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Abstract

Aptamers are oligonucleotide molecules with applications in biosensors, analytical
chemistry, and therapeutics. They are often to 10 to 100 nucleotides in length and can be selected
to bind a wide range of targets from ions to cells. The cocaine-binding aptamer was selected in
2000 by Milan Stojanovic to bind cocaine but not benzoylecgonine and ecgonine methyl ester, two
common cocaine metabolites. Since its development the cocaine-binding aptamer has been found
to bind to quinine with an affinity ~50 times stronger than to cocaine. The cocaine-binding aptamer
has been used to help test and develop new biosensing systems.

This research hopes to further the understanding of how the cocaine-binding aptamer
interacts with its ligands in the hope that these interactions could be used to help understand other
aptamer-ligand systems. Using nuclear magnetic resonance (NMR) spectroscopy the base pair
dynamics of the cocaine-binding aptamer was investigated as a function of ligand binding. This
study was later expanded to include the effects of temperature and buffer composition to determine
thermodynamic parameters of base pair dissociation. The results showed a general reduction in
dynamics with ligand binding in the aptamer at the ligand-binding site, but little change elsewhere
in the aptamer.

The binding of additional ligands to the cocaine-binding aptamer was characterized by
NMR spectroscopy. Levamisole is an anti-parasitic worm medication and one of the most common
adulterants found in cocaine. Levamisole was found to bind the cocaine-binding aptamer with a
weak affinity at the same site as cocaine. The binding of the cocaine-binding aptamer to a set of
three-way junction-binding dyes was also investigated. These dyes share a common structure but

bind to the aptamer with a range of affinities. These dyes also bound at the same site as cocaine



and quinine, with the dyes being able to be displaced by cocaine or quinine depending on their
affinity.

Finally, the binding of ochratoxin A to the ochratoxin A-binding aptamer was investigated
using NMR. This aptamer had not been previously studied using NMR, was found to fold tightly

in response to its ligand, and NMR proton assignments were obtained.
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Chapter 1 An Introduction to Aptamers

1.1 Background

When most people think of nucleic acids, they imagine the typical double stranded DNA
helix found in eukaryotic cells. Nucleic acids can take other forms both in nature and in the lab
with uses besides information storage. These can include RNA Riboswitches found within cells
acting as regulatory elements, to nanostructures built using DNA origami, to ligand targeting
aptamers. Aptamers are short nucleic acid strands that are generally on the order of 10 to 100
nucleotides long. They were first developed independently in 1990 by Tuerk and Gold who were
trying to find an RNA sequence that would bind to T4 DNA polymerase [1], and Ellington and
Szostak who used the process to select RNA sequences to bind organic dyes [2]. This led to the
development of a process called Systemic Evolution of Ligands by Exponential Enrichment
(SELEX), which is used to generate ligand binding aptamers from a library of randomized
sequences. Both groups first developed aptamers from RNA libraries, with DNA aptamers being
developed a few years later [3], and peptide aptamers being developed a few years after that when
Colas et al. developed peptide aptamers that interact with cyclin-dependent kinase 2 [4].

DNA and RNA aptamers feature some small differences between the two groups even
though both are based on similar nucleic acid structures. RNA aptamers can fold into a more
diverse range of 3D structures, which can allow them to bind more ligands when compared with
DNA aptamers [5]. DNA aptamers however are easier to produce, cheaper, and more biologically
stable than their RNA counterparts which can make them a more promising target for certain
applications.

Aptamers can bind a wide array of ligands, from small molecules to cell surface proteins

which they can do with high binding affinity and specificity. Because of this, aptamers are often



compared to antibodies [6]. Aptamers have several advantages over antibodies. Firstly, nucleic
acid aptamers can be repeatedly unfolded with heat and still fold back into their original structures,
whereas spoilage due to denaturation is a concern with antibodies. Secondly, after initial selection
using SELEX, regenerating a known aptamer sequence is a straightforward and reproducible
process. In addition, the bases in an aptamer can be modified with a number of different chemical
groups to give them added functionality such as linkers for attaching them to surfaces, fluorophores
and quenchers for detecting folding/unfolding, and groups designed to increase the unfolding
temperature of the aptamer. Finally, nucleic acids do not cause a large response from the immune
system allowing them to be used in medical applications.
1.2 SELEX

Aptamers are selected using a process known as Systematic Evolution of Ligands by
Exponential Enrichment, or commonly referred to as SELEX [1], [2]. Generally, in SELEX, a
ligand of choice is exposed to a large pool of ~103 - 10 sequences, usually between 20 and 100
nucleotides in length. These sequences start and end with the conserved primer sites required for
PCR amplification, and a central region of randomized bases. The pool of potential sequences is
exposed to the target ligand, then the sequences which do not interact with the ligand are removed,
and those that do interact are collected. These collected sequences are amplified using PCR
methods, and the process is repeated 10 to 20 times, until a set of sequences are generated which
interact with the target ligand with specific characteristics. An overview of this process can be
seen in Figure 1.1. This process can be lengthy taking ~3-7 weeks and there is no guarantee that

an aptamer will be generated with the desired binding characteristics [7].
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Figure 1.1. Basic diagram of SELEX. 1. Initial library is exposed to the ligand of interest. 2. Non-
binding sequences are discarded while bound sequences are retrieved, amplified, and re-exposed
to the ligand of interest. This cycle is repeated several times. 3. Once the cycles are finished a set
of aptamer sequences with the desired characteristics are collected and sequenced.
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The SELEX method can be integrated with other methods to improve its accuracy. One of
these methods is called Negative SELEX [3], [7]. False positives may occur during the SELEX
process from sequences interacting with the chemical supports which immaobilize the ligand. After
3 rounds of selection, the pool of potential aptamers is exposed to the ligand support, which is
usually agarose gel, without any immobilized ligand. In this case the sequence which do not bind
the support are collected, and the sequences which do bind the supports are removed from the
potential pool. This method can increase the affinity of generated aptamer by ~10 times. This
method is generally incorporated into most modern SELEX experiments. Counter SELEX is
another technique [8] which can be integrated with SELEX and works similarly to negative
SELEX. The difference with Counter SELEX is that the pool of potential aptamers is exposed to
amolecular target for which the experimenter does not want the potential aptamers to interact with.
This usually includes structural similar molecules to the target ligand such as metabolites, related
proteins, etc.

Other more specialized SELEX methods also exist for generating aptamers in living
systems. In cell SELEX sequences are exposed to whole cells in solution, allowing to select for
targets found on the surface of cells [9]. In this technique the ligand of interest doesn’t need to be
identified beforehand, only the cell of interest. This technique was first used in 2003 by Daniels et
al. [9], allowing them to develop an aptamer to a glioblastoma cell line. In Vivo SELEX is also
possible, allowing for selection of aptamers that would function properly under biological
conditions. This would be useful for aptamers generated for use in therapeutics and biosensors.
This was first performed in 2010 by Mi et al. [10], who selected aptamers against liver tumors in
tumor affected mice. This processed involved injecting the pool of sequences into the tumor,

allowing the sequences to incubate, then harvesting them and injecting them into other mice



carrying the same tumors. Toggle SELEX is a method used in the development of aptamers for
pharmaceutical products that allows the aptamer in question to be studied better during pre-clinical
and clinical trials. Toggle SELEX involves exposing the potential aptamer pool to the human
version of the target protein during one round of SELEX [11], but in the next round exposing it to
an animal version of the same protein. The animal chosen matches with the animal model being
used to study the aptamer in the lab during the preclinical trial phase of development. This prevents
the aptamer from solely binding to the human form of the protein, which would make it difficult
to study in animal models and gather enough efficacy data to start human trials in the future.

The SELEX method can also be performed using specialized systems in order to reduce
the time required to perform the selection or reduce the quantity of reagents required. CE-SELEX
uses capillary electrophoresis to separate sequences which bind the target ligand from non-binding
sequences [12], [13]. This greatly reduces the number of selection rounds required to 1-4 rounds
and removes the need to immobilize the ligand of interest. Though, this technique is unsuited for
small ligands as the mobility between the bound and unbound sequences will not be large enough
to detected. Capture-SELEX instead immobilizes the pool of aptamer and collects the sequences
which interact with free floating ligand [14]. This method is useful for finding aptamers which
bind small molecules but can run into issues since some sequences may not detach from the support
when binding the target ligand. M-SELEX takes place in a microfluidic system which allows for
a very efficient selection which uses a small amount of reagents and is very quick [15]. This
method is also automatable. This method still suffers from traditional problems related to

immobilizing the target ligand.



1.3 Aptamer Structure

1.3.1. Base Pairs. A single strand of DNA will generally fold up on itself so that the largest number
of bases are bound together through hydrogen bonds, unless something prevents the DNA bases
from interacting, like high a concentration of urea. In most cases guanines and cytosines will bind
together, and adenines and thymines will bind together. These interactions are known as the
Waston-Crick base pairs. In these interactions the two bases are interacting with the Watson-Crick
edges of their DNA bases (Figure 1.2a-b). Several non-Watson-Crick base pairs exist such as
guanine-adenine and guanine-thymine to name a few. These non-canonical base pairs can interact
through their Watson-Crick and/or Hoogstein edges (Figure 1.2c-f). While most base pairs are
Watson-Crick style interactions, non-canonical base pairs are not an uncommon site in an aptamer.
When multiple base pairs are found side by side, they will form a helix. Helices can vary in shape
but are grouped into A-form, B-form, and Z-form with B-form being the most common in DNA.
Helices are usually joined at a junction with the ends of other helices. The ends of these helices
can also end in nucleotide loops usually consisting of 3 to 6 nucleotides but can be larger. Many
aptamers have structures that include these types of elements such as the cocaine-binding aptamer

[16], [17] and the ATP-binding aptamer [18].
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Figure 1.2. A non-exhaustive list of two nucleotide base pairs. Watson-Crick base pairs: a):
Guanine-Cytosine; b): Adenine-Thymine. Non-Watson-Crick base pairs: ¢): Guanine-Thymine;
d) Guanine-Adenine, e): Adenine-Cytosine, f): Cytosine-Thymine. Bases marked with a G are
Guanine; A are Adenine; C are Cytosine; T are Thymine. Dashed lines represent hydrogen bonds
between the various bases.

1.3.2. Base Triples. More than two nucleotides can interact at a time. When three bases come
together a base triple is formed, with many base triples stacking on top of each other forming a
triplex. Base triples are usually structured with two base pairs interacting with each other, with a
third nucleotide coming in and interacting with its Watson-crick edge to one of the other
nucleotides Hoogstein edges [19]. The central base in a base triple is a purine, as pyrimidines do

not have as many hydrogen bond donors/acceptors to allow for multiple nucleotides to hydrogen

bond with them. Examples of base triples can be seen in Figure 1.3
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Figure 1.3. A non-exhaustive list of example base triples. a) a C-G-C base pair, and b) a G-A-T
base pair. Bases marked with a G are Guanine; A are Adenine; C are Cytosine; T are Thymine.
Dashed lines represent hydrogen bonds between the various bases.

Several aptamers found in the literature contain a triplex structure. One of these is the
codeine-binding aptamer characterized by Bing et al. [20] This aptamer contains a triplex of six
base triples stacked on each other, and a quadruplex structure below that (see section 1.3.3 for

more information on quadruplexes) with the codeine binding site being at the interface of these

two structural elements. Patel and colleagues used a triplex based aptamer structure to create an



adenosine biosensing platform [21]. Their work produced a biosensor with a limit of detection of

50 nM, and a working range of 50 nM to 2 uM.

1.3.3. G-Quadruplexes and i-motifs. Quadruplexes are a common structural motif formed from
guanine rich nucleic acid strands and are found in aptamers as well as in living cells. In living
cells, quadruplexes are often found in telomeres and as regulatory elements in the genome [22]. A
quadruplex is made up of a series of G-quartets stacked one on top of the other [23]. A G-quartet
is made up of 4 guanines interacting with each other using their Watson-Crick and Hoogstein edges
(Figure 1.4). In between these G-quartets sits a cation, usually a potassium or sodium ion to help
balance the charges on the inside of the quartet. This is important to know when designing SELEX
buffers, as these ions are required for quadruplex formation and quadruplexes tend to bind to
specific ligands.
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Figure 1.4. Hydrogen bonding pattern amongst the 4 guanines present in a single G-quartet,
surrounding a potassium ion. Dashed lines represent hydrogen bonds between the various guanine
bases.



Quadruplexes can be monomolecular, bimolecular, or tetramolecular in their composition,
and a small number of tri-molecular quadruplex structures have also been identified. The
backbones of the quartets can have a parallel, anti-parallel, or mixed/hybrid topology [23]. A
parallel quadruplex has all 4 of the backbone strands of the quartets running in the same 3’ to 5’
direction (Figure 1.5a). An anti-parallel quadruplex differs in that, 2 strands of the quadruplex run
1 direction (3’ to 5) while the other 2 strands run in the opposite direction (Figure 1.5b & c). A
mixed or hybrid topology occurs when 3 strands run in one direction and the last strands runs in
the opposite direction (Figure 1.5d), but this structure is uncommon compared with the other two.
Outside of the G-quartet core of these structures can be nucleotides linking the backbone of the G-
quartets, these linkers fall can be diagonal, lateral, or propeller loops. Propeller loops run along
the sides of a quadruplex resembling a propeller when looking down the center of the quadruplex.
Lateral loops link two strands along the top or bottom most quartet, while diagonal loops are
similar but link the two non-adjacent strands of the quartets.

These G-quadruplex structures are not limited to aptamers found in solution but have also
been found in vivo. G-quadruplexes have been found to form in telomere regions at the end of a
cell’s DNA. Paeschke et al. used nuclear electroelution to find G-quadruplexes in Stylonychia
nuclei and found that their formation was mediated by the presence of two proteins, TEBPo and
TEBPf [24]. Summers and co-workers have more recently used fluorescence lifetime imaging
microscopy to track the formation of G-quadruplexes in Human Bone Osteosarcoma Epithelial
Cells [25]. In addition, Yang et al. found RNA G-quadruplex structures are able to form within
plants and demonstrated that these structures can affect plant growth in both Arabidopsis and rice

plants [26].
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Figure 1.5. Structural diagrams of various G-quadruplex backbone topologies a) parallel, b) & ¢)
anti-parallel, and d) 3+1.

I-motifs are another set of four stranded oligonucleotide structures. Unlike G-
Quadruplexes, i-motifs are often formed from cytosine rich strands. In an i-motif, two sets
oligonucleotide strands each form a helix, with these two helices being intercalated with one
another [27] (Figure 1.6). The base pairs in an i-motif are mostly C-C* base pairs where the central
nitrogen on one of the cytosines has been protonated allowing it to hydrogen bond with the nitrogen
on the opposing cytosine. T-T and C-T base pairs can also be found in i-motifs but these great
destabilize the structure. I-motifs can and do form under physiological conditions, but are most

likely to form between pH 4.2 and 5.2, and at colder temperatures of 4 °C [27].
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Figure 1.6. a) An example of a cytosine-cytosine base pair often found in an i-motif. The central
nitrogen on the left cytosine has been protonated allowing it to hydrogen to the adjacent cytosine.
b) An example of the interlaced helical structure that makes up an i-motif.

Much like G-quadruplexes, i-motifs have also been found to form in vivo, though their
presence has only been discovered much more recently [28]. Dzatko et al. used NMR spectroscopy
and CD spectroscopy to investigate if these structures are forming within HeLa cells [29]. Zeraati
et al. selected a set on antibodies against i-motifs and used those to find i-motifs in HeLa cells

[30]. They determined that the formation of these structures is dependent on pH of the environment

and its place in the cell cycle.
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1.4 Aptamer Ligands

Aptamers can be selected against a number of different types of ligands ranging in size
from single ions up to entire cells. By far the largest categories of ligands for aptamers are proteins
and small molecules. As mentioned previously, aptamers can have a high degree of specificity for
their ligand which allows them to discriminate between molecules that are structurally similar.
Generally, aptamers and their ligand interact through hydrogen bonding, which can help stabilize
the folded structure of the aptamer. Other ligands interact with their aptamer by intercalating
between the base pairs themselves and being stabilized by n- & stacking interactions. Sometimes
an aptamer’s overall structure can influence the types of ligands it may bind to. Proteins often
interact with aptamers at loop regions [31], and G-quadruplex ligands are often large planar
molecules which stack against the G-Tetrad and take advantage of the m-m stacking interactions
[32]. A chart representing the relative amount of aptamer ligand from aptamer selected from 1990
to 2021 has been summarized below in Figure 1.7. This data was generated from

aptagen.com/aptamer-index and accessed on November 23" 2021.
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Figure 1.7. Relative amounts of aptamer ligands for aptamers selected from 1990 to 2021.




1.5 Aptamer Applications

Due to their potential high affinity and specificity, aptamers can have a number of different
applications, often in the fields of therapeutics/medicine and as biosensors. In addition, aptamer
like structures do exist in nature in the form of riboswitches.

Riboswitches are regulatory mRNA sequences often found in bacteria, which bind to small
molecules causing a structural change in the mRNA [33], [34]. This structural change in the
MRNA can have a number of different effects on how the mRNA is treated in the cell. This change
in structure can prevent the mRNA from being read leading to the gene being silenced. It can lead
to alternate splicing pathways, leading to a different product being produced. Riboswitches can
also interact with other genes in the cell, causing them to be silenced.

Aptamers can act as therapeutics in different ways, either interacting directly with a target,
by being conjugated to another drug and having the aptamer act as a sensor for the drug target, or
in a diagnostic role. The first aptamer to be used as a therapeutic is Macugen which was developed
in 1998 [35]. Macugen is an aptamer that treats age related macular degeneration. The aptamer
itself binds to the vascular endothelial growth factor (VEGF), which is responsible for creating
new blood vessels in the eye and is responsible for leakages from these vessels. This leakage leads
to swelling in the eye and macular degeneration. Macugen is an anti-VEGF aptamer, which binds
to its target and prevents its function, reducing one of the main causes of age-related macular
degeneration.

Aptamers can be used in the delivery of drugs to a specific cellular target. Nucleolin is
cellular protein often over expressed in the cytoplasm of cancerous cells, and a nucleolin aptamer
was used as a delivery system to deliver anti-cancer drugs to cancerous mice [36]— [40]. The

aptamer was conjugated to doxorubicin and internalized into the cell upon interacting with
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nucleolin. This showed an inhibition in tumour growth in mouse models. This type of aptamer-
drug conjugated system has also been tested with aptamers targeting the prostate-specific
membrane antigen [41]- [43], the MUC1 glycoprotein [44], protein tyrosine kinase 7 [45], [46],
and the T cell receptors OX40 and 4-1BB [47], [48].

Aptamers work as great detection molecules for sensor systems as well. These sensors
often fall under the broad categories of electrochemical sensors, optical sensors, or mass sensitive
sensors, and sensors can fall into multiple categories simultaneously. For electrochemical sensors,
the aptamer is generally immobilized on the surface on some form of electrode, and the binding of
the target ligand stimulates a detectable electrochemical change in the system. For example, the
aptamer could be conjugated to a redox moiety which sits away from the surface of the electrode
when not interacting with the ligand. When interacting with the ligand however the redox moiety
would be brought closer to the electrode surface allowing for an electron transfer between the
moiety and the surface to take place. This would require that the aptamer undergoes a shift from
being non-structured or loosely structured in its free state to being structure in its bound state.
Zhang et al. [49] used the electrochemical approach to design an aptasensor to detect prostate
specific antigen. This sensor used aptamers attached to palladium nanoparticles on the surface of
a carbon electrode.

Optical sensors generally illicit some form of colour change in the sensor when the aptamer
meets its ligand. This could be done using fluorescence methods or by using a dye. Many dyes
will interact with an aptamer with a lower affinity than their target ligand. Upon binding with the
target ligand, the dye would become displaced, and the free-floating dye would induce a visible
colour change in the solution. For fluorescence methods the aptamer could be conjugated to a

fluorescent group on one end of the strand, while a fluorescent quencher could be conjugated to
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the opposite end of the strand. In the free state the aptamer would fluoresce as the quencher would
be separated from the fluorescent group, but upon binding the two groups would be brought closer
together and quench the fluorescence. Lee et al. used a bisphenol A aptamer to create an optical
sensor for the determination of bisphenol A in food samples [50]. Their sensor used aptamers
conjugated to gold nanoparticles to create a colour change upon binding to bisphenol A that can
be seen with the eye in solution. The presence of bisphenol A causes the nanoparticles to aggregate
changing the colour of the solution from red to blue.

Mass sensitive sensors require that there be a large change in the mass of the system upon
the binding of the ligand to the aptamer. These systems usually work better for aptamers which
interact with proteins than those which bind to small molecules. For these sensors the aptamer is
attached to a piezoelectric crystal, which oscillates at a specific frequency. The binding of the
target ligand causes a shift in the mass on the surface of the crystal, causing a change in frequency.
Goda and Miyahara used an anti-histone aptamer attached to a quartz crystal microbalance to
create a system to detect acetylation in histone molecules [51].

1.6 The cocaine-binding aptamer

The cocaine-binding aptamer was originally selected in 2000 by Stojanovic et al., with
their efforts focused on selecting a cocaine-binding aptamer that did not bind to benzoylecgonine
and ecgonine methyl ester which are two common cocaine metabolites [52]. The original aptamer
was referred to as MNS 4.1 with a structure of three stems attached together via a three-way
junction. This three-stem/three-way junction structure is conserved in all the cocaine-binding
aptamer variants derived from this original sequence. This original MNS 4.1 sequence was 39
nucleotides long and bound to cocaine with an affinity of 5 uM. It was proposed that the binding

of cocaine caused stem 3 of the aptamer to form into a helix (Figure 1.8).
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Figure 1.8. Secondary structure of the MNS 4.1. The structure of the free aptamer is shown on the
left, and the structure of the ligand-bound aptamer is shown on the right, with the ligand shaded in
green. This Figure is adapted from reference 52.

In 2010 Neves et al. [16] through a mutation study using NMR and ITC found that the
original proposed structure of the aptamer was incorrect, and that the three way junction of the
aptamer was centered around a tandem A*G mismatch (Figure 1.9). The structure studied was also
changed slightly, stem 1 was shortened by one base pair by removing the terminal G*A base pair,
and the T*G base pair in stem 3 was changed to a C-G base pair. This paper also investigated the
binding mechanism of the aptamer and found the binding mechanism was tied to the length of
stem 1. If stem 1 is four or more base pairs long, then the free aptamer is folded, and very little

structural change occurs upon binding. If stem 1 is three base pairs or shorter, the free aptamer is

not fully folded and the aptamer becomes more structured upon binding.
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Figure 1.9. Secondary structures of the MN4 and MN19 aptamer constructs. The structure of the
free aptamers is shown on the left, and the structure of the ligand-bound aptamers is shown on the
right.

