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Abstract

Isothermal Titration Calorimetry (ITC) studies were conducted wherein variances in the heat
capacity of binding (AC,) among variants of the cocaine-binding aptamer were suggestive of two
distinct binding mechanisms. Aptamer variants containing 6 base pairs in stem 1 are pre-folded
and show little change in secondary structure with ligand binding. Aptamer variants with 3 base
pairs in stem 1 are mostly unfolded and exhibit conformational changes that take place with

ligand binding.

ITC studies were extended to aptamer variants containing single nucleotide mutations and
truncated stems. A relationship between nucleotide identity vs binding affinity was established
while also noting that mutations within the aptamer core result in the switch of binding
specificity from alkaloids to steroids. This altered specificity was most notable when one of two
GA mismatched pairs in the aptamer core was converted to the Watson-Crick GC pair.
Simultaneous mutation of both GA base pairs resulted in no detectable binding. Additional ITC
and NMR spectroscopy studies demonstrated that the binding mechanism of steroid-binding
aptamer constructs is nearly identical to that of cocaine-binding constructs. Conformational
changes were noted for steroid-binding constructs with 4 base pairs in stem 1, as opposed to 3

base pairs as in cocaine-binding constructs.

Combined ITC and NMR spectroscopy studies characterized the high affinity interaction of the
cocaine-binding aptamer with quinine, showing a 30 — 40 fold increased affinity over cocaine.
The binding mechanism with quinine was shown to be identical to that of cocaine, utilizing the
same binding site while electrostatic interactions contributed only about 6% of the binding free
energy. Fluorescence spectroscopy revealed that the aptamer is structurally stable at very high
concentrations of urea. MN4 and MN19 both demonstrated high resistance to chemical
denaturation with concentrations of urea reaching 6 M and 4.4 M, respectively.

A final ITC study confirmed the bifunctionality of modified cocaine-binding aptamers. A
titration of an equimolar mixture of deoxycholic acid (DCA) and cocaine had an enthalpy of
(-32.5 + 0.2) kcal mol™ This is comparable to the sum of enthalpies for independent titrations of

cocaine and DCA at (-12 + 5) and (-11 + 2) kcal mol™, respectively.
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1 Introduction

1.1 The Development of Aptamers
1.1.1 Aptamer History: From Concept to Reality

Aptamers were conceptualized long before their actual discovery. The work of Sol Spiegelman
and collaborators nearly half a century ago would build the foundation for what we know today as
Systematic Evolution of Ligands by EXponential enrichment abbreviated “SELEX”. In
experiments dealing with the QP bacteriophage replicase protein, an RNA-dependent RNA
polymerase, selective pressure leading to the fastest and most efficient products yielded RNAs
that were truncated variants of the QP genome. Interestingly, these variants retained all the
necessary secondary and tertiary structure elements needed for high affinity interactions with the
replicase protein.™? It could be said that the resultant RNA products were both aptamers and

substrates for the polymerase.

Spiegleman’s work however, would not have been able to outline a clear-cut method for the
selection of aptamers like the one that exists today. The major barrier at the time was the
amplification process itself. More specifically, a major setback was that a sequence of interest
would first have to be inserted into a vector. Such exogenous RNA sequences would be removed
far too quickly under selection pressure, favouring instead those sequences that could be
replicated more quickly and bind more tightly to the polymerase. Research on this subject was
well demonstrated by Fred Kramer and colleagues in which an exogenous RNA sequence, a
ribozyme to be specific, incorporated into the QB genome and was amplified nearly 300-fold.®
While this result is very significant and laid the ground work for amplification of short sequences
of interest, it was shown that the QP replicase protein could amplify the QB genome by nearly 10°
fold in roughly the same time frame as the genome with the ribozyme sequence incorporated.” The
drop off in amplification here makes it quite clear that the method could benefit from major
enhancements, namely, enhancements that could make the amplification process independent of

the sequence being amplified.

The advent of polymerase chain reaction (PCR) would ultimately serve as the key ingredient
needed for synthesis of large oligonucleotide libraries needed for the generation of aptamers. This



is where the works of Larry Gold and Jack Szostak would shine and for the first time, reveal how
in-vitro evolution of RNAs could lead to RNA products exhibiting both high selectivity and high
affinity interactions with a variety of target molecules. Craig Tuerk and Larry Gold used what
they were the first to describe as SELEX, to yield two RNA sequences (just 8 nucleotides as part
of a larger gene 43 translational operator in bacteriophage T4) that exhibited high affinity for
gp43, the gene 43 translation protein. One being the wild type sequence, the other being a
quadruple mutant that yielded a shorter loop region. Interestingly, the mutant sequence bound
with same affinity as the wild type sequence.” These results were quite profound in that they
demonstrated for the first time that tight binding RNA molecules could be isolated from large pool

of randomized oligonucleotide sequences. To quote Larry Gold and Craig Tuerk, this truly was
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Figure 1.1: The original schematic of the SELEX procedure outlined by Tuerk and Gold

demonstrating repeated rounds of selection and amplification. (Obtained from ref. 5)



Research conducted by Jack Szostak and Andrew Ellington would arrive at very much the same
conclusion as Tuerk and Gold and not more than a month apart. Szostak and Ellington applied a
method of in vitro selection nearly identical to the SELEX scheme shown in Figure 1.1. This was
done in an effort to calculate the frequency in which RNAs from a randomized pool of
oligonucleotides were capable of folding up in a manner that would result in high affinity

interactions with a target molecule and/or catalytic activity.®
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Figure 1.2: The original schematic of the in-vitro selection approach used by Szostak and
Ellington illustrating selection and amplification steps applied to an initial pool of random RNAs.
(Obtained from ref. 6)

It is thought that the probability of finding high affinity or catalytic sequences within a

randomized pool of oligonucleotides is quite low (for a sizable pool of roughly 10™ oligos). While



this is indeed true and ever more so as sequence length increases, it was discovered that after
numerous selection rounds, different isolates converged on specific sequences which were
verified to interact with the ligand at the binding site. These conserved sequences consisted of 22
nucleotides. A rough calculation revealed that a 22-mer could have one of 10" different possible
sequence arrangements. Szostak and Ellington began their selection process with nearly this many
100-mers, which meant that it was quite likely that every single 22-mer combination would be
present in the initial pool. In conclusion, they were able to estimate approximately 100 — 1000
different sequences which would ultimately be able to fit the small dye molecules for which their
RNAs were being selected.® These results, once again, demonstrated that high affinity
oligonucleotides could be seemingly isolated from a large pool of randomized sequences under
selective pressure. It was at this point that Szostak coined the term “aptamer”, rooted in the greek

word aptus, meaning “to fit”.’

This research did, however, leave some very interesting open ended questions. It was suggested
that even with the current method of in vitro selection, estimating the number of fundamentally
different classes of structures capable of carrying out a given binding or catalytic function might
be a rather daunting task. However, the answer to such a question would shed an enormous light
on the origin of life and the RNA world hypothesis.’

Much of the work leading up to the development of aptamers seems to bear one common aspect,
finding the means by which we can study the origin of life. Our knowledge of oligonucleotides
has advanced substantially over the last century but our understanding is far from complete.
Perhaps the most puzzling remains the various catalytic functions of oligonucleotides that we are
still completely unaware of. Simply by the history, it is apparent that there is still a lot left to
discover. The existence of functional RNAs was not even proven until the pioneering work of
Cech and Altman in the early 80s.2° However, the existence of such RNAs were postulated as
early as 1967.1° What is undoubtedly clear though, is that with the discovery of aptamers, we have
gained an invaluable tool by which our ability to study nucleic acids has been greatly accelerated.
We are essentially at liberty to ask anything we desire of nucleic acids and this has opened the

door wide open for our investigation into the origin of life.



1.1.2 Systematic Evolution of Ligands by Exponential Enrichment

The fundamental steps within the SELEX procedure outlined by Tuerk and Gold remains quite
consistent into modern day selection of aptamers. While new modifications have worked their
way into the procedure with aims to boost efficiency, the basic steps applied in SELEX have

remained mostly unchanged."

Random pool of oligos

‘ S

Target molecule ‘ Selection of bound

binding sequences
repeated
l rounds
Amplification
SEQUENCING

Figure 1.3: A generalized representation of SELEX outlining the repeated rounds of selection and
amplification of sequences which originate from a random pool of oligonucleotides (Obtained
from ref. 11)

The scheme presented in Figure 1.3 is the standard procedure used for the production of specific
and high affinity aptamers to a desired target molecule. The process typically begins with a
random pool of approximately 10*° different sequences. Selection pressure is then applied by
exposing the pool to a target molecule. Sequences with moderate to high affinity to the target will
generally remain present during a wash off step in which sequences with weak or no binding
interactions are removed from the pool. The resultant pool is then amplified by means of PCR.
Beyond this, the amplified sequences may be subject to repeated rounds of selection and
amplification anywhere from 4 — 20 times.'? As noted in some of the earliest experiments with
aptamers, using SELEX is more than likely to result in multiple aptamer constructs which interact
with the target molecule. Ultimately, the size of the initial pool and the complexity and size of the

target molecule govern the number of potential solutions available for the problem.



1.1.2.1 Building an oligonucleotide library

It may sound strange to point out that a large pool of random oligonucleotides sequences needs to
be carefully chosen, but this is indeed something that needs to be considered for initiating SELEX.
Analogous to fitting an unknown function using an iterative algorithm, SELEX also requires a
bare minimum set of conditions to be effective. This begins with the size of the library being
constructed. A typical aptamer screen begins SELEX with an oligonucleotide pool consisting of at
least 10™ different sequences. The rationale here is that with such a complex pool of oligos, the
sequence space being probed contains aptamers up to 25 nucleotides long. In fact, libraries of up
to 10% sequences are attainable'®, but not entirely practical when smaller libraries are already
quite diverse. One would preferentially saturate the available sequence space so as to ensure that

the target molecule being fit has one, multiple, or no solutions.*®

Furthermore, oligonucleotide libraries are typically constructed of all 4 DNA bases. During
synthesis, it is often advantageous to supply the bases in a 1:1:1:1 ratio as this would ensure the
greatest sequence diversity in the sample. Any bias introduced to this condition would affect the
presence of homopolymeric sequences in an exponential manner® where such sequences have just
as much potential for establishing high affinity interactions with a target molecule.*” A few studies
did demonstrate that catalytic RNAs could indeed be isolated from pools constructed of as few as
2 of the bases. The results indicated however, that RNAs constructed of 2 bases had catalytic rates

far lower than those consisting of all 4 bases.**®

With these constraints in place, sequence libraries are generally constructed of a randomized
ssSDNA sequence anywhere from 20 — 80 nucleotides long. Flanking the 3* and 5’ regions are 18 —
21 nucleotides of specific sequences necessary for primer binding during the PCR process.
Keeping the randomized sequence short can be more efficient as previous research has indicated
that aptamers isolated through SELEX tend to be truncated variants of those introduced in the
initial pool.'® Furthermore, binding domains within an oligonucleotide generally only make up a
fraction of the full sequence length. This implies that longer sequences can be characterized as
short individual domains that may or may not interact cooperatively in binding a target

molecule 3131926



1.1.2.2 Introducing a Target Molecule

There are no specific restrictions in selecting a target molecule for SELEX. It is well researched
that aptamers can be selected for just about any molecule of interest.**?° However, there are
some precautions that need to be taken to maintain a high level of efficiency. Aptamers, being
oligonucleotides, are inherently anionic and also contain numerous hydrogen bond acceptor and
donor groups. Such properties make aptamer selection for positively charged small molecules far
easier than for molecules that are more bulky, negatively charged, or have mostly hydrophobic
character. While the DNA bases do possess some hydrophobic character due to planar aromatic
bases which are typically involved in stacking interactions, DNA remains a polar molecule and
better suited for interactions with other polar molecules in polar solvents. This is not to say that all
bulky hydrophobic or negatively charged targets must be excluded. Rather, the weak affinity
established by aptamers to these targets makes them much more difficult to isolate, but certainly

within the realm of possiblities.®%

The extreme versatility of aptamers has been one of the fundamental reasons for their extensive
investigation. This versatility is demonstrated by the aptamers that have already been selected to
bind inorganic components (metal ions), small molecules (organic dyes, cofactors, alkaloids,
antibiotics), individual nucleotides and nucleic acids, individual amino acids, peptides, and whole
proteins, carbohydrates, lipids®® and many higher order structures (spores, viral capsids, whole
cells).*®

Other important factors tied to overall SELEX efficiency include the purity and abundance of the
target molecule. Impure samples can easily yield aptamers for unintended targets and a major goal
through SELEX includes elimination of non-specific binding. The selection step generally
proceeds by immobilizing the target molecule within a column. Non-binding sequences elute out
while sequences with high affinity for the target molecule are removed in wash off step using salt
or chemical denaturant. Under optimal conditions, non-specific and non-binding sequences can be

removed from the nucleotide pool quite early.



