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Abstract

Aptamers areoligonucleotide molecules with applicationsn biosensors, analytical
chemistry, and therapeutics. They afien to 10 to 100 nucleotides in length and can be selected
to bind a wide range of targets frdons to cells.The cocainebinding aptamer was selected
2000by Milan Stojanovic to bindocaine but nobenzoylecgonine and ecgonine methyl ester, two
commoncocaine metabolitesSSince its development the cocatnieding aptamer has been found
to bindto quininewith an affinity~50 times stronger thda cocaine Thecocainebinding aptamer
has been used to help temtd develomew biosensing systems

This research hopes to further the understanding of how the cdwadieg aptamer
interacts with its liganslin the hope that these interactions couldibed to help understand other
aptameiligand systems. Using nuclear magnetic resonance (NMR) spectrobejmasepair
dynamics of the cocaiAginding aptamer was investigatad a function of ligand binding. This
study wadater expanded to include the effects of temperaturdafier compositiorio determine
thermodynamic parameteo base pair dissociatioifhe results showed a general reduction in
dynamicswith ligand birdingin the aptamer at the ligafainding site, but little changasewhere
in the aptamer.

The binding of additionalligands to the cocainkinding aptamer was characterized by
NMR spectroscopylevamisole is aanti-parasitiovorm medication and one of the most common
adulterants found in cocainkeevamisole was found to bind the cocalriading aptamewith a
weak affinity at the same site as cocaifilee binding of the cocairleinding aptamer to a set of
threeway junctiortbinding dyes was also investigatéithese dyes sharecammon structuréut

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



and quining with the dyes being able to be displaced by cocaine or quinine degenditheir
affinity.

Finally, the binding of ochratoxin Atthe ochratoxin Avinding aptamer was investigated
using NMR.This aptamer had not been previously studied using NMi#R found to fold tightly

in response to its ligandnd NMRprotonassignmergwere obtaind.
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Chapter 1 An Introduction to Aptamers

1.1Background

When most people think of nucleic acids, they imagine the typical double stranded DNA
helix found ineukaryotic cellsNucleic acids can take other forms both in nature and in the lab
with uses besides information storage. These can include RNA Riboswitches fouindcelith
acting as regulatory elements, to nanostructures bgilg 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 aan RNA sequence that would bind to TANB. polymerasg1], and Ellington and
Szostakwho used the process to select RNA sequences to bind organi2tlyEsis led to the
development of a process called Syste Evolution of Ligand 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
develogda few years lar[3], andpeptide aptamers being developed a few years after that when
Colaset al developed peptide aptamers that interact with cyaddipendent kinase[2].

DNA and RNA aptamers feature some small differences between the twcs graip
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 aptamerg5]. 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 an 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 antibodig$]. Aptamers have several advantagesr@antibodes. Firstly, nucleic
acid aptamers cebe repeatdgl 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 dwn 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, flusrophore
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 SEILEX [2]. Generally, in SELEX, a
ligand of choice is exposed to a large pool of*2100'® sequences, usually between 20 and 100
nucleotides in length. These sequences start andigimthe conserved primer sites required for
PCR amplification, and a central region of randomized bases. The pool of potential sequences is
exposed to the targetjhnd, 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 sequencesaesl génieh
interact with the target ligand with specific characteristics. An overview of this process can be
seen inFigurel1.1. This process can be lengthy taking/~&eeks andhere is no guarantee that

an aptamer will be generated with the desiredibogndharacteristicgr].



‘ Library of ssDNA/ssRNA ‘

‘ Non-bindingsequences ‘

Enriched pool of sequences

| Retrieval and amplification ‘

‘ Aptamer sequences

Figure 1.1. Basic diagram of SELEXL. Initial library is exposed to the ligand of interestNon-
binding sequences are discarded while bound sequences are retrieved, amplifiegéxandae
to the ligand of interest. This cycle is repeated several tBa€ncethe 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 [7]. False positivemay occur duringhe SELEX
procesgrom sequences interacting with the chemical supports which immobilize the ligand. After
3 rounds of selection, the pool of potential aptamers is exposed to the ligand support, which is
usually agawse 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 aptamdiOkymes. This
method is generally incorporated into most modern SELEX experiments. Counter SELEX is
another techniqué8] which can be integrated with SELEX and works similarly to negative
SELEX. The differenceith Counter SELEX is that the pool of potential aptasneexposed to
amolecular target for which the experimenter does not wamidtential 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 SHEX sequences are exposed to whole cells in solution, allowing to select for
targets found on the surface of cg®$. 1 n t hi s technique the | igand
identified beforehand, only the cefiimterest. This technique was first used in 2003 by Daatels
al. [9], allowing them to develop an aptamer to a glioblastoma cellllin€ivo SELEX is also
possible, allowing for selection of aptamers that would function properly under biological
conditions. This would beseful for aptamers generated for use in therapeutics and biosensors.
This was first performed in 2010 by Mt 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 tmehingecting them into other mice



carrying the same tumors. Toggle SELEX is a method used in the development of siffdamer
pharmaceutical products that allows the aptamer in question to be studied better diaoiimicpie
and clinical trials. Toggle SEX involves exposing the potential aptamer pool to the human
version of the target protein during one round of SEILEY, but in the next round exposing it to
an animal version of the same protein. The animal chosen matches with the animal model being
usedo studythe aptamein the lab during the preclinical trial phase of developmens drevents
the aptamer from solgbinding 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
thetime required to perform the selection or reduce the quantity of reagents requiS88LEK
uses capillary electrophoresis to separate sequences which bind the target ligand-foordingn
sequencegl2], [13]. This greatly reduces the number of selection rounds required tounds
and removes the need to immobilize the ligand of interest. Though, this technique is unsuited for
small ligands as the mobility betwettie bound and unbound sequences will not be large enough
to detected. Captw8ELEX instead immobilizes the pool of aptamer and collects the sequences
which interact with free floating ligandL4]. 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
whenbinding the target ligand-SELEX takes place in a microfluidic system which allows for
a very efficientselection which uses a small amount of reagyantd is very quicf15]. This
method is also automatable. This methsidl 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 interactinglike highaconcentréion of urea. In most cases guanines and cytosines will bind
together, and adenines and thymines will bind togefhieese interactions ateown as the
WastonCrick baseairs. In these interactions the two bases are interacting witkiatsonCrick

edges of their DNA basegFigure 1.2ab). Several noAWatsonCrick basepairs exist such as
guanineadenine and guaniftaymine to name a few. These Roanonical baspairs carinteract

through theirWatsonCrick and/or Hoogstein edgébigure 1.2¢f). While most baseoairs are
WatsonCrick style interactionsion-canonical baspairs are not an uncommon site in an aptamer.
When multiple baspairs are found side by side, they will form a helix. Helices can vary in shape
but are grouped into Aorm, B-form, and Zform 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 tf6 nucleotides but can be larg#any
aptamers have structures that include these types of elements such as théboutiagpaptamer

[16], [17] and the ATFbinding aptamef18].
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Figure 1.2. A nonexhaustive list of two nucleotide bapairs. WatsonCrick base pairs: a):
GuanineCytosine; b): Adenindhymine. NonWatsonCrick base pairs: c¢): Guaniighymine;

d) GuanineAdenine, e): Adenin€ytosine, f): Cytosindhymine. Bases marked with a G are
Guanine; A are Adenine; C are Cytosifieare 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
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 Mgatsoncrick edge to one of the other
nucleotides Hoogstein edgeld]. The central base in a base tripl@ipurine, 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 seEigunel.3
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Figure 1.3. A non-exhaustive list of example bas®les. a) a GG-C base pair, and b) 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 contdiipéex structure. One of these is the
codeinebinding aptamer characterized by Bieigal [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 elemeast Patel and colleagues used a triplex based aptamer structure to create an



adenosine biosensing platfof@il]. Their work produced a biossor with a limit of detection of

50nM, and a working range of 50M to 2¢ M.

1.3.3.G-Quadruplexes and tmotifs. 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[@2hdmne
guadruplex is made up of a series efj@artes stacked one on top of the ot28]. A G-quartet

is made up of 4 guanines interacting with each other usingttaggonCrick and Hoogstein edges
(Figurel14). In between these-@uartets sits a cation, usually a potassium or sodium ion to help
balance the charges on the insidéefquartet. 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.

-___I\

>

R

Figure 1.4. Hydrogen bonding pattern amongst the 4 guanines presensingle Gquartet
surrounding a potassium ioDashed lines represent hydrogen bonds between the various guanine
bases.



Quadruplexes can be monomolecular, bimolecular, or tetramolecular in their composition,
and a small number of tmolecular quadruplesstructures have also been identified. The
backbones of the quartets can have a parallekpandilel, or mixed/hybrid topolog{23]. A
parall el quadruplex has all 4 of the backbone
direction(Figure1.5d). An antiparallel quadruplex differs in that, 2 strands of the quadruplex run
1 direction (306 to 5)nthebppdsie diredicdFigarelble&rc).R st r an
mixed or hybrid topology occurs when 3 strands run in one direction and the last strands runs in
the opposite directiofFigurel1.5d), but this structure is uncommon compared with the other two.
Outside of tle 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 side of a quadruplex resembling a propeller when looking dowrcénter of the quadruplex.

Lateral loops link two strands along the top or bottom most quartet, while diagonal loops are
similar but link the two nomdjacent strands of the quartets.

These Gquadruplex structures are not limited to aptamers found inigolout have also
been foundn vivo. G-quadruplexes have been found to form in telomere regions at the end of a
c e | ONA.sPaeschkeet al. used nuclear electroelution to finddbadruplexes irsStylonychia
nuclei and found that their formatonwase di at ed by t he presence of
T E B Bl]. Summers and eworkers have more recently ustidorescencdifetime imaging
microscopy to track the formation of-@uadruplexes in Human Bone Osteosarcoma Epithelial
Cells[25]. In addition, Yanget al found RNA Gquadruplex structures are able to form within
plants and demonstrated that these structtaesffect plant growth in bot#hrabidopsisand rice

plants[26].
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Figure 1.5. Structural diagrams of various-@uadruplexbackbone topologies a) parallel, b) & c)
antiparallel, and d) 3+1.

I-motifs ae another set of four stranded oligonucleotide structures. Unlike G
Quadruplexes,-inotifs are often formed from cytosine rich strands. In -amofif, two sets
oligonucleotidestrands each form a helix, with these two helices being intercalated with one
anothef27] (Figurel.6). The base pairs in amiotif are mostly GC* basepairs where the central
nitrogen on one of the cytosines lhaen protonated allowing it to hydrogen bond with the nitrogen
on the opposing cytosine-T and GT basepairs can also be found irmotifs but these great
destabilize the structure-nhotifs can and do form under physiological conditions, but are most

likely to form between pH 4.2 and 5.2, and at colder temperature¥gf2Z].
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Figure 1.6. a) An example of a cytosireytosine baseair often found in aninotif. 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 upatifi

Much like Gquadruplexesi-motifs have also been found torm in vivo, though their
presence has only been discovered much more re¢28ilyDzatkoet al used NMR spectroscopy
and CD spectroscopy to investigate if these structures are forming within Hel|2@gIReraati
et al selected a set on antibodies agairmsbtifs and used those to findrotifs in HeLa cells

[30]. They determined that the formation of these structures is dependentbdthpEnvironment

and its plae in the cell cycle
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1.4 Aptamer Ligands

Aptamers can be selected against a numbelifigrent types of ligands ranging in size
from single ions up to entire cells. By far the largest categories of Bfanaptamers are proteins
and small molecules. As mentioned previously, aptamers can have a high degree of specificity for
their ligard 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 structureof the aptamerOther ligands interact with theaptamerby intercalating
bet ween the base pairs themstdokisnagnidntern agt is
an aptamer 6s overall structure can influence
interact with aptamerstdoop regions[31], and Gquadruplex ligands are often large planar
molecules which stack againsttheTGet r ad and t ak e asdtvaacnktiangge ionft et
[32]. A chart representing the relative amount of aptamer ligand from aptamer selected from 1990
to 2021 has been summarized below kigure 1.7. This data was generated from

aptagen.com/aptam@rdex and accessed on Novembef 2821.

= Proteins
= Small Molecules
. = Cells
Other
= Tissue
= Peptides

Figure 1.7. Relative amounts of aptamer ligands for aptamers selected from 1990 to 2021.
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1.5 Aptamer Applications

Due to their potential higaffinity and specificity aptames can have a number 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 smdilto
molecules causing a structural change in the mRBB, [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 tgethe being silenced. It can lead
to alternate splicing pathways, leading to a different product being prodritewitchescan
alsointeract with other genes in the cell, causing them to be silenced.

Aptamers can act as therapeutics in different watrereinteracting 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 rolelThe first aptamer to be used ahearapeutiés Macugerwhich wasdeveloped
in 1998[35]. Macugen $ an aptamer thareats 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 aadesponsible for leakages from these vessels. This leakage leads
to swelling in the eye and macular degeneration. Macugen is alVBR@F aptamer, which binds
to its target and prevents its function, reducing one of the main causes-relaigd macular
degeneration.

Aptamers can be used in the delivery of drugs to a fpeaillular 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-eaticer drugs to cancerous mi&S]i [40]. The

aptamer was conjugated to doxorubicin and internalized into the cell upon interacting with

14



nucleolin. This showed an inhibition in tumour growth in mouse models. This type of aptamer
drug conjugated system has also been tested with aptamers taretimpyostatespecific
membrane antigef#1]i [43], the MUC1 glycoproteif44], protein tyrosine kinase[A5], [46],

and the T cell receptors OX40 and BB [47], [48].