Though selected to bind to cocaine and not cocaine metabolites, it was found that the
cocaine-binding aptamer does show some off-target ligand binding. In 2003, Stojanovic et al.,
found that a variant of their cocaine-binding aptamer could bind to deoxycholic acid (DCA) but
there was very weak binding to cocaine [53], and in 2009 showed that the aptamer could also bind
to quinine, an anti-malaria drug [54]. Later, Reinstein et al. quantified the binding of the cocaine-
binding aptamer to DCA [55]. In addition, it was also found that quinine also bound to the cocaine-

binding aptamer ~50 times tighter than cocaine, for which it was originally selected. In 2015

Slavkovic et al. investigated the ability of the cocaine-binding aptamer to bind a number of quinine
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derivatives [56], and in 2018 investigated the binding of non-quinine based anti-malarial
compounds [57].

The cocaine-binding aptamer has been well studied, and several sensors using it as a
detector have been made. In 2001, Stojanovic et al. used the aptamer to make a fluorescent
biosensor for cocaine [58]. By attaching a fluorophore to the 5’ end and a quencher to the 3’ end,
the aptamer will fluoresce in the free state but folds when bound to cocaine and the fluorescence
is quenched. This was done using a variant of their MNS 4.1 aptamer with a shortened stem 1
named MNS-7.9. More recently, Xiao et al. used an MNS 4.1 based variant referred to as 38-GC
to create a different fluorescence-based sensor for detecting cocaine in biofluids [59]. This system
has the aptamer bind to a fluorescent dye at the three-way junction where cocaine binds. When the
fluorescent dye is bound to the aptamer it is quenched and doesn’t fluoresce, but when cocaine
binds to the aptamer the dye is displaced, and fluorescence is seen in solution. This sensor was
shown to be able to detect cocaine in both urine and saliva-based solutions. Being able to use these
types of sensors in complex matrices is important as detecting analytes in samples from outside
the laboratory is not often straight forward. In 2009 Plaxco et al. worked on using the cocaine-
binding aptamer to create a microfluidic system to detect cocaine levels in undiluted blood [60].
This system involved using a 5’ thiolated cocaine-binding aptamer bound to a gold surface. The
aptamer also contained a methylene blue group at the 3’ end. When not bound to ligand the
methylene blue group remained away from the gold surface, but interaction with the ligand folds
the aptamer bringing the methylene blue group close to the gold surface. This causes a transfer of

electrons between the methylene blue and the gold surface, which can be detected.
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1.7 Studying Aptamers

Probing aptamer-ligand interactions can be done in a variety of ways. For determining the
strength of an aptamer-ligand interaction, isothermal titration calorimetry (ITC) is considered the
gold standard [61]. In ITC, the ligand is titrated into an aptamer sample at a constant temperature,
and the heat that is either produced or consumed by the interaction is measured. This creates a
binding isotherm curve which can be used to determine several thermodynamic parameters of
interaction such as Kq, AH and AS of ligand binding. Differential scanning calorimetry (DSC) is
another heat measuring method that can be used [62]. DSC involves measuring the energy
difference required to heat a sample compared with a reference cell. Usually this allows for the
unfolding temperature of the aptamer to be detected, and how that temperature can change as a
result of different sample conditions or aptamer changes. As nucleic acids absorb UV light, similar
melting experiments can also be done using UV-Vis spectroscopy and tracking the absorbance at
260 nm [63], in addition G-quadruplexes also absorb at 280 nm [64]. As the aptamer unfolds the
absorbance of the sample changes, allowing for the melting point to be determined. Aptamers
themselves do not have as strong ability to fluoresce, so fluorescence experiments on aptamer
systems either require the fluoresce of the ligand to be tracked, or a fluorescent tag must be added
to the aptamer [65]. Aptamers have also been known to enhance the fluorescence of other weakly
fluorescent small molecules [66]. The above methods can provide information of the properties of
the aptamer, but do not provide information about the overall structure of the aptamer. The
methods that are often used to determine the 3D structure of aptamers themselves are x-ray
crystallography and NMR spectroscopy, the latter of which will be discussed in the following
section in detail. In addition, for G-quadruplexes CD spectroscopy can be used to determine

information about the backbone orientation of the aptamer [67]. In x-ray crystallography the
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aptamer sample is first crystallized, though this can often be difficult and could require the aid of
other biomolecules to aid in the formation usable crystals [68], [69]. The crystallized aptamer is
then exposed to x-rays of a specific wavelength which the sample crystals cause to diffract. The
crystal will be observed from many different angles and tens thousands of reflections will be
collected. The diffraction pattern of the x-rays is used to create an electron density map of the
sample and create an atomic model of the system in question, referred to as a crystal structure. The
structure of the thrombin aptamer was discovered in this way [70].
1.8. NMR Spectroscopy

In solution NMR spectroscopy, the sample studied is placed in a strong magnetic field that
enables the spin % nuclei present in nucleic acids (*H, *C, *N and *!P) to be studied. The nuclei
will resonate at a characteristic frequency depending on chemical identity and local environment.
NMR is a non-destructive technique allowing for multiple experiments to be performed on the
same sample under different conditions such as temperature, the amount of ligand present in the

sample, and/or different buffer compositions.

In NMR studies of aptamers, the resonances belong to the imino protons are often the first
to be studied. The imino protons are so useful because their signals are located downfield (at higher
ppm values), well separated from the signals of the rest of the protons found in nucleic acids
(Figure 1.10). Imino proton signals generally only show up when hydrogen bonded, such as in a
base pair. The position of an imino proton signal in an NMR spectrum is dictated by its chemical
identity and environment. Imino protons in Watson-Crick base pairs are the most downfield,
showing up around 12-14ppm with guanine iminos around 12-13ppm and iminos from thymine or
uracil around 13-14ppm. Non-Watson-Crick base pairs are generally found upfield of the Watson-

Crick base pairs in the 10-12ppm range. To provide the most useful information the identity of the
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imino resonances should be determined. This can be done by analysis of a 2D NOESY experiment

acquired in H20 [71].

14.5 14.0 13.5 13.0 12.5 12.0 11.5 1.0 10.5
'H (ppm)

N,

Imino Protons

oM

140 130 120 11.0 100 90 80 70 60 50 40 30 20 10

'H (ppm)

Figure 1.10. 1D *H NMR spectrum of a DNA cocaine-binding aptamer bound to cocaine with an
inset focused on the imino region.

1.8.1 Sample Preparation. The first step in NMR experiments is to prepare the aptamer sample.
NMR samples generally require 500-600 uL of liquid placed in a standard 5 mm Pyrex NMR tube.
For DNA aptamers, sample is typically not limiting due to the ease of purchasing material and the
high solubility of DNA. For typical 1D NMR experiments the aptamer concentration should be
~500 uM, but can go down to 200 uM, if required. For 2D experiments, a 0.8 mM sample is

typically needed, though higher is preferable. If sample material is limited and a choice between
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volume and concentration must be made, concentration should be the variable favored, as the
signal intensity is directly proportional to the concentration of the sample. For NMR experiments,
typically 2 to 4 samples of 1 umole scale DNA syntheses are required.

DNA samples typically need only be buffer exchanged after purchase to remove any salts
and reagents left over from the synthesis. Other forms of purification, such as preparative gel
electrophoresis, are not needed when nucleic acid samples are purchased. Upon arrival, samples
are dissolved in purified filtered water from a system such as a Milli-Q unit and placed in an
Amicon type centrifugal filter. For aptamers in the 30-40 nucleotide range a 5 mL tube with a
molecular weight cut-off of 3,000 MW is ideal. First, the sample should be exchanged four times
against a 2 M NaCl solution. This helps removes any leftover salts and reagents from synthesis.

The sample can then be exchanged into the desired buffer.

1.8.2 Sample Considerations. There are three main considerations that should be taken into
account when choosing a buffer for an NMR sample. Firstly, the amount of salt should be kept to
a minimum. A high concentration of salt in the sample (greater than 75-100 mM) can lower the
signal to noise ratio of the sample, especially when using a cryogenic probe. An example of this
can be seen in Figure 1.11. A good amount of salt in an NMR buffer is 20-50 mM, this amount
should not cause too much of a problem with the signal to noise ratio. More salt can be present in

an NMR buffer if it is required for the aptamer to fold, be stable or to function.
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Figure 1.11. NMR spectra of a cocaine-binding aptamer bound to quinine, with either 0 mM or
150 mM KCl, illustrating the effect of salt on the NMR spectra. Samples are in 10 mM NaH2POa4
INazHPO4 (pH 7.4) 10% 2H,0, with an aptamer concentration of 360 uM. The quinine:aptamer
molar ratio is 1:1.

The next consideration should be that many buffers used in molecular biology such as TRIS

and HEPES contain protons. These protons will show up in your NMR sample and generally
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drown out the signals from the aptamer. If the buffer does contain proton-rich reagents, deuterated
versions of these reagents should be used. These deuterated versions are usually ~99% deuterated,
meaning that there will be a small signal from the non-deuterated protons, but this is unavoidable.

A 10-20 mM phosphate buffer is recommended for a working pH range of 6.2-8.2.

NMR buffers require 5-10% v/v 2H,0 to allow for the NMR probe to lock onto the sample.
This means when preparing the sample buffer an appropriate amount of 2H,O needs to be
incorporated into the buffer. This should also be incorporated into your ligand solution, if
applicable, to keep the NMR environment constant. In addition, some experiments will require the
aptamer to be in a 100% 2H,O buffer, so that the signal from exchangeable protons will not be
observed. Typically, experiments in H2O are acquired first then the sample is lyophilized and taken
up in 2H20 for experiment to be run in 2H20.

Finally, it should be noted that NMR spectra where imino protons are to be detected are
typically acquired at 5 °C. Generally, the higher the temperature the data is acquired at, the lower
the signal to noise ratio the iminos will have as they exchange with the bulk water faster at higher
temperature. Temperatures lower than 5 °C should be used with caution as the freezing point of

100% 2H20 is 3.8 °C.

1.8.3 Ligand preparation. As with selecting a proper NMR buffer, there are considerations that
should be made when preparing the ligand sample. The smallest practical volume of ligand should
be added in order to not dilute the sample too much and reduce the NMR signal. Adding 25-50 pL
of ligand to the 500-600 uL NMR sample is fine and will not reduce the signal to noise appreciably.

Some ligands are not soluble or only sparingly soluble in water, which means they may
need to be dissolved in an organic co-solvent, such as DMSO. If this is needed, a deuterated form

should be used, as that amount of protonated organic solvent will drown out the NMR signal from
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the aptamer. As with deuterated buffer reagents, there will be small NMR signals from residual
protons in the deuterated organic solvent, but this is unavoidable. Small amounts of organic solvent
(>5% v/v) should not cause much of a disruption of the aptamer sample [72]. Figure 1.12 shows a
titration of DMSO into an aptamer resulting in only small changes in the NMR spectrum. Even for
a ligand needing a solution of 100% organic solvent like DMSO, adding 30 uL to a 600 uL NMR
sample will only result in a ~5% final solution. Before performing a titration of the aptamer and
ligand in organic solvent, it may be worthwhile to do a titration of the aptamer with only the

organic solvent, to see how the organic solvent affects the NMR signals.
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Figure 1.12. NMR spectra of an unbound cocaine-binding aptamer being titrated with DMSO.
The percentage DMSO (v/v) is indicated. The DMSO does not have a large effect on the spectra
until approximately 4% v/v. The asterisk denotes T15 splitting into 2 peaks possibly indicating
that DMSO binds near this nucleotide. Titration takes place in 10 mM NaH2PO4/Na;HPO4 (pH
7.4) 10% ?H,0, with an aptamer concentration of 200uM.
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1.8.4 Imino 'H assignments. The 2D NOESY experiment allows for the imino proton resonances
to be assigned so that in further experiments it is known which resonances correspond to which
base pairs. A NOESY experiment detects which protons are close in space, typically within 5 A.
In a standard B-form or A-form helix the imino proton in a base pair will show an NOE signal to
the imino protons of the adjacent base pairs in the helix. Depending on the structure of the aptamer,
this should allow for most of the imino protons in the spectrum to be assigned. An example of this

can be seen in Figure 1.13.
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Figure 1.13 NOESY of a cocaine-binding aptamer (MN19) bound to cocaine. The secondary
structure of the aptamer is shown in the top left, with the three stems being highlight in red (stem
1), blue (stem 2), and green (stem 3). The NOE steps are coloured to show which stem they
represent in the aptamer. This experiment was conducted in 245 mM KCI, 5 mM KH2PO4/K2HPO4
(pH 6.8) 10% 2H,0, with an aptamer concentration of 1.5 mM. The ligand:aptamer molar ratio is
1:1.
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1.8.5 Ligand binding titrations. A titration of the aptamer with ligand monitored by a series of
1D *H spectra can yield very useful information about the location of the binding site as well as
if, and how, the structure of the free aptamer changes as ligand binds. Resonances can change
chemical shift with ligand addition due to: (1) being close to the binding site and having their
magnetic environment affected by presence of the ligand; or (2) due to structural change
occurring with ligand binding, even if the structural change is away from the binding site. A key
consideration when analyzing a titration is if there is a change in the number of imino protons
observed in the free and bound spectra. If there is an increase or decrease in the number of imino
protons observed, that can indicate that new base pairs are being formed or broken during
binding and this is often an indication of structure being formed or lost. If the number of imino
peaks observed is the same free and bound, there can still be structural changes taking place, just
without changing the number of base pairs present.

An example of a titration of an aptamer with a ligand is shown in Figure 1.14 where the
MN4 cocaine-binding aptamer is titrated with amodiaquine [57]. In this titration, imino resonances
change their position with ligand binding but the total number of resonances changes very little, if
at all. Here, the resonances that change chemical shift are most likely close to the ligand-binding

site of the aptamer.
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Figure 1.14. Titration of a cocaine-binding aptamer with amodiaquine. G31, whose signal is
particularly indicative of binding, is marked with an asterisk. Amodiaquine was dissolved in
DMSO-d6 (99.96%), and the concentration of DMSO at the 1:1 spectrum was about 2.5% (v/v).
This titration was conducted in 10 mM NaH2PO/Na;HPO4 (pH 7.4) 10% 2H,0, with an aptamer
concentration of 200 uM. The molar ratios of ligand:aptamer are indicated.
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An example of a titration of an aptamer where the number of imino protons increases with
ligand binding is shown in Figure 1.15. Here, the imino protons in one stem of the MN19 cocaine-
binding aptamer are not observed in the free form and appear as ligand is added [16], [17].
Presumably, in the free form stem 1 is unfolded, dynamic or loosely folded in the free state and

folds or rigidifies in the bound state.
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Figure 1.15. Titration of a cocaine-binding aptamer (MN19) with cocaine. As the amount of
cocaine present in the sample increases, more peaks become visible (G4, T19, G29, G30, G31,
T32) and the peaks present previously become sharper and more defined. This titration was
conducted in 245 mM KCI, 5 mM KH,PO4/K;HPO, (pH 6.8) 10% 2H.0, with an aptamer
concentration of 1.5 mM. The molar ratios of ligand:aptamer are indicated on the left of each
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1.8.6 Thermal stability. A series of 1D *H spectra acquired as temperature is varied, a thermomelt,
tracks how peaks in an aptamer change and the aptamer unfolds as the temperature increases.
Starting at a low temperature, multiple spectra are acquired, increasing the temperature after each
spectrum to see how the resonances change. Starting the series at 5 °C and increasing the
temperature of the sample by 5 °C each time is adequate. An example is shown in Figure 1.16. If
peaks disappear too quickly using the above scheme, starting the series at a lower temperature and
using smaller temperature increments may be advantageous. An advantage of this technique over
other techniques to monitor melting is that each imino proton can be tracked individually, allowing
one to see if a global 2-state unfolding occurs or if different sections or helices of the aptamer
unfold separately as the temperature increases. It is also possible that some peaks disappear before
others due to them being more susceptible to exchange with water. As the temperature increases,
the signal-to-noise ratio of the spectrum will decrease as the individual peaks broaden. It should
be noted that the temperature that resonances disappear in the imino NMR spectrum is typically
lower than the melt temperature determined using in other methods. A temperature scan with and
without ligand present is a useful way to confirm binding, as the bound form of the aptamer will

generally melt at a higher temperature.
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Figure 1.16. Temperature scan of a cocaine-binding aptamer bound to cocaine at a 1:1 ratio. The

sample was in 245 mM KCI, 5 mM KH:PO, /K:HPO4 (pH 6.8) 10% 2H,0, with an aptamer
concentration of 1.0 mM.
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1.9 Thesis Project.

The overall goal of this project is to use NMR spectroscopy to better understand how the structure
of the cocaine-binding aptamer changes in response to ligand binding. Aptamers are often poorly
understood and viewed as a black box. Using the cocaine-binding aptamer as a model system may
help future aptamers be better understood. How different stimuli affect the cocaine-binding
aptamer may inform how they would affect other similar aptamers. NMR spectroscopy is used as
the main experimental technique as it allows atomic resolution data about a system to be acquired
and is a nondestructive technique that allows for variables in a system to be changed during
experiments. The projects in the thesis include studies of the dynamics in the cocaine-binding
aptamer to better understand how the binding of a ligand can affect the stability of the individual
base pairs within the aptamer. Characterization of off-target binding of the cocaine-binding
aptamer to levamisole and three structurally related three-way junction-binding dyes was also
investigated to see how these compare with both cocaine and quinine. As mentioned previously
dyes can be useful in aptasensor system. As such more information about how an aptamer interacts
with a set of dyes with various Kq values could be useful for future sensors. The binding affinity
of levamisole was measured using NMR spectroscopy as it was too weak to be measured using
other methods like ITC. This could be useful practically for aptamer-based cocaine biosensors due
to the prevalence of levamisole in street cocaine. The binding site of these off-target ligands was
found, and whether or not they interfered with the binding of cocaine or quinine. Additionally, the
binding of the ochratoxin A binding aptamer to ochratoxin A was also investigated. While some
structural information about the ochratoxin A aptamer was previously known, NMR spectroscopy
was used to get a more complete idea of how this aptamer folds and behaves in the presence of its

ligand.
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Chapter 2 Methods and Materials

2.1 Preface
This chapter includes the methods used in the subsequent chapters
2.2 Aptamer Preparation

All DNA samples were obtained from Integrated DNA Technologies (IDT) as a dry powder
with standard desalting. Sample identities were confirmed by mass spectrometry from the
manufacturer, and further confirmed by NMR using previous samples as a guide. DNA samples
were dissolved in ddH2O exchanged against 1 M NaCl three times, and then exchanged against
ddH20 or buffer four times using Amicon style concentrators with a molecular weight cut off of 3
kDa. Aptamer samples were reduced to ~1000 pL in volume and then the concentration was
determined using UV-Vis spectroscopy on a Varian Cary 100 Bio UV-Vis spectrophotometer by
measuring the A260 and using the extinction coefficient provided by IDT.
2.3 Ligand Preparation

Cocaine, quinine, and levamisole were obtained from Sigma-Aldrich, while ochratoxin A,
Dye-F, Dye-2Me, and Dye-5 were obtained from the Manderville lab at the University of Guelph.
Stock solutions of cocaine, quinine, and levamisole were prepared by dissolving an appropriate
amount of the compound in ddH20. A solution of ochratoxin A was prepared by dissolving an
amount of powdered ochratoxin A into DMSO- ds. Solutions of Dye-F, Dye-2Me, and Dye-5 were
also prepared by dissolving an amount of powdered dye in DMSO-de. The addition of DMSO to
NMR samples was tested by adding ds DMSO aliquots to an MN4 sample to see how the peaks

changed. Peaks were not found to change significantly until the % v/v of DMSO reach ~5%.
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2.4 NMR Experiment Setup

2.4.1 General. NMR experiments were conducted on a 600 MHz Bruker DRX Avance
spectrometer equipped with a 1H-13C—15N triple-resonance probe. Samples were placed into a
clean 0.5 mm NMR tube prior to being annealed. NMR tubes were cleaned with nitric acid to
remove degrade any prior samples adhering to the walls of the tube. Afterward the NMR tubes
were rinsed 4 times with 95% ethanol, and 4 times with ddH>O. Once placed in the NMR tube,
samples were annealed in a 95 °C water bath for 1 minute, and then placed in an ice water bath to
favour intramolecular folding. Once annealed the samples were placed in the NMR an allowed to
equilibrate at the NMR temperature for 5-10 minutes. All samples contained 10% 2H-0, to allow
for the probe to lock onto the sample. Prior to experiments the NMR probe was manual tuned, and
the NMR was shimmed either by manually adjusting the magnetic fields, or by applying a Z-only
gradient shimming program and manually shimming the magnetic field afterward to ensure a high
signal.

2.4.2 1D NMR Experiments. 1D NMR spectra were collected on samples using either excitation
sculpting or WATERGATE to suppress the solvent signal from the water. Data was collected with
a spectral width of ~22 ppm centered at 4.7 ppm. 1D spectra presented in the following chapters
were collected using 32 dummy scans and 256 to 512 scans, with a delay of 1s was used between
scans. Data was processed and view using TOPSPIN 3.7. 1D spectra were not zero filled. An
exponential multiplication window function was used with an apodization value of 4 Hz. Spectra
were phased to give a flat baseline.

2.5 Chapter 3 Methods

2.5.1 Data Collection. For both the MN4 and MN19 aptamers the original sample was divided in

half before the NMR data for the free aptamer was acquired. Then cocaine was titrated in until a
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1:1 complex was obtained using previously published titrations as a guide [17]. With the second
half of the aptamer sample, quinine was titrated in to form a 1:1 complex, again, using previous
titrations as a guide [73]. Sample volumes were from 550 to 600 uL, and concentrations of all
samples of both MN4 and MN19 aptamers were 1.0 mM.