1.1.2.3 Amplification of High Affinity Sequences

Sequences remaining in the oligonucleotide pool are amplified using PCR. The amplification step
is crucial for regenerating a sizable pool of sequences with higher affinity for the target molecule.
In cases where an RNA aptamer is desired, reverse transcription PCR (RT-PCR) is applied to
convert the RNAs to their corresponding cDNAs which can then be used in standard PCR
methods. This process for RNA aptamers means that a T7 promoter site would be required at the
5’ end of the sequence. ssDNA aptamers need only be amplified using standard PCR

protocols.>®*?

PCR is one of the core protocols that has made SELEX so successful. However, as with all steps
within the SELEX procedure, PCR must likewise be optimized. Numerous PCR protocols have
been established and can be applied as part of SELEX.***" However, some noteworthy differences
exist between applying PCR to amplify a homogenous oligonucleotide sample versus an
oligonucleotide library. Studies have shown that the PCR process for a homogenous
oligonucleotide sample ends when primers are used up. Oligonucleotide libraries on the other
hand, give rise to certain by-products that occur with primers still in excess. Optimizations applied
to prevent such by-product formation include using shorter sequences as well as modification of
primer design and location of primer hybridization sites. Furthermore, increased concentrations of
polymerase favour product formation over by-product formation.** Following regeneration of a

sizable high affinity oligonucleotide pool, the iterative process is applied.

1.12.4 Iterations and Sequencing

The iterative procedure employed within SELEX is what makes the technique such a powerful
tool for the isolation of high affinity aptamers for selected molecules. By executing consecutive
rounds of amplification and selection, the existing pool of oligonucleotides subsequently loses
diversity as it begins to converge on sequences critical for binding. Aptamers exhibiting high
affinity and specificity have been isolated from as few as 6 to as many as 20 or more rounds of
amplification and selection. The number of iterations required is fairly dependent on the type of
target as well as selection stringency.'® The end of SELEX is typically signalled when sequences
with higher affinity fail to be generated by additional rounds of amplification and selection. The

resultant sequences are then isolated and sequenced. It is quite common to find anywhere from 1



to 10° aptamer candidates for a selected target following SELEX.*’ It is also worth pointing out
that while SELEX has had an excellent track record of success, it does have its own shortcomings
which are not limited to aptamer biostability, cross reactivity, and by-product formation.**
Furthermore, highly stringent selection conditions or sub-optimal conditions in any of the criteria

listed previously could result in no identifiable aptamer for a selected target.

1.2 Advances in Aptamer Screening

1.2.1 Modifications to Oligonucleotide Libraries

Perhaps one of the most pressing matters with respect to oligonucleotide libraries is linked to the
length of sequences used. Aptamer screens rely on the ability of random oligonucleotide
sequences to fold up into a functional and/or catalytic 3 dimensional structures.*™*" It is tempting
to incorporate longer sequences within an oligonucleotide library as these sequences would
undoubtedly have higher chances of including a motif capable of binding a target. Unfortunately,
the amount of sequence space generated for lengthy oligonucleotides increases exponentially to
the point that saturating the sequence space of any oligo longer than 34 nucleotides long simply
becomes unfeasible if not due to solubility limits alone. Where longer sequences are required
though, the drawback becomes quite apparent; the method relies on isolating a high affinity
sequence which may not even be present in the library to begin with. Luckily, sequences
necessary for binding typically comprise only a fraction of the original sequence where high
affinity sequences as short as 11 nucleotides have been identified as in the case of the DNA
aptamer selected against the Lup an 1 Food Allergen.”® Longer sequences, such as the 154
nucleotides necessary for cleavage in the Neurospora VS RNA, have also been identified.*
Within such large domains however, key nucleotides have been identified as being critical for
catalysis™, further reinforcing the notion that long sequences are not a necessity for producing
highly selective, high affinity aptamers.

Another component of oligonucleotide libraries and aptamers as a whole include their biostability.
Numerous research studies have been devoted to isolating aptamers that are resistant to nuclease
degradation as this not only affects isolated aptamers, but the diversity of the oligonucleotide
library itself.>>>* To this respect, modifications can be applied to just about any part of the
nucleotide to increase its resistance to nucleases. Thioaptamers have been developed by
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modifications to the phosphate backbone in which a non-bridging oxygen is replaced by sulfur.>*
For RNA aptamers, modifications to ribose sugars which replace the 2° OH with less reactive
groups such as halogens, methyl, amine, or methoxy groups, all of which impart excellent
nuclease resistance.>**® Finally, perhaps less for the purpose of biostability, modifications to the
nucleobases can give rise to new functionality in selected aptamers. Substitutions to C-5 in
pyrimidines and C-8 in purines with aminoacyl motifs (such as arginyl, histidyl, lysyl,
phenylalanyl, tryptophanyl, leucyl, prolyl, glutaminyl, seryl, O-benzyl seryl or threonyl) can
easily alter affinity and specificity where some studies report having isolated such modified

aptamers against anionic targets.>*

1.2.2 Improvements in Selection Strategies

The partitioning of binding aptamer sequences from non-binding ones is absolutely essential to
the success of SELEX. Immobilization of targets on Sepharose or Agarose columns has been
standard procedure®™>’ but does present its own challenges. It is more than likely that large
oligonucleotide libraries contain some sequences that will inevitably bind to the column material
and/or linker regions of immobilized molecules. These sequences can be persistent and eventually
contaminate the pool with aptamers for an unintended target. To handle this issue, negative
selection procedures are now quite commonly employed wherein aptamers are exposed to
undesired targets at some selection steps. This allows for the separation of aptamers which bind
these undesired targets followed by their removal from the pool in subsequent wash-off

procedures.®*°

Another issue that has been brought to light more recently involves immobilized targets. It is
apparent that a target molecule attached by a linker region to a surface is unlikely to have all
surfaces accessible for binding interactions during the selection step.®® While this has by no means
been extremely detrimental, selection can be far more efficient when aptamers can probe the
entire surface of a target. A number of ways in which this has been achieved include first and
foremost, not using immobilization at all. Where a protein is the intended target, simply allowing
aptamer sequences and the target protein enough time to mix can allow for separation using
affinity chromatography protocols.*® One study has demonstrated such separation where proteins
and aptamer-protein complexes adhere to cyanogen bromide activated sepharose while free

10



aptamers do not.**® Magnetic beads have also been applied with similar intent of increasing

surface accessibility of the target.®

The most recent advances have incorporated several new methods within the SELEX procedure
and are not limited to Capillary Electrophoresis (CE), Mass Spectrometry (MS), Flow Cytometry
(FC) and Surface Plasmon Resonance (SPR).®%#® The SPR study is demonstrated in more detail

in Figure 1.4 shown below.
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Figure 1.4: A schematic for a SELEX protocol using Surface Plasmon Resonance for the

selection of an anti-hemagglutinin aptamer. Adapted from ref. 216
1.2.3 Improvements in Amplification

While PCR is one of the most critical steps in the SELEX process, it can also lead to undesired
products. Previously noted were the potential by-products that accumulate as a result of
performing PCR on DNA libraries. This is largely attributed to product-product and primer-
product hybridization.®® However, it is also quite possible that sequences following a selection
step fold into conformations that simply make their amplification rather difficult. This is

especially true of sequences exhibiting tandem repeats, documented to result in replication
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slippage.®® Despite these pitfalls, PCR has also come a long way with numerous enhancements
which include use of various organic additives (DMSO, glycerol, formamide and other low
molecular weight amides) and nanoparticles (TiO2, ZnO) which have shown to greatly improve
PCR specificity.?*"#® Such enhancements are becoming far more common within the SELEX
protocol. To address the formation of by-products, asymmetric PCR employed in some studies
seems to have partially alleviated the issue by greatly reducing the aforementioned PCR by-
products which could typically result in poor yield.®”® Other studies have scrutinized the effects
of primer design in PCR as well as suggesting that the target molecule may also be another key

factor in determining extent of by-product formation.”

1.2.4 Additional Considerations for Successful Aptamer Production

It is apparent that accounting for every sequence contained within an oligonucleotide library is
currently an impossibility. However, sometimes the solution to such a problem need not be so
complex. In light of all the advancements and refinements at every step of SELEX, simply starting
up the procedure from the beginning may be the simplest approach to isolating an aptamer where
one had initially failed to be identified. A potential binding candidate lost for whatever reason
may turn up in repeated trials and it would hardly be surprising given the sensitive nature of the

technique.

1.3 Applications of Aptamers

The field of aptamers has grown substantially since their initial discovery. The potential for
aptamers is virtually limitless and this has sparked interest on both the academic and commercial
forefronts. Major academic investigations seek to use aptamers in the development of novel
techniques.’® Perhaps one of the most heavily investigated areas involves the use of aptamers as
biosensors. More recently, their uses in nanotechology has also been investigated.”* However,
many studies of aptamers are undertaken to gain further insight into RNA in the early world.”*?
Commercial interest in aptamers lay mostly in therapeutic aspects. Aptamers can exhibit very high
affinity and specificity for targets making them ideal candidates for pharmaceuticals and drug

delivery.*>™
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1.3.1 Aptamers as Therapeutic Agents

Aptamers have demonstrated such profound versatility that their applications in therapeutics have
grown into a multi-million dollar industry.” With the ability to produce aptamers that bind to just
about any target molecule, the therapeutic potential was recognized relatively fast. Not more than
2 years after the discovery of aptamers, a variety of targets of high medical importance were

already being targeted.”* "

The development of aptamers with therapeutic properties relies on the ability of the aptamer to
bind its target and inhibit its function. The development process in the generation and isolation of
therapeutic aptamers is largely the same as with any other aptamer, following a standard SELEX
protocol. However, therapeutic aptamers are ultimately designed for activity in vivo which comes
with several new challenges. Biostability of aptamers must be improved for them to be effective
for in vivo applications. Several aptamer enhancements were already reviewed in section 1.2.1,
but beyond these small modifications, several new classes of aptamers have been developed
which now make them very viable in therapeutic applications. The development of Spiegelmers,
aptamer mirror images constructed almost entirely of L-nucleotides, provided sequences which
carry out the same function as aptamers, but with profound biostability.”” Spiegelmers can be
further modified in a similar manner to standard aptamers for even greater biostability, but already

show strong promise as therapeutic agents.”®™

The most recent advancement in aptamers includes their ability to be isolated based on kinetic
parameters. Slow off-rate modified aptamers (SOMAmers) have been isolated for thousands of
biologically relevant targets, many of which are human proteins, with affinities well into the
picomolar range, rivaling the affinity exhibited by some antibodies.?’ The key modifications that
make SOMAmers so effective are substitutions of hydrophobic components within the base. Here
the C-5 position in uracil is typically modified to include such groups as benzylaminocarbonyl,
naphthylmethylaminocarbonyl, tryptaminocarbonyl, and isobutylaminocarbonyl.?** SOMAmers
are able to more effectively form hydrophobic interactions with their target and are generally less
polar than standard aptamers.”®® This optimization has made them extremely valuable and

powerful tools in therapeutic applications.
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Table 1.1: Aptamers in the clinic (adapted from ref. 82)
AT NN (SR Composition Target Indication A
Name) Phase
2' O-methyl
UGS e>1/dac?tchuelﬁgl Age-related Approved in
Pegaptanib sodium/Macugen pyrimidine with two 9 PP
. . - growth macular the US and
(Pfizer/Eyetech) 2'-ribo purines factor degeneration EU
conjugated to 40 kDa (VEGF) g
PEG, 3'inverted dT
AS1411/AGRO001 (Antisoma) G-rich DNA Nucleolin | Acute myeloid Phase Il
leukaemia
2'-ribo purine/2'-
fluoro pyrimidine
REG1/RB006 plus RBOO7 (RBOOG)/40 kDa | Coagulation | " ereutaneous
o , coronary Phase II
(Regado Biosciences) PEG plus 2'-O- factor Ixa . .
. intervention
methyl antidote
(RB007)
DNA and 2'-O-
methyl with a single | Al domain Thrombotic
. phosphorothioate of Von microangiopathies
HRELYTE By linkage conjugated Willebrand and carotid artery Fes
to 20 KdA PEG, 3' factor disease
inverted dT
Cardiopulmonary
NU172 (ARCA biopharma) OB IE PN Thrombin SpTEES ED T Phase |
aptamer steady state of
anticoagulation
2'-ribo purine/2'-
fluoro pF))/rimidine Complemen Age-related
ARC1905 (Ophthotech) . t component macular Phase |
conjugated to 40 kDa 5 degeneration
PEG, 3'inverted dT g
DNA and 2'-O- Platelet- Age-related
methyl 5'-conjugated derived
E10030 (Ophthotech) t0 40 kDa PEG, 3' growth dengcel:ﬁ:on Phase |
inverted dT factor g
Multiple myeloma
NOX-A12 (NOXXON Pharma) L-RNA with 3'-PEG CXCL12 and non-Hodgkin's Phase |
lymphoma
Type 2 diabetes,
NOX-E36 (NOXXON Pharma) L-RNA with 3'-PEG CCL2 diabetic Phase |
nephropathy

Table 1.1 lists several aptamers currently in clinical trials as well as one aptamer approved for the
treatment of age-related macular degeneration, Macugen. With nearly thousands of other targets
of therapeutic interest being investigated, the list is far from being exhaustive, but it does outline
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how recent advances in the field have allowed for the production of highly viable therapeutic

aptamers.