Aptamers work as great detection molecules for sensor systems as well. These sensors
often fall undethe 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 tbdiecand 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/hen 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 nonstructured or loosely structured in its free state to being structure in its bound state.
Zhanget al [49] used the electrochemical approach to design an aptasensor to detect prostate
specific antigen. This sensor used aptamers attached to palladium nangpantitie 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 aptamewith a lower affinity than their target ligand. Upon binding with the
target ligand, the dye would becomisplacedand the fredloating dye would induce a visible
colour change in the solution. For fluorescence methods the aptamer could be conjugated to

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 binkiéntyvo groups would be brought closer
together and quench the fluorescence. éfe@l useda bisphenol A aptamer to create an optical
sensor for the determination of bisphenol A in food samf@$ Their sensor used aptamers
conjugated to gold nanopatrticles to create a catbange upon binding to bisphenol A that can
be seen with the eye in solution. The presence of bisphenol A causes the nanopatrticles to aggregate
changing the colour of the solution from red to blue.

Mass sensitive sensors require that there be a larggeiathe 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 piezoelectricystal, 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 aniitone aptamer attached to a quartz crystal micaobal to
create a system to detect acetylation in histone molejdiégs
1.6 The cocainebinding aptamer

The cocainébinding aptamer was originally selected in 2000 by Stojanetial, with
their efforts focused on selecting a cocaimeding aptamer that did not bind to benzoylecgonine
and ecgonine methyl estehigh are two common cocaine metabolite2]. The original aptamer
was referred to as MNS 4.1 with a structure of three stems attached together viaveayhree
junction. This threestem/threevay junction structure is oserved in all the cocair@nding
aptamer variants derived from this original sequence. This original MNS 4.1 sequence was 39
nucleotides long and bound to cocaine with an affioft$ € M It was proposed thdhe binding

of cocaine caused stem 3 of the aptamer to form into a(fédjxrel.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 ligadund aptamer is shown on thight, with the ligand shaded in
green. Thigmigureis adapted from referené&2.

In 2010 Nevest 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 misnfgtghrel1.9). 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 tegzh@se pair. This paper also investigated the
binding mechanism of the aptamer and found the binding mechanisriiedds 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 aptambecomes more structured upon binding.

17



2 5
A-5 Az-
~ N

A" G A~ G
\ / \ /
75 75
stem3 T--A stem3 T--A
Czo | Czc
QeA=g = GmAring
G e A TI 0GeA T’
G / N\, ¢ stem?2 g / N\, N stem2
T/ ' A\ ; \C T/ ' A\ ; \C
C/ % /C G\ TN 15 C/ % /C G\ JON 15
” i S . '[\A 5 2 AS G ,]\A
/G ~ G ~
' G 10 N\ ,7 P i G 10 \,/
. o’ A\ | . c” A\ |
C, G~ stem1 A—A C, G~ stem1 A—A
ci G~
5 5
A25 MN4 A25
AT G AT G
\ / \ /
o il
stem3 T--A stem3 T--A
v 4 e o dede
G~ T P R
/ an
(‘——-T’G 'I! TG oA 'I!
- 7N stem 2 ’ ./ stem 2
g (1 - A
C \G’\ ‘,C\ 15 C/l“ b \G\ /C\ 15
A/ G ~A . /Al,/ ~A
/ 5 10 \A | G 10 \Al |
\ /A \ /A
G A stem 1 A
MN19

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 Jigandl aptamers is shown on the
right.

Though seleed to bind to cocainand not cocaine metabolites, it was found that the
cocainebinding aptamer does show some-taifget ligand binding. In 2003, Stojanoet al,
found thata variant oftheir cocainebinding aptamer could bind to deoxycholic acid (DAt
there wawvery weak binding to cocairjé3], and in 2009 showed that the aptamer could also bind
to quinine, an artimalaria drug54]. Later, Reinsteiret al. quantified the binding@f the cocaine
binding aptamer to DCAS55]. In addition, it was also foundahquinine also bound to the cioe

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

Slavkovicet al investigated thability of thecocainebinding aptamer to bind a number of quinine
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derivatives [56], and in 2018 investigated the binding of mpnnine based anthalarial
compoundg57].

The cocainébinding aptamer has been well studied, and several sensors using it as a
detector ave been made. In 2001, Stojanoeical used the aptamer to make a fluorescent
biosensor for cocainé8]. By attaching a fluorophore to the
the aptamer will fluoresce in the free state folds when bound to cocaine and ttheorescence
is quenched. This was done using a variant of their MNS 4.1 aptamer with a shortened stem 1
named MNS7.9. More recently, Xiaet al. used a MNS 4.1 based variant referred to as@8
to create a different fluorescerbased sensor for detecting cocaine in biofl{i&®. This system
has the aptamer bind to a fluorescent dye at the-thaggunction where cocaine binds. When the
fluorescent dye is bound to the aptamer it i s
binds to the aptamer the dyedisplacedand fuorescace is seein solution. This sensor was
shown to be able to detect cocaine in both urine and dadis@d solutions. Being able to use these
types of sensors in complex matrices is important as detecting analytes insdaompleutside
the labor#ory is not often straight forwardn 2009 Plaxcaet al worked on using the cocaine
binding aptamer tareatea microfluidic system to detect cocaine Iedel undiluted blood60].

This system invol ved-badnhgaptamean bodnd to & yold surface. €d c o ¢
aptamer also contained a methylene blue grou
methylene blue group remained away from the gold surface, but interaction with the ligand folds
the aptamer bringing thaethylene 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 aptameligand interactions can be done in a variety of waysdetermining the
strength ofanaptameiligand interaction, isothermal titration calorimetry (ITC) is considered the
gold standard6l]. In ITC, theligand is titrated into an aptamer galmat a constant temperature,
and the heat that is either produced or consumed by the irdaractmeasured. This creates a
binding isotherm curve which can be used to determine several thermodynamic parameters of
interaction such asd{ @H a nligandgpBdingDifferential scanning calorimetry (DSC) is
another heat measuring method that can be {82Jd 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 temperaturenganasha
result of different sample conditions or aptamer changes. As nucleic acids absorb UV light, similar
melting experiments can also be done using\d¥ spectroscopy and tracking the absorbance at
260nm [63], in addition Gquadruplexes also absorb at 280 [64]. As the aptamer unfolds the
absorbance of the sample changes, allowing for the melting point to be deterAptaders
themselves do ndtave 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 aptaméi65]. Aptamers have atsbeen known to enhance the fluorescence of other weakly
fluorescent small molecul¢66]. The above methods can provide information of the properties of
the aptamer, but do not provide information about the overall structure of theeapiEme
methods that are often used to determine the 3D structure of aptamers themselvesyare x
crystallography and NMR spectroscopy, the latter of which will be discussed in the following
section in detail. In addition, for -Guadruplexes CD spectroggocan be used to determine

information about the backbone orientation of the aptq®é). 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 cry$&§ [69]. The crystallized aptamer is
then exposed to-rays of a specific wavelength which the sample crystals cause to diffract. The
crystal will beobserved from many different angles and tens thousands of reflections will be
collected. The diffraction pattern of therays is used to create an electron density map of the
sample and create an atomic model of the system in question, referred tgstal stcucture. The
structure of the thrombin aptamer was discovered in thig Waly
1.8. NMR Spectroscopy

In solution NMR spectroscopy, the sample studied is placed in a strong magnetic field that
enables thepin %2 nuclei preent in nucleic acidsHi, 3C, >N and3'P) to be studied. The nuclei
will resonate at a characteristic frequency depending on chemical identity and local environment.
NMR is a nondestructive technique allowing for multiple experimetatde performed on the
same sample under different cammhs such as temperature, the amount of ligand present in the

sample, and/or different buffer mpositions

In NMR studies of aptamgrthe resonances belong to the impnotons are often the first
to be studiedThe 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
(Figure1.10). Imino proton gnals 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 WatsonrCrick basepairs are the most downfield,
showing up around 1-A4ppm with guanine iminos around-13ppm and iminos from timyine or
uracil around 134ppm. NoRWatsonCrick basepairs are generally found upfield of téatson

Crick base pairs in the T2ppm range. To provide the most useful infarorathe 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 HO [71].
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Figure 1.10. 1D *H NMR spectrum of a DNA cocairginding aptamer bound to cocaine with an
inset focused on the imino region.

1.8.1 Sample PreparationThe first step in NMR experiments is to prepare the aptamer sample.

NMR samples generally require 5600 L  oufd pldaceddn a standardbm PyrexNMR 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¢ M, but c @aom200g M, downrequired. F oW sathydle ise x per i

typically needed, though higher is preferable. If sample material is limited and a choice between
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volume and concentration must beade, concentration should be the variable favored, as the
signal intensity is directly proportional to the concentration of the sample. For élgiiments,
typically 2 to 4 samplesofd mo|l e scal e akeMefuirady nt heses

DNA samples typically need only be buffer exchanged after purchase to remove any salts
ard reagents left over from the synthesiherforms of purication, 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 aslle@ unit and placed in an
Amicontype centrifugal filter. For aptamers in the-80 nucl®tide range a BnL tube with a
molecular weight cubff of 3,000MW is ideal. First, the sample should be exchanged four times
against a M NacCl solution. This &lps removes any leftover salts and reagents from synthesis.

The sample can then be exchanged into the desired buffer.

1.8.2 Sample ConsiderationsThere are three main considerations that should be taken into
accountwhen 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 thd®@@mM) can lower the

signal to noise ratio of the sgie, especially when using a cryogeniolpe. An example of this

can be seen iRigurel.11 A good amount of salt in an NMR buffer is-80 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 thepgamer to fold, be stable or to function.
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Figure 1.11.NMR spectra of a cocaidginding aptamer bound to quinine, with eithem™ or
150mM KCl, illustrating the effect of salt on the NMR spectra. Samples are mMMNaHPOQs
INagHPQy (pH 7.4) 109%°H20, with an aptamer concentration of 388l. 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 pians. These protons will show up in youMR sample and generally
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drown out the signals from the aptamer. If the buffer does contain miotoreagents, deuterated
versions of these reagents should be used. These deuterated versions are usually ~99% deuterated,
meaning that there will be a srhsaignal from the nofdeuterated protons, but this is unavoidable.

A 10-20mM phosphate buffer is recanended for a working pH range ©2-8.2

NMR buffers require 8.0% v/v2H,O to allow for the NMR probe to lock onto the sample.
This means when prepag the sample buffer an appropriate amountt#fO needs to be
incorporated into the buffer. This should also be ipocated into your ligand solution, if
applicable, to keep the NMR environment constant. In addition, some experimenggjwiik the
aptamer to be in a 100%1,0 buffer, so that the signal from exchangeable protons will not be
observed. Typically, experiments in®lare acquired first then the sample is lyophilized and taken
up in2H20 for experiment to be run fi20.

Finally, it should be noted that NMR spectra where imino protons are to be detected are
typically acquired at BC. Generally, the higher the temperature the data is acquired at, the lower
the signal to noise ratio the iminos will have as they exchangethatbulk water faster at higher
temperatureTemperatures lower than°® 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 caomsitions 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. Ad8iirg) 25
of ligand to the 50®00¢L NMR sample is fine andill not reduce the sigal to noise appreciably.

Some ligands are not soluble or only sparingly soluble in water, which means they may
need to be dissolved in an organiesavent, such as DMSO. If this is needed, aelated form

should be used, alsdt 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 amaugtnod solvent

(>5% v/v) should not cause much of a digroip of the aptamer samp]é2]. Figurel.12shows a
titration of DMSO into an aptamer resulting in only small changes in the NMR spe&wvanfor

a ligand neeitig a solution of 100% organic solvent like DMSO, exdp30¢ Lto a 600 LNMR
sample will only result in 5% final solution. Before péorming a titration of the aptamer and
ligand in organic solvent, it may be worthwhile to do a ftiira 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 cocabieading 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 possilgting

that DMSO binds near this nucleotide. Titration takes place im#ONaHPQy/NaHPQ: (pH

7.4) 10%°H-0, with an aptamer concentration of 200uM.
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1.8.4 Imino'H assignmentsThe 2D NOESY experiment allows for the imino protororesces

to be asgjned so that in further experiments ikisown which resonances correspond to which
base pas. A NOESY experiment detects which protons are close in space, typically within 5 A.

In a standard Borm or A-form helix the imingproton 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 te seen irFigurel.13.
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Figure 1.13NOESY of a cocaindinding 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)e THOE steps are coloured to show which stem they
represent in the aptamer. This experiment was conducted mi248CI, 5 mM KH2PQy/KoHPOy

(pH 6.8) 109%#H-0, with an aptamer concentration of i®1. The ligand:aptamemolar ratio is

1:1.

28



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 fraptamer changes as ligand binds.dR@sices can change
chemical shift with ligand addition due to: (1) being close to the binding site and having their
magetic environment affected by presence of the ligand; or (2) due to structural change
occurring wih 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 decthasaimber 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 botede tcan still be structural changesngkplace, just
without changing the number of base pairs present.

An example of a titration of an aptamer with a ligand is showrigare 1.14 where the
MN4 cocainebinding aptamer is titrated with amodiaqujbé&]. In this titration, iminadesonances
change their poson 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 theihgangl

site of the aptamer.
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Figure 1.14. Titration of a cocaindinding 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 aboutv2:p% (
This titration was conducted in T0M NaHPO/NaHPQ, (pH 7.4) 10%°H.0, with an aptamer
concentration of 20QM. The molar ratios of ligand:aptamer are indicated.
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An example of a titration of an aptamer where the Imemof iminoprotons increases with
ligand binding is shown iRigurel.15 Here, the imino protons in one stem of the MN19 coeaine
binding aptamer are not observed in the free form and appear as ligand i EgldedL7].