The imino hydrogen exchange rates were determined as outlined by the method of Lee and
Pardi [74]. The apparent relaxation constant of water (Rww), and the apparent relaxation constant
of each imino proton (Ria) was determined using a selective inversion recovery experiment
employing a 180° shaped pulse to select either water or the imino region of the spectrum as
appropriate. The peak intensities of the imino protons were measured using a water magnetization
transfer experiment, using a 180° shaped pulse along the imino region. Twenty experiments were
acquired using delay times of 5-100 ms.
2.5.2 Data analysis. The Riw and R1a values were obtained by measuring the intensity of either the
water or imino peaks in the inversion recovery spectra and fitting the intensities to a single
exponential curve. The intensities of the resonances in the magnetization transfer experiments were
then measured and the data were fit to Eq. 1 using the Sigma Plot 11 software package (Systat

Software) [74], [75]:

I(t) kex —Rigt —Rywt
- —1=-2 1al — 1w 1
Iy Riw—Riq (e € ) ( )

where I(t) is the peak intensity as a function of delay time, lo is the peak intensity with a delay
time of 0 s, Ryw is the apparent relaxation rate constant of water, R1a is the apparent relaxation rate
constant of a particular nucleotide, kex is the exchange rate constant for the nucleotide, and t is the
delay time in seconds. Once the constants (Rww and Ria) for the equation were obtained, kex was

determined by rearranging Eq. 1 to isolate for Kex.

38



2.6 Chapter 4 Methods

2.6.1 Data Collection. NMR experiments were conducted on a 600 MHz Bruker Avance
spectrometer at temperatures from 5 °C to 45 °C. Spectra were acquired in either 245 mM KCI, 5
mM KHPOQ4, pH 6.8 in 10% ?H,0, 90% H,0 (high-salt buffer with low catalyst concentration); or
120 mM KCI, 100 mM KHPO4, pH 6.8 in 10% 2H-0, 90% H0 (high-salt buffer with high catalyst
concentration). NMR data were processed using TopSpin 3.7 (Bruker).

For both the MN4 and MN19 aptamers, an original sample was divided in half. Using one
half of the sample, the NMR data for the free aptamer was acquired, then cocaine was titrated in
to form a 1:1 complex, using previously published titrations as a guide [17]. With the second half
of the aptamer sample, quinine was titrated in to form a 1:1 complex, again using previous titrations
as a guide [73]. Sample volumes were 550 to 600 pL with the concentrations of MN4 samples in
low catalyst concentration buffer were 1.0 mM and in high catalyst concentration buffer were 1.3
mM. For MN19, samples in low catalyst concentration buffer were 1.6 mM and in high catalyst
concentration buffer were 1.5 mM.

The imino hydrogen exchange rates were determined as described by Lee and Pardi [74].
First, inversion-recovery experiments were performed to measure the Ri1a and Riw values. The
water R1 was measured using a DANTE pulse train designed so that the overall 90 degree pulse
width was 90 ps. The peak intensities of the imino protons were measured using a water
magnetization transfer experiment using a shaped 180° pulse along the imino region. To
accomplish this a RE-BURP pulse shape of 965 ps was used. The pulse was centered in the range
of 9-16 ppm and uniformly covered this region. The magnetization transfer experiments were
conducted with 40 different delay times ranging from 0 ms to 500 ms, in a predetermined, non-

sequential order in a manner as described earlier [76]. The order of temperature acquisition was
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randomized between 5 °C and 45 °C. For the 10 ms and 120 ms delay times, measurements were
acquired three times each in order to gauge the level of variability in the data.

2.6.2 Data Analysis The apparent relaxation constant of water (R1w), and the apparent relaxation
constant of each imino proton (R1a) were obtained by measuring the intensity of either the water
or imino peak in the inversion recovery spectra and fitting the intensity to a single exponential
curve. The intensity of the resonances in the magnetization transfer experiments were then

measured and the data were fit to Eq. 1 using Sigma Plot 11.0.

10 = _p_Kex  (p-Riat _ g=Ruwt) 1)

Iy Riw—Ria

where I(t) is the peak intensity as a function of delay time, |, is the peak intensity with a delay time
of 0 ms, kex is the exchange rate constant for the nucleotide, and t is the delay time in seconds.
Once the constants (Riw and Ria) for the equation were obtained, kex was determined by rearranging
equation 1 to isolate for Kex.

2.6.3 Determination of Enthalpy and Entropy of base pair dissociation. To obtain the enthalpy
and entropy of base pair dissociation a method developed by Schwalbe and co-workers was used,
where the exchange rates were determined as a function of temperature [77], [78]. At low
temperatures, the measured exchange is dominated by NOE effects (the term d in equation 2) so

to correct for this, the data was fit to Eq. 2 using Sigmaplot 11.0.

1
(AHTR—TASTR)
RT (1+e

kex =

2
h AHgiss—TASgiss ( )
kT

where kex Was the calculated exchange rate constant from previous fitting, h is Planck’s constant,
ko is Boltzmann’s constant, T is the temperature in °K, 4Hr and 4Str are the change in enthalpy
and entropy of the open base pair, 4Hpiss and 4Spiss are the change in enthalpy and entropy of the

imino proton dissociating, and R is the gas constant. Once the kex values were corrected, the effect
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of solvent catalysis on the exchange was found using kex values in the high catalyst concentration
buffer, the low catalyst concentration buffer, and the nucleoside triphosphate exchange rates [78].

The calculated kex has contributions from both the base pair opening and the imino proton
dissociation, and will be referred to as kexnet from here on. To determine the Kexnet contribution of
base pair opening, the ratio between Kexext and Kex,int Was determined, where Kexext iS the exchange
rate constant of the imino proton dissociation and Kex,int is the exchange rate constant of the base

pair dissociation. These two values are related as follows.

q — ’;ex,ext — kTR,ext (3)

exjint  KTRjint
ktrext Was obtained from previously published single nucleoside exchange rate experiments at 20
°C [78] while q was determined using the Kexnet IMmino proton exchange rate data at 20 °C from
both the high catalyst concentration and low catalyst concentration data according to Steinert et
al. [78]. The value of g was then used to find the krr,int by EQ. 3.
After this, the data was fit to a linearized form of the Eyring equation.

kTR i —AH g; k AS ;i
ln TR,int __ dLss+l _b+ diss (4)

T RT h R

The slope of the line of best fit represents the enthalpy of the base pair dissociation (AHuiss), and
the y-intercept represents the entropy of the base pair dissociation (ASgiss). The Gibbs free energy
of base pair dissociation (AGgiss) was then determined using the relation AGdiss = AHdiss - TASdiss
where T is the temperature.

2.7 Chapter 5 Methods

2.7.1 NMR Spectroscopy. NMR experiments were conducted on a 600 MHz, 700 MHz, and 800
MHz Bruker Avance spectrometer at 5 °C to 55 °C in a manner described previously. Experiments
run on the 800 MHz spectrometer were performed by Prof. Cameron Mackereth at the Université

de Bordeaux. Spectra were acquired in 120 mM NaCl, 5 mM KCI, 20 mM CaClz, 10 mM d*!-Tris,
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pH 8.0. Unless noted spectra were acquired in 90% H,O- 10% 2H,0 at 5 °C on the 600 MHz
spectrometer. NMR data were processed using TopSpin 3.7 (Bruker).

2.7.2 1D 'H NMR Titrations. OTA-1 was titrated with ochratoxin A until a 1:1 stoichiometric
ratio of aptamer:ligand. The OTA-1 sample contained an aptamer concentration of 1.6 mM at 550
uL. Ochratoxin A was titrated into the sample in 0.1eq aliquots to a final ratio of 1:1
aptamer:ligand. The volume increased to 595 uL. when the titration was finished, with a DMSO
content of ~8.3%.

2.7.3 2D 'H-'H NOESY Experiment in H20. Two-dimensional *H-tH NOESY experiments
were performed on the ochratoxin A-bound OTA-1 sample with a mixing time (tm) of 200 ms. For
this experiment the aptamer concentration was 1.0 mM with a ratio of aptamer:ligand of 1:1
respectively.

2.7.4 2D H-'H NOESY Experiment in D20. Two-dimensional *H-tH NOESY experiments
were performed on the ochratoxin A-bound OTA-1 sample with a mixing time (tm) of 200 ms on
an 800 MHz NMR spectrometer. For this experiment the aptamer concentration was 2.0 mM in
120 mM NaCl, 5 mM KCI, 20 mM CaClz, 10 mM d*-Tris, pH 8.0, 100% 2H,0 at 20 °C. The
ratio of aptamer:ligand in the sample was 1:1.

2.7.5 2D H-'H TOCSY Experiment. Two-dimensional *H-'H TOCSY experiments were
performed on the ochratoxin A-bound OTA-1 sample with a mixing time (tm) 0f 200 ms on an 800
MHz NMR spectrometer. For this experiment the aptamer concentration was 2.0 mM in 120 mM
NaCl, 5 mM KCI, 20 mM CaCl,, 10 mM d*-Tris, pH 8.0, 100% 2H,0 at 5 °C. The ratio of
aptamer:ligand in the sample was 1:1.

2.7.6 2D !'H-BC HSQC Experiment. Two-dimensional 'H-*C HSQC experiments were

performed on the ochratoxin A-bound OTA-1 sample with a coupling constant of 160 Hz to
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optimize the signal from aliphatic proton-carbon bonds. These experiments were performed on a
700 MHz NMR spectrometer. For this experiment the aptamer concentration was 1.6 mM in 120
mM NaCl, 5 mM KCI, 20 mM CaCly, 10 mM d*-Tris, pH 8.0, 100% 2H,0 at 20 °C. The ratio of
aptamer:ligand in the sample was 1:1.

2.7.7 Imino Proton Exchange Data Collection. Imino hydrogen exchange rate experiments were
performed on a 1.25 mM ochratoxin A-bound OTA-1 sample. Data was acquired from 5 °C to 55
°C in 5 ° increments. The imino hydrogen exchange rates were determined as described by Lee
and Pardi [74]. First, inversion-recovery experiments were performed to measure the R1a and Riw
values. The water R1 was measured using a DANTE pulse train designed so that the overall 90
degree pulse width was 90 ps. The peak intensities of the imino protons were measured using a
water magnetization transfer experiment using a shaped 180 ° pulse along the imino region. To
accomplish this a RE-BURP pulse shape of 965 us was used. The pulse was centered in the range
of 9-16 ppm and uniformly covered this region. The magnetization transfer experiments were
conducted with 40 different delay times ranging from 0 ms to 500 ms, in a predetermined, non-
sequential order in a manner as described earlier [76]. The order of temperature acquisition was
randomized between 5 °C and 45 °C. For the 10 ms and 120 ms delay times, measurements were
acquired three times each in order to gauge the level of variability in the data.

2.7.8 Imino Proton Exchange Data Analysis. The apparent relaxation constant of water (Riw),
and the apparent relaxation constant of each imino proton (R1a) were obtained by measuring the
intensity of either the water or imino peak in the inversion recovery spectra and fitting the intensity
to a single exponential curve. The intensity of the resonances in the magnetization transfer

experiments were then measured and the data were fit to Eq. 1 using Sigma Plot 11.0.

IO 4 _ 9 kex  —Rigt _ ,—Rywt
o 1= Zle_Rm (e~ F1al — g7F1wl) 1)
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where I(t) is the peak intensity as a function of delay time, |, is the peak intensity with a delay time
of 0 ms, kex is the exchange rate constant for the nucleotide, and t is the delay time in seconds.
Once the constants (R1w and R1a) for the equation were obtained, kex was determined by rearranging
equation 1 to isolate for kex.

2.8 Chapter 6 Methods

2.8.1 NMR Spectroscopy. NMR experiments were conducted on a 600 MHz Bruker Avance
spectrometer at 5 °C in a manner described previously [79]. Spectra were acquired in 245 mM
KCI, 5 mM KHPOq, pH 6.8 in 10% 2H,0, 90% H.0. NMR data were processed using TopSpin
3.7 (Bruker).

For both MN4 and MN19 aptamers, two samples were prepared from a common stock.
Samples started at a concentration of 500 uM, and a volume of 550 pL. In one sample levamisole
was titrated into the free aptamer until a molar ratio of 1:10 (aptamer:levamisole) was achieved.
After this, cocaine was titrated into the sample to a final molar ratio of 1:10:2 for the MN4
(aptamer:levamisole:cocaine) sample and 1:10:3 for the MN19 (aptamer:levamisole:cocaine)
sample. For the second sample for each aptamer, cocaine was titrated to a 1:1 molar ratio
(aptamer:cocaine). Levamisole was then titrated into the cocaine-bound samples to a final ratio of
1:1:50 (aptamer:cocaine:levamisole).

To check the effect of pH on the interaction between levamisole and MN4, a sample of
MN4 was split in half and exchanged into (i) a pH 6 buffer (245 mM KCI, 5 mM KHPOg4, pH 6.0
in 10% 2H,0/90% H,0) and (ii) a pH 8 buffer (200 mM NaCl, 20 mM deuterated ammonium
acetate, pH 8.0 in 10% 2H,0/90% H0). Each of these samples was titrated with levamisole to a

final molar ratio of 1:10 (aptamer:levamisole).
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2.8.2 Binding Affinity Calculations. The affinity of the aptamer-levamisole interaction was
determined using standard methods of following the chemical shift perturbations of signals in the
NMR spectrum [80]. The fraction bound (f,) was fit as a function of ligand concentration to Eq. 5

below:
L
fo = Bmaxﬁ (5)
Where Bmax IS theoretical maximum response, Kq is the dissociation constant and [L] is the

concentration of levamisole present in the sample. The fraction bound at a given point was

calculated using Eq. 6:

_6i—6o
foi = 573, (6)

Where fui is the fraction bound at a particular point during the titration, di is the current *H
position of a particular resonance, do is the initial *H position of the resonance in the absence of
any ligand, and ds is the final *H position of the resonance being used. fui should range from 0 in
the free sample to 1 in the 1:10 aptamer:levamisole sample. This calculation also assumes that the
aptamer is fully bound with an f,; of 1 at the final titration point. For MN19 the same scheme as
MN4 was used though peak intensity was used since many peaks in free MN19 are not visible due
to the dynamic nature of the unbound MN19 aptamer. Nonlinear curve fits were performed using
SigmaPlot 11.

2.9 Chapter 7 Methods

2.9.1 1D 'H NMR Titrations. One-dimensional *H NMR spectra were acquired in 140 mM NaCl,
10 mM NaxH,PO: at pH 6.8 in 10% 2H,0/90% H,0 at 5 °C in a manner described previously
[76]. MN4-Dye-F titration was acquired with a 1.4 mM aptamer concentration at volume of 600
uL, while the MN4-Dye-2Me, MN4-Dye-5, and all MN19 titrations were acquired with a 500 uM

aptamer concentration at a volume of 600 uL. For the NMR experiments, all the dyes were
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dissolved in DMSO-ds (99.96%). The MN4-Dye-F titration was done to a ratio of 1:1
aptamer:ligand, while the MN4-Dye-2Me, MN4-Dye-5, and all MN19 titrations were done to a
ratio of 1:2 aptamer:ligand. For all experiments the final DMSO content of the samples ranged
from 1% to 5% (v/v).

2.9.2 2D H-'H NOESY Experiments. Two-dimensional *H-*H NOESY experiments were
performed on the Dye-F-bound, Dye-2Me-bound, and Dye-5-bound MN4 samples with a mixing
time (tm) Of 200 ms. For all these experiments the aptamer concentration was 1.4 mM and was
conducted in 140 mM NaCl, 10 mM NaxHyPO4 at pH 6.8 in 10% 2H.0/90% *H.O at 5 °C. The
ratio of aptamer:ligand in these experiments was 1:1, with an approximate DMSO content ranging
from 3%-5%. Water suppression for all experiments was achieved using excitation sculpting.
2.9.3 1D 'H NMR Competition Titrations. Quinine-Dye-F competition experiments were
performed using a 500 uM sample of MN4 in the previously described NMR buffer. For these
experiments, quinine and Dye-F were each separately dissolved in DMSO-ds. First, Dye-F was
titrated into MN4 until a final molar ratio of 1:1 aptamer: Dye-F. The final DMSO content was
~2% v/v. Next, quinine was titrated into the same sample to a final molar ratio of 1:1:3 aptamer:
Dye-F:quinine with an ~5% v/v final DMSO content.

Cocaine-Dye-5 competition experiments were performed using a 500 uM sample of MN4
in the previously described NMR buffer. For these experiments cocaine was dissolved in *H20 and
Dye-5 was dissolved in DMSO-ds. First, Dye-5 was titrated into MN4 until a final molar ratio of
1:1 aptamer:Dye-5. The final DMSO content was ~1% v/v. Next, cocaine was titrated into the
same sample to a final molar ratio of 1:1:15 aptamer:Dye-5:cocaine with an ~1% v/v final DMSO

content.
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Chapter 3 Comparison of the Free and Ligand-Bound Imino Hydrogen
Exchange Rates for the Cocaine-Binding Aptamer

3.1 Preface
All work presented in this chapter has been taken from the article below [76]

e Churcher, Z.R., Neves, M.A.D., Hunter, H.N. and Johnson P.E. “Comparison of the
Free and Ligand-Bound Imino Hydrogen Exchange Rates for the Cocaine-Binding
Aptamer.” Journal of Biomolecular NMR 68, 33-39 (2017).

3.2 Introduction

Aptamers are nucleic acid molecules that have been selected to bind a particular ligand that
can range from a small molecule to a cell. Aptamers typically bind with high affinity and
selectivity, and they have been found to be useful in medical and analytical applications [81]— [85].
Understanding how aptamers interact with their ligands is an important question when
implementing an aptamer in a biotechnology application. Measuring the hydrogen exchange rate
constant (kex) for the imino proton of free and ligand-bound aptamers is a useful probe of how base
pair dynamics change with ligand binding, as this exchange rate reflects the stability and solvent
accessibility of base pairs [86]. The hydrogen exchange rate constant in nucleic acids is measured
using water magnetization transfer experiments and has been previously employed in studying
both DNA and RNA duplex and aptamer molecules [74], [75], [87], [88].

The cocaine-binding aptamer is a widely used model system for studying aptamer function
and biotechnology applications of aptamers [59], [89]- [94]. The aptamer was originally selected
by Stojanovic et al. [52], [58] to bind cocaine, but not any of the common cocaine metabolites.
Unusually, this aptamer binds quinine 50-fold tighter than cocaine [54], [56], [73]. Structurally,
the cocaine-binding DNA aptamer consists of three stems centered around a three-way junction

[17]). The two variants of the cocaine-binding aptamer studied here are MN4 and MN19 (Fig. 3.1).
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MN4 is a sequence variant of the originally reported cocaine-binding aptamer that binds more
tightly to cocaine, while MN19 is a variant of MN4, where the length of stem 1 has been reduced
to three base pairs. The MN19 aptamer is most commonly utilized in biotechnology applications,
as it has a ligand-induced folding mechanism. In the unbound state, MN19 is poorly structured or

unstructured, and the aptamer becomes folded concurrently with ligand binding [17], [58].
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Figure 3.1 Secondary structure of the MN4 and MN19 cocaine-binding aptamers used in this
study. For ease of comparison both aptamers follow the same numbering scheme. Highlighted in
MNA4 is the location of the high affinity ligand-binding site.
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In this study, the kex values of the imino protons is measured in both the MN4 and MN19
aptamers in their free, cocaine-bound, and quinine-bound states. Base pairs at the ligand-binding
site have reduced kex values in both their quinine and cocaine-bound forms. The kex values of
nucleotides away from the binding site are minimally affected by ligand binding suggesting a
decrease in base pair dynamics at the binding site is occurring, but that a reduction in kex values is
not felt throughout the molecule.

3.3 Results and discussion

3.3.1 NMR spectroscopy. Resonance assignments for the imino regions of both MN4 and MN19,
free, cocaine-bound and quinine-bound states were obtained based on previous studies (Fig. 3.2)
[17], [73]. The spectra shown here are very similar to what was reported previously. Imino
resonance intensity was measured as a function of time using semi-selective inversion recovery
experiments for both MN4 and MN19 in their free, cocaine-bound and quinine-bound states. Due
to peak overlap, it was not possible to independently measure the intensity of every imino or even
the same imino resonances in different aptamer states. For example, G4, G9, G10 and G27 all
overlap together or with another resonance in this group, except for cocaine-bound MN4, where
G4 appears as a separate resonance (Fig. 3.2). The intensity of ten different imino resonances from
the 15-guanine and thymine nucleotides in MN4 (not including G1) was measured. Of these ten,

six different nucleotides were measured across the free, cocaine-bound and quinine-bound states.
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Figure 3.2. Downfield imino region of the 1D-'H NMR spectra of MN4 and MN19 cocaine-
binding aptamers free and bound to cocaine and quinine. Spectra were acquired at 5 °C in 10%
2H,0, 90% H,0.
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20 1D spectra were obtained at different delay times in order to fit the intensity decay and
obtain kex values. Figure 3.3 shows ten selected spectra of the MN4 cocaine-bound state. Fast
decaying nucleotides such as T15 produce a negative signal by the last decay time while slower
decaying signals (T19, G29) still have a positive intensity with the same delay time. Decay curves
for all measured peaks are shown Figure 3.4 and Figure 3.5, with the error bars representing the
standard deviation of the measurement. Take for example, the decay cure used to obtain the kex
values for G29 in MN4 (Figure 3.4). For this nucleotide, the imino resonance in the free state
decays to a greater degree than in the quinine and cocaine-bound states. The two bound states
decay in a similar manner. The error in the normalized peak intensity in the decay curve was
obtained from measuring the peak height in two separate experiments and obtaining a standard
deviation. In general, the data presented in Fig. 3.4 agree with Eq. 1 producing an average R? value
of 0.96 with a range of 0.81-0.99. Exchange rate constants for MN4 and MN19 are given in Table

3.1.
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Figure 3.3 1D spectra of the water magnetization transfer experiment for the imino protons in the
MN4 bound to cocaine sample. Delay times range from 10 to 100 ms. Selected nucleotides are
numbered.
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Figure 3.4 Intensity of the imino resonances in MN4 as a function of delay time. Blue circles are
from free MN4, grey triangles are from the quinine-bound MN4 and orange squares are from the
cocaine-bound MN4. The line represents the best fit to Eq. 1. The intensities are normalized.
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Figure 3.5 Intensity of the imino resonances in MN19 as a function of delay time. Blue circles are
from free MN19, grey triangles are from the quinine-bound MN19 and orange squares are from
the cocaine-bound MN19. The line represents the best fit to Eg. 1. The intensities are normalized.
3.3.2 Hydrogen exchange rate constants. The values of hydrogen exchange rate constants of the
imino protons in the MN4 aptamer reflect the position of the nucleotide in the secondary structure
of the aptamer (Fig. 3.1; Table 3.1). In the free MN4 aptamer the nucleotides with the lowest

exchange rate constants are G2 and G34 with ke values of (1.9 + 0.6) and (2.2 *+ 0.6) s'%,

respectively, and are located in the middle of a stem. The nucleotide with the largest exchange rate
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constant is G24 (36.3 + 8.5) s %, and it is located in the loop of stem 3. Between these extremes are
G29 and G30, the guanine residues that comprise the tandem GA mismatch (kex values of (17.0 +
2.1) and (21.8 + 3.2) s'%, respectively), and residues located at the end of stems such as T15 (12.8

+1.3), T18 (7.5 £ 1.6) and G31 (12.7 £ 1.8) s L.