1.3.2 Aptamers as Biosensors

A large part of bioanalytical chemistry is focused on identifying the presence of an analyte in
solution. Detection and quantification of analytes currently comes in a variety of forms.
Fluorescent, colorimetric, and more recently, electrical signals, have all been viable methods
applied within biosensing applications.***! Antibodies have always been the gold standard in
biosensing as they have very high affinity and specificity to their targets allowing for high
sensitivity. However, recent advances in aptamers have given rise to an ever increasing number of
biosensing applications in which aptamers are being substituted for antibodies.**® Aptamers are
slowly becoming an accepted standard due to their thermostability, biostability, ease of
manufacture, and target binding versatility. Aptamers are also able to target several small

P,?% K* 2 cocaine,™® and theophylline,* for which study by

molecules and ions such as AT
antibodies would not be feasible.””%% The property that makes aptamers so successful in
biosensing applications is their ability to undergo conformational changes with binding of their
targets.®® Nearly all biosensing applications utilize structural transitions that take place when
aptamers bind their targets to generate the signals needed for detection. For example, signalling by
fluorescence can be attained in numerous ways, two of which are outlined in Figure 1.5.
Typically, whole aptamers are made into molecular beacons, having both a fluorophore and
quencher. Binding of the target would then either result in increased fluorescence intensity or
quenching, dependent on the location of the fluorophore and quencher as well as the extent of
conformational changes that take place.’”*° Colorimetric biosensing with aptamers in the simplest
case uses weakly binding dye molecules that are displaced in the presence of a higher affinity
target such as cocaine.'® Several other investigations have made use of scaffolds such as gold
nanoparticles and electrodes for highly sensitive colorimetric and electrical biosensing. %%
Without a doubt, aptamers for biosensing purposes are plentiful. However, even with such an

abundance of studies, the binding mechanisms utilized by many aptamers are ill-understood.
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(a)

(b)

Figure 1.5: Fluorescence detection of a target molecule (F = fluorophore, Q = quencher, L =
target). (a) A target molecule binds and induces conformational changes allowing hybridization of
a “split” aptamer resulting in quenching of fluorescence. (b) An aptamer is bound by a short
complimentary sequence which dissociates with binding of the target molecule generating a

fluorescence signal. (Adapted from ref. 91)
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1.3.3 Nature’s Aptamers: Riboswitches

While aptamers appear to be purely the output of an experimental procedure, research conducted
in the early 2000s revealed that nature also had its very own set of aptamers. Conserved sequences
in the 5 untranslated region (UTR) of some prokaryotic mMRNAs were discovered to be critical
regulatory elements. These sequences are capable of folding into a variety of complex structures
that could interact with small molecules and in doing so, exert regulatory control over downstream
regions.’®*%” They were termed riboswitches to indicate their ability to exert a level of
transcriptional and translational control in the presence of a small molecule metabolite. This
implies that riboswitches utilize sequences very much similar to those developed in vitro, which
undergo conformational changes with target binding. Such a case was observed for the
Escherichia coli btuB mRNA, which operates as a metabolite-sensing genetic switch capable of
inhibiting ribosome binding.'®® With some 5°-UTRs as long as 4500 nucleotides (invertebrates),
200 on average for humans and other diverse taxonomic classes,'® binding of a metabolite can
induce significant conformational changes at a distance, resulting in the observed regulation.
More recent research makes it more evident that many organisms are likely to use riboswitches as
regulatory elements encoded in the 5’-UTR. The 3°-UTR is also known to contain such regulatory
elements where quite recently, the human riboswitch VEGFA, a metabolite-independent

riboswitch, has been identified.!*

While our understanding of riboswitches is still quite limited,
they may be one of the missing links that reinforces the notion of an early RNA world wherein

structurally diverse RNAs were highly functional molecules.

1.4 The Cocaine-Binding Aptamer

1.4.1 Sequence and Structural Characteristics

The cocaine-binding aptamer is a DNA aptamer consisting of 3 stems built around a 3-way
junction. The aptamer was selected using standard SELEX with cocaine as the target molecule.*™
The initially selected aptamer (MNS4.1) consists of 38 nucleotides, a majority of which are
involved in Watson-Crick base pairing. That aptamer also contains 5 non-canonical base pairs, 3
G-A Dbase pairs nearer the end of stem 1 and G-A and G-T base pairs in stem 3 (Figure 1.6). The
ligand binding site is hypothesized to be at the 3 way junction. It was proposed that the aptamer

exists in a partially folded state with stems 1 and 2 being mostly folded while stem 3 folds upon
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binding of cocaine. This unfolded to folded transition is illustrated in Figure 1.7. Finally, the

aptamer was selected to have selectivity for cocaine over its metabolites benzoylecgonine and

ecgonine methyl ester.***112
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Figure 1.6: Secondary structure of the originally selected cocaine-binding aptamer (MNS4.1)
based on mutation analysis. (Adapted from ref. 112)
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Figure 1.7: Binding mechanism proposed for the cocaine-binding aptamer. Stems 1 and 2 are
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shows the binding site of cocaine. (Adapted from ref. 100)
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1.4.2 Why an Aptamer for Cocaine?

The cocaine-binding aptamer was initially selected for the purposes of demonstrating that aptamer
subunits would be able to assemble in the presence of cocaine. “Split” aptamers of this nature
have been reported to retain selectivity and affinity for their targets."*> SELEX normally outputs
an aptamer that consists of a single oligonucleotide chain which can contain fairly complex
architecture (very common for long RNAs) connected by several loop segments. Studies on
aptamers selected against thrombin and mammalian initiation factor 4A demonstrated that these
aptamers not only contain multiple loop segments, but that these loop segments may also play a
critical role in target affinity and specificity.?>** DNA aptamers with multiple stems also appear
to be fairly common and have been selected to bind many different targets.’* The work of
Stojanovic et al. demonstrated that by splitting the cocaine-binding aptamer at the stem loops,
such as those seen at the ends of stems 2 and 3 (Figure 1.6), the aptamer would assemble in the
presence of cocaine and bind with a dissociation constant (Kq) of approximately 5 uM."** While
the result reinforced previous findings, it also laid the groundwork for converting the aptamer into
a fluorescent sensor for cocaine. A reason for using cocaine as the target molecule for this study
was not specified. However, several points have made it a good candidate. Prior to the reported
research, an anti-cocaine aptamer had not yet been isolated. Furthermore, cocaine is well-
researched in nearly all respects, from its origin to its uses in medicine. Finally, cocaine also
comes with a long history of use and abuse. With cocaine seizures amounting to nearly $137 M

alone within Canada in 2013, a means for its easy and fast detection may be in high demand.*****

1.4.3 A Brief History of Cocaine Biosensing

Since selection of the cocaine-binding aptamer in 2000, at least 70 independent biosensing studies
have been conducted where fluorescence, colorimetric, or electrical signaling were used to detect
the presence of cocaine in solution. In 2001, Stojanovic et al. used their initial findings to produce
a variant of the cocaine-binding aptamer, F7.9D (Figure 1.8) which contained both a fluorophore
attached at the 5’ terminal and quencher attached at the 3’ terminal. In the absence of cocaine,
relatively high fluorescence was observed. On addition of cocaine, quenching of the fluorescence

signal occurred, indicating that folding of the aptamer had taken place. The study demonstrated
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that a ligand-induced stem closure mechanism could be engineered into the aptamer and allows

the use of fluorescence as a means of detection of cocaine.'?

F7.9D A Stem3

A G

\ ]

G@T

| |

T—A

||

G®A

-

/ \

Stem 1 ,-'G\ /T“‘*T
N _C—AL/ ‘”‘c\

F-— \ /A/ An, / e Stem 2

Figure 1.8: A modified cocaine-binding aptamer variant (F7.9D) where stem 1 has been
shortened to 3 base pairs and includes a fluorophore (F) at the 5 and quencher (Q) at the 3°.
(Adapted from ref. 112)

In 2002, Stojanovic and Landry demonstrated that the cocaine-binding aptamer could be used in
the colorimetric detection of cocaine, a first for colorimetric biosensing. After screening several
dye molecules for affinity to the aptamer, a weakly binding cyanine dye was shown to be
displaced by the presence of cocaine giving rise to detectable intensity changes in the visible
spectrum.’® The study used the originally selected MNS4.1 aptamer and did not require any
modifications. Although dye molecules were screened after the aptamer was produced, the
findings presented in this work suggest that it might very well be possible to perform SELEX for
aptamers which have affinity to both a target of interest and molecules which can be used for

colorimetric signals.
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A 2006 study by Baker et al. used a previously described scaffold known as an aptamer-based
sensing platform, termed “E-AB” sensor, for the rapid detection of cocaine in a number of
samples varying greatly in degree of purity. The F7.9D sequence was used with a linker at the 5’
end for mounting to a small gold electrode and redox tag at the 3’ end. Detectable electrical
changes were observed when the aptamer was exposed to cocaine, attributed to folding of the
aptamer due to binding. Results also showed the detectability of cocaine in blood serum and saliva
using the E-AB sensor.'® However, use of the cocaine-binding aptamer to detect cocaine present
in serum for the purposes of criminal investigation might not be very feasible. With cocaine half-
life at just 90 minutes in serum, the average dose of 250 mg™’ would be no longer detectable by
means of an E-AB sensor in just 6 hours. In this case, an aptamer selective for cocaine metabolites

117

(having much longer half-lives)™" might be more effective.

Another 2006 study conducted by Liu and Lu made use of gold nanoparticles and aptamers to
demonstrate colorimetric sensing of target molecules in solution. Their initial design used an
adenosine aptamer and linker regions on the gold nanoparticles which allowed them to aggregate.
In the presence of adenosine, the aggregates would disassemble, giving rise to a detectable change
in the visible spectrum. The same design was extended to use the cocaine-binding aptamer with
nearly identical results. Changes within the secondary structure of the aptamer would result in the
disassembly of the aggregates. Having a detection limit at roughly 50 uM cocaine,™® the method
is not as sensitive as some of those outlined previously. It did however, allow for the rapid
detection of cocaine, and much like the E-AB sensor, provided a generalizable scaffold with
which just about any aptamer-target pair can be implemented.

In 2010, Yan et al. managed to greatly improve detection limits by using a chemiluminescence
(CL) immunosensing platform. Using the adenosine and cocaine-binding aptamers, they were able
to make use of magnetic beads and CL detection tools to verify the presence of cocaine with a
detection limit in the range of 5 nM. Their technique also allowed simultaneous detection of
several target molecules,*® a huge advantage when thoughts of multi-drug screening come to
mind. Perhaps the detection time was not the strongest aspect of the study, but as with other

reports, the generalizability of the platform makes it an extremely versatile technique.