Presumably, in the free form stem 1 is unfoldedhaayic 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 cocaindinding 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 waation
conducted in 245mM KCI, 5 mM KH:PQ/K:HPQw (pH 6.8) 10%2H,0, with an aptamer
concentration of 1..nM. The molar ratios of ligand:aptamer are indicatedthe left of each
spectrum.
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1.8.6 Thermal stability.A series of 10H spectra acquired as temperature is varied, a thermomelt,
tracks how peaks in an aptamer change and the aptamer unfolds as the temperature increases.
Staring at a low temperature, multiple spectra are acquired, increasing the temperature after each
sped¢rum to see how the resonances change. Starting the serieSCatid increasing the
temperature of the sample by G each time is adequate. An example is showrigarel.16 If

peaks disappear too quickly using the above scheme, starting the setmseattemperature and

using smaller tempetare 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-&ate unfalling 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 susd#ptto exchange with water. As the temperature isgga

the signalto-noise ratio of the spectrum will decrease as the individual peaks brdasdkeould

be notal that the tempetare that resonances disappear in the imino NMR spectrum is typically
lower than the melt temperature determined using irr otleghods. 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 cocainiading aptamer bound tmocaine at a 1:1 ratio. The
sample was in 245M KCI, 5 mM KH2PQ, /K:HPO, (pH 6.8) 10%°H,0, with an aptamer
concentration of 1.enM.
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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 cocainéinding aptamer changes in response to ligand binding. Aptamers are often poorly
understood and viewed as a black box. Using the coté@maing aptamer as a model system may
help future aptamers bleetter understood How different stimuli affet the cocaindinding
aptamer may inform how they would affect other simélptamersNMR 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 sieinclude studies of the dynamics in the cochimneing
aptamer to better understand how the binding of a ligand can affestathiity of the individual

base pairs within the aptameCharacterization of offarget binding of the cocaidgnding
aptaner to levamisole anthree structurally relatethreeway junctionbinding dyes was also
investigated to see how these compare with both cocaine and géisingentioned previously

dyes can be useful in aptasensor systesrsuch more information about\Ww an aptamer interacts

with a set of dyes with variousqiKalues could be useful for future sensdnse binding affinity

of levamisole was measureding NMR spectroscopy as it was too weak to be measured using
other methods like ITCThis could be usefypractically for aptamebased cocaine biosensors due

to the prevalence of levamisolesireet cocainelThe binding site of these eférget ligands was

found and whether or nahey interfered with the binding of cocaine or quiniAdditionally, 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 sgeglyo

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 m@&strometryfrom the
manufacturer, and further confirmed by NMR using previous samples as a Qbidesamples
weredissolved in ddbEO exchanged against 1 M NaCl three times, and then exchanged against
ddHO or bufferfour timesusing Amicon style concentrators withreleculamnweight cut off of 3
kDa. Aptamer samples were reduced~t000 ¢ Lin volume andthen the concentration was
determined using UWis spectroscopy on a Varian Cary 100 BiolWs spectrophotometer by
measuring the A260 and using the extinction coefficient provided by IDT.
2.3 Ligand Preparation

Cocaine, quinine, and levamisole wereanted from SigmaAldrich, while ochratoxin A,
Dye-F, Dye2Me, and Dyeb 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 compouahin ddHO. A solution of ochratoxin A was prepared by dissolving an
amount of powdered ochratoxin A into DMS@. Solutions of Dye~, Dye 2Me, and Dye5 were
also prepared by dissolving an amount of powdered dye in Di6S@he addition of DMSO to
NMR samples was tested by addingDMSO 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 1E8C 15N tripleresonance prob&amples were placed into a
clean 0.5mm NMR tube prior to being annealed. NMR tubes were cleaned with nitric acid to
remove degrade amyrior samples adhering to the walls of the tube. Afterward the NMR tubes
were rinsed 4 times with 95% ethanol, and 4 times with,@d¥Dnce placed in the NMR tube,
samples were annealed in a 95 °C water bath for 1 minute, and then placed in an icethviter ba
favour intramolecular folding. Once annealed the samples were placed in the NMR an allowed to
equilibrate at the NMR temperature fol8 minutes. All samples contained 16P&0, to allow

for the probe to lock onto the sample. Prior to experimentBIMR probe was manual tuned, and

the NMR was shimmed either by manually adjusting the magnetic fields, or by applyiogha Z
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 zefnfilled.
exponentialmultiplication window functiorwas usedvith an apodizationalue 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[duid&Vith the second
half of the aptamer samplguinine was titrated in to form a 1:1 complex, again, using previous
titrations as a guidgr3]. Sample volumes were from 550 to 600, and concentrations of all
samples of both MN4 and MN19 aptamers wereniM.

The iminohydrogen exchange rates were determined as outlined by the method of Lee and
Pardi[74]. The apparent relaxation constant of wak), and the apparent relaxation constant
of each imino protonRi1s) 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 imiloo rdgventy experiments were
acquired using delay times af B00ms.
2.5.2Data analysis TheRwvandRia values were obtained by measuring the intensity of either the
water or iminopeaks 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 fiEtp 1 using the Sigma Plot 11 softreapackage (Systat

Software)[74], [75]:

Q Q 1)

wherel(t) is the peak intensity as a function of delay titaeis the peak intensity with a delay
time of 0 sRuwis the apparent relaxation rate constant of w&giis the apparent relaxation rate
constant of a particular nucleotidey is the exchange rate constant for the nucleotidet enithe
delay time in seconds. Once the constaRis &ndRia) for the equation were obtainddy was

determined by rearrangiriEq. 1 to isolate forkex.
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2.6 Chapter 4 Methods
2.6.1 Dat Collection. NMR experiments were conducted on a 600 MHz Bruker Avance
spectrometer at temperatures from 5 °C to 45 °C. Spectra were acquired ig45tmédd KCI, 5
mM KHPO4, pH 6.8 in 109%6H,0,90% HO (high-salt buffer with low catalyst concentration); or
120mM KCI, 100mM KHPO4, pH 6.8 in 10%H-0, 90% HO (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 wasradgthen cocaine was titrated in
to form a 1:1 complex, using previously published titrations as a §iLifdewith the second half
of the aptamer sample, quinine was titrated in to form a 1:1 complex, again using previous titrations
as a guid¢73]. Sample volumes were 550 to 60Qwith the concentrations of MN4 samples in
low catalyst concentration buffer were 1 and in high catalyst concentration buffer were 1.3
mM. For MN19, samples in low catalyst concentration buffer weenM and in high catalyst
concentration buffer were3mM.

The imino hydrogen exchange rates were determined as described by Lee afddRardi
First, inversionrrrecovery experimentaere performedo measure the Rand Rw values.The
water R was measured using a DANTE pulse train designed so that the overall 90 degree pulse
width was 90¢s. The peak intensities of the imino protons were measured @singter
magnetization transfer experiment using a shaped 180° pulse along the imino region. To
accomplish this REBURP pulse shape of 9% was used. The pulse was centered in the range
of 9-16 ppm and uniformly covered this region. The magnetizatamsterexperiments were
conducted with 40 different delay times ranging frorm®to 500ms in a predetermined, nen

sequential order in a manner as described eqv&jr The order of temperature acquisition was
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randomized between® and 45°C. For the 10nsand 120msdelay timesmeasurements were
acquirecthree times each in order gaugethe level of variability in the data.

2.6.2 Data AnalysisThe apparent relaxation constant of wakx,), and the apparent relaxation
constant of each imino protoRug) 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

measued and the data were fit Ex. 1 using Sigma Plot 11.0.

— p ¢ Q Q €N
wherel(t) is the peak intensity as a function of delay tilgé&s the peak intensity with a delay time
of 0 ms kexis the exchange rate constant for the nucleotidet athe delay time in seconds.
Once the constantR{w andRu1a) for the equation were obtainddywas determined by rearranging
equation 1 to isolate fdex

2.6.3 Determination of Enthalpy and Entopy of base pair dissociationTo obtain the enthalpy
and entropy of base pair dissociateomethod developed by Schwalbe andnmrkerswas used
where the exchange rates were determined as a function of températrg78]. At low

temperatures, the measured exchange is dominated by NOE effects (tdartexquation 2) so

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

Q v y y Q )

wherekexwas the calculated exchange rate constant from previous fiitingg Pl anck s ¢ o1
kei s Bol t z mafdisthestenperaisetim’ptHrandg Skare the change in enthalpy
and entropy of the open base pgitdissand Sissare the change in enthalpy and entropy of the

imino proton dissociating, arielis the gas constant. Once thevalues were corrected, the effect
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of solvent catalysis on the exchange was found usingalues in the high catalysbncentration
buffer, the low catalystoncentratiorbuffer, and the nucleoside triphosphate exchange [f&8gs

The calculatedtex has contributions from both the base pair opening and the imino proton
dissociation, and will be referred to las netffrom here on. To determine thg netcontribution of
base pair opening, the ratio betwdggex@ndkexintwas determined, whekexexis the exchange
rate constant of the imino proton dissociation kighis the exchange rate constant of the base

pair dissociation. These two valum® related as follows.

1 " h 3)

h h
krr,extwas obtained from previously published single nucleoside exchange rate experiments at 20
°C [78] while g was determined using tkenetimino proton exchange rate data at%Dfrom
both the high catalyst concentration and low catalyst concentration data according to &teinert
al. [78]. The value ofywas then used to find ther,nt by Eq. 3.

After this, the data was fit to a linearized form of the Eyring equation.

i Y ae L 4)

a e
The slope of the line of best fit represents the enthalpy of the base pair dissoqidtied and
the yintercept represents the entropy of the base pair dissocigitag) The Gibbdree energy
of base pair dissociationgGdis) was then determined using the relatipBaiss = qHdiss - TOSuiss
where T is the temperature.
2.7 Chapter 5 Methods
2.7.1NMR Spectroscopy.NMR experiments were conducted @600 MHz 700 MHz, and00
MHz Bruker Avance spectrometer at 5tC55°C in a manner described previousBxperiments
run on the 800 MHz spectrometer were performed by Prof. Cameron Mackereth aivibaesité

deBordeaux Spectra were acquired 120mM NaCl, 5mM KCI, 20mM CaCk, 10mM d'*-Tris,
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pH 8.Q Unless noted spectra were acquired in 96#40- 10% 2H.0 at5 °C on the 600 MHz
spectrometeMMR data were processed using TopSpin 3.7 (Bruker).

2.7.21D'H NMR Titrations. OTA-1 was titrated with ochratoxin A until a 1:1 stoichiometric
ratio of aptamer:ligand. The OFA sample contained an aptamer concentration ahMeat 550

¢ L Ochratoxin A was titrated into the sample in 0.1eq aliquots to a final ratio of 1:1
aptamer:lgand The volume increased to 585Lwhen the titration was finished, with a DMSO
content of ~8.3%.

2.7.32D 'H-H NOESY Experiment in H20. Two-dimensional*HT *H NOESY experiments
wereperformed orthe ochratoxin Abound OTAls amp |l e wi t h mof200msiForg t i me
this experiment the aptamer concentration wasniM with a ratio of aptamer:ligand of 1:1
respectively.

2.7.42D H-'H NOESY Experiment in D20. Two-dimensional*HT *H NOESY experiments
wereperformed orthe ochratoxin Abound OTA1ls amp |l e wi t h @of2msomg t i m
an 800 MHz NMR spectrometer. For this experiment the aptamer concentration wiagl 210
120mM NaCl, 5mM KCI, 20mM CaCh, 10 mM d**-Tris, pH 8.0, 1009%6H,0 at 20°C. The

ratio of aptamer:ligand in the sample was 1:1.

2.7.52D H-'H TOCSY Experiment. Two-dimensional'Hi 'H TOCSY experimentswere
performed orthe ochratoxin Abound OTAlsamplevi t h a mimxaf 20@msdniamdeo ( U
MHz NMR spectrometer. For this experiment the aptamer concentration wad/2i® 120 mM

NaCl, 5 mM KCI, 20 mM CaChk, 10 mM d'*-Tris, pH 8.0, 1009%$H,0 at5 °C. The ratio of
aptamer:ligand in the sample was 1:1.

2.7.6 2D 'H-13C HSQC Experiment. Two-dimensional *Hi *C HSQC experimentswere

performed onthe ochratoxin Abound OTAL1 sample with acoupling constanbf 160 Hz to
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optimize the signal from aliphatic protaarbon bonds. These experiments were performed on a
700 MHzNMR spectrometer. For this experiment the aptamer concentration wad/ALis 120

mM NaCl, 5mM KCI, 20mM CaClk, 10mM d'-Tris, pH 8.0, 100%H,0 at20°C. The ratio of
aptamer:ligand in the sample was 1:1.

2.7.7 IminoProton Exchange Data Collectionlmino hydrogen exchange rate experiments were
performed on a 1.2BM ochratoxin Abound OTA1 sample. Data was acquired fréiCto 55

°Cin 5° increments. fie iminohydrogen exchange rates were determined as described by Lee
and Pard[74]. First, inversiorrecovery experimentsere performedo measure the Rand Rw
values.The water Rwas measured using a DANTE pulse train designed so that the overall 90
degreepulse width was 9@s. The peak intensities of the imino protons were measured using a
water magnetization transfer experiment using a shaped f8&e along the imino region. To
accomplish thim REBURP pulse shape of 9&5 was used. The pulse wasitszed in the range

of 9-16 ppm and uniformly covered this region. The magnetization trapgferiments were
conducted with 40 different delay times ranging froom®to 500ms in a predetermined, nen
sequential order in a manner as described eqn&r The order of temperature acquisition was
randomized between® and 45°C. For the 10nsand 120msdelay timesmeasurements were
acquirecthree times each in order gaugethe level of variability in the data.

2.7.8 Imino Proton Exchange Data AnalysisThe apparent relaxation constant of wates),

and the apparent relaxation constaneath imino protonRis) 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 curv&he intensity of the resonances in the magnetization transfer

experiments were then measured and the data wereHi.tb using Sigma Plot 11.0.