Table 3.1. Hydrogen exchange rate constants (s*) of the imino protons for the free and bound MN4
and MN19 aptamers.?

Residue MN4 MN19
Free Cocaine Quinine Free Cocaine Quinine

G2 19+06 23+08 36206 - - -

G4 - 43+0.7 - - - -

T15 128+1.3 135+0.8 18.2+25 182+25 18.6+3.6 19.1+47
T18 75+16  30+09 1109 - - -

T19 - 27+20 - - - -

G24 36385 - - - - -

G29 170+2.1 75%£0.8 7.2+0.9 - 145+16 89x13
G30 21.8+3.2 - - - - -

G31 12.7+1.8 21+19 3512 - 201+33 47+13
G34 22+06  27+06 2907 - - -

2 All data acquired at 5 °C in 10% 2H,0, 90% H,O. The uncertainty represents the error in the fit of
the data.

The hydrogen exchange rates of the imino protons were analyzed in order to determine the
effect of ligand binding at the individual base pair level. For resonances whose kex values were
measured in more than one state, the values are shown graphically in Fig. 3.6, and their average
ligand-bound increase or decrease are depicted in Fig. 3.7. With cocaine binding T18, G29 and
G31 display a large reduction in kex values. These three nucleotides are located at the MN4 high
affinity binding site. The cocaine-binding aptamer has two ligand binding sites, a high affinity site
involving nucleotides at the three-way junction and the end of stem 1 abutting the three-way

junction. A second, lower affinity site mostly involves nucleotides located in stem 2 [95]. In this

55



study, given the amount of ligand added and the Kq difference between the two sites, only the high

affinity site is significantly populated.
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Figure 3.6 Comparison of the imino exchange rates in MN4 (top) and MN19 (bottom). In blue are
data for free aptamer, in orange are data for cocaine-bound aptamer and in grey are data for the
quinine-bound aptamer. Only nucleotides with data from more than one state are shown.
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Figure 3.7 Change in imino exchange rate upon ligand binding mapped onto the MN4 secondary
structure. A greater intensity of blue corresponds to a greater reduction in the imino exchange rate
with ligand binding. A greater intensity of red corresponds to a greater increase in the imino
exchange rate with ligand binding.

In contrast to the reduction in kex for nucleotides at the high affinity site, the kex value of
T15, located away from the high affinity binding site at the end of stem 2, is unchanged with
cocaine binding and remains high at (12.8 + 1.3) s™* in the free and (13.5 + 0.8) s™* in the cocaine-
bound states. The kex values of G2 and G34, also located away from the binding site are unchanged
and remain low when cocaine bound. T19 which is at the centre of the high-affinity binding site,
and only observed as an isolated peak in the cocaine-bound MN4 complex, has a low kex value (2.7
+ 2.0) st and within the uncertainty range for its adjacent nucleotide T18 despite it being in the
dinucleotide bulge (Fig. 3.1). Finally, kex value of G4 in the cocaine-bound MN4 complex was

found to be (4.3 + 0.7) s™%. This value is slightly higher than the nucleotides G2 and G34 in stem

1, but certainly not a fast-exchanging residue.
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The effects of quinine binding on the kex values of MN4 are similar to what was seen with
cocaine binding (Table 3.1; Fig. 3.6). All the kex values that can be measured in both bound states
are within the error range of each other, with the exception of T15. The nucleotides T18, G29 and
G31, are located at the high-affinity site that experience a significantly decreased kex value for
cocaine binding, display an analogous behavior when quinine is bound. The kex value of T15
remains high when quinine is bound and even increases significantly compared to the free and
cocaine-bound states though only slightly greater than the uncertainty in the values.

For MN19, the data set is very limited due to overlapping signals. In the free state, MN19
is thought to be loosely structured or unfolded [17], [58], [73] and of the approximately five imino
protons detected only the imino proton of T15 is able to assigned (Fig. 3.2). In the cocaine and
quinine-bound states, the expected number of imino protons for the MN19 secondary structure
shown in Fig. 3.1 are detected. However, only the kex values for the imino resonances of G29 and
G31 in addition to T15 are measured due to signal overlap. The kex values of T15 are similar in all
three states of MN19 (Fig. 3.6; Table 3.1). For G29 and G31, both residues are at the high affinity
site, the kex values are lower in the quinine-bound state than the cocaine-bound state, possibly,
reflecting the higher affinity of MN19 for quinine. For both nucleotides, the kex values are higher
in MN19 than what was observed in MN4 indicating that this aptamer is more dynamic than MN4
and consistent with MN19 having a lower melting point (Tm) than MN4 in both the cocaine and
quinine-bound forms [94].

The reduction in kex values with ligand binding observed here for residues at the ligand-
binding site is consistent with previous aptamer-ligand studies. A free aptamer versus protein-
bound aptamer study of the macugen-VEGFes interaction showed that the free aptamer had many

residues whose imino protons were not observed due to a high exchange rate in the free state. In
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the bound state, many of these protons were observable and the kex values were less than 1.5 s™*
[75] . Even with the binding of a small organic molecule, a reduction in kex values at the ligand-
binding site is still seen. Other studies on riboswitches, though not involving measuring kex rates
but instead small-angle X-ray scattering (SAXS) based studies, have also shown that many
riboswitches can become more compact with ligand binding. However, this phenomenon is not
observed in all cases [96]. In MN4, the tandem GA mismatch at the three-way junction has a lower
kex rate in the ligand-bound forms than in the free state. This reduction in mobility might be
necessary for binding given than the replacement of the G29-A21 base pair with a GC base pair
greatly reduces cocaine affinity [55], [97] though structural changes may also play a role.
3.4 Concluding Remarks

Using magnetization transfer experiments, the kex values of imino protons in the MN4 and
MN19 cocaine-binding aptamers have been measured in the free, cocaine-bound and quinine-
bound states. With ligand binding a significant reduction in the kex values for nucleotides T18, G29
and G31 located at the binding site in the aptamer was observed. Only minor changes in the Kex
values of imino protons located away from the binding site was seen. This trend of a reduction of
imino proton kex values at the binding site upon ligand binding has been seen before in the
macugen-VEGF1es complex [75], the AMP-RNA aptamer complex and the AMP-DNA aptamer

complex [88] and appears to be a general feature in aptamer-ligand interactions.

59



Chapter 4: Reduction in Dynamics of Base Pair Opening upon Ligand Binding

by the Cocaine-Binding Aptamer
4.1 Preface

Most work presented in this chapter has been published in the article listed below [98]

e Churcher, Z.R., Garaev, D.M., Hunter, H.N. and Johnson, P.E. “Reduction in Dynamics
of Base Pair Opening upon Ligand Binding by the Cocaine-Binding Aptamer”. Biophysical
Journal, 119, 1147-1156 (2020). [98]

4.2 Introduction

Understanding how aptamers function is important in their designed development in
biotechnology applications as well as obtaining a better understanding of how aptamers function
in nature. However, few aptamers to date have been thoroughly characterized. One aptamer that
has been particularly well studied is the cocaine-binding DNA aptamer [52], [59], [89], [91],
[99]- [101]. The cocaine-binding aptamer has a three-way junction structure formed around a
tandem AG base pair (Fig. 4.1) with its high affinity binding site located at the junction [17]. This
aptamer is distinctive in that its mode of binding changes from being largely pre-formed to having
a ligand-induced structure switching mechanism as the length of stem 1 is shortened from 6 base
pairs (MN4; Fig. 4.1) to 3 base pairs (MN19; Fig. 4.1) [17], [102]. The exact nature of the ligand-
induced structure switching mechanism in MN19 is not known and could result from a reduction
of dynamics of pre-formed base pairs or whole scale folding of a region or helix of MN19.

The cocaine-binding aptamer is also unusual in that it has high specificity for cocaine and
not common cocaine metabolites [52], [58], [94], [103], [104] whereas the aptamer has high
binding affinity, tighter than for cocaine, to quinine and quinine-based antimalarial compounds

[54], [57], [73], [104]- [106]. Another unusual feature of this aptamer is that it binds two copies
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of its ligand in an independent manner in low NaCl conditions. At NaCl concentrations of greater
than 75 mM only one ligand is bound [95]. The experiments presented in this chapter use buffer
conditions of 120 mM and 245 mM KCI where both MN4 and MN19 bind one molecule of cocaine

or quinine.

J=A

10 N, * 1
A

A
stem 1 A

MN19

Figure 4.1: Secondary structure of MN4 and MN19. Circled is the high affinity ligand-binding
site. Boxed in MN19 are the base pairs in which imino protons are not observed in the free form
because of rapid exchange. For ease of comparison, both aptamers follow the same numbering
scheme.

One aspect of biomolecules that has become increasingly important is how their function
is related to their mobility or dynamics [107], [108]. Dynamics has been well-studied in proteins

but relatively less is known about how dynamics and function are related in nucleic acids [109]-
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[113]. One method to study the dynamics in nucleic acids is by measuring the exchange rate
constant (kex) of the imino protons in the base pairs with the bulk solvent [114]. Previous studies
have reports kex values between 1 s and 124 s being detected by this method [115] with an upper
exchange limit of 400 s given for detection of an imino proton [75]. A recent approach developed
by the Schwalbe lab is to measure the kex values as a function of temperature in order to obtain the
thermodynamic parameters of base pair opening [77], [78], [116].

In the previous chapter, the kex values of the imino protons in free, cocaine and quinine-
bound cocaine-binding aptamer at a single temperature, 5 °C [76] were measured, with changes
in the kex values with ligand binding being observed. Here the kex values of the imino protons in
MN4 and MN19 were measured as a function of temperature in their free, cocaine-bound, and
quinine-bound states to allow for a more in-depth understanding of how the dynamics differ
between the two aptamers in the different ligand-bound states. With ligand binding in MN19 there
is a reduction in dynamics in stem 1 and at the ligand-binding site, while for MN4 there is a
reduction in dynamics that is localized to nucleotides at the ligand-binding site. In addition, the
experiments presented here were done using two different buffer conditions for MN4 in order to
determine the enthalpy, entropy and free energy of base pair opening as a function of ligand
binding. The data shows that only the base pairs near the binding site increase in free energy and
strengthen with ligand binding.

4.3 Results

4.3.1 Imino proton kex measurements. *H NMR spectra of the MN4 and MN19 cocaine-binding
aptamer constructs (Fig. 4.1) in the free, cocaine-bound and quinine-bound states were highly
similar to previously work from the Johnson lab (Figure 4.2 & 4.3) and *H imino assignments were

obtained by consulting previous works [76].
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Figure 4.2: Sample spectra of MN4 (a) free, (b) cocaine-bound and (c) quinine-bound. MN19 (d)
free, (e) cocaine-bound and (f) quinine-bound. Spectra acquired in 5 mM KHPOQO4, 245 mM KCI
pH 6.8, 10% 2H,0/90% H,0.
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Figure 4.3: Sample spectra of MN4 (a) free, (b) cocaine-bound and (c) quinine-bound. MN19 (d)
free, (e) cocaine-bound and (f) quinine-bound. Spectra acquired in 120 mM KHPO4, 100 mM, KCI
pH 6.8, 10% 2H,0/90% H,0.
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NMR spectra were acquired every 5° between 5 °C and 45 °C in order to observe the effect
of temperature on the dynamics of the aptamer. For each aptamer-ligand combination, the Ry and
Ria values were measured using inversion recovery experiments. Next, the imino resonance
intensity was measured as a function of delay time after perturbation of the water signal using the
magnetization transfer experiments with forty-four 1D spectra obtained with delay times varying
from 5 ms to 500 ms (Fig. 4.4a). The peak intensity of these spectra was measured and fit to an
intensity curve to obtain exchange rate constants (Fig. 4.4b). Three separate experiments were
acquired at both 10 ms and 120 ms and are essentially overlapped in this plot showing very close
repeatability of this analysis. The measured kex values are found in Tables 4.1, 4.2, 4.3 and 4.4. 'H
imino NMR spectra of the MN4 and MN19 in their free and ligand-bound states at the temperatures
these experiments were conducted at can be found in Figures 4.5 and 4.6. Plots of ke values as a
function of temperature in low catalyst concentration buffer are found in Fig. 4.7 while plots of kex

values as a function of temperature in high catalyst concentration buffer are in Fig. 4.8.
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Figure 4.4: 1D *H spectra of (a) the magnetization transfer experiment showing the imino proton
resonances for cocaine-bound MN4 at 10 °C. (b) The normalized peak intensity, 1(t)/lo, of cocaine-
bound T15 in MN4 at 10 °C (boxed peak in part (a)). Shaded circles represent the raw data acquired
from the NMR experiments, while the line shows the fit of the data to equation 1 to determine the
Kex Values. The R? value for this fit is 0.98.
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(b) MN4 Cocaine-Bound Low Catalyst Buffer
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(c) MN4 Quinine-Bound Low Catalyst Buffer
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(d) MN4 Free High Catalyst Buffer
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(e) MN4 Cocaine-Bound High Catalyst Buffer
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(f) MN4 Quinine-Bound High Catalyst Buffer
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Figure 4.5: 1D 'H spectra of all temperatures for which data of MN4 was collected. The
temperature series are MN4 free (a), cocaine-bound (b), and quinine-bound (c) in low catalyst
buffer, and MN4 free (d), cocaine-bound (e), and quinine-bound (f) in high catalyst buffer.
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(b) MN19 Cocaine-Bound Low Catalyst Buffer
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(d) MN19 Free High Catalyst Buffer
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(e) MN19 Cocaine-Bound High Catalyst Buffer
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(f) MN19 Quinine-Bound High Catalyst Buffer
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Figure 4.6: 1D 'H spectra of all temperatures for which data of MN19 was collected. The
temperature series are MN19 free (a), cocaine-bound (b), and quinine-bound (c) in low catalyst
buffer, and MN19 free (d), cocaine-bound (e), and quinine-bound (f) in high catalyst buffer.
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Table 4.1 Hydrogen exchange rate constants (s*) of the imino protons for the free and ligand-bound MN4 aptamer as a
function of temperature.*

Temperature i
i Residues
C)
Free
G2 G4 T15 T18 T19 G24 T28 G29 G30 G31 T32 G34
Aptamer
5 3+3 - 2142 6x1 - 384 - 29+3 404 3+2 - 62
10 32 - 404 13+2 - 6716 - 506 658 4+1 - 31
15 512 - 6249 19+3 - - 621 (7£1)x10* - 3.8+0.8 242 1.7¢0.9
20 61 - - 38+2 - - 13.310.6 - - 7+1 3.610.7 315
25 5+1 - - (7+1)x10* - - 24+3 - - 13+3 7+1 2+4
30 9+2 - - - - - 4547 - - 25+2 11+2 5+6
35 18+4 - - - - - - - - (4£1)x10* 18+9 618
40 3713 - - - - - - - - 90+7 57+6 23+1
Cocaine-
bound G2 G4 T15 T18 T19 G24 T28 G29 G30 G31 T32 G34
Aptamer
5 4+3 4+1 2142 143 3+3 - 242 14+2 - 4+2 2+2 -
10 243 7+2 3313 2+3 34 - 242 15+1 - 242 2+3 242
15 3+3 743 (6+1)x10* 3+3 8+2 - 3+4 25+7 - 415 4+3 245
20 3+2 1.2+0.8 - 3+2 742 - 4+2 51+7 - 242 4+2 1£2
25 5+1 32 - 5.7+0.7 14+2 - 5+1 777 - 2+1 5+2 1+2
30 9+1 242 - 11+1 23+3 - 8+1 (15+4)x10* - 4+2 8+2 2+3
35 16+2 3+3 - 13+1 49+6 - - - - 7£1 - 4+2
40 27+2 32 - 54+6 - - - - - 1242 - 6.6+0.7
45 - 242 - - - - - - - 43+4 - -
Quinine-
bound G2 G4 T15 T18 T19 G24 T28 G29 G30 G31 T32 G34
Aptamer
5 2+2 - 15+2 2+3 - 23+2 - 8+1 13+1 4+4 - 4+1
10 2+4 - 2543 245 - 384 - 12+2 17+3 3+3 - 3+3
15 3+2 3+2 4146 2+3 - 4415 - 15+1 2542 33 - 243
20 4%2 242 538 413 - 6419 - 20+2 373 5+4 - 243
25 8+3 243 - 5+3 - - - 3248 - 7+4 - 3+3
30 112 2+4 - 8+4 2415 - 10+2 45+8 - 6+8 6+1 5+4
35 1643 313 - 1345 (4+1)x10* - 1742 (7£2 )x10* - 10+4 1042 6+2
40 2613 5+3 - 2945 (6+2)x10* - 3244 (11£2)x10* - 16+3 13+3 101
45 - 1143 - (8+4)x10* - - (6+1)x10* - - 3318 2243 -

!Data acquired in 245 mM KCI, 5 mM KHPO4, pH 6.8 in 10% 2H20, 90% H:0. The uncertainty represents the error in the fit of the data.
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Table 4.2 Hydrogen exchange rate constants (s™) of the imino protons for the free and ligand-bound MN19 aptamer as a function of

temperature.!

Temperature

C) Residues
Free Aptamer G4 T15 T18 T19 G24 T28 G29 G30 G31 T32
5 - 31%3 1242 - 51+4 8+2 - - - -
10 - (6+2)x101 2948 - 6816 111 - - - -
15 - - - - - 2041 - - - -
20 - - - - - 4518 - - - -
Cocaine-bound -, T15 T8 T19 G24 T28 G29 G30 G31 T32
Aptamer
5 1741 144105 137 3t1 21107 1£3 7.0£0.6 11.240.5 3+1 3+1
10 2542 24+1 3+1 621  29.8+0.7 3+2 9.140.4 17.9+0.9 3+1 7.0£0.9
15 - 44+2 62405 14¢3 37+l 4.8£0.9 1842 3143 12.8+0.1 141
20 - - 1843 - - 8.140.4 2511 6743 2742 -
25 - - - - - 22+1 51+2 (13+2) x10? - -
Quinine-bound T15 T8  T19 G4 T28 G29 G30 G31 T2
Aptamer
5 101205  17.940.7 142 - 3712 - 14.8£0.5 16.9+0.8 115 242
10 17.2:08 332 1£1 - 5543 - 23.6£0.7 2421 13 3208
15 3042 58+3 242 - - - 3612 402 3£1 6.2£0.5
20 - - 50106 - - - 624 674 70:03  16.1%0.7
25 - - 232 - - - (11£1) x10'  (12+1)x10'  21.2+07 3945
30 - - - - - - - - (8+1)x10" -

!Data acquired in 245 mM KCI, 5 mM KHPO4, pH 6.8 in 10% ?H.0, 90% H-0. The uncertainty represents the error in the fit of the data.
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Table 4.3 Hydrogen exchange rate constants (s*) of the imino protons for the free and ligand-bound MN4 aptamer as a function
of temperature.t

Temperature

C) Residues
A;;erier G2 T15 T18 T19 T28 G29 G31 T32 G34
5 13 (5£1)x10'  12.90.9 - - 7247 46£0.7  9.9:0.9 -
10 4006  (4+1)x10! 2842 - - (13:3)x10'  4.5:0.4  1.920.7 -
15 4.620.7 - 3844 - 4.0£0.6  (13+4)x10' 7.880.6 4.0:0.6  4.6:0.7
20 9+1 - (9+1)10* - 16.0+0.6 - 11.7+0.7 2+1 5+2
25 161 - (12+4)x10" - 33+1 - 209:09 1l  8.6%06
30 3412 - - - (7£2)x10! - 35£2  4.0:0.3 15905
35 4248 - - - - - 7749 122408 3042
Cocaine-
bound G2 T15 T18 T19 T28 G29 G31 T32 G34
Aptamer
5 34106 (1242)x10'  1.440.9 1£3 1.3£0.4 2541 - 0.940.9 -
10 2.540.7 - 14409 23108  1.020.7 3412 145  0.3:06  0.9:05
15 3.510.5 - 22406 4.0%05 23203 5946 0+1  0.2+05 0.6:0.3
20 7.1£0.9 - 34104  (1#2)x100  4#1  (11#2)x10' 1.0£0.2 1.1#05 0.70.7
25 1543 - 622 1342 822 - 1603 14203 14104
30 3043 - 1541 20£2  13.00.8 - 35108 442 2.8:05
35 5746 - 3612 (621)x10" - - 6.6£0.6 - 4.310.6
40 - - (10+1)x10* - - - 1541 - 9.1+0.6
45 - - - 5747 - 3943
Quinine-
bound G2 T15 T18 T19 T28 G29 G31 T32 G34
Aptamer
5 3+2 - 242 - - 3413 241 - 4%2
10 3+2 - 142 - - 545 241 - 142
15 5+1 - 143 - - (9+1)x100 1+l - 241
20 9.410.9 - 242 - - (15:3)x10' 14 - 142
25 18.8+0.9 - 312 - - - 142 - 242
30 24+2 - 621 - - - 11 - 4%1
35 - - 1141 - - - 242 - 421
40 - - 2511 - - - 51 - 6.5£0.9
45 - - 7847 - - - 14.1£0.9 - 1842

! Data acquired in 120 mM KCI, 100 mM KHPO4, pH 6.8 in 10% 'H20, 90% H20. The uncertainty represents the error in the fit
of the data.
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Table 4.4. Hydrogen exchange rate constants (s™%) of the imino protons for the free and ligand-bound MN19 aptamer as a function of temperature.*

Temperature .
C) Residues
Free
G4 T15 T18 T19 T28 G29 G31 T32
Aptamer
5 - (11 + 2)x10* 31+3 - 9+1 - - -
10 - - (6 £ 1)x10* - 212 - - -
15 - - - - 43+4 - - -
20 - - - - (8 £ 1)x10* - - -
Cocaine-
bound G4 T15 T18 T19 T28 G29 G31 T32
Aptamer
5 303 - 11 1+6 21 272 3x1 4+1
10 44+8 - 21 3+2 3x1 35+2 61 9.6+04
15 - - 12+3 14+2 14+4 57+5 19+1 37+5
20 - - 27+4 33+5 10+2 49+7 64+8 -
25 - - - - 32+3 61+9 - -
Quinine-
bound G4 T15 T18 T19 T28 G29 G31 T32
Aptamer
5 - - 51 - - 35+2 62 21
10 - - 9+1 - - 52+5 4+1 22
15 - - 201 - - 807 81 3704
20 - - 62+4 18+3 75+04 (15 £ 3)x10! 26+1 17+1
25 - - - - 242 - (10 + 1)x10t 60+8
30 - - - - 83+7 - - -

!Data acquired 120 mM KCI, 100 mM KHPO,, pH 6.8 in 10% 2H,0, 90% H,0. The uncertainty represents the error in the fit of the data.
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Figure 4.7: kex data as a function of temperature for MN4 (a) free, (b) cocaine-bound and (c)
quinine bound and MN19 (d) free, (e) cocaine-bound and (f) quinine-bound. All data were acquired
in 5 mM KHPOj4, 245 mM KCI, pH 6.8. The bases are shown in the following scheme: G2, pink
squares; T4, red diamonds; T15, dark red triangles; T18, magenta circles; T19, orange squares;
G24, yellow diamonds; T28, lime triangles; G29, green circles; G30, aqua squares; G31, blue
diamonds; T32, purple triangles; and G34, black circles. Multiple points at the same temperature
for the same nucleotide represent the results from independent analysis of the same dataset.
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Figure 4.8: kex data as a function of temperature for MN4 (a) free, (b) cocaine-bound and (c)
quinine bound and MN19 (d) free, (e) cocaine-bound and (f) quinine-bound. All data were acquired
in 120 mM KHPO4, 100 mM KCI, pH 6.8. The bases are shown in the following scheme: G2, pink
squares; T4, red diamonds; T15, dark red triangles; T18, magenta circles; T19, orange squares;
G24, yellow diamonds; T28, lime triangles; G29, green circles; G30, aqua squares; G31, blue
diamonds; T32, purple triangles; and G34, black circles. Multiple points at the same temperature
for the same nucleotide represent the results from independent analysis of the same dataset.
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4.3.2 Entropy and Enthalpy of base pair dissociation. Imino *H kex values for free, cocaine-
bound, and quinine-bound MN4 and MN19 were measured at different temperatures and in both
high catalyst concentration and low catalyst concentration buffers in order to calculate the enthalpy
(AHdiss), entropy (ASdiss) and the free energy (AGuiss) of base pair opening by fitting these data
directly to the Eyring equation [78]. Data are presented in Table 4.5 for MN4 and Table 4.6 for

MN19 and plotted in Fig. 4.9 for MN4 and Figure 4.10 for MN19.