One study that seems to have improved on both detection limit and detection times was conducted

by Kawano et al. also in 2010. Using nanopore amperometry and a split cocaine-binding aptamer
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where one fragment contained a native sequence followed by a trail of 30 cytosines,
concentrations of cocaine around 5 uM could be detected in approximately 60 seconds. Most
conventional drug test kits have detection limits on this order of magnitude. Higher cocaine
concentrations were detectable in shorter time periods, but all on the order of seconds.*® Perhaps
the greatest advantage of this method is not so much the major improvements in detection time,
but the fact that no modifications had to be made to the aptamer itself. Although the native
sequence may have been modified, no tags or linkers of any type had to be attached to the aptamer
to allow for cocaine detection, making the whole platform a very viable approach at rapid and

efficient detection of cocaine.

A more recent study completed in 2013 by Sheng et al.**

reported detection of some of the lowest
concentrations of cocaine to date. Using a 3-dimensional DNA nanostructure which incorporated
the cocaine-binding aptamer, binding of cocaine altered the original pyramidal shape of the
structure allowing a surface dependent redox reaction to take place. With the whole structure
mounted to the surface of a gold electrode, an electrochemical signal was able to easily
distinguish between the different structural states in a variety of different solutions, including
serum. Accurate detection was performed on the order of 1 hour and the sensor was regenerated in
approximately 3 hours. The limit of detection was calculated to be at a cocaine concentration of
approximately 210 pM.'?' While the method requires tagging of DNA strands and a rather
complex DNA architecture, the ultra-sensitivity is a substantial payoff. Such high sensitivity could
allow for the detection of an average cocaine dose beyond 24 hours from serum. The outlined
protocol in this study can also be generalized to function for just about any aptamer so long as
sequence lengths are appropriate. If such high sensitivity is retained for a variety of aptamer-target
pairs, an anti-benzoylecgonine aptamer could provide accurate detection of benzoylecgonine in

urine samples up to 10 days beyond an average dose.*??

It is quite evident that cocaine detection is becoming increasingly more efficient and accurate. The
cocaine-binding aptamer itself has remained rather constant, but its application in so many
different biosensing methods demonstrates how versatile the aptamer truly is. In essence,
advancements in biosensing techniques have allowed for the use of the cocaine-bonding aptamer

in novel ways that have led to more efficient detection. With many such biosensing techniques
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being generalized, aptamers as a whole show great promise as powerful biosensors for a wide

array of drug molecules.

1.4.4 Beyond Biosensing

While the cocaine-binding aptamer has its uses in drug detection and drug related research,
numerous studies have been devoted to better understanding features of the aptamer itself as well
as how the interaction with cocaine is established. Stem length, nucleotide positions, stem folding,
strength of intermolecular forces, and secondary and tertiary structure are all highly important
aspects that play a role in the affinity of the aptamer to cocaine.***?” Though a crystal structure
has not yet been solved, a lot of structural information about the aptamer is known. The works of
Stojanovic et al. revealed that the aptamer undergoes structural changes when binding cocaine.®"
112 This finding may very well be one of the leading causes for the surge in biosensing
applications utilizing the cocaine-binding aptamer. Studies of cross-reactive arrays utilizing the
cocaine-binding aptamer illustrated that the 3-way junction structure in itself is a powerful tool
capable of distinguishing between various target molecules depending on the identity of
nucleotides at the junction. This finding has its place in biosensing applications, but also revealed
that specificity of the cocaine-binding aptamer can be altered with some variants binding steroid

molecules as a result of a single nucleotide change at the binding site.**?’

Research by Cekan et al. focused specifically on structural aspects of the cocaine-binding
aptamer. Results showed that the aptamer has stems 2 and 3 stacked coaxially with stem 1 being
unfolded and quite mobile in the absence of cocaine. Upon binding, the 3 way junction is formed
(Figure 1.9).*°
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Figure 1.9: A variant of the cocaine-binding aptamer undergoes structural changes when binding

cocaine. Cocaine binding drives the formation of the 3-way junction (adapted from ref. 125)

The proposed stem arrangements for the aptamer in the absence of cocaine shown in Figure 1.9
are not that unusual. Much research has shown that catalytic RNAs (ribozymes) contain coaxially

128 \While the existence of

arranged stems and bulges which are critical for their functionality.
naturally occurring catalytic DNAs remains under question, it is not surprising that high affinity
DNA aptamers contain at least some of the basic secondary structure elements found in catalytic
RNAs. Under the induced fit mechanism, flexible regions within macromolecules are fairly
crucial aspects in target binding. In light of all the research related to the cocaine-binding aptamer
as well as aptamers in general, conformational changes such as folding may be a major driving

force in target binding.

1.5 Essential Goals for this Research

Aptamers as a whole could be considered a gateway to studying the origin of life. The cocaine-
binding aptamer is only one of the many aptamers developed to bind a target and it may seem
futile to make any generalized statements about the behaviour of all oligonucleotides on account
of just one. However, findings related to the cocaine-binding aptamer are nonetheless relevant and
may certainly extend to at least multi-way junction structures. The natural evolution of
oligonucleotides is a process which is postulated to have taken billions of years** and now
studying this evolution process can be done in a matter of hours in the laboratory. This is certainly
not to say that modern day RNA and DNA is an accurate representation of what may have existed
eons ago. In fact, it is postulated that early RNA may have had a very different molecular
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arrangement, especially bases, which might have included a variety of adducts.
recognize that the structural and functional possibilities for early RNAs and oligos that followed
were nearly limitless and that the cocaine-binding aptamer is simply a platform used to study the
behaviour of a unique group contained within. Perhaps by understanding that catalytic
oligonucleotides of the early world may have looked and functioned in ways completely foreign
to what we know today, are we able to expand our horizons and bring to life new and creative
methodologies that may just by chance, reveal a clue that steers investigators in the right direction.

It is with much hope that the research outlined in this dissertation, having studied both aptamer
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structure and thermodynamics of target binding, finds its use in practical applications of aptamers

as well as development of aptamers by rational design.
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2 Defining a Stem Length-Dependent Binding
Mechanism for the Cocaine-Binding Aptamer

All of the content reported within this chapter has been published in the article listed below.**
Results presented are from experiments conducted during my undergraduate research project,
however data analysis and the discussion reported here are all part of my graduate work.

Information on contributing authors is provided in the corresponding section.

= Neves M.A., Reinstein O., Johnson P.E. (2010) Defining a stem length-dependent binding
mechanism for the cocaine-binding aptamer. A combined NMR and calorimetry study,
Biochemistry 49 (39), 8478-8487.

2.1 Introduction

The content contained within this section pertains to structural elements of the cocaine-binding
aptamer established purely by corresponding authors prior to my partaking in this research
project. It is included here in order to explain the origin of the modified secondary structure of the

aptamer used in figures to follow.

2.1.1 The Adaptive Binding Model

For many aptamers studied, particularly RNA aptamers, an adaptive binding mechanism has been
proposed™2**In this mechanism, the free state of the aptamer or region of an aptamer exists in
an unfolded or partially unfolded state, with the active state, or ligand-binding conformation,
being just one of the many structures present in solution. In the presence of the correct ligand, the
functional conformations in the unbound state bind the ligand. This shifts the equilibrium to
include more active states, which then go on to bind more ligand. This adaptive binding
mechanism has been observed in the purine riboswitch™*®. However, the generality of an adaptive
binding mechanism in nucleic acid-small molecule interactions is unknown. For example, the
lysine riboswitch regulatory element appears to present a prefolded structure, showing little

conformation change with ligand binding®®’.

It was proposed that the cocaine-binding aptamer utilizes the adaptive binding mechanism as

illustrated in Figures 1.6 and 1.8. Although a substantial amount of research suggests that the
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aptamer does indeed utilize an adaptive binding model*®1%

, evidence from a thermodynamic
standpoint has not been provided. Additionally, much of the evidence comes from methods used
to observed structural changes, but NMR spectroscopy, a method refined for structural analysis

has not been conducted to further support these findings.

2.1.2 An NMR-Based Secondary Structure for the Cocaine-Binding Aptamer

Initial NMR spectroscopy studies on the cocaine-binding aptamer began with the MN1 (Figure
2.1) variant which excluded the terminal GA originally found in stem 1. These two nucleotides,
making up the 5’ and 3’ termini, were presumed to be unpaired as they constitute a non-Watson-
Crick base pair. Their flexibility would make them difficult to detect by NMR. Additionally, it
was hypothesized that the absence of these two nucleotides would not adversely affect the binding

ability of the aptamer as variants with stem 1 truncated are reported to retain high affinity for

cocaine.'?
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Figure 2.1: Assumed secondary structure of the MN1 aptamer prior to 2D NMR analysis.

The 1D *H-NMR spectrum of MN1 was initially promising as it showed roughly the expected
number of resonances for a molecule with 14 base pairs (Figure 2.2). This indicated that all three
stems are fully formed in MN1 even in the absence of ligand. However, spectra of 2D NMR

experiments on MN1 were uniformly very poor, with few cross-peaks visible. Upon the addition
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of cocaine, many resonances in MN1 change chemical shift and the peaks become sharper, but
roughly the same number of resonances are observed. The 2D NMR experiments of cocaine-
bound MN1 were still poor, and only partial assignments of the cocaine-bound conformation were
obtained (Figure 2.2).

MN1 89,610

0.4:1

145 140 135 13.0 12I.5 15.{) 1.5 1.0 105 100 9.5

'H (ppm)
Figure 2.2: Cocaine binding by the MN1 aptamer monitored by 1D *H-NMR. Shown is the
region of the NMR spectrum focusing on the imino resonances as a function of increasing cocaine
concentration. Only partial imino assignments are provided. The spectrum was acquired in 90%

H,0/10% D,0 at 5 °C. The molar ratios of cocaine:aptamer are indicated.
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In an attempt to rectify quality issues with 2D NMR spectra obtained for MN1, the MN4 aptamer
was produced in which 3 of 4 non-canonical base pairs were converted to Watson-Crick base pairs

(Figure 2.3). The GA pair nearest the 3-way junction was not changed.
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Figure 2.3: Assumed secondary structure of the MN4 aptamer prior to 2D NMR analysis.

In the cocaine-free conformation, the imino region of the *H-NMR spectrum of MN4, like MN1,
contained the expected number of peaks for the number of base pairs, but the peaks in MN4 were
much sharper than for free MN1. With cocaine binding, a number of peaks changed chemical shift

and the sharpness of the peaks from MN4 increased further (Figure 2.4).

Assignments of the imino resonances in the unbound and cocaine-bound MN4 aptamer were
readily obtained from 2D NOESY spectra of the aptamer in water (Figure 2.5). Complete
assignments of the imino resonances of cocaine-bound MN4 were obtained with the exception of
G1. The resonance from GL1 is likely not present due to stem breathing motions as G1 is in the
first base pair and is found at the base of stem 1. The three stems of MN4 each show a series of
NOEs connecting adjacent base pairs but no inter stem NOEs are observed, suggesting that there
are no base stacking interactions or close contact between base pairs across the junction.
Additionally, in the cocaine-free spectrum of MN4, the imino resonance of T19 is not observed

but is seen in the bound spectrum as the most downfield resonance.
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Figure 2.4: Cocaine binding by the MN4 aptamer monitored by 1D 'H-NMR. All imino

assignments are indicated. The spectrum was acquired in 90% H,0/10% D,0 at 5 °C. The molar

ratios of cocaine:aptamer are indicated.
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Figure 2.5: Imino proton assignments. (a) Imino-imino region of the 2D NOESY (1, = 200 ms)
of cocaine bound MN4 in H,O/D,0O (90%/10%) recorded at 5 °C. (b) Proposed secondary
structure of the MN4. Nucleotides are color coded according to their location in the structure and
correspond to the assignments provided in (a).
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One feature immediately apparent in the imino region of the spectrum of the MN4 aptamer
(Figure 2.4) is the presence of one weak and two strong upfield signals around 10.5 ppm. The
weak peak is assigned to G24 in the triloop of stem 3. The two strong resonances show an NOE
between them in the 2D NOESY spectrum. The upfield nature of these imino resonances indicates
they do not arise from standard Watson-Crick base pairs but are in a chemical shift range typical
for sheared GA base pairs.**"*** From the original secondary structure prediction (Figure 2.3) it is
expected that one imino peak is from a GA base pair and the most likely conclusion is that there
are two adjacent GA base pairs in MN4 as shown in Figure 2.5b. Consistent with the proposed
secondary structure for the cocaine-binding aptamer, the 1D *H-NMR spectrum of the imino
region of a construct (WC), where all of the non-Watson-Crick base pairs in the original
secondary structure were changed to be Watson-Crick base pairs, still shows the presence of a GA
base pair in addition to the signal from G24 (Figure 2.7). Additional NMR based support for the
presence of a sheared GA base pair (Figure 2.6b) is the observation of an NOE between the imino
proton of G29 and the H8 proton of A21.