Q Q 1)
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wherel(t) is the peak intensity as a function of delay titgés the peak intensity with a delay time
of 0 ms kex is the exchange rate constant for the nucleotidet @the delay time in seconds.
Once the constantR{wandR1,) for the equation were obtainddywas determined by rearranging
equation 1 to idate forkex.
2.8 Chapter 6 Methods
2.8.1NMR Spectroscopy.NMR experiments were conducted on a 600 MHz Bruker Avance
spectrometer at 5 °C in a manner described previdqiSly Spectra were acquired 25 mM
KCI, 5mM KHPOs, pH 6.8 in 109%¢H-0,90% HO. 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 §0@ and a volume of 558 L 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:levaisole: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 cebainmed samples to a finedtio 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 bufg5mM KCI, 5 mM KHPO4, pH 6.0
in 10%2H,0/90% HO) and (ii) a pH8 buffer (200mM NaCl, 20mM deuterated ammonium
acetate, pH 8.0 in 10%4,0/90% HO). Each of these samples was titrated with levamisote

final molar ratio of 1:10 (aptamer:levamisole).

44



2.8.2 Binding Affinity Calculations. The affinity of the aptamdevamisole interaction was
determined using standard methods of following the chemical shift perturbations of signals in the
NMR spectrun{80]. The fraction bound gf was fit as a function of ligand concentratiorkE. 5

below
Q 0  — 5)

Where Bhnax is theoretical maximum responseg I§ the dissociation constant afid] is the
concentration of levamisole present in the sample. The fraction bound at a given point was

calculated usingq. 6:
Q. — (6)

Where f; is the fractim bound at a particular point during the titratiorisdhe currentH
positionof a particular resonancey i$ the initial'H positionof the resonance in the absence of
any ligand, andds the final'H positionof the resonance being uses.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 ar;fof 1 at the final titration point. For MN19 the same scbeas
MN4 was used though peak intensity was usademany peaks in free MN19 are not visible due
to the dynamic nature of theboundVIN19 aptamer. Nonlinear curve fits were performed using
SigmaPlot 11.

2.9 Chapter 7 Methods

2.9.1 1D'H NMR Titrations . One-dimensionalH NMR spectra were acquired in 140 NaCl,

10 mM NaHyPQx at pH 6.8 in 109%6H,0/90%H,0 at 5°C in a manner describguteviously
[76]. MN4-Dye-F titration was acquired with a 1mMM aptamer concentration at volume of 600
¢ Lwhile the MN4Dye-2Me, MN4-Dye-5, and all MN19 titrations were acquired with a 300

aptamer concentration at a volume of 0@ For the NMR experimentsall the dyes were
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dissolved in DMS@ds (99.96%). The MN4Dye-F titration was done to a ratio of 1:1
aptamer:ligand, while the MNBye-2Me, MN4-Dye-5, and all MN19 titrations were done to a
ratio of 1:2 aptamer:ligand. For all experimetits final DMSO content of the sampleanged
from 1%to 5% (V/v).
2.9.2 2D H-'H NOESY Experiments. Two-dimensional'Hi 'H NOESY experimentswere
performed orthe DyeF-bound, Dye2Me-bound, and Dy&-boundMN4 sampls with a mixing
t i m® of @A ms For all these experiments the aptamer concentration wasNl.4nd was
conducted irl40mM NacCl, 10mM NaHyPQs at pH 6.8 in 109%H,0/90%H,0 at 5°C. The
ratio of aptamer:liganth these experiments was 1:1, with an approximate DMSO content ranging
from 3%5%. Watersuppression for all experiments was achieved using excitstidpting.
2.9.3 1D'H NMR Competition Titrations. Quinind Dye-F competition experiments were
performedusing a 50 Msample of MN4 in the previously describB$/IR buffer. For these
experiments, quinine ardye-F were eaclseparately dissolved in DMS@. First, Dye-F was
titrated intoMN4 until a final molar ratio of 1:1 aptamedye-F. Thefinal DMSO content was
D2% v/v. Next, quinine was titrated into tkame sample to a final molar ratio of 1:1:3 aptamer:
Dye-F.quininewith anD5% v/v final DMSO content.

CocaineDye-5 competition experimentgere performedising a 50&@ Msample of MN4
in the previously describedMR buffer. For these experimemscaine was dissolved .0 and
Dye-5 wasdissolved in DMS@de. First,Dye-5 was titrated intdViIN4 until a final molar ratio of
1:1 aptamebDye-5. The finalDMSO content wa®1% v/v. Next,cocainewas titrated into the
same sample to a final molar ratio of 13 aptamemDye-5:cocainewith anD1% v/v final DMSO

content.
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Chapter 3 Comparison of the Free and LigandBound Imino Hydrogen
Exchange Rates for the Cocain®inding Aptamer

3.1 Preface
All work presented in this chapter has been taken from the article pe&w
1 Churcher, Z.R., Neves, M.A.D., Hunter, H.N. and Johnson PiEomparison of the

Free and Ligand-Bound Imino Hydrogen Exchange Rates for the Cocain8inding

Aptamer.0 Journal of Biomolecular NMRBS8, 3339 (2017).
3.2Introduction

Aptamers are nucleic acid molecules that have been selected to bind a particular ligand that
can range from @&mall molecule to aell. Aptamers typically bind with high affinity and
selectivity, and they have been found to be useful in medical and analytical appli&ikion85].
Understanding how aptamers interact with their ligands is an important question when
implementing an aptamer in a biotechnology application. Measuring the hydrogen exchange rate
constantKe,) for the imino proton of freand ligandbound 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 paif86]. 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 aptanmapleculeq74], [75], [87], [88].

The cocainebinding aptamer is a widely used model system for studying aptamer function
and biotechnology applications of aptam&$], [89]i [94]. The aptamer was originally selected
by Stojamvic et al [52], [58] to bind cocaine, but not any tife common cocaine metabolites.
Unusually, this aptamer binds quinine-80d tighter than cocaingb4], [56], [73]. Structurally,
the cocainébinding DNA aptamer consists of three stems centered arothréeaway junction

[17]). The twovariants of the cocainkinding aptamer studied here are MN4 and MN19 &iD).
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MN4 is a sequence variant of the originally reported coebinging aptamer that binds more
tightly to cocaine, while MN19 is a variant of MN4, where the length of stens béen reduced

to three base pairs. The MN19 aptamer is most commonly utilized in biotechnology applications,
as it has a liganthduced folding mechanism. In the unbound state, MN19 is poorly structured or

unstructured, and the aptamer becomes foldeducaently with ligand binding17], [58].
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Figure 3.1 Secondary structure of the MN4 and MN19 cocdimaling aptamers used in this
study. For ease of comparison both aptamers follow the same numbering Sdightighted in
MN4 is the location of the high affinity ligarginding site.
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In this study, theéex values of the imino protoris measuredh both the MN4 and MN19
aptamers in their free, cocatbeund, and quininbound stateBase pairs at the ligadanding
site have reducekkx values in both their quinine and cocaimeund brms. Thekex 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 reductivalues is
not felt throughout the molecule
3.3 Results and discussion
3.3.1NMR spectroscopy Resonance assignments for the imiegions of both MN4 and MN19,
free, cocaindbound and quininéound states were obtained based on previous studieS8 &ig.
[17], [73]. The spectrashownhere are very similar to whatas reported previously. Imino
resonance intensity was measured as a function of time usingsskettive inversion recovery
experiments for both MN4 and MN19 in their free, cocdioand and quiine-bound states. Due
to peak overlapgt was not possibléo 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 resonaimcthis group, except for cocakmund MN4, where
G4 appears as a separate resonance3RgThe intensity of ten different imino resonances from
the 15guanine and thymine nucleotides in MN4 (not including 843 measuredDf these ten,

six different nucleotidesvere measured acrotf® free, cocainbound and quinindound states.
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Figure 3.2 Downfield imino region of the 1BH NMR spectra of MN4 and MN19 cocaine
binding aptamers free and bound to cocaine and quinine. Spectra were acquired at 5 °C in 10%
H,0, 90% HO.
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20 1D spectravere obtaineat different delay times in order to fit the intensity decay and
obtain kex values. Figure 3.3 shows ten selected spectra of the MN4 cochmend 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 delayptgoey cures
for all measured peaks are shokigure 3.4 andrigure3.5, withthe error bars represang the
standard deviation dhe measurementTake for example, the decay cure used to obtaikthe
values for G29 in MN4Kigure 3.4). For this nucleotide, the imino resonance in the free state
decays to a greater degree than in the quinine and cdoaumel states. The two bound states
decay in a similar manner. The error in the normalized peak intensity in the decay curve was
obtained fom measuring the peak height in taeparate experiments and obtaining a standard
deviation In general, the data presented in.Bglagree withEq. 1producing an average’Ralue
of 0.96 with a range of 0.80.99. Exchange rate constants for MN4 arnd1d are given in Table

3.1
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Figure 3.3 1D spectra of the water magnetization transfer experiment for the protans in the
MN4 bound to cocaine sample. Delay times range from 10 tariO@Gelected nucleotides are
numbered.
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Figure 3.4 Intensity of the imino resonane@ MN4 as a function of delay tim&Ilue circlesare
from free MN4,grey trianglesare from the quininrdound MN4 andrange squareare from the
cocainebound MN4. Thdine represents the best fit to Elj.The intensities are normalized.
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Figure 3.5 Intensity of the imino resonaneé MN19as a function of delay tim&lue circlesare

from free MNL9, grey trianglesare from the quininrdound MNL9 andorange squareare from

the cocaindbound MNL9. Theline represents the best fit to Ely.The intensities are normalized.
3.3.2Hydrogen exchange rateconstants 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 (Fig3.1;, Table3.1). In the free MN4 aptamer the nucleotides with the ldwes

exchange rate constants are G2 and G34 litlvalues of (1.9 + 0.6) and (2.2 + 0.6)s

respectively, and are locatedtire middle of a stem. The nucleotide with the largest exchange rate
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constant is G24 (36.3 + 8.5)'sand it is located in the loop of stem 3. Between these extremes are
G29 and G30, the guanine residues that comprise the tandem GA miskaatatués of(17.0 +
2.1) and (21.8 + 3.2) § 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) s

Table 3.1 Hydrogen exchange rate constanty (¢ the imino protons for the free and boundii
and MN19 aptamers.

Residue MN4 MN19
Free Cocaine Quinine Free Cocaine Quinine

G2 1.9+06 23+08 3606 - - -

G4 - 43+0.7 - - - -

T15 128+1.3 13508 182+25 182+25 186x3.6 19.1+47
T18 75+16 3.0+09 11+09 - - -

T19 - 27+20 - - - -

G24 36.3+85 - - - - -

G29 170+21 75x0.8 7.2+0.9 - 145+16 89zx13
G30 21.8+32 - - - - -

G31 12.7+18 21+£19 35+1.2 - 20.1+£33 4713
G34 22+06 2706 29+07 - - -

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

The hydrogen exchange rates of the imino protons were analyzed in cldégrtaine the
effect of ligand binding at the individual base pair level. For resonances khasdues were
measured in more than one state, the values are shown graphically3r6fFe&md theiraverage
ligand-boundincrease or decrease are depidgteéig. 37. With cocaine binding T18, G29 and
G31 display a large reduction kax values. These three nucleotides are located at the MN4 high
affinity binding site. The cocainrkinding aptamer has two ligand binding sites, a high affinity site
involving nucleotides at the thregay junction and the end of stem 1 abutting the tiwag

junction. A second, lower affinity site mostly involves nucleotides located in s{@%].2n this
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study, given the amount of ligand added and<hdifference between the two sites, ottlg high

affinity site issignificantly populated

25

MN4

20

15

k,, (s1)

10

T18 T15 G31 G29 G2 G34

MN19

k,, (st

T15 G31 G29

Figure 3.6 Comparison of the iminexchange rates in MN4 (top) and MN19 (bottom). In blue are
data for free aptamer, in orange are data for codzon@d aptamer and in grey are data for the
guininebound 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 greaterase in the imino
exchange rate with ligand binding.

In contrast to the reduction kax for nucleotides at the high affinity site, tk& 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 + 1.3insthe free and (13.5 + 0.8)'sn the cocaine
bound states. ThHexvalues of G2 and G34, also located away from the binding site are unchanged
and remain low when cocaine bound. T19 which is at theee®f the higkaffinity binding site,
and only observed as an isolated peak in the cotmnerd MN4 complexhas a lovkexvalue (2.7
+ 2.0) $! and within the uncertainty range for its adjacent nucleotide T18 despite it being in the
dinucleotide bulgdFig. 3.1). Finally, kex value of G4 in the cocainrdound MN4 complexvas

foundto be (4.3 + 0.7)'S. This value is slightly higher than the nucleotides G2 and G34 in stem

1, but certainly not éastexchangingesidue.
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The effects of quinine binding on the values of MN4 are similar to whatas £en with
cocaine binding (Tabl8.1; 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 ®f THe nucleotides T18, G29 and
G31, are located at the higfffinity site that experience a significantly decreakgdralue for
cocaine binding, display an analogous behavior when quinine is boundexNeue of T15
remains high when quinine is bouadd even increases significantly compared to the free and
cocainebound states though only slightly greater than the uncertainty in the values.

For MN19,thedata set is very limited due to overlapping signals. In the free state, MN19
is thought to be logely structured or unfolddd 7], [58], [73] and of theapproximately five imino
protons detected onlyhe imino proton of T15 iable to assiged (Fig. 3.2). In the cocainend
guininebound states, the expected number of imino protons for the MN19 secondary structure
shown inFig. 3.1 are detected. Howevarnly the kex valuesfor the imino resonances of G29 and
G31in addition toT15are measuredue to signal overlap. THexvalues of T15 are similar in all
three states of MN19 (Fi§.6; Table3.1). For G29 and G31, both residues are at the high affinity
site, thekex values are lower in the quiniffund state than the cocaibeund state, possibly,
reflecting the higher affinity of MN19 for quinine. For both nucleotideskthealues are higher
in MN19 than vhat wasobserved ilMN4 indicating that this aptamer is more dynamic than MN4
and consistent with MN19 having a lower melting point)(fhan MN4 in both the cocaine and
guininebound formg94].