Table 4.5. Calculated enthalpy (J molt), entropy (J mol °K1) and free energy at 15 °C (J mol™) of dissociation for bases in MN4. !

Residues

G2 T18 T19 T28 G29 G31 T32 G34

Free AHuiss (X10%) 12+2 12+1 - 11+2 10+2 8.4+0.8 19+2 21+5

Aptamer ASuiss (x10%) 15+7 18+4 - 14+6 1345 5.443 40+7 45+17

AGiiss (X10°) 75%2 65.0+0.2 - 68.3+0.8 61.4+0.2 68.8+0.4 77.8+0.2 84+3
. AHuiss (x10%) 12+2 13.940.3 12+2 25+1 9.6+0.8 23+1 17+9 13.9+0.6

Cocaine ASuiss (x10%) 175 211 165 5745 11+3 51+4 32431 19+2
“bound AGiss (X103) 74+1 77.6+0.3 741 83.6+0.7 64.0+0.4 85+1 78+4 83.9+0.4
- AHaiss (x10%)  7.020.8  16.7#05 - - 9.7+0.9 14+6 - 7.6+0.4
Quinine- ASiss (x107%) 043 3142 - - 1143 1342 - 4.1+0.2
bound AGiiss (X10°) 69.6+0.7 78.2+0.5 - - 64.0+0.4 T7+4 - 75.9+0.3

The uncertainty represents the error in the fit of the data in AHuiss and ASaiss and is propagated to AGuiss by calculating the quadrature of

the errors and adjusting for covariance.

Table 4.6. Calculated enthalpy (J mol ), entropy (J mol™°K™%) and free energy at 15 °C (J mol™) of dissociation for bases in MN19™.

Residues
T18 T28 G29 G31 T32
AHyiss (x10%) - 14.3+0.1 -
Free Aptamer ASgiss (x10%) - 27.4+0.3 -
AGiiss (X10%) - 64.28+0.01 -
AHgiss (x10%) 16+1 1642 10.3+0.8 1141
Cocaine-bound ASgiss (x10%) 31+4 31+8 1343 1744
AGiiss (x10%) 66.6+0.2 69.7+0.8 65.0£0.2 64.6+0.1
AHgiss (x10%) 19.8+0.4 - 8.54+0.06 20.02+0.08 12.8+0.6
Quinine-bound ASgiss (x10%) 44+1 - 8.0£0.2 45.1+0.3 21+2
AGiiss (x10%) 69.8+0.1 - 62.33+0.02 70.40£0.04 68.7+0.2

The uncertainty represents the error in the fit of AHgissand ASgiss and is propagated to AGyiss by calculating the quadrature of the errors and adjusting
for covariance.
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Figure 4.9: Plot of the exchange rate for G2, T18, T19, T28, G29, G31, T32, and G34 in MN4 to
the Eyring equation. The free aptamer is shown with red squares, the cocaine-bound aptamer is
shown with green diamonds, and the quinine-bound aptamer is shown with purple triangles.
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The values of AHgiss and ASgiss (Table 4.5) vary among the different bases in the free and
ligand-bound forms of MN4 with AHgiss values ranging from 70 to 250 kJ mol™ and ASgiss Values
ranging from 0 to 570 J mol™ °K™1, The values of AHgiss and ASiss (Table 4.6) in free and ligand-
bound forms of MN19 also vary among the different bases. The AHgiss range from 85.4 to 200.2
kJ mol™ and the Siss values range from 80 to 274 2 kJ mol™. The AHqiss and ASgiss Values appear

to be linearly correlated (Fig. 4.11 for MN4 and Figure 4.12 for MN19) as also observed in

previous studies using this method [77], [78], [116].
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Figure 4.11. Entropy-Enthalpy correlations plots of ASdiss and AHgiss Of bases in MN4 free,
cocaine-bound, and quinine-bound. ASgiss and AHgiss terms were generated from Kex data acquired
in high and low catalyst concentration buffer. Plots were fit to the linear equation y=mx+b, and fit
results are shown on the plots.
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Figure 4.12. Entropy-Enthalpy correlations plots of ASgiss and AHgiss Of bases in MN19 cocaine-
bound, and quinine-bound. AS4iss and AHagiss terms were generated from kex data acquired in high
and low catalyst concentration buffer. Plots were fit to the linear equation y=mx+b, and fit results
are shown on the plots.

The AGyiss values are presented in Table 4.4 and 4.5 and range from 61.4 to 85 kJ mol™ for

MN4 and range from 64.28 to 70.40 kJ mol™ for MN19. For free MN4 the largest AGuiss Values,
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corresponding to the strongest base pairs, belong to the Watson-Crick GC base pair G34 followed
by the Watson-Crick AT base pair T32. For the cocaine-bound MN4 the largest AGuiss value
belongs to G31 followed by G34. For quinine-bound MN4, the largest AGaiss value belongs to the
Watson-Crick AT base pair T18. In all three forms of MN4, the lowest measured AGqiss value,
indicating the weakest base pair, belongs to G29, a nucleotide that is in a non-Watson-Crick AG
base pair.

Upon ligand binding there is a uniform trend among the AGgiss values where the base pairs
closest to the ligand binding site (T18, T28, G29, G31 and T32; Fig. 4.1) become larger, indicating
they become stronger. For the base pairs furthest from the ligand-binding site (G2, G34) their
AGyiss values decrease, indicating these base pairs are weaker when the aptamer is ligand bound.
The AAGuiss Values between bound and free MN4 are tabulated in Table 4.6. No clear trend seems
to exist in changes in AHdiss and ASqiss Values with ligand binding among the different bases in
MN4. This is exemplified by G31 where AHaiss and ASgiss increase for cocaine and quinine binding
while for T18 AHgiss and ASgiss change much less (Table 4.4). A similar analysis of the AAGgiss
values for MN19 was not possible. T28 was the only resonance that produced a AGqiss value, and
it can only be compared with the cocaine-bound AGuiss as T28 was not analyzable in the quinine-

bound MN19.

Table 4.7 Difference in calculated free energy of dissociation (kJ mol?) between free and ligand-bound
bases in MN4 at 15 °C.

Residues
G2 T18 T28 G29 G31 T32 G34
Cocaine  \\«  09+2 12.6:04 15:1 25:04 16+l 145 0+3
binding
Quinine ) \Gue 642 132406 - 2.6+0.4 9+4 - -8+3
binding
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4.4 Discussion

The hydrogen exchange rates of the imino protons in the MN4 aptamer correspond to their
placement within the helices in the aptamer with residues at the ends having higher kex values than
residues in the middle of stems. For example, G2 and G34, which are located in the middle of stem
1 (Fig. 1), have low kex values of (3 +2) s and (3 + 1) s, respectively, at 10 °C in the free MN4
aptamer, while T18 and T15, located at the edges of stem 2, have higher kex values of (13 + 2) s
and (40 + 4) s respectively at the same temperature in the free MN4 aptamer (Table 4.1). G29
and G30, the A-G mismatches at the core of the aptamer, have high kex values of (50 + 6) s and
(65 + 8) st at 10 °C in the free MN4 aptamer. These trends match data reported in the previous
chapter as well as data from reports from other groups [75], [76], [116].

The NMR data presented here on free MN19 gives new insights into the nature of the
structure of the unbound MN19 aptamer. Free MN19 is thought to be loosely structured and is
predicted to undergo ligand-induced folding [103]. In the *H NMR of free MN19 acquired here,
in the presence of low catalyst concentration buffer (245 mM KCI, 5 mM KHPO4, pH 6.8), more
resonances for free MN19 were observed than seen in the previous chapter (Fig. 4.2 d). The imino
protons of T18, T28, T15, and G24 all had observable signals, as well as a group of overlapped
signals from G9, G10 and G27. There were no observable signals from residues in stem 1 or the
two AG base pairs. This demonstrates that in free MN19, stem 2 and 3 are structured and it is stem
1 and the AG base pairs that become structured with ligand binding. This is in agreement with the
model proposed by Sigurdsson and coworkers [117].

kex Values for imino proton in the free MN19 aptamer (Table 4.2 and 4.4; Fig. 4.7 d-f and
4.8 d-f). For all the nucleotides the were measured and are in both free MN4 and free MN19 (T15,

T18, G24, T28), these nucleotides have higher kex values at the same temperature in MN19.
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Additionally, the imino proton NMR signal disappears at lower temperatures in free MN19
compared with free MN4 (Fig. 4.7 and 4.8). This implies that the folded regions of the unbound
MN19 aptamer are more dynamic than the same regions in free MN4. Again, this is consistent
with MN19 undergoing ligand-induced folding starting from a partially unfolded or flexible state.
Increasing the temperature increases the kex values of imino protons in all forms of both MN4 and
MN19, but the rate of increase depends on the position of the nucleotide within the aptamer.
Residues buried within the aptamer, or stabilized by interactions with the ligand, increase their kex
values more slowly than those found on the periphery of the aptamer (Fig. 4.13). For example, in
cocaine-bound MN4, G2, located near the end of stem 1, increased from (4 + 3) st at 5 °C to (27
+ 2) st at 40 °C, while G4, which is located further into stem 1, remains fairly constant with a kex
value of (4 + 1) stat 5 °C and a kex value of (3 +2) st at 40 °C. T15 and T18 are located at opposite
ends of stem 2, with T18 being located close to the ligand-binding site. Here, T15 increases from
(21+2)stat5°Cto (6 + 1) x 10! stat 15 °C in the cocaine-bound MN4 aptamer. This residue is
not seen in higher temperature data sets as it exchanges with the solvent too quickly to be observed.
T18 however, has a kex value of (1 +3) st at 5 °C and remains fairly constant at 15 °C with a value
of (3 + 3) s and does not match the exchange rate of T15 at 15°C until T18 reaches 40 °C where
it has a kex value of (54 + 6) s™*. This non-uniform increase in kex values as temperature increases

is consistent with what was seen previously in the hsp17 RNA thermometer [116].
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Figure 4.13 (previous page) Secondary structure diagram of MN4 and MN19 highlighting the
dynamics of the free, cocaine-bound, and quinine-bound aptamers. Base pairs are shaded on a
scale of red to purple to blue, depending on what temperature the imino proton in that base pair
reached a kex value of 40 s based on the fit line of the kex values (Fig. 4). Bases that started with a
kex Value of 40 s or higher at 5 °C, were shaded 100% red (255 red, on an RGB scale). Bases that
do not reach a kex value of 40 s at 45 °C, were shaded 100% blue (255 blue, on an RGB scale).
Other bases were shaded purple (shaded so that the sum of the red and blue sliders on a RGB scale
was 255), depending on when the kex value for its imino proton reached a value of 40 s™. Imino
protons that reached that value at a lower temperature are shaded darker red, and imino protons
that reached that value at higher temperatures are shaded darker blue. Bases that are shaded in a
pale red box are unobserved in the free NMN19 due to rapid exchange.

The addition of ligand reduced the exchange rate constants of imino protons close to the
binding site, but it has little effect on resonances distant from the binding site. For example, G29
is located at the binding site of the aptamer, its kex value reduces from (50 + 6) s™ in the free state
of MN4 at 10 °C to 15 + 1 s in the cocaine-bound MN4 aptamer also at 10 °C, and 12 + 2 st in
the quinine-bound MN4 aptamer at the same temperature. Other resonances such as T15 and G34,
which are far removed from the binding site, differ little in their kex values, with (40 + 4) st and (4
+ 1) st respectively in the free state of MN4 at 10 °C, (33 + 3) s and (2 + 2) s respectively in
the cocaine-bound MN4 at 10 °C, and (25 + 3) st and (3 + 3) s respectively in the quinine-bound
MN4 at 10 °C. This demonstrates that the changes in dynamics observed in MN4 at the time scale
monitored by kex values are localized to the binding site and are not felt globally throughout the
molecule.

When comparing quinine and cocaine-bound MN4, experiments by both the Johnson lab
and outside groups have shown that quinine binds approximately 50 fold tighter than cocaine [54],
[73], [100], [104], [118]- [120]. When looking at the kex values of quinine and cocaine-bound
MNA4 there is generally little to no observable difference between these two bound aptamers at low

temperatures. As the temperature increases, the kex values of some nucleotides (T15, T18, G29) in

the tighter binding guinine sample do not increase as fast as in the cocaine-bound sample. In the
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quinine-bound MN4 *H NMR spectra there are more peaks visible at higher temperatures than
seen in the cocaine-bound spectrum (Fig. 4.5 and 4.6). This demonstrates that the tighter binding
ligand does not result in significantly decreased kex values until the sample is at temperatures
approaching where its *H NMR signal disappears.

At 5 °C the kex values for residues in bound MN19 have similar values as in bound MN4
(Tables 4.1 and 4.2). However, where these two ligand-bound aptamers differ is that as the
temperature increases, the kex values increase more rapidly in MN19 and their peaks in the NMR
data disappear sooner in MN19 than in MN4. This observation is consistent with both the cocaine-
and quinine-bound forms of MN19 being a more dynamic version of the cocaine-binding aptamer
and undergoing a structure switching binding mechanism. It is also consistent with ligand-bound
MN19 being less thermally stable than ligand-bound MN4 [17], [58], [94], [102]-[104], [121].
For example at 5 °C in the cocaine-bound aptamers, T15 has a kex 0f (14.4 + 0.5) s in MN19 and
a kex value of (21 + 2) st in MN4, T28 has a kex of (1 + 3) s in MN19 and a kex of (2 + 2) stin
MN4, and G29 has a kex of (7.0 + 0.6) s in MN19 and a kex of (14 * 2) s in MN4. What does
differ is that residues in MN19 disappear faster than their counterparts in MN4. For the cocaine-
bound aptamers, T18 disappears after 20 °C in MN19 compared with 40 °C in MN4. T19
disappears after 15 °C in MN19 compared with 35 °C in MN4, and G31 disappears after 20 °C in
MN19 versus 45 °C in MN4 (Tables 4.1 and 4.2; Fig. 4.7).

Ligand binding by aptamers is generally thought to result in aptamers becoming more
structured, which should result in a reduction of motion or dynamics in the aptamer [113], [122].
Previous imino H exchange rate studies on the VEGFgs-targeting aptamer (Macugen) and the
AMP-RNA aptamer both show a large reduction in dynamics upon binding at the ligand binding

site, which in both these aptamers is a loop or bulge region that is unstructured in the free state

98



[75], [87]. In this study, for both MN4 and MN19, there is a reduction in kex values at the ligand-
binding site upon cocaine and quinine binding. This might be expected for MN19 where signals
from stem 1 are not observed in the free aptamer and only appear in the ligand-MN19 complex.
For MN4, the base pairs in this aptamer are formed in the free state, and this aptamer also shows
a reduction in dynamics upon ligand binding. This demonstrates that even aptamers with no large-
scale change in base pairing have reduced dynamics with ligand binding and suggest this may be
a general feature of aptamer function and does not depend on the formation of new base pairs with
ligand binding.

The observation that in MN4 the base pairs close to the ligand-binding site strengthen with
both cocaine and quinine binding complements the reduction in dynamics, as indicated by reduced
kex Values. Together, these data lead to a binding model for MN4 where both cocaine and quinine
addition leads to a reduction of dynamics and base pair strengthening near the binding site, despite
the base pairs in this aptamer being pre-formed. It is a possibility that a strengthening of base pairs
upon ligand binding is a common trait in aptamers but will require further studies to confirm.

4.5 Concluding Remarks

kex Values were measured for the imino protons in MN4 and MN19 in their free, cocaine-
bound, and quinine-bound states as a function of temperature. In addition, from data acquired in
two different buffers, the AHuiss, 4Sdiss and A Gaiss values for base pair dissociation in MN4 were
also determined. For MN19, with ligand binding a reduction in kex values of iminos both near the
binding site and in stem 1 was observed. This is consistent with its ligand induced-folding
mechanism where stem 1 folds or becomes more rigid with ligand binding. In MN4, upon ligand
binding, a localized reduction of kex values for imino protons near the binding site was observed,

but not this did not occur elsewhere in the aptamer. Additionally, from the 4Guiss Values, base pairs
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near the ligand-binding site in MN4 strengthened with both cocaine and quinine binding. This
means that both a pre-folded aptamer and an aptamer loosely folded in the free state undergo a

reduction in dynamics upon ligand binding.
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Chapter 5: Characterization and Dynamics Study of the Ochratoxin A-binding
aptamer via 'H-NMR

5.1 Introduction

Ochratoxin A is common food contaminating mycotoxin produced by certain penicillium
and aspergillus fungi [123]. These fungi can also produce ochratoxins B and C, but ochratoxin A
is the most widely produced and well-studied toxin of the three. It is chemically stable and often
found in pork and grain, but can also be found in coffee, wine, and dried fruits [124]. Due to its
stability, ochratoxin A can survive processing and make its way to consumers [123]. Ochratoxin
A mainly effects the kidneys but can also cause damage to the liver, brain, immune system, and
has been shown to be carcinogenic in animals [125]. Ochratoxin A exposure can cause Focal
Segmental Glomerulosclerosis (FSGS) in kidneys [126]. FSGS causes a scarring in the kidneys
and leads to significant protein lose through the urine. This damage cannot be repaired and in
severe cases people may have to undergo kidney transplants. Ochratoxin A has been shown the be
ability to cross from mother to offspring through the placenta in animal studies, and additionally
ochratoxin A has been found in breast milk [127]- [129]. In mouse studies, ochratoxin A was
shown to cause oxidative damage to the brain, and in vitro studies of ochratoxin A showed that
neuron cells incubated with ochratoxin A were damaged in a dose dependent manner. Ochratoxin
A has a tolerable dose of 5 ng/kg per day or ~300 ng per day in the average adult so even small
amounts of ochratoxin A in food can have an impact on health [125]. Canada does not actively test
for ochratoxin A, but a survey of grain products in Canadians cities from 2018-2019 showed 99.8%
of samples contained less than the 3 ppb of ochratoxin A which is the limit for ochratoxin A in
food products [130]. However, 45% of samples tested did contain some level of ochratoxin A.

Europe does actively test for ochratoxin A. A 2002 EU report testing the amount of ochratoxin A
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in various grain found that only ~0.95% of samples tested were above the 5 ppb limit for ochratoxin
A [131]. Testing for ochratoxin A is currently done using an ELISA based assay.

A number of DNA aptamers that bind to ochratoxin A were selected by Cruz-Aguado and
Penner in 2008 [132]. Their goal was to obtain an aptamer that binds selectively to ochratoxin A,
while not binding to other structurally related compounds such as N-acetylphenylalanine or
warfarin. According to initial results, the aptamer generated bound ochratoxin A with a Kq of 0.36
uM. The same aptamer also bound ochratoxin B ~100 times weaker than its intended ligand, with
the difference between these two molecules being 1 chlorine group. The authors also noted that
the aptamer’s ability to bind ochratoxin A was dependent on the presence of divalent cations, with
magnesium and calcium being tested. The authors believed that the ochratoxin A was forming a
complex with the ion neutralizing the negative charge of the ligand, by neutralizing this charge the
aptamer is more easily able to bind ochratoxin A. They also showed that the presence of calcium
induced strong aptamer-ligand association, and that the presence of the monovalent cations sodium
and potassium did not increase binding strength in the same way.

In 2012, Penner and colleagues were able to use this aptamer as the basis for an ochratoxin
A sensor and able to analytically detect the presence of ochratoxin A in wheat samples [133]. This
was done using time-resolved fluorescence (TRF) spectroscopy and tracking the interaction
between an ochratoxin A-terbium complex. Wheat samples were extracted using an
acetonitrile/water extraction solvent and passed through an aptamer-affinity column to capture the
ochratoxin A. Ochratoxin A was eluted from the column, then the samples were measured using
TREF spectroscopy. This was done for 29 wheat samples, with varying ochratoxin A concentrations,
and the measured amount of ochratoxin A was consistent with the amount measured using HPLC-

fluorescence methods. This method had a detection limit of 0.5 pg/kg which is far below the EU
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regulatory limit for ochratoxin A. As in the 2008 paper, this detection system was much less
sensitive to ochratoxin B and did not provide false positives from structurally related compounds
[132], [133].