(a)

peCamse

(b) Y
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N
fﬂi .
H fo ‘:l.
;]
Figure 2.6: (a) GA base pair using Watson-Crick edge. (b) Sheared GA base pair arrangement

utilizing Hoogsteen/sugar edge. Obtained from ref. 225
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Figure 2.7: (a) 1D 'H-NMR spectra showing the imino region of the WC construct and
comparing it to that of the MN4 and MN1 constructs. All spectra are of the unbound aptamers.
Boxed in the spectrum of WC is the region showing a GA base pair as well as the signal from
G24. (b) Secondary structure of the cocaine-binding aptamer construct “WC” drawn in the
previously proposed secondary structure configuration and (c) in the configuration presented here.
Observation in (a) of the NMR signal of the GA base pair in the WC construct is only consistent

with the secondary structure presented in (c).
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2.2 Results
2.2.1 ITC-Derived Thermodynamics of Binding

Isothermal titration calorimetry was used to quantify the ligand binding affinity and
thermodynamics of the cocaine-binding aptamer and a set of sequence variants (Figure 2.8). Table
2.1 summarizes the results of the thermodynamic analysis. Two sets of aptamers were analyzed,
those with a long (6 base pairs) stem 1, MN1 and MN4, and those with a truncated (3 base pairs)
stem 1, MN6 and MN19. Both sets of aptamers bind cocaine. The aptamers with a full-length
stem 1 have tighter binding. In both pairs of aptamers, the change of a GT base pair to a GC base
pair in stem 3 results in significantly tighter binding. For all aptamers, binding is enthalpically

driven and entropically unfavorable under all of the conditions studied.

Table 2.1: Dissociation constant and thermodynamic parameters of cocaine binding for
selected aptamer variants
Aptamer Kg (uM) AH (kcal mol™) -TAS (kcal mol™)
MN1 9.15+ 0.09 -28.1+0.7 21.1+£0.7
MN4 7+1 -145+0.4 7.6+0.5
MNG6 453+ 0.5 -22.3+1.6 165+ 1.6
MN19 26.7+0.7 -23.9+0.9 17.7+0.9

The AC, for cocaine binding by MN4 was determined by measuring the enthalpy of binding at
different temperatures over a temperature range of 10 - 50 °C (Figure 2.9). A complete table of
AH and calculated AC, values for all ITC experiments for MN4 is provided in Table 2.2. From a
fit of the MN4 data to an equation that accounts for a temperature-dependent heat capacity
change, AC, was determined to be -558.8 cal mol™* K™. Additionally, the value of Ag, was
determined to be 0.251 cal mol™ K2, and AH was determined to be -19.4 kcal mol™. As the Ag,
value is small, it is possible to use a linear approximation to determine the value of ACp which
was found to be to be (-557 + 29) cal mol™ K™ and AH to be (-19 + 1) kcal mol™.

For MNG, the measured enthalpy data from 5 to 25 °C results from two effects: (1) binding of
ligand and (2) folding of the aptamer. At low temperatures (5 - 15 °C) folding of the aptamer is
complete, and these effects result in a near linear fit of the enthalpy to the heat capacity equations
to result in a AC, of -918.6 cal mol™ K™, a value of Ag, of 1.6 cal mol* K? and AH was
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determined to be -33.4 kcal mol™. Similar to MN4, the value of Agp for MNG is very small. When

the data were fit to the linear approximation, the value of AC, is determined to be
(-922 + 51) cal mol™ K™ and AH® to be (-30 + 2) kcal mol™. At temperatures above 15° C,
binding of ligand does not result in 100% folding of the aptamer. As temperature rises, an
increasing percentage of the aptamer remains unfolded in the presence of ligand. This means less
of the enthalpy of folding is added to the enthalpy of binding, resulting in a trend to larger (less
negative) enthalpy values at temperatures over 15 °C. Consequently, the data acquired at 20 and
25 °C were not used in the data fitting to determine AC,. A table of AH and calculated AC, values
for all ITC experiments for MNG is provided in Table 2.3.
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Figure 2.8: Secondary structure of the MN1, MN4, MNG6, and MN19 aptamers drawn using the

newly proposed secondary structure that includes the tandem GA mismatch.



calorimetry.®

Table 2.2: Temperature dependence of the binding enthalpy and the calculated change in
heat capacity by the MN4 cocaine-binding aptamer as determined by isothermal titration

Temperature (°C) AH (kcal mol™) AC, (kcal mol™ K™)
10.023 -126+0.4 -560
10.017 -12.1+£0.8 -560
10.199 -12.7+0.2 -560
15.014 -11.7+£0.2 -560
15.015 -12.1 £0.3 -560
20.016 -14.7+£0.4 -560
20.029 -148+0.4 -560
25.015 -19.9+05 -560
30.049 -22.1+£15 -560
30.029 -22.1+£2.7 -560
37.026 2715275 -560
37.01 -25.8+1.8 -560
40.02 -29.9+2.6 -560
40.036 -29.4+£9.2 -560
50.121 -31.7+14.9 -550
50.124 -325+£7.0 -550

Table 2.3: Temperature dependence of the binding enthalpy and the calculated change in
heat capacity by the MNG6 cocaine-binding aptamer as determined by isothermal titration
calorimetry.® Data in bold were used in the fit to determine AC,,.

Temperature (°C) AH (kcal mol™) AC, (kcal mol* K™)
5.252 -12.1+0.6 -950
7.516 -146 £ 0.3 -950
10.012 -16.3+0.3 -940
10.011 -16.8+0.5 -940
12.513 -18.2+1.4 -940
12.516 -18.1+0.6 -940
15.175 -21.2+0.7 -930
15.012 -21.4+05 -930
20.173 -234+1.2 -930
20.051 -22.1+15 -930
20.012 21.2+1.4 -930
25.021 -6.9+0.9 -920
25.008 -94+1.2 -920

®Data acquired in 20 mM TRIS (pH 7.4), 140 mM NaCl, 5 mM KCI (Buffer A). The error range

reported is the standard measurement of error.
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Figure 2.9: Temperature dependence of the enthalpy of cocaine binding for the MN4 and MN6
aptamers derived by ITC. The data values are shown as filled circles while the fit of the data to an
equation that accounts for a temperature-dependent heat capacity change is the solid line. For
MNB, only the low-temperature region where effects of aptamer unfolding do not contribute to the

enthalpy was used in the fit (inset). Binding experiments were performed in Buffer A.

2.2.2 Folding Studied by NMR

For the two aptamers with the truncated stem 1, MN6 and MN19, the NMR spectrum of the free
aptamer showed only a few very weak and very broad peaks in the imino region (Figures 2.9 and
2.10). The spectra of the free MN6 and MN19 aptamers are indicative of very little to no
secondary structure being present. With the addition of cocaine, the 1D *H-NMR spectra of MN6
and MN19 dramatically change as numerous sharp peaks appear as the aptamer folds into a well-
defined structure. The number of peaks in the bound spectrum of each aptamer is consistent with
the number of base pairs expected in the secondary structure of the aptamers as shown in Figure
2.10.
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Figure 2.10: Cocaine binding by the MN6 aptamer monitored by 1D *H-NMR. Shown is the

region of the NMR spectrum focusing on the imino resonances as a function of increasing cocaine
concentration. Spectra were acquired in 90% H,0/10% D,O at 5 °C. The molar ratios of

cocaine:aptamer are indicated.
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Figure 2.11: Cocaine-binding by the MN19 aptamer monitored by 1D *H-NMR. Shown is the
region of the NMR spectrum focusing on the imino resonances as a function of increasing cocaine
concentration. Spectra were acquired in 90% H,0/10% D,O at 5 °C. The molar ratios of

cocaine:aptamer are indicated.
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2.3 Discussion

2.3.1 Summary of Initial Results

A primary goal of this research on the cocaine-binding aptamer is to define the structure of the
complex using NMR methods. While initial NMR studies on MNL1 yielded only very poor quality
spectra, substantial improvements were seen in spectra of MN4 where non-canonical base pairs
were substituted for Watson-Crick base pairs. This substitution also led to a very slight increase in
binding affinity suggesting that the nucleotides at substituted positions are not critical for ligand
binding. Additionally, both the MN1 and MN4 aptamers have an enthalpically driven binding
mechanism compensated by unfavourable binding entropy; this likely reflects a similar binding
mechanism takes place for both aptamers. Similar changes were made in the aptamers with a
truncated stem 1, changing the GT non-canonical base pair in stem 3 in MNG6 to be a Watson-
Crick GC in MN19. This single change significantly increased the affinity of the aptamer for
cocaine and demonstrates the importance of having a Watson-Crick base pair at this position to

achieve maximal affinity, affinity higher than the originally selected aptamer.

2.3.2 Secondary Structure of the Cocaine-Binding Aptamer

On the basis of the NMR assignments of MN4, a new secondary structure is proposed for the
cocaine-binding aptamer that contains adjacent GA base pairs. Additional evidence for this
arrangement comes from a construct where all of the non-canonical base pairs present in the
originally proposed secondary structure were substituted so as to form Watson-Crick base pairs.
In the imino spectrum of this aptamer, two upfield peaks are observed. One due to the G24 in the
triloop of stem 3 and a single GA imino peak. The incorporation of a tandem GA into the cocaine-
binding aptamer secondary structure is readily accomplished by having the nucleotides T19 and
C20 in a bulge. This dinucleotide bulge is consistent with T19 only being observable in the
presence of cocaine. Presumably, T19 directly contacts cocaine in the complex in such a way as to
result in the imino proton of T19 being protected from exchange and becoming visible or the T19
imino proton becomes involved in a new interaction, such as a base triple, within the aptamer. The
proposed arrangement containing tandem GA mismatches is a stable and common motif in DNA
structures*****. The tandem GA mismatch has been shown to be the most stable tandem DNA

mismatch in the context of having a 5’-C and a 3’-G and, in fact, is more stable in this sequence
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context than the corresponding Watson-Crick AT base pairs'*®. Tandem GA base pairs have been
identified in eukaryotic centromeric DNA sequences and have been extensively structurally
studied™*®142147148 1 3 crystal structure of a tandem GA pair, the mismatch caused the B-form
helix to kink toward the major groove side and extensive interstrand base stacking was observed
at the GA mismatch™*’. In the cocaine-binding aptamer, the tandem GA mismatch likely imparts a

conformation in the DNA structure required for ligand binding.