The reduction irkex values with ligand binding obsemyéere for residues at the ligand
binding site is consistent with previous aptasiigand studies. A free aptamer versus protein
bound aptamer study of the macugdeGFiesinteraction showed that the free aptamer had many

residues whose imino protons weia nbserved due to a high exchange rate in the free state. In
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the bound state, many of these protons were observable akg thkies were less than 1.5 s
[75] . Even with the binding of a small organic molecule, a reductid.ixalues at the ligand
binding siteis still seen Other studies on riboswitches, though not involving measksimgtes
but instead smalhngle Xray scattering (SAXS) based studies, dnalso shown that many
riboswitches can beconmore compact with ligand binding. However, this phenomenon is not
observed in all cas¢96]. In MN4, the andem GA mismatch at the thregy junction has a lower
kex rate in the ligandound forms than in the free state. This reduction in mobility might be
necessary for binding given than the replacement of theA22%ase pair with a GC base pair
greatly reduces cocaine affinity5], [97] though structural changes may also play a role.
3.4 Concluding Remarks

Using magnetization transfer experiments,kh&alues of imino protons in the MN4 and
MN19 cocainebinding aptamers have been measured in the free, cdoaimel and quinine
bound states. With ligand binding a significant reduction irkshealues fomucleotides T18, G29
and G31 located at the binding site in the aptanes observedOnly minor changes in thiex
values of imino protons located away from the bindingw#s seenThis trend of a reduction of
imino protonkex values at the binding tel upon ligand binding has been seen before in the
macugerVEGFies complex[75], the AMRRNA aptamer complex and the AMPNA aptamer

complex[88] and appears to be a general feature in aptiigeard interactions.
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Chapter 4Reduction in Dynamics of Basd’air Opening upon Ligand Binding

by the CocaineBinding Aptamer
4.1 Preface

Most work presented in this chapter has been published in the article listed ®&Jow

1 Churcher, Z.R., Garaev, D.M., Hunter, H.N. and Johnson, FilEeducion in Dynamics
of Base Pair Opening upon Ligand Binding by the CoeBinen d i n g Bigphysicale r 0 .
Journal 119, 11471156 (2020).[98]

4.2 Introduction

Understanding how aptamers function is importantheir 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 studiegithe cocaindinding DNA aptamer[52], [59], [89], [91],
[99]1 [101] The cocainébinding aptamer has a thregy junction structure formed around a
tandem AG base pair (Fig. 4.1) with its high affinity binding site located at the jupt@pi his
aptamer is distinctive in that its mode of binding changes from being largeigrpred to having
a ligandinduced 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. 411j], [102]. The exact nature of the ligand
induced structure switching mechanism in MN19 is not known and could result from a reduction
of dynamics opre-formed base pairs or whole scale folding of a region or helix of MN19.

The cocainéinding aptamer is also unusual in that it has high specificity for cocaine and
not common cocaine metabolitg52], [58], [94], [103], [104] whereas the aptamer has high
binding affinity, tighter than for cocaine, to quinine and quisbased antimalarial compounds

[54], [57], [73], [104]i [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 75mM only one ligand is bound95]. The experiments presented in this chapter use buffer
conditions of 120nM and 245mM KCI where both MN4 and MN19 bind one molecule of cocaine

or quinine.

¢

10 N, * 1
A

T—p

A
stem 1 A

MN19

Figure 4.1 Secondary structure of MN4 and MN19. Circled is the high affinity ligainding

site. Boxed in MN19 are the base pairs in which imino protons are not obgethedree 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 dynami¢$07], [108]. Dynamics has been wedtudied in proteins

but relatively less is known about how dynamics and function are related in nucleif1@8fis
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[113] One method to study the dynamics in nucleic acids is by measuring the exchange rate
constantKey) of the imino protons in the base pairs with the bulk sol\j@d#]. Previous stdies
have report&exvalues baveenl s and 124 3§ being detected by this meth¢#i15]with an upper
exchange limit of 4005given for detection of an imino protdi@5]. A recent approach developed
by the Schwalbe lab is to measure kberalues as a function of temperature in order to obtain the
thermodynamic parameters of base pair opefig [78], [116].

In the previous chapter, thiex values of the imingrotons in free, cocaine and quinine
bound cocaindinding aptamer at a single temperatur€C5[76] were measured, with changes
in the kex values with ligand binding being observed. Hereliheralues of the imino protons in
MN4 and MN19 were measured as a function of temperature in their free, eboaimg, and
guininebound states to allow for aare indepth understanding of how the dynamics differ
between the two aptamers in the different ligahodnd states. With ligand binding in MN19 there
is a reduction in dynamics in stem 1 and at the ligainding site, while for MN4 there is a
reduction h dynamics that is localized to nucleotides at the ligainding 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 openinfuastion 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 measurementsH NMR spectra of the MN4 and MNX®cainebinding
aptamer constructs (Fig. 4.1) in the free, cochioend and quinindound states were highly
similar to previously work from the Johnson I&igure4.2& 4.3) and'H imino assignments were

obtained by consulting previous wolk&5].
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Figure 4.2 Sample spectra of MN4 (a) free, (b) cocdimeind and (c) quininrbound. MN19 (d)
free, (e) cocaindound and (f) quininrdound. Spectra acquired inndM KHPOs, 245mM KCl
pH 6.8, 10%H20/90% HO.
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Figure 4.3 Sample spectra of MN4 (a) free, (b) cocdimeind and (c) quinirbound. MN19 (d)
free, (e) cocaindound and (fjuininebound. Spectra acquired in 12 KHPO4, 100mM, KCI
pH 6.8, 10%H0/90% HO.
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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 agtgaret combinatn, 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 feftyir 1D spectra obtained with delay times varying
from 5msto 500ms (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 1hsand 120msand are essentially overlapped in this plot shgwiery close
repeatability of this analysis. The measuked/alues are found in Tables 4.1, 4.2, 4.3 and*#4.
imino NMR spectra of the MN4 and MN19 in their free and ligandnd states at the temperatures
these experiments were conducted at can iyedfan Figures 4.5 and 4.6. Plots &§xvalues as a
function of temperature in low catalygincentratioruffer are found in Fig. 4.7 while plots k¥

values as a function of temperature in high catalgatentratiorbuffer 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 cocakimund MN4 at 10C. (b) The normalized peak intensity, I(§)/of cocaine

bound T15in MN4 at 10C (boxed peak in part (a)). Shaded circlgzesent 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 Rvalue 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 dataMil4 was collected. The
temperature series are MN4 free (a), cochioend (b), and quininbound (c) in low catalyst
buffer, and MN4 free (d), cocaidmund (e), and quinirkound (f) in high catalyst buffer.
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(b) MN19 Cocaine-Bound Low Catalyst Buffer
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() MN19 Quinine-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 alltemperatures for which data of MN19 was collected. The
temperature series are MN19 free (a), cocaimend (b), and quininbound (c) in low catalyst
buffer, and MN19 free (d), cocaimund (e), and quinirkound (f) in high catalyst buffer.
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Table 4.1Hydrogen exchange rate constanty @f the imino protons for the free and ligabhdund MN4 aptamer as a
function of temperaturé.

Temperature .
. Residues
)
Free
G2 G4 T15 T18 T19 G24 T28 G29 G30 G31 T32 G34
Aptamer
5 3+3 - 21+2 611 - 384 - 29+3 40+4 3+2 - 612
10 3+2 - 404 13+2 - 676 - 506 658 4+1 - 31
15 5+2 - 6249 1943 - - 6+1 (7x1)x10 - 3.840.8 242 1.7+0.9
20 61 - - 38+2 - - 13.3+0.6 - - 7+1 3.6£0.7 35
25 5+1 - - (7£1)x10 - - 24+3 - - 133 7+1 2+4
30 9+2 - - - - - 45+7 - - 25+2 1142 546
35 18+4 - - - - - - - - (4x1)x10 18+9 68
40 373 - - - - - - - - 907 57+6 23+1
Cocaine
bound G2 G4 T15 T18 T19 G24 T28 G29 G30 G31 T32 G34
Aptamer
5 4+3 4+1 21+2 1+3 3+3 - 2+2 14+2 - 412 242 -
10 2+3 7+2 333 2+3 3+4 - 242 15+1 - 2+2 23 242
15 3+3 743 (6£1)x10 3+3 8+2 - 3+4 25+7 - 445 443 245
20 3+2  1.2+0.8 - 3+2 7£2 - 4+2 51+7 - 242 42 1+2
25 5+1 3+2 - 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+2 243
35 16+2 3+3 - 13+1 496 - - - - 7+1 - 42
40 27+2 3+2 - 54+6 - - - - - 1242 - 6.6+0.7
45 - 242 - - - - - - - 4314 - -
Quinine
bound G2 G4 T15 T18 T19 G24 T28 G29 G30 G31 T32 G34
Aptamer
5 242 - 15+2 2+3 - 23+2 - 8+1 131 4+4 - 4+1
10 2+4 - 25+3 245 - 384 - 1242 1743 3+3 - 3+3
15 3+2 3+2 416 2+3 - 4445 - 151 25+2 3+3 - 243
20 4+2 242 538 443 - 649 - 2042 3743 5+4 - 243
25 8+3 2+3 - 5+3 - - - 3248 - 7+4 - 3+3
30 1142 2+4 - 8+4 2415 - 10+2 4548 - 618 61 5+4
35 16+3 3+3 - 1345 (4x1)x10 - 17+2 (7£2 )x10 - 10+4 10+2 6+2
40 26+3 5+3 - 2945 (6+2)x10+ - 32+4 (11+2)x10 - 163 13+3 101
45 - 1143 - (8x4)x10 - - (6x1)x10 - - 3318 2243 -

Data acquired in 24M KCI, 5 mM KHPQ;, pH 6.8 in 109%6H-0,90% HO. The uncertainty represents the error in the fit of the data.
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Table 4.2Hydrogen exchange rate constanty & the imino protons for the free and ligabdund MN19 aptamer as a function of
temperaturé.

Temperature

(°C) Residues
Free Aptamer G4 T15 T18 T19 G24 T28 G29 G30 G31 T32
5 - 31£3 1242 - 5144 8+2 - - - -
10 - (6£2)x10- 298 - 6846 111 - - - -
15 - - - - - 201 - - - -
20 - - - - - 4518 - - - -
Cocainebound T15 T8  T19 G24 T28 G29 G30 G31 T32
Aptamer
5 17#1  14.4+05  1+7 3+l 211207  1#3 7.020.6 11.240.5 3+1 3+1
10 2542 24+1 3+1 6%l 29.840.7  3%2 9.1#0.4 17.920.9 3+1 7.0£0.9
15 - 44+2  6.2+05 14+3  37+1  4.840.9 1842 3143 12.840.1  14+1
20 - - 1843 - - 8.1+0.4 251 6743 2742 -
25 - - - - - 22+1 51+2 (13+2) x16 - -
Quininebound 5 , T15 T8  T19  G24 T28 G29 G30 G31 T32
Aptamer
5 101205 17.9+0.7  1#2 - 37:2 - 14.8+05 16.90.8 1#5 242
10 17.2408  33%2 1£1 - 55+3 - 23.6£0.7 2411 1£3 3.2:0.8
15 30+2 58+3 242 - - - 3642 40+2 3:1 6.2¢0.5
20 - - 59:06 - - - 62+4 67+4 7.0:03  16.1:0.7
25 - - 23+2 - - - (11+1)x10  (12#1)x10" 212407 3945
30 - - - - - - - - (8+1)x10 -

1Data acquired in 248M KCI, 5 mM KHPOs, pH 6.8 in 109%6H20,90% HO. The uncertainty represents the error in the fit of the dat
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Table 4.3Hydrogen exchange rate constanty @& the imino protons for the free and ligabdund MN4 aptamer as a function
of temperaturé.

Temperature

(°C) Residues
A;;elﬁer G2 T15 T18 T19 T28 G29 G31 T32 G34
5 1#3  (5:1)x10  12.9:0.9 - - 7247 4.620.7 9.9:0.9 -
10 4.0£0.6 (4+1)x10 282 - - (13£3)x10  4.5:0.4 1.920.7 -
15 4.620.7 - 38+4 - 4.0£0.6 (13+4)x10 7.820.6 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 1641 - (124)x10 - 331 - 20.9:09 1+l  8.620.6
30 3412 - - - (7£2)x10 - 3552  4.0:0.3 15.9%0.5
35 4248 - - - - - 7749 12.2408  30%2
Cocaine
bound G2 T15 T18 T19 T28 G29 G31 T32 G34
Aptamer
5 3.420.6 (12+2)x10  1.440.9 143 1.310.4 25+1 - 0.920.9 -
10 2.510.7 - 1.4+0.9  2.3:08  1.020.7 3412 1#5  0.3:0.6 0.9:0.5
15 3.5:0.5 - 2.240.6  4.0:05  2.320.3 596 0+1  0.2¢05 0.6£0.3
20 7.120.9 - 34104 (1#2)x10  4#1  (11#2)x10 1.0:0.2 1.1#0.5 0.7¢0.7
25 153 - 612 1342 842 - 1.6£0.3 1.4%0.3 1.4+0.4
30 3043 - 1541 202 13.0:0.8 - 3.5:0.8  4+2 2805
35 576 - 362 (6x1)x10 - - 6.6£0.6 - 4.310.6
40 - - (10+1)x10 - - - 15+1 - 9.120.6
45 - - - 57+7 - 39+3
Quinine
bound G2 T15 T18 T19 T28 G29 G31 T32 G34
Aptamer
5 342 - 242 - - 3413 241 - 442
10 342 - 142 - - 5415 241 - 1£2
15 5+1 - 1%3 - - (9+1)x10  1#1 - 241
20 9.410.9 - 242 - - (15£3)x10 14 - 1%2
25 18.8+0.9 - 342 - - - 122 - 242
30 2412 - 61 - - - 121 - 411
35 - - 11+1 - - - 242 - 411
40 - - 251 - - - 5+1 - 6.5£0.9
45 - - 7847 - - - 14109 - 1842

1 Data acquired in 12mM KCI, 100mM KHPOs, pH 6.8 in 10%4H20, 90% HO. The uncertainty represents the error in the f
of the data.
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Table 4.4 Hydrogen exchange rate constanty (¢ the iminoprotons for the free and ligasbund MN19 aptamer as a functiontefperaturé.