Penner and colleagues were not the only scientists that used this aptamer to create
ochratoxin sensing platforms. In 2021 Xie and colleagues used the aptamer to create a “one-pot”
affinity column using polymerization of the aptamer to the column initiated by UV light [134].
They showed this method was still able to detect ochratoxin A, even in samples containing the
related compound ochratoxin B. Shuang et al. used this aptamer to build a label free aptasensor
using electrochemical detection methods, with the goal of being able to detect ochratoxin A in
wine [135]. The scientists immobilized particles with the conjugated aptamer to a graphene surface
electrode. The binding of ochratoxin A to the aptamers of the surface of the particles impedes the
electron transfer of the electrode, which changed as a function of the amount of ochratoxin A in
the sample. He and colleagues used the aptamer to create a colourmetric sensor for the detection
of ochratoxin A [136]. The aptamer was conjugated to gold nanorods, and when the aptamer was
bound to ochratoxin A this caused a blueshift of the gold nanorod surface that was visible in
solution to the eye.

In 2017, the Manderville lab at the University of Guelph released a paper characterizing
the main aptamer from Penner and Cruz-Aguado [137]. They studied a truncated version of the
ochratoxin A binding aptamer that was the minimum binding core sequence from the previous
paper. Using a combination of fluorescence techniques and CD spectroscopy it was discovered
that the aptamer was a two tetrad G-quadruplex, with 3 lateral loops, and an anti-parallel backbone.
More specifically, they also determined which guanine bases in the aptamer sequence made up the

G-quadruplex, along with the syn/anti configuration of those bases. This was done by using a set
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of aptamers each containing an 8-thienyl-2’dG (ThdG) base in place of one of the guanines, and
then using UV-Vis spectroscopy to tracking the melting temperature of the resulting sample and
comparing it with the melting temperature of the wild type aptamer. They were also able to use
the intrinsic fluorescence of the ochratoxin A to track its binding to the aptamer. The structure of
the aptamer based on this data, along with the structure of ochratoxin A can be found in Figure 5.1
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Figure 5.1: Structure of ochratoxin A with its predicted coordinated calcium (left) and the
secondary structure of OTA-1 as predicted by the Manderville lab (right).

The goal of this chapter was to build upon the knowledge of the aptamer that the
Manderville group published in 2017, mainly using NMR techniques. Trying to answer questions
such as, where does the ligand bind on the aptamer? What nucleotides in the aptamer and important
for proper folding and binding of the aptamer? And what is the structure of the aptamer-ligand

complex?
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5.2 Results

5.2.1 Imino Proton Assignments A *H-NMR spectrum of the free OTA-1 aptamer was acquired,
and ligand was titrated into the aptamer sample to a 1:1.1 molar ratio of aptamer to ligand (Figure
5.2). What is interesting to note is that as soon as a small amount of ligand is added (~20%) the
guanine residues in the G-Quadruplex form, as opposed to shifting more as additional ligand is
added. Some peaks do change chemical shift as the ligand concentration increase, but these are all
resonances of the Watson-Crick region in the *H NMR spectrum. These Watson-Crick base pairs
are interesting as the initial quadruplex structure did not show any Watson-Crick base pairs, but
~5 resonances belonging to Watson-Crick imino protons can be seen. It is also worth noting is that
it is predicted that the G-Quadruplex contained 2 G-quartets, whereas there are ~11 imino

resonances for the non-Watson-Crick base pairs.
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Figure 5.2: Titration of ochratoxin A into the OTA-1 aptamer. Ratios above show the relative
amount of aptamer:ligand. Data acquired with a 1.25 mM aptamer sample in 120 mM NacCl, 20
mM CaClz, 5 mM KCI, 10 mM 2Hy;-Tris, pH 8, 90% 'H,0-10% 2H,0 at 5 °C.
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To assign the identities of the imino protons, a series of selectively labelled *3C and °N
labelled samples were prepared. In each of these sample only two nucleotides were selectively
labelled, one nucleotide was a guanine, and the other was another non-guanine nucleotide. This
allowed for unambiguous assignments of the imino protons. The labelled nucleotides in the
samples were G6 & A20, G7 & T14,G11 & T3, G12 & A21, G13 & T8, G15 & A22, G16 & C4,
G23 & C28,G24 & T10, and G25 & T19. This accounts for 20 of the 31 nucleotides in the aptamer
including all the guanines present in the quadruplex. 1D spectra of the labelled samples were
acquired to assign as many imino protons as possible, then a *H-'H NOESY of the bound aptamer
was acquired to confirm the identities of the rest of the resonances (Figure 5.3). This data also
contains NOE signals that show the presence of noncanonical base pairs outside of the quadruplex.
The imino protons of G5 and T14 show a strong NOE to each other suggesting a G-T base pair.
The nucleotides are both found above the top tetrad in the aptamer. The imino protons of G9 and
G23 NOE to each other but G9 is found the in Watson-Crick region for guanine, while G23 is
found in the non-Watson-Crick region for guanines. G23 and G9 are likely not in a stand G-G base
pair as if this was the case both imino proton resonances would appear more upfield and have a
much stronger NOE linking them. Finally, T10 has an observable imino proton, so it must be
stabilized by interaction within the aptamer. Figure 5.4 shows an updated secondary structure
including the helix. The extra non-Watson-Crick imino protons belong to bases that are being
stabilized through interactions with the quadruplex. An updated assigned *H spectrum of the bound

OTA-1 can be found in Figure 5.5.
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Figure 5.3. 'H-'H NOESY showing the imino proton region of the ligand-bound OTA-1. Blue
lines show the NOE pattern between the bases in the top tetrad. Green lines show the NOE pattern
between bases in the bottom tetrad. Red lines show the NOE patterns between bases outside the
quadruplex structure. Data acquired with a 1.0 mM aptamer sample in 120 mM NaCl, 20 mM
CaClz, 5 mM KCI, 10 mM 2Hi3-Tris, pH 8, 90% H,0-10% ?H.0 at 5 °C.
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Figure 5.4: Updated OTA-1 secondary structure based on acquired NOE data. The difference from
the initial structure is the formation of a small helix with the 5’ and 3’ tails of the sequence. Blue
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5.2.2 Nucleotide base 'H assignments A goal of this NMR data analysis was to use NOESY
spectra in H20 and D20 to generate NOE restraints to help create a 3D structure of the aptamer-
ligand complex. This was assisted using HSQC data of the specifically labeled samples in order to
make assignments of specific atoms throughout the aptamer to identify NOE cross peaks in the
two NOESY spectra. The first step was to assign as many H1’ to H6/HS8 correlations as possible.
In duplex DNA and quadruplex structures, the H1’ of a nucleotide’s sugar base will see the H6
(for cytosine and thymines) or H8 (for guanine and adeninies) or its own nucleotide, and the next
nucleotide in the DNA sequence. It is possible to trace the backbone of the aptamer and breaks in
this NOE pattern can also be useful in that they might show areas of the aptamer that are disordered
or have geometries that would not allow for this NOE cross peak to exist. The assignments of these

cross peaks can be seen in Figure 5.6.
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Figure 5.6: *H-'H NOESY of the ligand-bound OTA-1 aptamer showing the aromatic-
anomeric walk between the H1’ on the sugar and the H6/H8 on the nucleobase. A shows G1 to
C4, B shows G6 to T10, C shows G11 to T14, D shows G15 to G23, and E shows G24 to C31.
The walk is not continuous in 100% of cases. Experiment conducted on a 2.0 mM aptamer sample
in 120 mM NaCl, 20 mM CaClz, 5 mM KCI, 10 mM 2H13-Tris, pH 8, 100% 2H.0 at 5 °C.

While assigning these H1’ and H6/HS8 resonances there were some places where the NOE
pattern was discontinuous. Starting at G1 it was possible to trace the pattern to the C4H1’-H6
NOE, suggesting that G5 is not sitting directly below C4 in a standard helix (Figure 5.6 a). The
pattern does not start again until G6. Since there is not an NOE from the H1 of G5 to the H1 of G6
this supports the idea that G5 isn’t sitting flat on top of G6. Within the tetrad there are two paths
that can be used to trace from G6 to G7 as there is both a G6H1’-G7HS correlation and a G7H1’-
G6H8 NOE. This is consistent with G-Quadruplexes in a syn-anti base orientation [138]. The NOE

pattern breaks after T10H1’-H6 as there is no distinct visible NOE linking T10 to G11. This could
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be due to how T10 is positioned in the loop relative to G11 which is in a G-tetrad above (Figure
5.6 b).

The NOE pattern resumes starting at G11 and is continuous until T14 (Figure 5.6 ¢). The
G11 to G12 NOEs are similar to the G6 to G7 NOEs in that there are two possible paths, which is
consistent with the literature [138]. There is no NOE linking T14 to G15 which like with T10 and
G11 is where the DNA bases go back to being in a G-Tetrad. Starting at G15 however there is a
long NOE pattern tracing from G15 all the way to G23 which suggests some kind of organized
structure in the seven-nucleotide loop from C17 to G23 (Figure 5.6 d). From G15 to G16 there
again are two paths to trace similar to the previous two guanines stretches. The NOE pattern break
between G23 and G24 at the interface between the G-tetrad.

G24 and G25 are linked by a similar NOE pattern observed in the previous guanine in a G-
tetrad. After this the NOE walk becomes discontinuous until G29 (Figure 5.6 €). There is no NOE
linkage from G25 to A26 nor from C28 to A29. The pattern remains uninterrupted from A29 to
C31. There is also no G27 NOE resonance in this area either. This suggests these bases are in
positions that would put the various protons on these nucleotides out of NOE range. The NOE
pattern is traceable from A29 to C31 (Figure 5.6 e) suggesting these 3 nucleotides are likely in a
helix.

After these backbone assignments were made, the remaining protons in the nucleotide
portion of each base were assigned. The H1 of guanines and H3 of thymines had been previously
assigned from the specifically labelled samples and *H,O NOESY as these are the imino protons.
The H2 resonances found on adenines were assigned by finding an NOE cross peak from the
nucleotide’s H2 to its own H1’ or the H1’in a neighboring nucleotide (Figure 5.7). These

resonances have a unique '*C chemical shift, so it is possible to isolate which resonances
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specifically belong to the H2 protons. Unfortunately, with the current assignments not all of these
protons could be assigned unambiguously. The H2 resonance of A26 was not assignable with this
data at this time. H5 resonances found on cytosines were assigned using a TOCSY and searching
for the H5-H6 correlations (Figure 5.8). These correlations are in an uncluttered region of the
TOCSY and should only have 1 cross peak per cytosine, making them easy to identify and
assigned. The H7 resonances found on thymines were assigned by looking for TOCSY cross peaks

between H6 and H7 (Figure 5.9). These resonances are also in an uncluttered region of the TOCSY

like the H5-H6 correlations.
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Figure 5.7: NOESY spectrum assigning the H2 resonances of the adenine nucleotides. Data
acquired with a 2.0 mM aptamer sample in 120 mM NaCl, 20 mM CaClz, 5 mM KCI, 10 mM
2Hy1-Tris, pH 8, 100% 2H,0 at 5 °C.
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Figure 5.8: TOCSY spectrum assigning the H5 resonances of the cytosine nucleotides. Data
acquired with a 2.0 mM aptamer sample in 120 mM NaCl, 20 mM CaClz, 5 mM KCI, 10 mM
2Hy1-Tris, pH 8, 100% 2H,0 at 5 °C.
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Figure 5.9: TOCSY spectrum assigning the H7 resonances of the thymine nucleotides. Data
acquired with a 2.0 mM aptamer sample in 120 mM NaCl, 20 mM CaClz, 5 mM KCI, 10 mM
?Hy;-Tris, pH 8, 100% 2H,0 at 5 °C.

5.2.3 Binding site investigation. An *H-*C HSQC of the ligand-bound OTA-1 was acquired. This
spectrum showed which of the methyl resonances present belong to thymines on the aptamer and
which resonance belongs to the methyl group on the ligand (Figure 5.10). The methyls belonging
to thymine all have a similar 3C chemical shift of ~81-82 ppm, whereas the ligand methyl has a
different *3C chemical shift ~89.5 ppm. Of the seven methyl resonances, the second resonance
going from upfield to downfield in the *H chemical shift belongs to the ligand. Looking at the data

from the *H-'H NOESY again and focusing on the methyl-imino region (Figure 5.11), the ligand

methyl proton is interacting with methyl group on the thymine of T3 (Figure 5.4). In addition, the
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amide proton in the ochratoxin A shows small NOEs to the methyl groups of T3 and T30. These

initial interactions place the binding site of the ligand near the helix of the aptamer (Figure 5.12).
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Figure 5.10: HSQC spectrum showing the methyl resonances of the thymine nucleotides and the
methyl resonance on ochratoxin A. Data acquired with a 1.6 mM aptamer sample in 120 mM NacCl,
20 mM CaClz, 5 mM KClI, 10 mM 2Hy1-Tris, pH 8, 90% H>0-10% 2H.0 at 5 °C.
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Figure 5.11. 'H-'H NOESY showing the imino-methyl proton region of the ligand-bound OTA-
1. Labelled are the imino-methyl resonances on the aptamer and the methyl-amide resonances
between the aptamer and the ligand. Data acquired with a 1.0 mM aptamer sample in 120 mM
NaCl, 20 mM CaClz, 5 mM KCI, 10 mM 2Ha;-Tris, pH 8, 90% *H,0-10% ?H,0 at 5 °C.
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Figure 5.12. Secondary structure of the OTA-1 aptamer representing where the approximate
binding site of the ochratoxin A ligand should be. The green circle on the aptamer represents where
the ligand binds based on the available NOE data.

5.2.4 Imino Proton Exchange study An imino proton exchange study of the ligand-bound OTA-
1 aptamer was conducted similar to chapter 4. NMR spectra were acquired from 5 °C to 55 °C at
5° intervals in order to observe the effect of temperature on the dynamics of the aptamer. R1w and
R1a values were measured using inversion recovery experiments. The imino resonance intensity
was measured as a function of delay time from 5 ms to 500 ms, with the 10 ms and 120 ms time
interval data being measured in triplicate to observe the variability in the data. The measured kex

values are found in table 5.1. A temperature series of the data acquired for the ligand-bound OTA-

1 aptamer can be found in Figure 5.13. and plots of the kex data can be found in Figure 5.14. The
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dynamics of this ligand-bound OTA-1 are shown visually in Figure 5.15 Due to the buffer
requirements of the OTA-1 aptamer to fold properly, a full analysis of the data to obtain the
thermodynamic parameters of base pair opening as was conducted in chapter 4 was not conducted
here. The buffer conditions used in chapter 4 to obtain AH, AS, and AG of base pair opening could
not be used with OTA-1. Without being able to vary a catalyst concentration and measure the
resulting changes in kex calculating the AH, AS, and AG is not possible. In addition, these
experiments were only performed on the ligand-bound aptamer as the spectrum of the free OTA-

1 appears to be several different quadruplex structures superimposed over one another.
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Figure 5.13: 1D 'H spectra of all temperatures for which data of OTA-1 was collected. The
temperature series were collected with a 1.25 mM aptamer sample in 120 mM NaCl, 20 mM CacCly,
5 mM KCI, 10 mM 2H13-Tris, pH 8, 90% tH,0-10% 2H-0.
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Figure 5.14: kex data as a function of temperature for the ligand-bound OTA-1. All data were
collected with a 1.25 mM aptamer sample in 120 mM NaCl, 20 mM CaClz, 5 mM KCI, 10 mM
2H11-Tris, pH 8, 90% *H,0-10% 2H,0. The bases are shown in the following scheme: T3, dark red
squares; G5, red diamonds; G6, orange triangles; G7, yellow circles; G9, lime green squares; T10,
green diamonds; G11/G15/G16, aqua triangles; G12, blue circles; T14, dark blue squares; G23,
purple diamonds; G24, dark purple triangles; G25, black circles; and T30, grey diamonds.
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Table 5.1. Hydrogen exchange rate constants (s**) of the imino protons for the ligand-bound OTA-1 aptamer as a function of temperature.’

Residues
Temperature G11/15
Q) T3 G5 G6 G7 G9 T10 6 G12 T14 G23 G24 G25 T30
5 1#5  3%2 242 242 242 7+1 1+4 9+4 5+2 3+1 1+2 243 3+1
10 242 42 7+3 242 2+4 12+1 1+4 17 2+3 343 242 4%3 6+1
15 244 T+l 342 17 3+1 14+1 1+3 242 342 5+2 4+2 343 9+1
20 244 1142 1+3 2+4 443 2342 1+9 2+3 3+4 245 242 245 16+2
25 243 1742 745 145 443 2942 2+1 242 342 1+4 1+2 243 2942
30 247 2042 342 242 4+4 4745 242 145 345 245 342 243 4415
35 341 3042 242 145 5+2 7246 1+2 245 447 2+3 342 1+9 7246
40 742 35%5 147 142 9+4  73x10 143 243 542 3+3 242 243 -
45 18+3 759 4%3 3+3 16+3 - 242 242 11+4 442 1+1 1+2 -
50 48+6 - 7+3 2+3 24+2 - 1+2 442 27+2 742 1+6 243 -
55 - - 5+3 186 4415 - 3+1 2+4 35+¢8  11%2 3+2 243 -

!Data acquired in 120 mM NaCl, 20 mM CaClz, 5 mM KCI, 10 mM 2Hy;1-Tris, pH 8, 90% *H20-10% 2H,0. The uncertainty represents
the error in the fit of the data.
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Figure 5.15: Secondary structure diagram of OTA-1 highlighting the dynamics of the ligand-
bound aptamer. Base pairs are shaded on a scale of red to purple to blue, depending on what
temperature the imino proton in that base pair reached a kex value of 40 s based on the fit line of
the kex values (Fig. 5.13). Bases that started with a kex value of 10 s or higher at 5 °C, were shaded
100% red (255 red, on an RGB scale). Bases that do not reach a kex value of 10 s™ at 45 °C, were
shaded 100% blue (255 blue, on an RGB scale). Other bases were shaded purple (shaded so that
the sum of the red and blue sliders on a RGB scale was 255), depending on when the kex value for
its imino proton reached a value of 10 s™. Imino protons that reached that value at a lower
temperature are shaded darker red, and imino protons that reached that value at higher temperatures
are shaded darker blue.
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The imino protons in OTA-1 can be grouped into a few broad groups, the imino protons
close to the binding site, the imino protons belonging to bases in the G-tetrads, and the imino
protons belonging to bases underneath the quadruplex. The imino protons belonging to bases near
the binding site are T3, G5, T14, and T30. G1 exchanges too quickly to be measured in this type
of experiment, even though it should fall under the previous category. The imino protons belonging
to bases in the G-tetrads are G6, G7, G11, G12, G15, G16, G24, and G25. The imino protons
beneath the quadruplex are G9, T10, and G23.

For the imino protons close to the binding site, they start with a low ke value at 5 °C and
begins to increase as the temperature increases. The rate of temperature increase is not uniform
and the kex value of imino protons in less dynamic bases increases at higher temperatures. T30 is
the most terminal imino protons that is visible, G1 is the terminal base pair but that proton is not
visible in any spectra in any temperature studied. T30 is very dynamic compared to other imino
protons in the aptamer, with a kex value of (3+1 s) at 5 °C which immediately increases at 10 °C,
until a kex value of (72+6 s) at 35 °C, which is its last visible data point. T3 follows a similar
pattern to T30, but because it is farther away from the terminal base pair, it is less dynamic. T3
start with a low kex value of (1%5 s™) and remain fairly consistent until ~ 40 °C when the ke value
increases to (7+2 s1) and is visible until 50 °C with a kex value of (486 s™). G5 and T14 form the
non-Watson-Crick G-T base pair, and their kex values follow are not always the same. Both G5
and T14 start with a low kex value of (3+2 s) and (5+2 s%) at 5 °C respectively. G5 appears to be
more dynamics, as its kex values begins to increase around 15 °C, while in T14 the kex values
doesn’t start to increase until 45 °C. The G5 resonance is visible until 45 °C where it has a Kex
value of (75+9 s), whereas T14 is visible until the last temperature point at 55 °C, with a kex value

of (35+8 s1).
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The kex values of the imino protons found in the G-tetrads all follow a very similar pattern.
The kex values of these imino protons starts low at 5 °C and stays low up to 55 °C and in most
cases don’t significantly change. The resonances for the imino protons of G11, G15, and G16 are
overlapped, making it impossible to accurately measure these imino protons. G6 and G24 both
follow the above trend, with kex values of (2+2 s1) and (1+2 s?) respectively at 5 °C, and kex
values of (5+3 s) and (3+2 s?) at 55 °C. G7 is slightly more dynamic than the other bases in the
tetrads. The imino proton of G7 has a kex value of (2+2 s) at 5 °C, but increases to (18+6 s?) at

55 °C.

There are 3 imino protons located outside of the binding site and g-tetrads with resonances
that are visible. These imino protons belong to G9, T10 and G23. G9 and G23 are adjacent to the
bottom tetrad, while T10 is in the middle of a tri-loop. At 5 °C the kex value for G23 is (3+1 s?)
and remains consistent until 50 °C when the kex value increase to (7+2 s) and increases again at
55°C to (11+2 s1). G9 is more dynamic than G23. At 5 °C G9 has a kex value of (2+2 s1) but starts
to increase at 40 °C to (9+4 s) and is visible until 55 °C with a kex value of (4445 s1). These bases
are likely stabilized by stacking interactions from the quadruplex above, which is why they both
appear less dynamic than most of the imino protons in the bases near the binding site. At 5 °C,
T10’s kex value is (7+1 s1), and its kex value follows a similar trend to T30 as it begins to increase
in value immediately as the temperature rises. T10 is visible until 40 °C, where it has a kex value
of (73+10 s%). T10 is the most dynamic imino proton there is data for in this aptamer.