2.3.3 A Stem Length-Dependent Binding Mechanism

The binding mechanism employed by the cocaine-binding aptamer depends on the length of stem
1. When stem 1 is short (3 base pairs), the aptamer employs an adaptive binding mechanism and
transitions from an unfolded to a folded structure with ligand binding. Alternately, when stem 1 is
long (6 base pairs), the secondary structure of the aptamer is preformed and ligand binding
induces very little change in secondary structure (Figure 2.12). Presented in this research is both

NMR and ITC data to support this stem length dependent binding mechanism.
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Figure 2.12: Proposed structural changes with ligand binding for the cocaine-binding aptamers
with different lengths of stem 1. Aptamers with a long stem 1 (MN1, MN4) undergo tertiary
structural changes only with ligand binding. When stem 1 is truncated (MN6, MN19) the aptamer
is unfolded when unbound. The secondary structure is established with ligand binding as the
aptamer begins to fold.
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2.3.3.1  Evidence from Structural Analysis

The NMR spectra of the cocaine-binding aptamer and variants indicate a binding mechanism that
is highly dependent on the length of stem 1. For MN1 and MN4 the free aptamer contains the
correct number of imino peaks for its secondary structure to be fully formed in the unbound state.
Upon addition of ligand, the peaks in the NMR spectrum of both MN1 andMN4 sharpen and
become more intense. However, only one new peak appears in the bound form of the aptamer that
is not observed in the free form, that of T19. In contrast, for both MN6 and MN19, the *H-NMR
spectrum in the absence of ligand indicates these aptamers contain only a small amount of
secondary structure, two or three base pairs being present at most. Upon addition of ligand, the
NMR spectrum dramatically changes with numerous narrow peaks from the bound form of the
aptamer appearing. These changes indicate the aptamer folds with binding and it is noted that the
number of peaks observed for the bound MN6 and MN19 is consistent with their proposed

secondary structure.
2.3.3.2 Evidence from Thermodynamics

Additional evidence in support of the stem length-dependent binding mechanism being followed
by the cocaine-binding aptamer comes from measurements of the change in heat capacity with
ligand binding. For MN4, AC, was determined to be (-557 + 29) cal mol™ K™. In contrast, binding
data for MNG resulted in the determination of (-922 + 51) cal mol™ K™ for the AC, Measuring the
AC, value is useful as this parameter is related to the change in polar and apolar surface area
between the free ligand, macromolecule, and binary complex'*°. For MN6, the more negative
value of AC, indicates a significantly larger amount of nonpolar surface area is buried than is seen
with MN4 binding. This observation is consistent with a binding mechanism that involves folding
of the macromolecule concurrent with ligand binding. If no structural change in the aptamer
occurs with binding, the AC, value will reflect the extent of burial from solvent of the ligand. If
cocaine is completely buried, a maximum negative value of (-132.1 + 21.0) cal mol™ K™ for AC,
is predicted. The difference in AC, between experimental values for MN4, MNG6 and that of
complete burial of cocaine is attributed to structural changes in the aptamer upon binding. For
MN4, NMR data suggests little to no secondary structure change occurs with binding. Therefore,
the structural change suggested by the AC, value likely reflects tertiary structure compaction.
Such changes would be consistent with the improved NMR spectral quality of the bound versus

42



the free aptamers. For MNG6 the AC, of secondary structure formation is coupled to binding and
gives rise to the much larger measured value. Similar differences between the measured AC, and
the expected AC, based on change in polar and apolar surface area have been previously observed

in both small molecule-RNA and small molecule-DNA interaction®>*1%3,

The experimental values of AC, for MN4 and MNG6 lie in the high range reported for these other
nucleic acid-small molecule systems. The previously most negative AC, value was -0.81 kcal
mol™ K™ for the purine riboswitch aptamer domain,**® while the least negative was -116  cal mol

'K for the L-argininamide- binding DNA aptamer.’®

While the value of AC, arises from
numerous factors, it is likely that the larger negative magnitude of AC, tracks the amount of
structural change with ligand binding for these systems. Some of the applications of the cocaine-
binding aptamer rely on an aptamer with the MNG6 sequence transitioning from an unfolded to
folded structure with ligand binding.*****> This folding transition was also observed in the
previously described EPR and fluorescence study.”®> The authors proposed that stems 2 and 3
were formed prior to cocaine binding while stem 1 forms with binding. In contrast, NMR data
shows that only two to three base pairs might be formed prior to ligand binding. For aptamers
with the long stem 1, an adaptive binding mechanism was previously proposed where stem 3 folds
with cocaine binding.'® NMR reveals that all three stems are folded in the free state with only

changes in the tertiary structure potentially taking place upon ligand binding.

2.4 Conclusion

For all of the aptamers studied here, cocaine binding is an enthalpically driven process offset by
an unfavorable entropic penalty. Two categories of DNA-small molecule binding interactions
have been classified according to their thermodynamic signature. Groove binders display small
negative or positive enthalpy with favorable binding entropy, while intercalators have unfavorable
entropy and negative enthalpy values.’® The thermodynamic parameters observed for MN1,
MN4, MN6, and MN19 binding cocaine would put this interaction in the “intercalator” category.
This is not to propose that these aptamers follow a classic intercalation binding mechanism where
the ligand sits between adjacent base pairs. It is proposed that the cocaine-binding aptamer
follows a binding mechanism where the DNA rearranges to a more rigid structure. It is this

rearrangement which gives rise to the thermodynamic signature of the intercalation mechanism.**®

43



It is noted that this rearrangement is consistent with the large negative AC,° values measured that
suggest tertiary structure packing from MN1 and MN4. ITC was used to determine the energetics
of cocaine binding for a series of DNA aptamers. This is the first study to look at the binding
thermodynamics of the cocaine-binding aptamer, though previous studies have utilized other
techniques to measure the binding affinities for some variants of the cocaine-binding aptamer. The
affinities reported for MN1 are consistent with previously published binding data on the cocaine-
binding aptamer. MN1, having a Ky of (9.15 + 0.09) uM is comparable to the MNS-4.1 aptamer
with a reported Kq value of 5 uM in identical buffer and salt conditions.®,*** MN1 and MNS-4.1
are identical with the exception that MN1 is one base pair shorter as it does not have a terminal
GA base pair in stem 1. This extra base pair in MNS-4.1 likely contributes little to cocaine
binding. An affinity (49 = 1) uM is reported for the MN6 aptamer which is in line with previous
reports of 37 pM™® and ~20 pM. ™2

In summary, NMR and thermodynamic data demonstrate that the cocaine-binding aptamer
follows a stem length dependent binding mechanism. With 6 base pairs in stem 1, the secondary
structure of the aptamer is formed when free and ligand binding tightens up or orders the tertiary
structure. When stem 1 has three base pairs, the aptamer is unfolded in the free state except for
possibly two to three base pairs. Ligand binding induces secondary structure formation and
folding of the bound aptamer. This study should provide guidance for the further development of

anti-cocaine biosensors.

2.5 Experimental Methods

2.5.1 Materials and Sample Preparation

Cocaine hydrochloride was obtained from Sigma-Aldrich. Aptamer samples were obtained from
the University of Calgary DNA Service. DNA samples for NMR analysis were purified by
denaturing (8 M urea) 20% polyacrylamide gel electrophoresis. The DNA was separated from the
gel by electroelution, and the DNA samples were pooled, exchanged three times in a 3 kDa
molecular mass cutoff concentrator with sterilized 1M NaCl, and subsequently washed at least
three times with distilled deionized H,O. DNA samples for ITC and were exchanged with 20 mM
Tris (pH 7.4), 140 mM NacCl, and 5 mM KCI (Buffer A) three times before use.
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2.5.2 NMR Spectroscopy

All 1D *H-NMR experiments on aptamer samples were acquired using a 600 MHz Bruker Avance
spectrometer. 2D NOESY (tm = 200 ms) spectra in H,O/D,0 (90%/10%) were recorded at 5 °C.
A 2DNOESY (tm=200 ms) spectrum was acquired on the MN4 aptamer in D,0 at 20 °C using a
Varian 800 MHz NMR spectrometer. Aptamer concentration for NMR studies ranged from 0.5 to

2.3 mM. Data were analyzed using CcpNmr Analysis.*®

2.5.3 Isothermal Titration Calorimetry

ITC has been an instrumental technique applied in this investigation and additional detail on its

mechanics are provided in Chapter 8: Appendix 1.

2.5.3.1 Standard Titration Procedure and Data Analysis

Isothermal titration calorimetry (ITC) was performed using a MicroCal VP-ITC instrument and
the data were analyzed by fitting to a one-site binding model using the accompanying Origin
software. Samples were degassed before use with the MicroCal Thermo Vac unit. All experiments
were corrected for the heat of dilution of the titrant. Unless otherwise specified, cocaine and
aptamer solutions were prepared in Buffer A. Binding experiments were typically performed with
20 uM aptamer solutions using cocaine concentrations of 280 uM at 20 °C. All aptamer samples
were heated in a boiling water bath for 3 min and cooled on ice prior to use in a binding
experiment to allow the aptamer to anneal. Binding experiments consisted of (1) 30 successive 8
uL injections of cocaine solution every 300 s to a final molar ratio of 2.5:1 or (2) 36 injections of
6 puL of cocaine solution spaced every 300 s with a first injection of 1 pL to a final molar ratio of
2:1.

25.3.2 Low c ITC Procedure

A low ¢ ITC method was developed for use with the weaker binding constructs or
conditions.’®®® In these low ¢ ITC experiments, the running conditions were kept the same;
however, titrations consisted of 35 successive injections of a 45 mM cocaine solution. The first 10

injections were 5 uL, and the remaining additions were 8 pL injected every 300 s to a 50-fold
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molar excess of cocaine. The raw low c data were also corrected for heat of dilution of the titrant.

The constructs fit under these low ¢ conditions are MN6 and MN19.

2.5.3.3 Determination of the Isobaric Heat Capacity of Binding

The isobaric heat capacity (ACp) of cocaine binding for MN4 and MNG6 was determined by
measuring the thermodynamics of binding over a temperature range of 5-50 °C with an aptamer
solution of 20 uM and a cocaine solution of 3.6 mM in Buffer A. The ITC experiments conducted
to measure the thermodynamic parameters consisted of 35 successive injections of cocaine spaced
every 300 s. The first injection was 1 uL followed by 20 injections of 3 uL and 14 injections of 15
uL to ensure complete binding site saturation. These low ¢ conditions were selected so that all
temperatures could be studied using the same experimental parameters. Since all experiments
were allowed to reach complete binding site saturation, the observed saturation was used as the
dilution reference.'®? AC, was determined by fitting the ITC measured enthalpy and free energy to

the equations:

AG :Mﬂ+T/ AH dr (1

AH = AH° + / AC, dT 2)
Jre

AC, = AC,°+Ap, (T —T°) (3)

Here AG and AH are the free energy and enthalpy at the given temperature, AG® and AH® are the
free energy and enthalpy at standard conditions, (T - T°) is the change in temperature, T = 1/T, and
Ay Is a term that represents the linear change in the heat capacity.*® Under circumstances where

Ag, 1s small, the enthalpy versus temperature curve can be fit linearly to equation 4.

AH = AH° + AC,(T —T°) (4)
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Linear regression analysis of the data fit yields the values of AC, and AH as well as the associated

errors.

25.3.4 Surface Area Calculations

In order to determine the polar and nonpolar surface area of cocaine, a PDB file of the molecule
was generated using PRODRG.*® The amount of polar and apolar area was then determined using
the VEGA WE online server.'® The expected AC, based on the change in polar (AA,) and apolar
(AAnp) surface area was calculated using the method of Spolar and Record, where
AC, = [(0.32 £ 0.04)AAn, - (0.14 £ 0.04)AAp] cal mol™ K™.** The equation presented here was
derived following observed heat capacity changes associated with the transfer of hydrocarbons
and amides taken from aqueous into non aqueous phases. Similarly, folding proteins, also
exhibiting changes in heat capacity, demonstrated similar proportionalities to the non-polar
surface area removed in the presence of water, as in the transfer of hydrocarbons and amides. It
was noted that changes in water-accessible non-polar surface area was a major determinant for
changes in heat capacity associated with folding. However, polar and non-polar compounds were
both able to model the folding behaviour of proteins, essentially indicating that changes both non-
polar and polar solvent accessible surface area are determinants in the changes in heat capacity
associated with folding.?’
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3  Defining the Sequence Requirements of the Cocaine-
Binding Aptamer and Investigation of the Structure
Switching Mechanism

Al of the content reported within this chapter has been published in the article listed below.™"*

Results presented in section 3.2.2 are from experiments conducted during my undergraduate
research project, however data analysis and conclusions reported here are all part of my graduate
work.

Content within section 3.3.5 pertains to structural information about steroid-binding aptamer
variants obtained from experiments conducted purely by corresponding authors. It is included to
clarify conclusions drawn about the nature of the unbound state of the cocaine-binding aptamer

and its variants as well as its implications on the binding mechanism.

= Neves M.A.,, Reinstein O., Saad M., Johnson P.E. (2010) Defining the secondary
structural requirements of a cocaine-binding aptamer by a thermodynamic and mutation
study, Biophys Chem 53 (1), 9-16.

= Reinstein O., Neves M.A., Saad M., Boodram S.N., Lombardo S., Beckham S.A., Brouwer
J., Audette G.F., Groves P., Wilce M.C., Johnson P.E. (2011) Engineering a structure
switching mechanism into a steroid-binding aptamer and hydrodynamic analysis of the
ligand binding mechanism, Biochemistry 50 (43), 9368 — 9376.