Temperature .
C) Residues
Free
Aptamer G4 T15 T18 T19 T28 G29 G31 T32
5 - (11 + 2)x16 31+£3 - 9+1 - - -
10 - - (6 + 1)x10G - 21+2 - - -
15 - - - - 434 - - -
20 - - - - (8 £ 1)x1G - - -
Cocaine
bound G4 T15 T18 T19 T28 G29 G31 T32
Aptamer
5 30+3 - 1+1 1+6 2+1 27 %2 31 4+1
10 44 +8 - 21 3+2 31 35+£2 6+1 9.6+04
15 - - 12+3 14+2 14+4 57+5 19+1 37+5
20 - - 27+4 33+ 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 6+2 2+1
10 - - 9+1 - - 52+5 4+1 2+2
15 - - 201 - - 807 8+1 3.7+x04
20 - - 62+4 18+3 75+04 (15 3)x10 26+1 17+1
25 - - - - 24 +£2 - (10 £ 1)x16 60+8
30 - - - - 837 - - -

1Data acquired 12mM KCI, 100mM KHPQ,, pH 6.8 in 10%6H,0, 90% HO. The uncertainty represents the error in the fit ofitita.
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Figure 4.7 kex data as a function of temperature for MN4 (a) free, (b) codaone@d and (c)

guinine bound and MN19 (d) free, (e) cocabmind and (f) quininrdound. All data were acquired

in 5mM KHPOq, 245mM 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
diamads; 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) fi@3,cocainebound and (c)
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in 120mM KHPO4, 100mM KCI, pH 6.8. The bases are shown in the following scheme: G2, pink
squares; T4, red diamonds; T15, dark gahgles; 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 sameawucleotide represent the results from independent analysis of the same dataset.
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4.3.2 Entropy and Enthalpy of base pair dissociationlmino *H kex values for free, cocaine
bound, and quininbound MN4 and MN19 were measured at different temperatures and in both
high catalystoncentratiorand low catalystoncentratiobuffers in order to calculate the enthalpy
(DHais9, entropy DSdis9 and the fre energy DGdisg of base pair opening by fitting these data
directly to the Eyring equatiofy8]. Data are presented in Table 4.5 for MN4 and Table 4.6 for

MN19 and plotted in Fig. 4.9 for MN4 arkidgure4.10 for MN19.

Table 4.5.Calculated enthalpy (J m8), entropy (J mot °K1) and free energy at P& (J mol?) of dissociation for bases in MN4.

Residues
G2 T18 T19 T28 G29 G31 T32 G34
Free o Hiss (X10%) 12+2 12+1 - 11+2 10+2 8.4+0.8 19+2 2145
Aptamer o Siss (X10Y) 15+7 18+4 - 14+6 135 5.4+3 40+7 45+17
P Giss (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
] o Hiss (x10%) 1242 13.940.3 1242 25+1 9.6+0.8 23+1 1749 13.940.6
Cocaine P Bss (x10Y 1745 21+1 165 5745 11+3 51+4 32431 19+2
“bound op Giss (X10°) 74+1 77.6+0.3 74+1 83.6x0.7 64.0+0.4 85+1 78+4 83.9+0.4
o PHiss(x109)  7.0£0.8  16.7+0.5 - - 9.7+0.9 1446 - 7.6+0.4
Quinine 0P Bss (X10Y) 0+3 3142 - - 1143 1342 - 4.1+0.2
bound P Giss (X10°) 69.6+0.7 78.2+0.5 - - 64.0+0.4 77+4 - 75.9+0.3

The uncertainty represent gsatnilesm®Brdr ars ipmr otpfhgratulaiog thefquatimiee of
the errors and adjusting for covariance.

Table 4.6.Calculated enthalpy (J mdl entropy (J mot ‘K1) andfree energy at 15 °C (J m9lof dissociation for bases in MN19

Residues
T18 T28 G29 G31 T32

0P Hiss (X109) - 14.3+0.1 -
Free Aptamer P Siss (X10Y) - 27.4+0.3 -

o Giss (X10°) - 64.28+0.01 -

0 Hiss (X10%) 16+1 1642 10.3+0.8 11+1
Cocainebound P Siss (X10Y) 31+4 31+8 13+3 17+4

® Giss (X10F) 66.6+0.2 69.7+£0.8 65.0+0.2 64.610.1

0 Hiss (X10%) 19.8+0.4 - 8.54+0.06 20.02+0.08 12.8+0.6
Quininebound P Siss (X10Y) 44+1 - 8.0+0.2 45.1+0.3 21+2

® Giss (X10°) 69.8+£0.1 - 62.33+£0.02 70.40+0.04 68.7+0.2

The uncertainty repr esedpgs ntdh é se rpr odp@igaculedndehe tpiadatGee bf theoétrors and adjus
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
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aptamer is shown with green diamonds, andagh@inebound aptamer is shown with purple
triangles.
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The values 0DHgissand DSgiss(Table 4.5) vary among the different bases in the free and
ligand-bound forms of MN4 wittDHgiss values ranging from 70 to 250 kJ mandDSyiss values
ranging from 0 to 570 J méPK™. The values oPHaissand DSuiss (Table 4.6) in free and ligand
bound forms of MN19 also vary among the different bases.DFgsrange from 85.4 to 200.2
kJ moftand the Gssvalues range from 80 to 274 2 knolt. TheDHgissandDSqiss Values appear

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

previous studies using this methad], [78], [116].
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TheDGuissvalues are presented in Table 4.4 and 4.5 and range from 61.4 to 85'Kdmol

MN4 and range from 64.28 to 70.40 kJ rhédr MN19. For free MN4 the large8Gaiss values,
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corresponding to the strongest base pairs, belong WatsonrCrick GC base paiG34 followed
by the WatsonCrick AT base pair T32. For the cocaibeund MN4 the largedDGyiss value
belongs to G31 followed by G34. For quinineund MN4, the largef2Gaissvalue belongs to the
WatsonCrick AT base pair T18. In all three forms of MN#he lowest measureldGqiss value,
indicating the weakest base pair, belongs to G29, a nucleotide that is iFWéatsmCrick AG
base pair.

Upon ligand binding there is a uniform trend amongDBeissvalues where the base pairs
closest to the ligandiding site (T18, T28, G29, G31 and T32; Fig. 4.1) become larger, indicating
they become stronger. For the base pairs furthest from the Jmadichg site (G2, G34) their
DGuiss Values decrease, indicating these base pairs are weaker when the aptgamsd isound.
TheDDGuiss Values between bound and free MN4 are tabulated in Table 4.6. No clear trend seems
to exist in changes iBDHqiss and DSyiss values with ligand binding among the different bases in
MN4. This is exemplified by G31 wheBH4issandDSgissincrease for cocaine and quinine binding
while for T18 DHgiss and DSuiss change much less (Table 4.4). A similar analysis ofDib€qiss
values for MN19 was not possible. T28 was the only resonance that prodDGges@alue, and
it can only be compared with the cocalmaundDGuaissas T28 was not analyzable in the quirine

bound MN19.

Table 4.7Difference in calculated free energy ofsbisiation (kJ mot) between free and ligarlsbund
bases in MN4 at 15C.

Residues
G2 T18 T28  G29  G31  T32  G34
gi‘?]fj?:]r;e PPGs -0.9+2 12.6:0.4 15+1 25:04 16+l 145 043
Cb?ilr’]'gi'r?g PEG:s 62 13.2:06 - 2.6:0.4 94 i 843
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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 havindéighieles than
residues in the middle of stems. For example, G238 which are located in the middle of stem
1 (Fig. 1), have lovkexvalues of (3 + 2)$and (3 + 1) &, respectively, at 10 °C in the free MN4
aptamer, while T18 and T15, located at the edges of stem 2, have kaigladuesof (13 + 2) &
and (40 + 4) $ respectively at the same temperature in the free MN4 aptamer (Table 4.1). G29
and G30, the AG mismatches at the core of the aptamer, have kighalues of (50 + 6)$and
(65 * 8) ' at 10 °C in the free MN4 aptamer. These trends match data reported in the previous
chapter as well as data from reports from other grqup$, [76], [116].

The NMR data presented here on free MN19 gives imsights into the nature of the
structure of the unbound MN19 aptamer. Free MN19 is thought to be loosely structured and is
predicted to undergo ligaridduced folding[103]. In the'H NMR of free MN19 acquired here,
in the presence of low catalygincentratiorbuffer 245mM KCI, 5 mM KHPQOs, pH 6.8), more
resonances for free MNM@ere observethan seen ithepreviouschapter(Fig. 4.2 d).The imino
protons ofT18, T28, T15, and G24ll had observable signalas well as a group of overlapped
signals from G9, G10 and GZ¥Vhere were n@bsenablesignals 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 coworKérs7].

kex values for imingproton in the free MN19 aptamer (Table 4.2 and 4.4; Fig. 4.a@ndl
4.8 df). For all the nucleotides the were measured and are in both free MN4 and free MN19 (T15,

T18, G24, T28), these nucleotides have highgvalues 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. Agairg consistent

with MN19 undergoing liganéhduced folding starting from a partially unfolded or flexible state.
Increasing the temperature increasesthealues of imino protons in all forms of both MN4 and
MN19, but the rate of increase dependstlo® position of the nucleotide within the aptamer.
Residues buried within the aptamer, or stabilized by interactions with the ligand, increass their
values more slowly than those found on the periphery of the aptamer (Fig. 4.13). For example, in
cocane-bound MN4, G2, located near the end of stem 1, increased from (44885 C to (27

+ 2) st at 40 °C, while G4, which is located further into stem 1, remains fairly constant kith a
value of (4 = 1) 3at 5 °C and & Vvalue of (3 + 2) $at40 °C. T15 and T18 are located at opposite
ends of stem 2, with T18 being located close to the ligmnding site. Here, T15 increases from
(21+2)stat5°Cto (6 + 1) x 0stat 15 °C in the cocaireound MN4 aptamer. This residue is

not seen inigher temperature data sets as it exchanges with the solvent too quickly to be observed.
T18 however, haslaxvalue of (1 + 3)Sat 5 °C and remains fairly constant at 15 °C with a value

of (3 + 3) st and does not match the exchange rate of T15 & WBfil T18 reaches 40 °C where

it has akexvalue of (54 + 6) 3. This nonuniform increase ifexvalues as temperature increases

is consistent with what was seen previously in the hspl7 RNA thermdh&éér
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Figure 4.13 (previous pageSecondary structure diagram of MN4 and MN19 highlighting the
dynamics of the free, cocantund, and quinireound 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
reacted akexvalue of 40 3 based on the fit line of tHexvalues (Fig. 4). Bases that started with a
kexvalue of 40 g or higher at 5C, were shaded 100% red (255 red, on an RGB scale). Bases that
do not reach #exvalue of 40 3 at 45°C, were shadeti00% 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 value for its imino proton reached a vabfe40 sl. Imino

protons that reachetidt value at a lower temperature are shaded darker red, andpratoas

that reached that value at higher temperatures are shaded dark&aksthat are shaded in a

pale red box are unobserved in the free NMN19 due to rapid exchange.

The additionof 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 aptamerkdtsalue reduces from (50 * 6) in the free state
of MN4 at 10 °C to 15 + 1°5in the cocaindound MN4 aptamer also at 10 °C, and 12 # s
the quininebound MN4 aptamer at the same temperature. Other resonances such as T15 and G34,
which are far rmoved from the binding site, differ little in thedisxvalues, with (40 + 4)sand (4
+ 1) st respectively in the free state of MN4 at 10 °C, (33 +Bjsd (2 + 2) 8 respectively in
the cocainebound MN4 at 10 °C, and (25 + 3} and (3 + 3) $ respectively in the quinirkound
MN4 at 10 °C. This demonstrates that the changes in dynamics observed in MN4 at the time scale
monitored bykex values are localized to the binding site and are not felt globally throughout the
molecule.

When comparing daine and cocaine@ound MN4, experiments by both the Johnson lab
and outside groups have shown that quinine binds approximately 50 fold tighter than g@aine
[73], [100], [104], [118] [120] When looking at théex values of quinine and cocak®und
MN4 there is generally little to no observable difference between these two bound aptamers at low

temperatures. As the temperature increasegetihralues of some nucleotides (T15, T18, G29) in

the tighter binding quinine sample do not increase as fast as in the ebgcamesample. In the
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quininebound MN4'H NMR spectra there are more peaks visible at higher temperatures than
seen in the cocaiAegound spectrum (Fig. 4.5 and 4.6). This demmass that the tighter binding
ligand does not result in significantly decreagegdvalues until the sample is at temperatures
approaching where it$d NMR signal disappears.