5.3 Concluding Remarks

The structure of OTA-1 was investigated using *H NMR. This led to the discovery of an

ill-defined free state that folds into a very well-structured aptamer with a small amount of ligand

present. Imino proton resonances were assigned for this aptamer which led to the discovery of
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three Watson-Crick base pairs forming at the 5°/3” end of the aptamer. Non canonical Watson-
Crick base pairs were also seen between G5 and T14, and G9 and G23. This information was
previously unknown. After this, the H1’, and H6 or H8 resonances for the nucleotides in the
aptamer were assigned. This included nucleotides G1 to G4, G6 to G25, and C28 to C31. Next,
the H2, H5, and H7 resonances of the nucleotides were assigned as completely as possible, with
the H2 of A26 being unable to be assigned. These assignments could be used to help generated a
3D model of the aptamer-ligand complex in the future. Even from these preliminary assignments
it is possible to see that the ligand is binding at the top of the aptamer, near the Watson-Crick base
pairs (Figure 5.12). Using magnetization transfer NMR techniques discussed previously the Kex
values of the imino protons in the ligand-bound aptamer were measured. The imino protons found
outside the main quadruplex are much more dynamic than those found within the quadruplex, even
though the quadruplex isn’t the binding site of ochratoxin A. This is different than the cocaine-
binding aptamer where the ligand binding site is the least dynamic section of the aptamer. When
comparing these two aptamers, the ochratoxin A-binding aptamer is much less dynamic than the
cocaine-binding aptamer. The kex values of OTA-1 are smaller than in MN4 or MN19, and the

resonances remain visible at higher temperatures.
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Chapter 6: Off target ligand-binding of levamisole to the primary ligand-binding site in the
Cocaine-Binding Aptamer
6.1 Preface

All work presented in this chapter has been published in the article listed below [139]

e Shoara, A.A., Churcher, Z.R., Slavkovic, S. and Johnson, P.E. “Weak Binding of
Levamisole by the Cocaine-Binding Aptamer Does Not Interfere with an Aptamer-based
Detection assay.” ACS Omega, 6, 24209-24217 (2021).

6.2 Introduction

Levamisole (Fig. 6.1) is an anti-parasitic worm medicine first discovered in 1966 and
manufactured by Janssen. Levamisole is an imidazothiazole derivative that functions by
interacting with the nematode nicotinergic acetylcholine receptor, which are a set of ligand-gated
ion channels required for synaptic action [140]- [142]. This interaction prevents male worms from
properly using their reproductive muscles and limiting their ability to reproduce. It was also
approved by the FDA in the 1970’s and 1980’s for therapy in patients with rheumatoid arthritis
and in 1990 for combination treatment of colorectal cancer [140], [143]. Prescription of
levamisole to humans for parasitic infections in North America was stopped in 1996 due to its
severe side effects [144]. Some of the side effects of levamisole use can include dizziness,
headache, vomiting, and abdominal pain, and it was not recommended to be used by patients that
are breast feeding or in their third trimester of pregnancy [140], [145], [146].

Besides its intended purposes, levamisole is also often used as an adulterant in street
cocaine samples (Figure 6.1). There are two main reasons for this, the first is that it helps to bulk
out a cocaine sample making it appear that there is more cocaine power present. The second is that
it can have a synergistic effect with the cocaine, producing a stronger result than the cocaine by

itself [147]. Approximately 90% of street cocaine samples contain an adulterant, while 65% of
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those samples contain levamisole [148]. Lacing cocaine with levamisole can lead to side effects
not often seen with levamisole, in chronic cocaine users. Agranulocytosis is more present in people
who ingest levamisole from contaminated cocaine [140], [149], [150], than it is from people who
ingest levamisole for its intended purposes. Agranulocytosis leads to a decrease in granulocytes in
the body, causing a reduction in neutrophil counts. Patients can recover upon discontinuing
exposure to levamisole [140]. Cases of leukoencephalopathy have also been reported with people
who frequently ingested levamisole contaminated cocaine [140], [151], [152]. In
leukoencephalopathy, cerebral neurons are demyelinated causing weakness, confusion, and can be
potentially fatal. Another side effect from cocaine related levamisole ingestion is vasculitis [140],
[153], [154], or the inflammation of veins, arteries, and other blood vessels. The presence of
levamisole can also create false positives in quick colorimetric tests performed outside labs on
street samples, which are then investigated using more selective methods such as gas
chromatography, mass spectrometry, and/or flame ionization detection, potentially wasting

valuable lab time and resources [155].
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Figure 6.1: Structures of the cocaine-binding aptamers MN4 and MN19 as well as the compounds
levamisole and cocaine. Nucleotides in both constructs are numbered in the same manner as in
MN4. Dashes between nucleotides indicate Watson—Crick base pairs while dots indicate non-
Watson—Crick base pairs.

If levamisole is present in cocaine acquired from outside a reputable distributor, is it
possible that the cocaine binding aptamer might bind to levamisole as well? Off target ligand-
binding is a feature of certain aptamer sequences that is well documented [156]. This is seen in the
ability of the ATP aptamer to binding to ADP, AMP, adenosine and adenine, and is also seen in
an RNA GTP aptamer binding to several structurally related compounds [18], [156], [157]. Off
target ligand binding is not limited to structurally related ligands. The cocaine-binding aptamer
itself is quite promiscuous with the ability to bind to a host of other ligands not structurally related
to cocaine [56], [57]. This ability to bind a host of other ligands is seen in both the long stem 1
variant of the cocaine-binding aptamer (MN4, Fig. 6.1) and the short stem 1 variant (MN19, Fig.
6.1).

Aptamer-ligand interactions can depend on several different factors. Aptamers are often

selected using specific buffers or using specific conditions which can help facilitate interaction. In
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addition, there can be differences in the strength of aptamer-ligand interaction depending on if the
aptamer in question is floating free in solution or attached to a surface. This can lead to
discrepancies in Kq values reported to help determine the strength of interaction [158]- [161]. It
can be important to test binding of aptamer-ligand pairs using a variety of different experimental
techniques, as one technique may provide important data that others miss. Isothermal Titration
Calorimetry (ITC), UV-Vis Spectroscopy, Fluorescence techniques, and Nuclear Magnetic
Resonance Spectroscopy (NMR) can all be useful for probing Kq values at a variety of
concentration ranges. NMR in particular can be useful for probing weak interactions in the high
micromolar to millimolar range [162].

In this chapter NMR is used to characterize the binding of the cocaine-binding aptamer
with levamisole. ITC, UV thermal melts, and fluorescence had been used previously to check for
the interaction of MN4 and levamisole, but no interaction was seen'. NMR was then used to check
for any interaction between MN4 and levamisole, and once binding was observed NMR was used
to characterize the interaction in both MN4 and MN19.

6.3 Results and Discussion
6.3.1 Levamisole binding to MN4 detected using NMR methods. Binding of levamisole to the
MN4 aptamer was investigated using ITC and UV-Vis methods. Using these methods an
interaction between the MN4 aptamer and levamisole was not seen. In addition, the presence of
levamisole did not prevent the detection of cocaine via the photochrome aptamer switch assay
(PHASA) [139].

The binding of levamisole to the cocaine binding aptamer was detected using NMR

methods. Levamisole was titrated into a sample of the MN4 aptamer and monitored by recording

! These experiments were performed by Sladjana Slavkovic and Aron Shoara from the Johnson lab. Their results can
be seen in the initial reference for this chapter.
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1D H NMR spectra (Figure 6.2(a)). Chemical shift changes of the imino protons as levamisole
was added indicates that levamisole is being bound by the MN4 aptamer. Levamisole binds MN4
in fast exchange on the NMR timescale where the population-weighted chemical shift is observed
and indicates relatively weak binding affinity compared to tighter binding ligands such as cocaine
and quinine that bind in slow exchange on the NMR timescale [17], [73]. The positions of the
imino proton resonances were tracked as a function of levamisole concentration in order to
determine the K, value by fitting the chemical shift changes to equation 2.6. The results of these
fits are shown in Figure 6.2(b). Four different imino protons were tracked and their individual Kgq
values are summarized in Table 6.1. The average Kq value for MN4 binding levamisole is (0.5 £

0.1) mM.

133



T32/T28 _ G4/9/10/27
- G34 (|

10.00 EQ \ M *
A s [l #s2p N G31 G29 G24/30
i / v“ Tl 5 / A ,‘f“ ‘;“ f
8.00 EQ | A *
ey | e
£ ‘\. *
A
4.00EQ YA *
3.00EQ A \ *
*
2.00EQ * / o
[
L00EQ i\ *
066€Q , A *
A 1\
A ~,\,"‘
033EQ , ) *
NS P a1 S =
G34” 11G10/27
T32/T28 Wi *
000€Q g | SN G29G24/30

TlS ‘u“ | l“.‘\ \“ G3 1

.............................................

140 135 13.0 125 120 115 110 105
'H (ppm)

o

[
N

Fraction Bound
o o o -
'S o o o

o
]

0.0
0 0.001 0.002 0.003 0.004 0.005
[Levamisole] (M)

Figure 6.2. Levamisole binding by MN4 monitored by one-dimensional *H NMR. (a) The imino
proton region of MN4 titrated with levamisole. Imino resonances marked with colored stars were
used to determine the binding affinity. (b) The overlayed plots of the imino protons fit to the
equation that describes 1:1 binding of levamisole and MN4. Solid line represents the fit and the
data by the colored symbols. The color of the symbol and fit line match the peaks indicated with
the same color in part (a). Experiments were conducted at 5 °C with a 500 uM DNA aptamer
sample, in 245 mM KCI. 5 mM KxH,PO pH 6.8 with 10% 2H0.
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Table 6.1. Kq values for levamisole binding the cocaine-binding aptamers MN4 and MN19 as determined by NMR-
based chemical shift perturbation.

MNZ (pH 6.8) MNZ (pH 6.0) MNZ (pH 8.0) MN19 (pH 6.8)

Nucleotide Ka (MM) Ka (mM) Ka (MM) Ka (mM)
T15 0.37£0.06 0.37 £0.03 : :

T18 0.61 +0.04 0.37 +0.06 i 0.940.2

G29 : : i 27403
G30 0.48 £0.03 : i i

G31 0.51 +0.04 0.32 +0.04 0.42 +0.05 17403
T32 : 0.32 +0.05 0.34 +0.05 i

Average 0501 0.35 £0.03 0.38 £0.05 1709

Error in the Ky value for individual bases is from the error in fit. The error in the average is the standard deviation
of the values used to calculate the average.

Insight into the location of the levamisole binding site is gained by looking at the nucleotides
whose chemical shifts move most with ligand biding. These residues are, in order of decreasing
magnitude: G31, G30, G4, T18, G29, T15 and G34. With the exception of G4, four of the five
nucleotides that change chemical shift most are at or adjacent to the three-way junction (Figure
6.1). This finding matches the location in the MN4 aptamer for cocaine, quinine and amodiaquine
binding [17], [57], [73]. For all cocaine-binding aptamer and ligands studied to date, the
nucleotide whose chemical shift changes the most is that of G31. This result indicates that
levamisole shares the same binding site as the other ligands for the MN4 aptamer.

To see if levamisole and cocaine compete for the same binding site, the levamisole-bound
MN4 sample was then titrated with cocaine. In this titration (Figure 6.3), by the stage where two
molar equivalents of cocaine were added, signals indicative of the cocaine-bound MN4, such the
downfield T19 imino, indicate that cocaine is bound, and levamisole is displaced. This indicates

that cocaine and levamisole compete at the same site for binding MN4.
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Figure 6.3. Levamisole displacement by cocaine in MN4 monitored by one-dimensional *H NMR.
The imino proton region of levamisole-bound MN4 titrated with cocaine. Experiments were
conducted at 5 °C with a 500 uM DNA aptamer sample, in 245 mM KCI. 5 mM KxHyPO4 pH 6.8
with 10% 2H.0.
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Next the competitive binding of cocaine and levamisole was confirmed by titrating
levamisole into a 1:1 molar ratio sample of MN4 bound to cocaine. A sample of MN4 was titrated
with cocaine to a 1:1 molar ratio. Then, this sample was titrated with levamisole to see if the
levamisole could compete off the bound cocaine (Figure 6.4). In this experiment, it took ~50 molar
equivalents of levamisole to compete off the 1 equivalent of cocaine from MN4. The competitive
binding is best shown by the disappearance of the T19 peak with levamisole binding. This large

excess of levamisole is consistent with its weak binding affinity compared with that of cocaine.
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Figure 6.4. Cocaine displacement by levamisole in MN4 monitored by one-dimensional *H NMR.
The imino proton region of cocaine-bound MN4 titrated with levamisole. The red box tracks the
disappearance of T19 as cocaine is displaced by levamisole. Experiments were conducted at 5 °C
with a 500 pM DNA aptamer sample, in 245 mM KCI. 5 mM KxH,PO4 pH 6.8 with 10% 2H,0.
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6.3.2 Detection of non-specific Levamisole binding to DNA. To confirm that levamisole binding
by MN4 is not simply weak non-specific binding to DNA the binding of levamisole to two control
sequences for the aptamer was investigated. In the first control (MN4-rando) the sequence of MN4
was randomized, but the nucleotide composition was kept constant. For the second control, the
SS1 sequence was used, where the two AG base pairs (A7/G30 and A21/G29) were switched to
be GA base pairs (G7/A30 and G21/A29) as shown in Figure 6.1. SS1 has previously been used
as a negative control for cocaine and quinine binding as it interacts very weakly with these ligands
with binding in the 0.5-1 mM range [163]. Titrations of levamisole monitored by NMR
spectroscopy were performed for MN4-rando and SS1 under the same conditions as for MN4. As
seen in Figures 6.5 & 6.6 the addition of levamisole produced no changes in chemical shift of the
imino signals that would indicate levamisole binding. Some small changes in peak height were
observed that can be attributed to a slight dilution of the sample as ligand solution is added.
Together, these data show that levamisole does not bind the examined DNA molecules indicating

that levamisole binding by MN4, though weak, is a result of a specific interaction.
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Figure 6.5. Addition of levamisole to the MN4-rando DNA sequence monitored by one-
dimensional *H NMR. Experiments were conducted at 5 °C with a 500 uM DNA aptamer sample,
in 245 mM KCI, 5 mM KxHyPO4 pH 6.8 with 10% 2H.0.
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Figure 6.6. Addition of levamisole to the SS1 DNA sequence monitored by one-dimensional *H

NMR. Experiments were conducted at 5 °C with a 500 uM DNA aptamer sample, in 245 mM KCl,

5 mM KxHyPO4 pH 6.8 with 10% 2H0.
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6.3.3 Levamisole binding to MN19 detected using NMR methods. Given the weak binding of
levamisole to MN4, the short stem 1 cocaine-bind aptamer variant MN19 was also investigated to
see if this aptamer experienced ligand induced folding in the presence of levamisole like it does
with other ligands such as cocaine and quinine. A titration of MN19 with levamisole was
monitored by 1D *H NMR spectra and is shown in Figure 6.7(a). Again, changes in chemical shifts
of imino signals as levamisole is added indicate binding is occurring. The positions of the imino
proton resonances were tracked as a function of levamisole concentration to determine the Kq value
for the interaction by fitting to equation 6 in chapter 2 (Figure 6.7(b)). The Kq values of three imino
signals were averaged to provide an average Kgq value for levamisole binding MN19 of (1.7 £ 0.9)
mM (Table 6.1). This weaker ligand binding by MN19 is consistent with MN19 binding weaker
to other known cocaine-binding aptamer ligands such as cocaine and quinine [102].This is
attributed to some of the binding free energy being used to fold the aptamer, with the remaining
binding free energy being detected as an apparent Kq that is weaker than for MN4, an aptamer that

does not need to use some of the binding free energy to fold.
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Figure 6.7. Levamisole binding by MN19 monitored by one-dimensional *H NMR. (a) The imino
proton region of MN19 titrated with levamisole. Imino resonances marked with colored stars were
used to determine the binding affinity. (b) The overlayed plots of the imino protons fit to the
equation that describes 1:1 binding of levamisole and MN19. Solid line represents the fit and the
data by the colored symbols. The color of the symbol and fit line match the peaks indicated with
the same color in part (a). Experiments were conducted at 5 °C with a 500 uM DNA aptamer
sample, in 245 mM KCI, 5 mM KxH,PO pH 6.8 with 10% 2H.0.
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A competition binding experiment was then conducted to see if levamisole and cocaine
compete for the same binding site in MN19. First, the MN19-levamisole complex was titrated with
cocaine (Figure 6.8) and signals indicative of the MN19-cocaine complex, such as the downfield
T19 and the distinct T28 and T32 signals that are overlapped in the MN19 levamisole complex,
were seen by a 2:1 molar ratio of cocaine:levamisole. Cocaine was also titrated into MN19 (Figure
6.9) with the NMR spectrum being identical to what has been seen and assigned previously [17],
[76], [98]. This complex was then titrated with levamisole to a final molar ratio of levamisole to
cocaine of 50:1 (Figure 6.9). By a ratio of approximately 30-50:1, the peaks indicative of cocaine-
bound MN19 (particularly T19, T32, T28 and G4) were replaced with their levamisole-MN19
counterparts. Together, these experiments show that in MN19, as seen in MN4, levamisole and

cocaine compete for the same binding site in the aptamer.
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Figure 6.8. Levamisole displacement by cocaine in MN19 monitored by one-dimensional *H
NMR. The imino proton region of levamisole-bound MN19 titrated with cocaine. Experiments
were conducted at 5 °C with a 500 uM DNA aptamer sample, in 245 mM KCI, 5 mM KyHyPO4
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Figure 6.9. Cocaine displacement by levamisole in MN19 monitored by one-dimensional *H
NMR. The imino proton region of cocaine-bound MN19 titrated with levamisole. The red box
tracks the disappearance of T19 as cocaine is displaced by levamisole. Experiments were
conducted at 5 °C with a 500 uM DNA aptamer sample, in 245 mM KCI, 5 mM KxHyPO4 pH 6.8
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6.3.4 Effect of pH on the binding of MN4 and Levamisole. The pH dependence of the binding
of levamisole by the MN4 aptamer was investigated by repeating the MN4-levamisole NMR
titrations in a pH 6 and a pH 8 buffer. This was done as the pKa value of the tertiary amine in
levamisole is ~7 and initial titrations were performed at pH 6.8 (Figures 6.2-6.4,6.7-6.9). This
could potentially mean approximately half of the levamisole is protonated and half neutral. First,
a titration of MN4 with levamisole was conducted in a pH 6 buffer (Figure 6.10(a)). At this pH,
the imino spectra of free MN4 and levamisole-bound MN4 are essentially identical to the spectra
acquired at pH 6.8. To determine the Kq of this interaction, the positions of several imino protons
was tracked as a function of levamisole concentration and fit to equation 2.6 (Figure 6.10(b)) with
the average Kq value being (0.35 £ 0.03) mM (Table 6.1). This affinity is very close to being within

the error range for the value obtained at pH 6.8.
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Figure 6.10. Levamisole binding by MN4 at pH 6.0 monitored by one-dimensional *H NMR. (a)
The imino proton region of MN4 titrated with levamisole. Imino resonances marked with colored
stars were used to determine the binding affinity. (b) The overlayed plots of the imino protons fit
to the equation that describes 1:1 binding of levamisole and MN4. Solid line represents the fit and
the data by the colored symbols. The color of the symbol and fit line match the peaks indicated

with the same color in part (a). Experiments were conducted at 5 °C with a 500 uM DNA aptamer
sample, in 245 mM KCI, 5 mM KxH,PO: pH 6.0 with 10% 2H0.
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A titration of MN4 with levamisole in a pH 8 buffer was then performed (Figure 6.11(a)).
At this pH value, the imino protons of several nucleotides, including T15, G29, G24 and G30 are
not observable, likely due to a change in hydrogen exchange rate at this pH. Binding was still
observed and the imino proton resonance positions of G31 and T32/T28 were tracked as a function
of levamisole concentration and fit to equation 2.6 (Figure 6.11(b)). The values of these fits can
be seen in Table 6.1 and the average Kq value at pH 8 is (0.38 + 0.05) mM. The measured Kgq
values obtained at pH 8 agree within the uncertainty. Within the pH 6 to pH 8 range tested, there
does not appear to be an appreciable difference in the Kq of the MN4 and levamisole interaction
indicating that binding is not dependent on the protonation state of the tertiary amine or that the

pKa value of this atom is significantly different from predicted.
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Figure 6.11. Levamisole binding by MN4 at pH 8.0 monitored by one-dimensional *H NMR. (a)
The imino proton region of MN4 titrated with levamisole. Imino resonances marked with colored
stars were used to determine the binding affinity. (b) The overlayed plots of the imino protons fit
to the equation that describes 1:1 binding of levamisole and MN4. Solid line represents the fit and
the data by the colored symbols. The color of the symbol and fit line match the peaks indicated
with the same color in part (a). Experiments were conducted at 5 °C with a 500 uM DNA aptamer
sample, in 200 mM NacCl, 20 mM NH4* pH 8.0 with 10% 2H:0.



6.4 Concluding Remarks

In this chapter the question of whether levamisole binds to the cocaine-binding aptamers
MN4 and MN19 was investigated. The question is interesting as levamisole is a common
adulterant of cocaine sample and can cause harm when someone uses the adulterated substance.
In addition, levamisole can also interfere with electrochemical detection methods for cocaine.
Weak binding of levamisole was seen for both MN4 and MN19 (Table 6.1) as seen in the change
in the imino *H signals in the aptamer (Figures 6.2 and 6.7). Both levamisole and cocaine contain
both aromatic and aliphatic ring structure, though the aliphatic ring structures between the two
molecules are significantly different. Cocaine is a bit larger than levamisole and could form more
hydrogen bond due to the presence of the ester groups within the molecule. This might allow
cocaine to sit more nicely in the binding pocket of the aptamer and interact with more nucleotides.
This interaction of levamisole with the cocaine-binding aptamer while weak is still specific to this
aptamer and not a result of non-specific interaction. Because this interaction is so weak, it should
not interfere with aptamer-based assays. This was tested using the PHASA assay in the published

study, which was able to detect cocaine in the presence of levamisole?.

2 These experiments were performed by Aron Shoara in the Johnson lab and discussed here to clarify results. These
results can be seen in the initial reference for this chapter.
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Chapter 7: Characterization of the interactions of three-way junction dyes to the Cocaine-
Binding Aptamer
7.1 Preface

Some work presented in this chapter has been published in the article listed below.

e Van Riesen A. J,, Le J,, Slavkovic S., Churcher Z. R., Shoara A. A., Johnson P. E., and
Manderville R. A. “Visible Fluorescent Light-up Probe for DNA Three-Way Junctions
Provides Host-Guest Biosensing Applications.” ACS Applied Biomaterials. 4 (9), 6732-
6741 (2021) [164].

7.2 Introduction

DNA three-way junctions (TWJs) are a type of structure where three duplex stems make a
Y-shaped intersection with a hydrophobic core [165]. This structural motif can be used as a
druggable target and has been used to cause apoptosis in cancer cells [166]. This structure is
important for building DNA nanostructures [167], [168] and can be used as the ligand binding site
in aptamers.