3.1 Introduction

The widespread use of the cocaine-binding aptamer in biosensing applications is attributed to its
engineered structural switching or ligand-induced folding mechanism. Previously described was
the dependency on stem length for this binding mechanism. A second method to achieve ligand-
induced folding is to divide the aptamer into two separate strands. Cocaine binding results in the
assembly of the two strands and the ligand into a single tertiary complex.*! This two strand
assembly mechanism has been exploited to control the assembly of a variety of DNA-based

supramolecular complexes.****** Doubtlessly, the rapid development and use of these applications
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are limited by the legal and regulatory restrictions placed on the use of the required ligand,

cocaine.

The three-way junction that forms the structural and functional core of the cocaine-binding
aptamer has a strong similarity to that of a steroid binding aptamer.'®® Subsequently, the bases at
the three-way junction of the cocaine aptamer have been modified to result in sets of biosensors
with a range of affinity and specificity for alkaloids as well as steroids such as deoxycholic acid
(DCA; Figure 3.3). Such versatility in ligand specificity is uncommon among aptamers and
prompted the investigation of a series of cocaine-binding aptamer variants in order gauge which
regions and nucleotides are important for ligand binding as well as to determine if variants built
around a common DNA architecture which bind different ligands follow a similar binding
mechanism. This binding mechanism was also studied further by observing binding as a function
of both pH and NaCl. With this knowledge it may be possible to alter an aptamer that binds a
steroid or other alkaloid to also perform structural switching upon ligand binding. The existence
of such a ligand-induced folding mechanism would open up to widespread adoption the
biotechnology applications that utilize the ligand-induced folding mechanism of the cocaine-

binding aptamer.

3.2 Results
3.2.1 Ligand Binding Mechanism and Buffer Composition

In order to determine the optimal pH value for cocaine binding and investigate the role played by
titratable groups on either the ligand or aptamer, binding as a function of pH was measured for
MNL1. Under the standard buffer conditions used in previous studies with a pH of 7.4, the amine in
cocaine is expected to be protonated (Figure 3.3).°® The importance of the positive charge in
aptamer-binding was assayed by measuring binding as a function of ionic strength for both MN1
and MN4. 1D 'H-NMR experiments with varying concentrations of NaCl were conducted to

verify if the differences in observed cocaine affinity were due to salt induced structural changes.

3211 Effect of pH on Cocaine Binding
Binding was studied at pH values of 5.4, 6.4, 7.4, 9.2 and 9.6 (Table 3.1). Tightest binding was
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observed at pH 7.4. At pH values both higher and lower than 7.4 weaker binding is observed. At
pH 9.6 no appreciable binding is observed and an estimate is given that binding must be weaker

than approximately 2 mM.

Table 3.1: pH dependence of the dissociation constant and thermodynamic
parameters of cocaine binding for the MN1 aptamer.?
pH Kg (uM) AH (kcal mol ™) —TAS (kcal mol ™)
5.4 13.0+0.7 -18.2+0.5 7+0.5
6.4 13.9+0.1 —23+1 16+1
7.4 9.15+0.09 —28.1+£0.7 21.1+£0.7
9.2 229+0.9 -11.0+0.8 8+0.8
9.6 >2000 nd nd

®Data acquired at 20 °C at the indicated pH with 140 mM NaCl, 5 mM KCI. The values reported
are averages of 2—4 individual experiments. The error range reported is one standard deviation.

‘nd’ indicates that the value was not determined.

3.2.1.2 Effect of lonic Strength on Cocaine Binding

Thermodynamic parameters for cocaine binding by MN1 and MN4 at NaCl concentrations from 0
to 1 M are shown in Table 3.2 and representative ITC data is shown in Figure 3.1. Both MN1 and
MN4 show a similar trend of having maximum binding affinity when no NaCl is present. A
maximum binding affinity of (0.3 £ 0.1) uM is observed for MN4 with the condition of 0 mM
NaCl. For MN1 with no added NaCl, the affinity is (1.4 £+ 0.3) uM. At higher NaCl concentrations
binding weakens. Binding affinity decreases to (31 = 1) uM for MN1 in the presence of 500 mM
NaCl. Further increases in NaCl concentration to 1 M did not significantly weaken the binding
affinity of MN1. At each NaCl concentration studied, binding is enthalpically driven and
compensated with unfavorable binding entropy (Table 3.2).

From NMR studies it was observed that as the concentration of NaCl increases, the linewidths of
the imino protons increase, but the resonances retain their chemical shifts. This indicates no
structural changes occur as the salt concentration increases. Instead, the increase in linewidth

reflects a change in dynamics of the aptamer with the addition of NaCl.
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Table 3.2:

lonic strength dependence of the dissociation constant and thermodynamic
parameters of cocaine binding for aptamers MN1 and MN4.?

Aptamer NaCl (mM) Kg (uM) AH (kcal mol ™) —TAS (kcal mol ™)

0 1.4+0.3 —227+1 148+1

VINT 140 9.15 + 0.09 —28.1+0.7 21.1+0.7
500 31+1 —21.2+0.7 2+0.7
1000 27+3 ~12.5+0.6 3+05

0 0.3+0.1 -16+3 9.3+0.8

MN4 140 7+1 ~14.5+0.4 7.6+05
500 35+8 —8.4+0.8 2.4+0.7

(@)

pcal/sec

deviation.
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®Data acquired at 20 °C in 20 mM Tris (pH 7.4) with the amount of NaCl indicated. The values

reported are averages of 2—4 individual experiments. The error range reported is one standard

Figure 3.1: Analysis of cocaine binding by the MN4 aptamer using isothermal titration
calorimetry. Shown are titrations of cocaine into an MN4 aptamer solution (20 mM Tris, pH 7.4)
in the presence of (a) 0 mM NacCl (b) 140 mM NaCl, and (¢) 500 mM NaCl, 20 mM Tris, pH 7.4.
On top is the raw titration data showing the heat resulting from each injection of cocaine into the
aptamer solution. On the bottom are the integrated heats after correcting for the heat of dilution.

Binding affinity increases from right to left as per Table 3.2.
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Figure 3.2: Change in the imino proton NMR spectrum of the MN4 aptamer as a function of
added NaCl. Shown are the 1D *H-NMR spectra of cocaine-bound MN4 in conditions of 0 to 500
mM NacCl.

3.2.2 Aptamer Sequence and Ligand Binding Thermodynamics

The importance of the length of the three stems of the cocaine-binding aptamer was analyzed by
varying stem length and measuring the cocaine binding affinity of these constructs (Figure 3.3).
When stem 3 was eliminated or shortened by two base pairs (S1S2, SS3 and MN2), cocaine
binding was eliminated. For the MNS5 construct, where stem 3 is shortened by one base pair,
missing only the GT base pair adjacent to the triloop, binding occurs but the affinity is reduced to
(42 £ 4) uM (Table 3.3). Stem 2 can be shortened to contain a single putative base pair (MN7) and
still retain cocaine binding with a reduced affinity of (55 + 1) uM (Table 3.3). Previously reported
here and in other studies, it has been shown that stem 1 can be shortened to consist of three base
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pairs and still retain reasonable affinity (MN6 and MN19)***' (Figure 3.3; Table 3.3). The
lengths of all three stems were simultaneously decreased to test if there would be an additive
effect. The construct MN18 combined the stem shortening mutations of MN5, MN7 and MN6 and
the resulting molecule displayed no detectable ligand binding.

The importance of the identity of the non-canonical base pairs for cocaine binding was also
analyzed. When all the non-canonical base pairs in the cocaine-binding aptamer, as drawn with
the originally proposed secondary structure (Figure 2.1) are changed to Watson-Crick base pairs
(construct WC; Figure 3.3) binding is reduced 23 fold to (204 + 6) uM. This large reduction in
binding showed the importance of the non-canonical base pairs for cocaine binding.

To determine if all non-canonical base pairs were important for ligand binding, aptamer variatns
MN3, MN4 and MN8 (Figure 3.3) were tested. These variants had affinities of (14 £ 4) uM,
(7 £ 1) uM, and (8.6 + 0.2) uM, respectively. All of these constructs bind with a very similar
affinity as MN1 and show that the predicted T23/G27, G2/A35 and A3/G34 base pairs in MN1 are
not essential for high affinity binding. In contrast, analysis of MN9, MN10, and MN11 show the
importance of the non-canonical G29/A21 base pair. When this GA pair is modified to a GC pair,
binding was greatly reduced to (193 + 1) uM, (148 £ 9) uM and (123 £ 22) uM for MN9, MN10
and MN11, respectively. The importance to binding of the G30/A7 base pair was assayed by
construct MN12 (Figure 3.3). In MN12, A7 was substituted for a C. The resultant G30/C7
displayed no binding, even under the low c conditions used to assay weak binders. This indicates
that the identity of A7, and retaining the A7/G30 base pair, is essential to maintain ligand binding

function of the aptamer.

The newly proposed secondary structure of the cocaine-binding aptamer displays two unpaired
nucleotides present at the three-way junction, T19 and C20. The importance of the identity of
these nucleotides was tested in constructs MN15, MN16 and MN17 (Figure 3.3). In MN17, C20
was substituted for a G. MN17 retained binding but with a reduced affinity of (59 + 13) uM, 8.4
times lower than MN4. In MN16, T19 is replaced by an A. This change resulted in no quantifiable
binding being observed for this construct. Changes in the thermogram with ligand binding under
low c conditions indicated that very weak binding, in the millimolar range, was occurring. Similar

very weak binding was observed for MN15 where a double mutant (T19 to C; C20 to T) was
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tested. Together these results indicate that the identity of T19 is critical to maintain cocaine
binding while the identity of C20 is less crucial.
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Figure 3.3 (pgs. 54 — 57): (a) Sequence and secondary structures of the different cocaine-binding
aptamer constructs analyzed. Nucleotides that are altered compared to MN1 are coloured red. The
cocaine binding affinity determined for each construct is indicated under the name. Kq values are
provided for each construct. Error in the reported Ky values is indicated in Table 3.3. nbd denotes
no binding detected. vwb indicates very weak binding detected, but was not quantifiable. (b)

cocaine molecule and (c) deoxycholate molecule as expected at pH 7.4
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Table 3.3: The binding affinity and thermodynamic binding parameters of ligand binding
by cocaine aptamer constructs as determined by isothermal titration calorimetry.?
Aptamer Kg AH (kcal mol™) —TAS (kcal mol ™)
MN1b 9.15+0.09 —28.1£0.7 21.1+£0.7
wWC 204 +6 —12.5+£0.9 76+0.9
S1S2 nbd"
SS3 nbd*
MNZ2 nbd*
MN3 14+ 4 —13.84 £ 0.01 7.3+£0.2
MN4° 7+1 ~14.5+0.4 7.6+0.5
MN5° 42 +4 —-8.5+04 26104
MNG"*® 453+0.5 —22+2 16+2
MN7° 55+1 -99+£0.2 42+0.2
MNS8 8.6+0.2 -13.4+0.5 6.6 +0.5
MN9® 193+1 —-5.23 £0.01 0.25+£0.02
MN10° 148 +9 —15.6 0.9 10.5+0.9
MN11° 123 + 22 -12.8+0.2 7.46 £0.01
MN13° 211+ 25 —6.7+0.4 1.8+0.4
MN14° 31+5 ~5.4+0.3 06+0.2
MN15 vwh’
MN16 vwh’
MN17° 59 +13
MN18 nbd*
MN19° 26.7+0.7 -23.9+0.9 17.7+0.9
MN20 137 -16+2 10+£2
MN21 4+1 —20.1+1 12+1

®Data acquired at 20 °C in 20 mM Tris (pH 7.4), 140 mM NaCl and 5 mM KCI (Buffer A). The

values reported are averages of 2-4 individual experiments. The error range reported is one

standard deviation.

®These data are from Neves et al.***

‘nbd indicates no binding was detected even under low ¢ ITC conditions.

“Binding detected but data could not be fit. Very weak binding, on the order of millimolar, is

estimated.

®Data fit under low c conditions and n was restrained to be 1.
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Finally, the cocaine binding ability of an aptamer in which all three stems have been lengthened
by five base pairs (MN21) was measured (Figure 3.3). This aptamer has the tightest affinity for
cocaine of any aptamer variant studied to date, having a Ky of (4 £ 1) uM in standard buffer
conditions (Table 3.3).