At 5 °C thekex values for residues in bound MN19 have similar values as in bound MN4
(Tables 4.1 and 4.2). However, where these two ligeowhd aptamers differ is that as the
temperature increases, tkevalues 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 quininebound forms of MN19 being a more dynamic version of the codaimng aptamer
and undergoing a structure switching binding mechanism. It iscalsistent with ligandbound
MN19 being less thermally stable than ligesmlnd MN4[17], [58], [94], [102]i [104], [121]

For example at 5 °C in the cocaibeund aptamers, T15 ha&sof (14.4 + 0.5) 3 in MN19 and
akexvalue of (21 £ 2)$in MN4, T28 has &exof (1 + 3) s*in MN19 and aexof (2 £ 2) stin

MN4, and G29 has kxof (7.0 + 0.6) 3in MN19 and &kex of (14 + 2) s in MN4. What does

differ is that residues in MN19 disappear faster than their counterparts in MN4. Feoctiee

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 bindirg by aptamers is generally thought to result in aptamers becoming more
structured, which should result in a reduction of motion or dynamics in the apfah®jr [122]
Previous imino'H exchange rate studies on the VEgsffargeting 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
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[75], [87]. In this study, for both MN4 and MN19, there is a reductiok:gvalues at the ligand
binding site upon cocaine and quinine binding. This might be expected for MN19 wdreats s
from stem 1 are not observed in the free aptamer and only appear in theMiyd®dcomplex.
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 dematesrthat 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 liganling 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 MN#ewvlogh 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 beingfomened. It is a possibility that a strengthening of base pairs
upon ligand binding is common trait in aptamers but will require further studies to confirm.
4.5 Concluding Remarks

kexvalues were measured for the imino protons in MN4 and MN19 in their free, cocaine
bound, and quininbound states as a function of temperature. In addifiom data acquired in
two different buffers, thep Hiss 0 &ss and o Giss values for base pair dissociation in MN4 were
also determined. For MN19, with ligand binding a reductiok:iwvalues of iminos both near the
binding site and in stem 1 was obsetvd@his is consistent with its ligand induetadding
mechanism where stem 1 folds or becomes more rigid with ligand binding. In MN4, upon ligand
binding, a localized reduction &x values for imingprotons near the binding site was observed,

but not this did not occur elsewhere in the aptamer. Additionally, frooptBesvalues, base pairs
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near the ligandbinding site in MN4 strengthened with both cocaine and quinine binding. This
means that both prefolded aptamer and an aptamer loosely folded in the free state undergo a

reduction in dynamics upon ligand binding.
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Chapters: Characterization and Dynamics Study of the Ochratoxin Abinding
aptamer via*H-NMR

5.1 Introduction

Ochratoxin A is common food contaminating mycotoxin produced by ceyéaicillium
andaspergillusfungi [123]. These fungi can also produce ochratoxins B and C, but ochratoxin A
is the most widely produced and wstlidied toxin of the thredt is chemically stable and often
found in pork and grain, but can also be found in coffee, wine, and dried[fr24t5 Due to its
stability, ochratoxin A can survive processing and make its way to cons{ir#3} Ochratoxin
A mainly effects the kidneys but can also cause damage tivéhebrain, immune system, and
has been shown to be carcinogenic in aniia®5] Ochratoxin A exposure can cause Focal
Segmental Glomerulosclerosis (FSGS) in kidngy&6]. FSGS causes a scarring in the kidneys
and leads to significant protein lose through the urine. This damage cannot be repaired and in
severecases 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 njilR27]i [129] In mouse studies, ochratoxin A was
shown to cause oxidative damage to the brain,immitro studies of ochratoxin A showed that
neuron cells incubated with ochratoxin A were damageddose 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 hg6]. Canada does not actively test
for ochratoxin A, but a survey of grain products in Canadians cities fromZ@8showed 99.8%
of samples contained less than the 3 ppb of ochratoxin A which is the limit for ochratoxin A in
food productg§130]. However, 45% of samples testdidl 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 byAgjuado and
Penner in 2008132]. Their goal was to obtain an aptamer that binds selectively to ochratoxin A,
while na binding to other structurally related compounds such aétylphenylalanine or
warfarin. According to initial results, the aptamer generated bound ochratoxin A Kibf .36
€ M The same aptamer also bound ochratoxin B ~100 times weaker timh@nitked ligand, with
the difference between these two molecules being 1 chlorine group. The authors also noted that
the aptamerods ability to bind ochratoxin A wa:
magnesium and calcium being tested. @bthors 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
inducel strong aptamdrgand 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 senso and able to analytically detect the presence of ochratoxin A in wheat sgh§3¢&9 his
was done using timeesolved fluorescence (TRF) spectroscopy amcking the interaction
between an ochratoxin -ferbium complex. Wheat samples were extracted using an
acetonitrile/water extraction solvent and passed through an apadiméy column to capture the
ochratoxin A. Ochratoxin A was eluted from the eohy then the samples were measured using
TRF 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. Thisemt hod had a detection | i mit of 0.
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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 compound
[132], [133]

Penner and colleagues were not the only scientists that used this aptamer to create
ochratoxin sensing platfor ms. I n 2021-p¥it® and
affinity column using polymerization of the aptamerthe column initiated by UV lighitL34].

They showed this method was still able to detect ochratoxin A, even in samples containing the
related compound ochratoxin B. Shuaical 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 drtidgs 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 blueshifthe 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 CGAguado[137] They studied a truncated version of the
ochratoxin Abinding 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 tetradj@druplex, with 3 lateral loops, and an @uaralel 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 athnyt2 6 d GdG) biase in place of one of the guanines, and
then using UWVis 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 fluorecence 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 feigndg5. 1
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Figure 5.1: Structure of ochratoxin Avith its predicted coordinated calm (left) and the
secondary structure of OFA 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 aptaniea®? nucleotides in the aptansnd important
for proper folding and binding of the aptamétfidd what is the structure of the aptarigand

complex?
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5.2 Results

5.2.1 Imino Proton AssignmentsA *H-NMR spectrum of the free OT-A aptamer was acquired,

and ligand was titratedto the aptamer sample to a 1:iblarratio of aptamer to ligah(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-Quadruplex form, as opposeddbifting more asadditioral ligand is

added. Some peakl® change chemical shds the ligand concentration increase, but these are all
resonances of th&/atsonCrick region in théH NMR spectrum. Thes@/atsonrCrick base pairs

are interesting as the initial quadruplex structlicenot show anyVatsonCrick base pairs, but

~5 resonances belongingWatsonCrick imino protongan be seerit is also worth noting is that

it is predicted that the @uadruplex contained 2 -Quartets, whereas there are ~11 imino

resonances for the nelvatsonCrick base pairs.
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Figure 5.2: Titration of ochratoxin A into the OTA aptamer. Ratios above show the relative
amount of aptamer:ligand. Data acquired with a l®56 aptamer sample in 120M NaCl, 20
mM CaCbk, 5mM KCI, 10mM 2H11-Tris, pH 8, 9094H,0-10%2H,0 at 5°C.
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To assign the identities of the imino protons, a series of selectively labllethd>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 anothguarone nucleotide. This
allowed for unambiguous assignments of the imino protons. Thedlddbnucleotides 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 quadpupld® spectra of the labelled samples were
acquired to assign as many imino protons as possible, tieA-ANOESY of the bound aptamer
was acquired to confirm the identities of the rest of the resonakips€5.3). This datalso
containadNOE signalstha 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 suggestinghasgpair.
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 theANiatsonCrick region for guanine, while G23 is
found in the nofWatsoRrCrick region for guaniness23 and G9r& likely not in a stand & base
pair as if this was the case hamino proton resonances would appear more upfield and have a
much stronger NOE linking thenfrinally, T10 has an observable imino proton, so it must be
stabilized by interaction within thaptamer.Figure 5.4 shows an updated secondary structure
including the helix. The extra néiWatsonCrick imino protons belong to bases that are being
stabilized through interactions with the quadruplex. An updated assigsge:ctrum of the bound

OTA-1 can be found irFigure5.5.
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Figure 5.3. 'H-'H NOESY showing the imingroton region of the ligandound OTA1. 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
guadruplex structe. Data acquired with a 1.6\M aptamer sample in 120M NaCl, 20mM
CaCh, 5mM KCI, 10mM 2H13-Tris, pH 8, 9094H,0-10%2H-0 at 5°C.
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Figure 5.5: 1D spectra of the OTA aptamer free and ligasitbund.Data acquired with a 1.25
mM aptamer sample in 128M NaCl, 20mM CaCk, 5mM KCI, 10 mM 2H1-Tris, pH 8, 90%
'H,0-10%2H,0 at 5°C.
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5.2.2 Nucleotide base'H assignmentsA goal ofthis NMR data analysis was to use NOESY
spectran H>O and DO 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 fhaks

t wo NOESY spectra. The first step was to assi
I n dupl ex DNA and quadruplex structures, the
(for cytosine and thymines) or H8 (for guanine and adeslimieits own nucleotide, and the next
nucleotide in the DNA sequendeis possibleo 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 geometriglat would not allow for this NOE cross peak to exist. The assignments of these

cross peaks can be seerfrigure5.6.
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Figure 5.6: *H-'H NOESY of the ligandbound OTAL aptamer showing the aromatic
anomeric wal k bet we e nhe HGIH8 orHHeducleabasd. A ghows Ghtar a n

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.0ma aptamer sample
in 120mM NacCl, 20mM CaCbk, 5mM KCI, 10mM 2Ha1-Tris, pH 8, 100%H-0 at 5°C.

Whil e assigning these H16 and H6/ H8 resona
pattern was discontinuous. Starting atH6 G1 it
NOE, suggesting that G5 it sitting directly below C4 in a standard helsigure5.6 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 isndét sitting
that can be used to trace from G6toGidser e i s -BGHB aoGHEILAt-i on an
G6H8 NOE. This is consistent with-Quadruplexes in a syanti base orientatioii38]. The NOE

pattern br e aHbasthertis modistificivisibld 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 iGitesrad aboveKigure
5.6 b).

The NOE pattern resumes starting at G11 and is continuous untiFigi#€5.6 c). 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 literatuf@38]. There is no NOE linking T14 to G15 which like with T10 and
G11 s where the DNA bases go back to being indeBad. 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 sevemucleotide loop from C17 to G2Fifure5.6 d). FromG15 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 {tedréd.

G24 and G25 are linked by a similar NOE pattern observed in the previous gonani@e
tetrad. After this the NOE walk becomes discontinuous until GRRu(e5.6 e). There is no NOE
linkage from G25 to A26 nor from C28 to A29. The pattern remamnterrupted from A29 to
C31. There is also no G27 NOE resonance in this area eithisrstiggests 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 CHidure5.6 e) suggesting these 3 nucleotides are likely in a
helix.

After these backbone agsments 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‘ah® NOESY as these are the imino protons.

The H2 esonances found on adenines were assigned by finding an NOE cross peak from the
nucl eotidebds H2 to its own H16 Figore5.7). AileseH16 i n

resonances have a unigtC chemical shift, so it is possible to isolate which resonances
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specifically belong to the H2 protoridnfortunately, 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 H5H6 correlations Kigure 5.8). These correlations are in an uncluttered region of the
TOCSY and should only have 1 cross peak per cytosine, making easynto identify and
assigned. The H7 resonances found on thymines were assigned by looking for TOCSY cross peaks

between H6 and HF{gure5.9). These resonances are also in an uncluttered region of the TOCSY

like the H5HG6 correlations.

. © @

(wdd) H;

L 6.2
A2h2-C31H1| & =
805 800 7.95 7.90 7.85 7.80 7.75 7.70 7.65 7.60 7.55 7.50 7.45 7.40

H (ppm)

Figure 5.7. NOESY spectrum assigning the H2 resonances of the adenine nucleDidies.
acquired with a 2.0nM aptamer sample in 1206M NaCl, 20mM CaCp, 5 mM KCI, 10 mM

H11-Tris, pH 8, 1009%H.0 at 5°C.
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Figure 5.8: TOCSY spectrum assigning the H5 resonances of the cytosine nuclebiadas.
acquired with a 2.0nM aptamer sample in 126M NaCl, 20mM CaCp, 5 mM KCI, 10 mM
2H11-Tris, pH 8, 1009%H0 at 5°C.
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Figure 5.9: TOCSY spectrum assigning the H7 resonances of the thymine nucle@mtes.
acquired with a 2.0nM aptamer sample in 126M NaCl, 20mM CaCp, 5 mM KCI, 10 mM

H11-Tris, pH 8, 1009%H.0 at 5°C.

5.2.3 Binding site investigation An *H-13C HSQC of the ligandbound OTA1 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 ofighed Figure5.10). The methyls belonging

to thymine all tave a similat®C chemical shift of ~8B2 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 thtH chemical shift belongs to the ligand.dking at the data

from the'H-'H NOESY again and focusing on the methyino region Figure5.11), the ligand

methylproton is interacting with methyl group on the thymine of Figre5.4). In addition, the

117



amide proton in the ochratoxin A shoamall NOEs to the methyl groups of T3 and T30. These

initial interactions place the binding site of the ligand near the helix of the apteigere5.12)

T
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Figure 5.10: HSQC spectrum showing the methyl resonances of the thymine nucleotides and the
methyt resonance on ochratoxin Bata acquired with a 1r&@M aptamer sample in 120M NacCl,
20mM CaChk, 5mM KCI, 10mM 2H13-Tris, pH 8, 90%4H20-10%2H20 at 5°C.
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Figure 5.11. *H-'H NOESY showing the iminmethyl proton region of the ligadabund OTA
1. Labelled are the iminmethyl resonances on the aptamer and the mathide resonances
between the aptamer and the ligaBdta acquired with a 1.6M aptamer sample in 120M
NaCl, 20mM CaCh, 5mM KCI, 10 mM 2H11-Tris, pH 8, 90%¢H-0-10%2H0 at 5°C.
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Figure 5.12. Secondary structure of the OJlAaptamerrepresentingvhere the approximate
binding site of the ochratoxin A ligand should be. The green circle @pthener represents where

the ligandbinds based on the available NOE data.

5.2.4 Imino Proton Exchange studyAn imino proton exchange study of the ligabdund OTA

1 aptamer was conductsdnilar to chapter ANMR spectravere acquired fromd °C to 55 °Cat

5° intervals in order to observe the effect of temperature on the dynamics of the aptaraed R

R1a values weraneasured using inversion recovery experiments. The imino resonance intensity
was measured as a function of delay time fromsio 500ms with the 10msand 120mstime
interval data being measured in triplicate to observe the variability in the data. The mé&asured

values are found in tablel5.A temperature series of the data acquired for the ligandd OTA

1 aptamer can be found kigure5.13. and plots othe kex data can be found iRigure5.14. The
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dynamics of this ligartbound OTAL are shown visually irFigure 5.15 Due to the buffer
requirements of the OTA 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#tb t ai 15, pldnhdppG of base pai
not be used with OTA. Without being able to vary a catalyst concentration and measure the
resulting changes ikex calculatingt h e oH, ®S, a n d . Inpaelditions theseo t p O !
experiments were only performed on the ligénadind 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 dataQ¥A-1 was collected. The

temperature seriegere collected with a 1.28M aptamer sample in 120M NaCl, 20mM CacCb,
5mM KCI, 10mM ?H11-Tris, pH 8, 909%4H,0-10%2H-0.