Several dyes already exist that bind to other DNA structures such as duplex DNA and G-
quadruplexes. These types of dyes can be used to create aptasensor systems, where the light up
probe does not require chemical modification of the aptamer [168], [169]. Some of these dyes
include thiazole orange [170], thioflavin T [171], and SYBR Green | [172]. These dyes have a
very low fluorescence quantum yield in the free state, but they light up upon binding to DNA. This
is due to the ability of the dye to rotate easily in the free state but becomes more rigid in the bound
state [173]. Dyes that bind three-way junctions are rare but some of these include blue cyanine
(Cy7) [103], naphthyridine (ATMND [59]), and calix[3]carbazole [174]. These dyes need to be
able to recognize the Y-shaped binding pocket, and ideally can be displaced upon binding of a
ligand. This displacement would allow a signal to be seen upon ligand binding using fluorescence.

Dye-F is a TWJ-binding fluorescent dye (Figure 7.1), which after being synthesized was

found to bind to three-way junction in DNA. The dye itself is composed of a N-methyl-
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benzothiazolium (Btz) linked to an ortho-fluoro-phenol (FPh) by a vinyl linkage. The Btz group
acts as a DNA binding motif for fluorescent probes [170]-[172], [175] and the FPh group acts as
a pH indicator [176] favoring the phenolate form at pH 7.4. This also allows the dye to switch to

a quinone methide form in non-polar solvents or when binding to a three-way junction.
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Figure 7.1. Secondary structure of MN4 and MN19, and chemical structures of Dye-F, Dye-2Me,
and Dye-5. On the left shows Dye-F as it transitions from its phenol to its methide forms, this
reaction is also possible for Dye-2Me and Dye-5. For ease of comparison, both aptamers follow
the same numbering scheme. Bases that are linked by dashes are Watson-Crick base pairs, while
bases linked by dots are non-Watson-Crick base pairs.

The cocaine-binding aptamer consists of three stems centered around a TWJ. [17], [103],

[177] This TWJ is used as the ligand binding site for cocaine and other ligands which were not
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selected for, such as quinine [73], amodiaquine [57], artemisinin, and levamisole [139]. It is worth
noting that the aptamer can bind to some of these ligands with a higher affinity than cocaine. The
specific cocaine-binding aptamer constructs used here are MN4 and MN19 (Figure 7.1). MN4 has
a longer stem 1 which causes the aptamer construct to be less dynamic and more structured in the
absence of any ligand, while MN19 has a short stem 1 which causes this construct to be more
dynamic and less structured in its free state. In this chapter, 'H NMR spectroscopy is used to
characterize the binding of Dye-F and two derivative dyes (Figure 7.1) to both MN4 and MN19,
in order to see if these three-way junction specific dyes interact with the cocaine-binding aptamer
in a similar manner to its ligands.

7.3 Results and Discussion

7.3.1 Dye-F binds specifically to TWJ DNA structures®. Using a variety of methods Dye-F was
found to bind MN4 and the cholic acid-binding aptamer (CABA). Using ITC the Kq of Dye-F
binding to MN4 was measured to be 0.42 uM at 15 °C. This is tighter than the Kq of MN4 for
cocaine (5.5 uM), but not as tight as for quinine (0.21 uM). ITC was also used to quantify the the
Kq of CABA for Dye-F (9 uM) which is tighter than the Kq of CABA for cholic acid (24 uM).
Dye-F is fluorescent, and its fluorescence increased upon binding to a TWJ. This increase was
~180-fold with CABA and ~734-fold for MN4. This increase in fluorescence was not seen with
Dye-F when added to duplex and quadruplex oligonucleotide systems.

7.3.2 TWJ Binding Specificity by Dye-F and Target-Mediated Displacement. To provide
information on the location of the binding site of Dye-F in the MN4 aptamer, dye binding was
monitored using 1D *H NMR spectroscopy. The imino proton region of MN4 is displayed in

Figure 7.2. The free MN4 sample looks very similar to previously reported spectra [76], [98]. As

3 Results in this section were obtained by other authors in the referenced paper. The results have been included here
to help clarify the properties of Dye-F.
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Dye-F was titrated into the MN4 sample some of the imino proton resonances shifted, consistent
with ligand binding. The identities of the imino proton resonances for the Dye-F-bound MN4 were
confirmed using a 2D NOESY spectroscopy (Figure 7.3). The connectivity observed with Dye-F-
bound MN4 is the same as that observed in previous MN4 NOESY experiments with different
ligands such as cocaine and quinine [17], [98] indicating that MN4 forms a similar structure to

these when bound to Dye-F.
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Figure 7.2. One-dimensional *H NMR spectra showing the titration of Dye-F into the MN4
cocaine binding aptamer. Spectra show the imino proton resonances of the NMR spectra. Ratios
on the spectrum denote the molar ratio of aptamer to Dye-F. Spectra were acquired with an MN4
concentration of 1.4 mM in 140 mM NaCl, 10 mM NaxHyPO4, pH 6.8, 10% 2H,0-90% H,0 at 5
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Figure 7.3. 2D 'H-!H NOESY spectrum of the Dye-F-bound MN4 cocaine-binding aptamer.
Spectrum shows the imino-imino cross peaks used to assign the Dye-F-bound MN4 aptamer.
Spectra were acquired with an MN4 concentration of 1.4 mM in 140 mM NaCl, 10 mM NaxHyPOa,
pH 6.8, 10% 2H,0—90% H,0 at 5 °C.

The position of the imino protons in MN4 between the free and the Dye-F-bound MN4 and
their change in chemical shift is provided in Figure 7.4. The imino protons that change chemical
shift most with Dye-F binding are T18, T28, G30, and G31 (Figure 7.1). These four resonances
are all located at or adjacent to the TWJ of the aptamer, which is the high-affinity binding site for
cocaine and quinine. The resonances that shift most with Dye-F binding are very similar to the

resonances that shift most with cocaine binding (G31, T32, T28, and G30) and quinine binding

(G31, T18, G24, and G30) [98], suggesting TWJ binding by the dye.
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Figure 7.4. Histogram showing the change in 1H NMR chemical shift between free and bound
MN4 cocaine-binding aptamer | (Obound - Ofree) | . This comparison was done for MN4 bound to
Dye-F (blue), cocaine (orange), and quinine (grey).

Quinine was also titrated into a sample of MN4—Dye-F and tracked with 1D H NMR to
see if the two ligands compete for the same binding site (Figure 7.5). In quinine-bound MN4 (top
spectrum, Figure 7.5), the position of the G31 imino proton resonance is indictive of quinine
binding and appears at 11.1 ppm in the bound aptamer [73], while in Dye-F MN4 the G31 proton
is located downfield at 12.2 ppm (1:1:0.00 spectrum). As quinine was added to the Dye-F-bound

sample, the G31 imino resonance associated with the Dye-F-bound aptamer began to decrease in

intensity and the upfield resonance associated with quinine-bound aptamer began to appear
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(indicated by red dot in Figure 7.5) as the two states are in slow exchange on the NMR time scale.
The downfield G31 resonance continued to shrink in intensity and the upfield resonance grew in
intensity as quinine was added until a ratio of 1:1:1 MN4:Dye-F:quinine, at which point the Dye-
F-bound G31 peak had disappeared. The peaks in the final titration point are broadened when
compared with the original Dye-F-bound MN4 or a sample of quinine-bound MN4. Similar
broadening was observed in previous NMR competition experiments between cocaine and quinine

[73]. Thus, the NMR experiments confirm competitive displacement of MN4-bound Dye-F by

quinine.
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Figure 7.5. 'H NMR spectra showing the imino proton resonances during a titration of Dye-F and
quinine into a sample of the MN4 aptamer. Ratios on the left-hand side show the molar ratio of
aptamer:Dye-F:quinine. Top spectrum shows a reference spectrum of MN4 bound to quinine in
the absence of Dye-F. Spectra were acquired with an MN4 concentration of 1.4 mM in 140 mM
NaCl, 10 mM NaxHyPOu4, pH 6.8, 10% 2H,0—90% H.0 at 5 °C. Emergence of the G31 resonance

for quinine-bound MNA4 is highlighted by the red dot.
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7.3.3 Derivative dyes of Dye-F also bind to MN4. After the binding of the original Dye-F was
characterized, a set of dyes based on the original were synthesized in order to investigate their
potential binding properties. These derivative dyes were investigated initially using ITC* to
determine which ones bind to MN4, and two dyes were picked to investigate further in the NMR.
These dyes are called Dye-2Me and Dye-5 (Figure 7.1). Dye-2Me differs from the original dye in
that the single fluorine group relative to the phenol group has been replaced by two methyl groups,
one of each ortho position (Figure 7.1). For Dye-5 the structure differs from the original in the
benzothiazolium group where the sulfur atom has been replaced with a carbon with two methyl
groups attached (Figure 7.1). Dye-2Me binds to MN4 tighter than the original dye with a Kq of
0.04 uM, while Dye-5 binds to MN4 weaker than the original dye and weaker than cocaine with a
Kq of 8.1 uM both at 5 °C.

1D 'H NMR spectroscopy was used to track the imino proton resonances of MN4 as Dye-
2Me was added to the DNA. This titration can be seen in Figure 7.6. The free state looked the
same as the previous MN4 sample, and the positions of the imino proton resonances were tracked
throughout the titration. A 2D *H-'H NOESY was done on the Dye-2Me-bound MN4 sample to
confirm the identities of the imino proton resonances. The connectivity pattern was similar to what
was seen with Dye-F and other previous ligands. This indicates that the structure of the ligand-
bound MN4 does not differ greatly between these two dyes. This NOESY can be seen in Figure

7.7.

4 Experiments performed by Sladjana Slavkovic from the Johnson lab, added here to further clarify results. Data in
section 7.3.3 and 7.3.4 has not yet been published.
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Figure 7.6. One-dimensional *H NMR spectra showing the titration of Dye-2Me into the MN4
cocaine-binding aptamer. Spectra show the imino proton resonances of the NMR spectra. Ratios
on the spectrum denote the molar ratio of aptamer to Dye-2Me. Spectra were acquired with an
MN4 concentration of 500 uM in 140 mM NaCl, 10 mM NaxH,POs, pH 6.8, 10% 2H,0-90% H,0
at5 °C.
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Figure 7.7. 2D 'H-H NOESY spectrum of the Dye-2Me-bound MN4 cocaine-binding aptamer.
Spectrum shows the imino-imino cross peaks used to assign the Dye-2Me-bound MN4 aptamer.
Spectra were acquired with an MN4 concentration of 1.4 mM in 140 mM NaCl, 10 mM NaxHyPOa,
pH 6.8, 10% ?H,0—90% H,0 at 5 °C.

1D *H NMR spectroscopy was also used to track the imino proton resonances of MN4 as
Dye-5 was added to the DNA. This titration can be seen in Figure 7.8. The free state looked the
same as the previous MN4 sample. Again, a 2D H-'H NOESY was performed on the Dye-5-
bound MN4 sample to confirm the identities of the imino protons. This connectivity pattern was

similar to what was seen with the previous dyes, again indicating that the structure of the dye-

bound MN4 does not differ greatly. This NOESY can be seen in Figure 7.9
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Figure 7.8. One-dimensional *H NMR spectra showing the titration of Dye-5 into the MN4
cocaine binding aptamer. Spectra show the imino proton resonances of the NMR spectra. Ratios
on the spectrum denote the molar ratio of aptamer to Dye-5. Spectra were acquired with an MN4

concentration of 500 uM in 140 mM NaCl, 10 mM NaxHyPO4, pH 6.8, 10% 2H,0—-90% H,0 at 5
°C.
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Figure 7.9. 2D 'H-'H NOESY spectrum of the Dye-5-bound MN4 cocaine-binding aptamer.
Spectrum shows the imino-imino cross peaks used to assign the Dye-5-bound MN4 aptamer.
Spectra were acquired with an MN4 concentration of 1.4 mM in 140 mM NaCl, 10 mM NaxHyPOa,
pH 6.8, 10% 2H,0—90% H,0 at 5 °C.

Cocaine was added to the Dye-5-bound MN4 sample to try and displace the bound dye.
This titration was tracked using *H NMR to see if a spectrum similar to that of MN4 bound to
cocaine could be achieved. This titration can be seen in Figure 7.10. Like with the MN4-Dye-F-
Quinine titration the position of G31 was tracked. The position of G31 in cocaine-bound MN4 is
~11.6 ppm, while in the Dye-5-bound MN4 the position of G31 is ~12.0 ppm Upon addition of 1
equivalent of cocaine to the Dye-5-bound sample G31 moved upfield toward the cocaine-bound
position. Another characteristic imino proton resonance for cocaine-bound MN4 is the presence
of T19 at ~14.1 ppm. This resonance does not show up in the spectrum of the free aptamer. After
the addition of 10.0 equivalents of cocaine to the Dye-5-bound MN4 sample, the resonance of T19

could be seen. At this point the spectrum of the MN4-Dye-5-cocaine sample highly resembled that

of the MN4-cocaine spectrum.

165



G9, G10, G27 G30, G24
G29

Cocaine Only G34 G4
T28
T18 T32

T19

G9, G10, G27

G29 G30, G24
G31

5.0 eq

3.0eq
2.0eq
1.5eq

1.0 eq

: A

G34 G4/|G9, G10, G27

0.0 eq T32 T28,T19 G2 G30, G24

G29

140 135 13.0 125 120 115 110 105
'H (ppm)

Figure 7.10. *H NMR spectra showing the imino proton resonances during a titration of Dye-5
and cocaine into a sample of the MN4 aptamer. Ratios on the left-hand side show the molar ratio
of aptamer:Dye-5:cocaine. Top spectrum shows a reference spectrum of MN4 bound to cocaine in
the absence of Dye-5. Spectra were acquired with an MN4 concentration of 500 uM in 140 mM
NaCl, 10 mM NaxHyPOu4, pH 6.8, 10% 2H,0—90% H0 at 5 °C. Emergence of the G31 resonance

for cocaine-bound MN4 is highlighted by the red dot.
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The position of the imino proton resonances as the dyes were added was tracked using H
NMR. A histogram showing the absolute change in imino proton resonance position between the
free and bound aptamer can be seen in Figure 7.11. Like with Dye-F, the imino proton resonances
with the largest chemical shift changes are in the resonances around the three-way junction. These
include T18, T28, G30, and G31. T18 is the resonance that changes position the most with both
Dye-F and Dye-2Me, while G31 is the resonance that changes position the most with the binding
of Dye-5 and with cocaine. T28 is adjacent to the three-way junction and is a resonance that
changes its position a relatively large amount with ligand binding. For Dye-F and Dye-5, it is the
resonance that changes its position the second greatest and for Dye-2Me is the third greatest. This

is evidence that Dye-2Me and Dye-5 and binding in a similar manner to Dye-F and cocaine.
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Figure 7.11. Histogram showing the change in *H NMR chemical shift between free and bound
MN4 cocaine-binding aptamer | (Obound - Ofree) | . This comparison was done for MN4 bound to
Dye-F (blue), Dye-2Me (orange), Dye-5 (grey), and Cocaine (yellow).
7.3.4 Dye-F and Derivative dyes also bind and fold MN19. Next *H NMR spectroscopy was
used to determine if Dye-F, Dye-2Me, and Dye-5 would bind to MN19. Each dye was titrated into
a sample of MN19 as the imino proton resonances were monitored using *H NMR spectroscopy.

These titrations can be seen in Figure 7.12 for MN19 & Dye-F, Figure 7.13 for MN19 & Dye-

2Me, and Figure 7.14 for MN19 & Dye-5.
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Figure 7.12. One-dimensional *H NMR spectra showing the titration of Dye-F into the MN19
cocaine binding aptamer. Spectra show the imino proton resonances of the NMR spectra. Ratios
on the spectrum denote the molar ratio of aptamer to Dye-F. Spectra were acquired with an MN4
concentration of 500 uM in 140 mM NaCl, 10 mM NaxHyPOu, pH 6.8, 10% 2H,0-90% H,0 at 5
°C.
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Figure 7.13. One-dimensional *H NMR spectra showing the titration of Dye-2Me into the MN19
cocaine binding aptamer. Spectra show the imino proton resonances of the NMR spectra. Ratios
on the spectrum denote the molar ratio of aptamer to Dye-2Me. Spectra were acquired with an
MN4 concentration of 500 uM in 140 mM NaCl, 10 mM NaxHyPO4, pH 6.8, 10% 2H,0—90%
H.O at 5 °C.
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Figure 7.14. One-dimensional *H NMR spectra showing the titration of Dye-5 into the MN19
cocaine binding aptamer. Spectra show the imino proton resonances of the NMR spectra. Ratios
on the spectrum denote the molar ratio of aptamer to Dye-5. Spectra were acquired with an MN4
concentration of 500 uM in 140 mM NaCl, 10 mM NaxH,POx, pH 6.8, 10% 2H,0-90% H.0 at 5
°C.
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All three dyes were able to fold MN19 as seen by the emergence of new imino proton
resonances. The identities of these resonances were found by comparing each MN19-dye titration
with the corresponding MN4-dye titration. The MN19 imino proton resonances shifted to similar
positions in the presence of each dye when compared to the MN4 imino proton resonaces. In all
three titrations, the G29, G30, and G31 resonances appear as the dye is titrated into the sample,
showing that the dye is stabilizing the base pairs around the three-way junction. For Dye-F and
Dye-2Me the resonance of T32 also appeared indicated the structuring of stem 1. In these two
cases, T32 was at a more downfield position in MN19 than in MN4. For the Dye-5-bound MN19
the T32 resonance does not form and the G31 resonance is less intense than both the Dye-F-bound
and Dye-2Me-bound MN19. This could indicate that the T32-A5 base pair is more dynamic when
Dye-5 is bound to MN19, meaning that stem 1 could be more dynamic. Dye-5 binds the weakest
to MN4 out of the three dyes investigated. It would make sense that Dye-5 also binds the weakest
the MN19. It is possible that the stabilization provided to the three-way junction by Dye-5 does
not cause stem 1 to fold as anticipated when compared with the other dyes.

7.4 Concluding Remarks

In this chapter, the binding of Dye-F and two of its derivative dyes to the cocaine-binding
aptamers MN4 and MN19 has been investigated and characterized. These dyes are three-way
junction binders which are interesting as many other dyes focus on duplex DNA or quadruplex
structures. The initial Dye-F is able to be displaced with quinine, while Dye-5 is able to be
displaced by cocaine. This series of dyes appear to share a binding site with cocaine and quinine.
If Dye-F is considered as the base dye, then by adding the two methyl groups to the
benzothiazolium group the binding of the ligand and aptamer is weakened. This could potentially

be due to steric clashes in the binding pocket or the change from a sulfur to a carbon distorts the
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ring slightly make binding less favourable. On the other hand, by removing the fluorine group and
adding in two methyl groups to the phenolic moiety, binding interaction is increased. This might
add a little steric bulk to the opposite side of the phenol. Possibly the removal of the electronegative

fluorine allows the phenol to more strongly hydrogen bond with the aptamer.
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Chapter 8: Concluding Remarks

8.1 Summary

Aptamers are widely considered as a black box when it comes to how they function and
how they interact with their ligand(s) of choice. The works shown in the previous chapters have
helped deepen the understanding of the cocaine-binding aptamer and the ochratoxin A-binding
aptamer, with the hope that the knowledge gained about these aptamers can be applied to other
aptamer-ligand systems.

Chapter 3 investigated the imino proton exchange rate constants (kex values) of two
cocaine-binding aptamer constructs. This was done for the free aptamers and two ligand-bound
aptamers at a single temperature, allowing the dynamics of the aptamer at the base pair level to be
investigated. Results showed that while binding of a ligand reduced kex values in the aptamer, this
was occurred at and around the binding site as opposed to an aptamer wide phenomenon.

In Chapter 4 the kex values of the cocaine-binding aptamer were investigated again, but at
a variety of temperatures and using multiple buffer conditions. Due to the extra variables measured
it was possible to calculate the AH, AS, and AG of base pair opening for many base pairs within
the aptamer. The AG values of the base pairs at the binding site increased with ligand binding for
both ligands investigated, indicating that these base pair have become stronger. The AG value of
base pairs away from the binding site either remained the same or decreased slightly with ligand
binding, indicating those base pairs are not strengthened by the presence of a ligand.

Chapter 5 investigated the ochratoxin A-binding aptamer using *H NMR. The data
presented shows a small helix that was previously unknown, and an aptamer structure that folds
tightly with a relatively small amount of ligand present. *H NMR assignments of many of the

nucleotide resonances were acquired, with the hopes that they can be used in the future to help
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calculate a 3D structure. The kex values for the imino protons in the ochratoxin A-binding aptamer
were also investigated, showing a much more rigid aptamer structure than the cocaine-binding
aptamer investigated previously.

Chapter 6 characterized the binding of levamisole to the cocaine-binding aptamer. This
interaction was found to be much weaker than of the aptamer for cocaine, but still at the same
ligand binding site. This interaction was also found to be specific and when the structure of the
binding site was disrupted so was the binding of levamisole.

Finally, chapter 7 investigated the binding of a set of three-way junction-binding dyes, with
a conserved core structure. These dyes bound at the same ligand-binding site as cocaine and
quinine, and the dyes were displaceable in the cases where the affinity of the aptamer for cocaine
or quinine was greater than the affinity for the dye.

8.2 Future work

The primary objective of this thesis was to help continue to characterize the cocaine-
binding aptamer using NMR spectroscopy. The base pair dynamics of the aptamer were
investigated with two of its most well-known ligands, cocaine, and quinine. It would be interesting
to continue these studies using a wider variety of ligands with different binding affinities such as
levamisole and see how the trends in kex values change as a result.

Another research opportunity would be to determine the 3D structure of the cocaine-
binding aptamer or the ochratoxin A-binding aptamer using either NMR or X-ray crystallography.
With the cocaine-binding aptamer it would be interesting to see how the 3D structure of the
aptamer varies as a function of what ligand is found at the binding site as it has a wide variety of

ligands it has been shown to be able to interact with.
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The cocaine-binding aptamer is used as a model system for the creation of various biosensor
technique. These types of sensing techniques often involve conjugating molecules to the 5 or 3’
ends of the aptamer to act as a reporter. Studying these aptamer-conjugate systems could be quite
interesting and useful as it is possible these conjugated molecules are having some effect on the
aptamer themselves. In addition, aptamers are often conjugated to a surface which could further
change their structure and how they interact with the world around them. Gaining knowledge of
how the cocaine-binding aptamer changes as a result of becoming conjugated to another small
molecule or to a surface could provide useful information that could be applied to a wide array of

different aptamer biosensor systems.
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