, edit the topic. 

Add the PMID and select the affinity method (from the drop-down menu).

28) From the topic creator, add all the dissociation constants that were determined 

with this affinity experiment. Add this to the “has outcome” box. Since we 

already added these topics to Freebase in step 21, Freebase should recognize that 

they exist and provide them as examples. Ensure that you select these and DO 

NOT “create new” as we have previously done.

29) Add the affinity conditions topic from the topic creator to the “has experimental 

conditions” box. Select this, edit it, and add the type “affinity conditions” .

30) Add the binding solution topic from the topic creator to the “has binding solution” 

box. Select and edit this. Add the appropriate information, similar to the method 

used in step 14.

31) Return to the affinity experiment in step 26, select one o f the dissociation

constants and edit the topic. Here, include the dissociation constant value in

mol/L. If a range is given, include the range. If error is provided, include those
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values as well. If Freebase recognizes the value as 0, use the “temporary string 

value” to enter the number. Freebase recognizes very small numbers, having only 

1 signficant figure as being equal to zero.

32) Continue step 30 for each dissociation constant.

33)

D.2 Distribution of DNA and RNA Ka values found in the Aptamer Base
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Figure D.2-1: Scatter of aptamer dissociation constant vs. aptamer length for DNA aptamers (blue) 
and RNA aptamers (red).
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