122



80

—
w

G5

G6

G7

G9

T10

G11/15/16

kex(S™)

G12

T14

G23

G24

G25

¢ e »>» ¢ m e P> ¢ O O P> ¢ =~

T30

=Rk

5 10 15 20 25 30 35 40 45 50 55
Temperature (O

Figure 5.14: kex data as a function of temperature tbe ligandboundOTA-1. All data were
collected with a 1.25M aptamer sample ih20mM NaCl, 20mM CaCh, 5 mM KCI, 10 mM
2H12-Tris, pH 8, 9094H.0-10%2H20. The bases are shown in the following schefiedark red
squares(s5, red diamonds56, orangetriangles;G7, yellow circles;G9, lime greensquaresy 10,
greendiamonds;G11/G15/G16aquatriangles; @2, blue circles; T14, dark bluesquaresG23,
purplediamondsG24, darkpurple triangles; @5, black circlesand T30, grey diamonds
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Table 5.1 Hydrogen exchange rate constant§ (g the imino protons for the ligadsbund OTA1 aptamer as a function of tperature.

Residues
Temperature G11/15
) T3 G5 G6 G7 G9 T10 6 G12 T4 G23 G224 G25 T30
5 145  3#2 242 242 242 7+1 144 9+4 542 31 142 243 31
10 242 4%2 743 242 24 1241 14 1+7 2+3 3+3 242 4+3 6+1
15 2+4 741 3+2 1+7 31  14+1 143 242 3+2 542 4+2 3+3 9+1
20 2+4  11+2 143 2+4 4+3  23+2 149 2+3 3+4 245 242 245 16+2
25 243 17+#2 745 145 4+3  29+2 2+l 242 3+2 1+4 142 243 2942
30 247  20#2  3%2 242 4+4  AT+5 242 145 345 245 3+2 243 4415
35 3+1  30#2 @ 242 145 5+2 7246 142 245 4+7 2+3 3+2 149 7246
40 7+2 3535 17 142 9+4  73+10 13 243 542 3+3 242 2+3 -
45 18+3 759  4#3 3+3  16%3 - 242 242  11x4  4%2 1+1 1+2 -
50 48+6 - 743 243 24+2 - 1+2 4+2 2742 T+2 1+6 243 -
55 - - 5t3 1816 4445 - 31 2+4  35+8  11+2  3#2 2+3 -

!Data acquired in 126M NaCl, 20mM CaChk, 5mM KCI, 10mM 2H1:-Tris, pH 8, 9094H.0-10%2H,0. The uncertainty represen
the error in the fit of the data.
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Fast Exchanging

A22

A20 A21

Slow Exchanging

Figure 5.15: Secondary structure diagram OfTA-1 highlighting the dynamics of thigand
boundaptamer. Base pairs are shaded on a scale of red to purple to blue, depending on what
temperature the imino proton in that base pair reactkedsalue of 40 3 based on the fit line of
thekexVvalues (Fig5.13. Bases that started withkgvalue of10 s*or higher at 5 °C, were shaded

100% red (255 red, on an RGB scale). Bases that t@ach &exvalue of10s? 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 biskders on a RGB scale was 255), depending on whek,thalue for

its imino proton reached a valeé 10 s’. Imino protons that reached that value at a lower
temperature are shaded darker red, and imino protons that reached that value at highéutesnpera

are shaded darker blue.
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The imino protons in OTAL can be grouped inta fewbroad groups, themino protons
close to the binding siteheimino protons belonging to bases in thetéirads, andhe imino
protons belonging to bases underneath tlaelquplex The imino protons belonging to base=sar
the binding sitaare 13, G5, T14, andl'30. G1 exchanges too quickly to be measured in this type
of experiment, even though it should fall under the previous catégueyminoprotons belonging
to bases in the ®&trads are G6, G7, G11, G12, G15, G16, G24, and T&5 imino protons
beneath the quadruplex are G9, T10, and.G23

Forthe imino protonglose to the binding site, theyart with a lowkex value at 5°C and
begins o increase as the temperature increases. The rate of temperature increase is not uniform
and thekexvalue of imino protons in less dynamic bases increases at higher temperatures. T30 is
the most terminal imino protons that is visible, G1 is the termiasé Ipair 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#)lat 5°C which immediately increases at 10,
until a kex value of72+6 s') at 35°C, which is its last visible data poir3 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 lowkexvalue of (1+5 8) and remin fairly consistent until 40 °C whenthe kexvalue
increassto (7+2 s') and is visible until 50C with akexvalue of(48+6 s'). G5and T14 form the
nonWatsonCrick G-T basepair, and theikex values follow are not always the sant@oth G5
and T14start with a lowkex value of 3+2 st) and 62 s') at 5°C respectively. G5 appears to be
more dynamics, as it&x values begins to increase around°Ch while in T14 thekex values
doesndét start °C. dheGhresormes is visibla until B6 whére it has &ex
value of(75+9 s1), whereas T14 is visible until the last temperature point &C5%ith akexvalue

of (35+8 s1).
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Thekex values of the imino protons found in the-&trads all follow a very similar pattern.
The kex values of these imino protons starts low af@ and stays low up to 58C and in most
caseslondét significantly change. ThG&Gl5 and&lreances
overlapped, making it impossible to accurately measure these imino protons. G64abati2
follow the above trend, with kex values of (29 and (1+2 3) respetively at 5°C, and kex
values of (5+39) and (3+2 %) at 55°C. G7 is slightly more dynamic than the other bases in the
tetrads. The imino proton of G7 $1akex value of (2+2 ¥) at 5°C, but increasgto (1846 &) at

55°C.

There are 3 imino protons locatedtside othebinding site andj-tetrads with resonances
that are visible. These imino protons belong 8 GLOand G23G9 and G23 are adjacent to the
bottom tetrad, while T10 is in the middle of altop. At 5 °C the kex value for @3 is (3+1 &)
and remains consistent until 30 when the kex value increase to (7#2 and increases again at
55°Cto (11+2 &). G9 is more dynamic than G23. At6G G9 has #&exVvalue of (22 s?) but starts
to increase at 4T to (4 s?) and is visible until 58C with akexVvalue of (445 s?). 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 bindiig5site,

T 1 Okécgalue is 7+1 s1), andits kexvaluefollows a similar trend to T30 as it begins to increase
in value immediately as the temperature rigdq is visible until 4C°C, where it has #exvalue

of (73+10s?). T10 is the most dynamic iminaroton there is data for in this aptamer.

5.3 Concluding Remarks

The structure of OTAL was investigated usingd NMR. This led to the discovery ain
ill-defined free state that folds into a very wsthuctured 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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threeWatsonCrick basepai r s f or mi ng at t hMNon &dohiG@lbWasand o f
Crick base pairs weralso seen between G5 and T14, and G9 and ®Ri8 information was
previously unknown.Af t er t h iarslH6 ot HiBaesdAdndes fdhe nucleotides in the
aptamer were assigned. Tinmeluded nucleotide&1 to G}, G6 to G25, and C28 ©31. Next,

the H2, H5, and H7 resonances of the nucleotides were assigned as completely as wahsible

the H2 of A26 being unable to be assignEldese assignments could be used to help generated a
3D model of the aptamdigand 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, né&atsosCrick base

pairs (Figure5.12). Using magnetization transfer NMR techniques discussed previousksxthe
values of the imino protons in tligand-bound aptamer were measurétle imino protons found
outside the main quadruplaxe much more dynamic than those found within the quadeuplen

t hough the quadrupl ex i s n @his istdiffeeent thanntheicatagne si t e
binding aptamer where the ligand binding site is the least dynamic section of the ajwémeer.
comparing these two aptarsethe ochratoxin Abinding aptamer is much less dynamic than the
cocainebinding aptamer. Th&ex values of OTAL are smalleritan 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 primaryligand-binding site in the
CocaineBinding Aptamer

6.1 Preface

All work presented in this chapter has been published in the article listed pEB®)

1 Shoara, A.A., Churcher, Z.R., Slavkoyic S. and Johnson, P. E.
Levamisole by the Cocairiginding Aptamer Does Not Interfere with an Aptarbeised
Det ect i AAGS Qmegal 3420824217 (2021).

6.2 Introduction

Levamisole (Fig. 6.1) is an argarasitic worm medicine firsfiscovered 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 ofgagadd
ion channels required for synaptic actj@dO]i [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 19700s and 19800s
and in 1990 for combation treatment of colorectal cancel40], [143] Prescription of
levamisole to humans for parasitic infections in North America was stopped in 1996 due to its
severe gsle effects[144] Some of the side effects of levamisole use can include dizziness,
headache, vomitgy and abdominal pain, and it was not recommended to be used by patients that
are breast feeding or in their third trimester of pregn&hé9], [145], [146].

Besides its intended purposes, levamisole is also often used as an adulterant in street
cocaine samples-{gure6.1). There are two main reasons for this, the first is that it helps to bulk
out a cocaine sample making it appebat 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 levamisfld8]. 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 coci®], [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 levamiso[d40]. Cases of leukoencephalopathy have also been repattegeople

who frequently ingested levamisole contaminated cocdib€0], [151], [152] In
leukoencephalopathy, cerebral neurons are demyelinatesihg weakness, confusion, and can be
potentially fatal. Another side effect from cocaine related levamisole ingestion is va$tdhiis

[153], [154] or the inflammation of veins, arteries, and other blood vessels. The presence of
levamisole can also create false positives iitkqaolorimetric 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 resourdd$5].
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Figure 6.1: Structures of the cocairtending 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 indicétatson Crick base pairs while dots in@it® 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 aptansequences that is well documentesb]. 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 comp¢u8fs156], [157] Off
target ligand binding is not limited to structurally related ligands. The cobandéng aptamer
itself is quite promiscuous with the ability to bind to a host of other ligands not structurally related
to cocaind56], [57]. This ability to bind a host of other ligands is seen in both the long stem 1
variant of the cocainbinding aptamer (MN4, Fig. 6.1) and the short stem 1 variant (MN19, Fig.
6.1).

Aptamerligand interactions can depend on several dffefactors. 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 apthgaed interaction depending on if the
aptamer in questioms floating free in solution or attached to a surface. This can lead to
discrepancies in Kvalues reported to help determine the strength of interaictkii [161]. It
can be important to test binding of aptarhgand pairs using a variety of different experimental
techniques, as one technique may provide important data that others miss. Isothermal Titration
Calorimetry (ITC), U\WVis Spectroscopy, Fluorescence teicjues, and Nuclear Magnetic
Resonance Spectroscopy (NMR) can all be useful for probingzafues at a variety of
concentration ranges. NMR in particular can be useful for probing weak interactions in the high
micromolar to millimolar ranggl62].

In this chapter NMR is used to characterize the binding of the cebaidang aptamer
with levamisole. ITC, UV thermal melts, and fluorescence had been used previously to check for
the interaction of M4 and levamisole, but no interaction was $eRIMR 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 andDiscussion
6.3.1 Levamisole binding to MN4 detected using NMR methodBinding of levamisole to the
MN4 aptamer was investigated using ITC and-UN methods. Using these methods an
interaction between the MN4 aptamer and levamisole was not seen. lomdiiié 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 $tuarthe Johnson lab. Their results can
be seen in the initial reference for this chapter.
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1D *H NMR spectraFigure6.2(a)). Chemical shift changes of the imino protonsewgarhisole

was added indicates that levamisole is being bound by the MN4 aptamer. Levamisole binds MN4
in fast exchange on the NMR timescale where the populateaghted chemical shift is observed

and indicates relatively weak binding affinity comparetigbter binding ligands such as cocaine

and quinine that bind in slow exchange on the NMR timeddalg [73]. The positions the

imino proton resonances were tracked as a function of levamisole concentration in order to
determine the Kvalue by fitting the chemical shift changes to equation 2.6. The results of these
fits are shown irFigure6.2(b). Four different imino protenwere tracked and their individuag K
values are summarized in Table 6.1. The averageakie for MN4 binding levamisole is (0.5 +

0.1)mM.
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Figure 6.2 Levamisole binding by MN4 monitored by edenensionafH 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 iminongrditoto 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 weredooted at 5C with a 500e MDNA aptamer
sample, in 24%nM KCI. 5 mM KxH,PQ: pH 6.8 with 109¢H-0.
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Table 6.1 Kqvalues for levamisole binding the cocainieding aptamers MN4 and MN19 as determined by N\
based chemical shift perturbation.

MN4 (pH 6.8) MN4 (pH 6.0) MN4 (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 0.9 40.2

G29 : : i 2.740.3
G30 0.48 +0.03 : i i

G31 0.51 +0.04 0.32 +0.04 0.42 +0.05 1.7+0.3
T32 : 0.32 +0.05 0.34 +0.05 i

Average 0501 0.35 0.03 0.38 0.05 1.740.9

Error in the kK value for individual bases is from the error in fit. The error in the average is the standard de
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 erceptiG4, four of the five
nucleotides that change chemical shift most are at or adjacent to thevétyr@enction Figure
6.1). This finding matches the location in the MN4 aptamer for cocaine, quinine and amodiaquine
binding [17], [57], [73]. For all cocainginding 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 kNthaptamer.

To see if levamisole and cocaine compete for the same binding site, the levdroisude
MN4 sample was then titrated with cocaine. In this titratleigyre6.3), by the stage where two
molar equivalents of cocaine were added, signals indécat the cocainddound 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 cocaind/IN4 monitored by onelimensionatH NMR.
The imino proton region of levamisel®und MN4 titrated with cocaine. Experiments were

conducted at 8C with a 50C¢ MDNA aptamer sample, in 246M KCI. 5 mM KxHyPQy pH 6.8
with 10%2H.0.
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