3.2.3 NMR Analysis of Aptamer Sequence and Ligand Binding

From the NMR imino proton chemical shift perturbations measured upon cocaine binding it was
observed that G31 and T32 experienced the greatest change in chemical shift with ligand binding
(Figure 3.4).*' Compensatory mutations at these positions in the MN4 sequence were analyzed to
test the importance of these nucleotides for ligand recognition. In MN13, the G31/C6 base pair
was switched to be C31/G6. In this construct weak binding was maintained at (211 + 25) uM, 30
fold weaker than MN4. This indicates that the spatial positioning of the G and C nucleotides in the
G31/C6 base pair is important to maintain high-affinity binding. For MN14 the T32/A5 base pair
was inverted to A32/T5. In this construct, fairly tight binding was maintained at (31 = 5) uM, yet

this binding is still over 4 fold weaker than observed for MN4.
= 0.45,

Chemical Shift Change (ppm
o
8

G2 G4 G9 G110 T15 Ti1B8 G27 T28 G29 G30 G31 T3z G34
Residue

Figure 3.4: Chemical shift perturbations for cocaine binding by MN4. Nucleotides displaying
greater changes in chemical shift are hypothesized to be of higher importance for binding.***

From the chemical shift perturbation data, the imino proton of T18 showed little change with
ligand binding indicating it may be away from the site of cocaine binding. This was tested in
construct MN20 where both AT base pairs in stem 2 were changed to GC base pairs. Additionally,

this construct had a shortened stem 1 and the AT base pair adjacent to the triloop in stem 3
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changed to GC as in MN19. MN20 binds cocaine with a Ky of (13 + 7) uM, roughly twice as tight
as MN19, from which it was based. As MN20 has a short stem 1, NMR methods were applied to
see if it undergoes a structural with ligand binding. The 1D *H-NMR of MN20 in the absence of
cocaine shows 5-6 peaks. This indicates that this aptamer is not fully folded in the free state. In
the bound form, there are the expected 12 imino peaks from the folded aptamer with three stem

loops showing that ligand-induced folding occurs with MN20 (Figure 3.5).

MN20
1.5:1

1.1:1

0.3:1

free

43 2 v 1w g

1H ppm
Figure 3.5: Cocaine-binding by the MN20 aptamer monitored by 1D *H-NMR. Shown is the
region of the NMR spectrum focusing on the imino resonances as a function of increasing cocaine
concentration. Spectra were acquired in 90% H,0/10% D,O at 5 °C. The molar ratios of

cocaine:aptamer are indicated.
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3.2.4 Sequence Requirements for Steroid Binding

ITC was used to analyze the ability of the WC aptamer and a series of sequence variants (MNG6,
MN9, MN10, MN11; Figure 3.3, MS1 and MS2; Figure 3.7) to bind DCA (Figure 3.3). Sample
ITC binding data is shown in Figure 3.6.

Table 3.4. Thermodynamic parameters and dissociation constants of DCA binding for
selected aptamers.*
DCA cocaine”
Aptamer Kg (M) | AH (kcal mol ') | —TAS (kcal mol ™) Kg (nM)
wcC 16+3 S7=E 0.7+13 204 £ 6
MNG6 nbd 453+0.5
MN8 nbd 86+0.2
MN9 12.2+0.8 -3.7+£0.3 28+0.1 193+1
MN10 18.6 +0.1 —-8.4+0.8 2.1+0.8 148 £ 1
MN11 15+£0.8 —-52+0.8 1.2+0.8 123 + 22
rwC nbd nd
MS1 nbd nd
MS2 25+3 -16+1 10+1 nd

®Data acquired in Buffer A. Data for WC, MS1, and MS2 were acquired at 15 °C; all others were
acquired at 20 °C. The values reported are averages of 2—4 individual experiments. The error
range reported is one standard deviation. Nbd indicates no binding detected. nd indicates that
binding for that combination was not measured. °The corresponding data for cocaine binding are

included for comparison.™’

The affinity and thermodynamic parameters of DCA binding for these constructs are summarized
in Table 3.4. The corresponding affinity data for cocaine binding is included in Table 3.4 for
comparison. From this binding data there exists a trend where constructs with a cytosine
corresponding to position 21 of the WC aptamer, and its equivalent position in other constructs
(MN9, MN10, MN11), bind DCA with a Kq of 12 — 19 uM. These same aptamers only weakly
bind cocaine. Constructs with an adenine in this position, corresponding to position 21 of WC, are
able to bind cocaine but do not bind DCA. Sequence changes outside of the vicinity of the tandem
GA mismatch in the aptamer have little impact on ligand binding. The WC, MN9, MN10, and
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MN11 constructs contain different combinations of the GT and GA non-Watson—Crick base pairs
observed in the originally selected cocaine-binding aptamer.*** All these aptamers show similar
affinity for DCA and uniformly weak affinity for cocaine. We analyzed the importance of the
presence of both GA mismatches for DCA binding using the aptamer rWC. In this aptamer, both
GA mismatches were changed to GC base pairs. No binding to either DCA or cocaine was
observed for this aptamer. Together, these data indicate that the determinants for ligand selectivity
lie at the tandem GA mismatch at the three-way junction.
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Figure 3.6: Sample of ITC data showing the interaction of the (a) WC and (b) MN6 aptamers
with DCA. In (a) the WC aptamer binds DCA with a Kq value of (16 + 3) uM while in (b) binding
is not detected between MNG6 and DCA. (top) Raw titration data showing the heat resulting from
each injection of DCA into an aptamer solution. (bottom) Integrated heats after correcting for the

heat of dilution. Binding experiments were performed at 20 °C in Buffer A.
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Figure 3.7: (a) Sequence of MS1 and MS2 aptamers. The GC base pair that is important for

ligand discrimination between cocaine and DCA binding is shown in red.

3.2.5 Effect of lonic Strength on DCA Binding

At a pH value of 7.4, the standard condition used in binding studies reported here, DCA is
expected to be negatively charged due to the presence of the carboxylate group (Figure 3.3). The
effect of this negative charge on ligand binding was studied by measuring the affinity and
thermodynamics of DCA binding as a function of NaCl concentration. The DCA-binding
parameters for the WC aptamer at NaCl concentrations of 0, 140, and 1000 mM are summarized
in Table 3.5. The tightest binding is observed in 140 mM NaCl.

At concentrations of NaCl above or below 140 mM, binding affinity is reduced. Binding remains

enthalpically driven with unfavorable entropy of binding under all conditions.

Table 3.5. Dissociation constant and thermodynamics of DCA binding by the WC
aptamer as a function of NaCl concentration.®

[NaClI] (mM) Kg (uM) AH (kcal mol™") | —TAS (kcal mol ™)
0 68 + 2 -9.0+0.7 35+0.7
140 16 +3 —7+1 07+1.3
1000 46 +5 841 2+1

®Data acquired at 15 °C in Buffer A. The values reported are averages of 2—4 experiments. The

error range reported is one standard deviation.
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3.2.6 Engineering of a Structure Switching Mechanism in a DCA-
Binding Aptamer

Cocaine-binding aptamer variants with three base pairs in stem 1 exhibit a ligand induced folding

mechanism (Figure 2.12).2****” A DCA-binding aptamer was designed which undergoes a similar

unfolded to folded secondary structure transition upon ligand binding. First tested was a WC

aptamer variant with stem 1 truncated to 3 base pairs (MS1; Figure 3.7). No DCA binding was

detected by either ITC or NMR methods upon the addition of the ligand (Table 3.4). 1D

'H-NMR spectra of MS1 indicate this sequence is unfolded in both the absence and presence of
DCA (Figure 3.8).

Ligand - free MS1 T

M51 + 5 fold molar excess DCA

16 14 12 10 8 ] 2 0 2 -4 -6

4
"H (ppm)

Figure 3.8: 1D "H-NMR spectra of aptamer MS1 in the absence and presence of a 5 fold molar
excess of DCA. Resonances become broadened in the presence of DCA but do not change
chemical shift and no new peaks (aside from those of DCA) appear. Together, this indicates MS1
does not bind DCA. Data were acquired in 90% H,0/10% D,0.

64



MS1 was then lengthened by one base pair, making it four base pairs long (MS2; Figure 3.7). The
resulting MS2 aptamer binds DCA with a Ky of (25 £ 3) uM (Table 3.4). NMR spectroscopy was
again applied to check the extent of secondary structure formation in free and bound MS2 as a

function of increasing DCA concentration (Figure 3.9). For free MS2, 4 peaks in the imino region
are detected by 1D *H-NMR. These peaks are assigned to the stem 3 nucleotides G27, T28, G29,

and G30 (Figure 3.10). Upon addition of DCA, there is a significant change in the imino region as

numerous additional peaks appear. The appearance of 6 — 8 additional dispersed peaks indicates

the formation of additional secondary structure elements upon ligand binding. Of particular note is

the presence of the upfield imino at 10.4 ppm, indicating the presence of a sheared GA base pair

in the aptamer.**! Addition of DCA to WC results in a number of resonances changing chemical

shift when ligand binding occurs, but the same number of peaks are observed in the DCA-bound

WC aptamer as in the free aptamer.
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Figure 3.9: Binding of DCA by the MS2 aptamer (left) and the WC aptamer (right), demonstrated
by 1D 1H-NMR. Shown is the region of the NMR spectrum focusing on the imino resonances as a

function of increasing DCA concentration. Spectra were acquired in 90% H,0/10% D,0 at 5 °C.

The molar ratios of DCA:aptamer are indicated
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Figure 3.10: Imino-imino region of the 2D NOESY (tm=200 ms) of unbound MS2 recorded at 5
°C. Assignments are labeled in the spectrum. For consistency, nucleotide numbering is consistent

with that used for the WC aptamer.

3.2.7 Change in Heat Capacity with Steroid Binding

To gain further insight into the DCA binding mechanism and make comparisons with the cocaine
binding mechanism, ITC methods were applied to measure the change in heat capacity of both
WC and MS2 aptamers with DCA binding (Figure 3.11). WC and MS2 both had binding data
(Table 3.6) obtained at temperatures between 5 and 15 °C to determine AC,. Data acquired at
higher temperatures was excluded from the calculation of AC, as the aptamers become thermally
destabilized but is included in Table 3.6 for reference. Using NMR, thermal stability of the MS2-
DCA complex was estimated to be approximately 20 °C (Figure 3.12). In the plot of enthalpy
versus temperature, the measured enthalpy for MS2 reflects both folding and binding events. A fit
of these data for MS2 yields a AC, value of (~753 + 200) cal mol* K—* for DCA binding. For
WC, a fit of the enthalpy data yields a AC,, value of (—94 % 75) cal mol ™ K™,
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Table 3.6: The binding affinity and thermodynamic binding parameters of ligand binding
by steroid-binding aptamer constructs as determined by isothermal titration calorimetry.?

Aptamer | Temperature (°C) Kg (M) AH (kcal mol™) | —TAS (kcal mol™)

5.017 122+04 -7.3+£0.2 1.0+0.2

10.099 11.5+0.8 -7.1+£0.7 0.7+£0.7

WC 12.673 122+2.1 -8.8+0.1 23+0.2
15.012 13.3+£0.3 -7.8+1.0 1.3+1.0
17.521 535x21 -20.7 £ 0.7 15+0.7

7.556 174+04 -10.2+£1.1 41+ 1.0

MS?2 10.022 16.6 +1.6 -145+1.6 83+ 15
12.512" 20.2+0.5 -145+0.1 8.3+ 0.8

15.012 25.1+2.9 -164+£1.3 104+ 1.2

®Data acquired in Buffer A at the temperatures indicated. The values reported are averages of 2—3
experiments. The error range reported is one standard deviation.
®Data provided at this temperature is for a single experiment and corresponding error values are

the standard measurement of error (data fit).
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Figure 3.11: Temperature dependence of the enthalpy of DCA binding for the WC (blue) and
MS2 (red) aptamers derived by ITC. The data values are shown while the fit of the data is
represented by the solid line. For both aptamers only the low-temperature region where effects of
bound aptamer unfolding do not contribute to the enthalpy were used in the fit. AC, for WC:
(—94 + 75) cal mol " K™, AC, for MS2: (~753 # 200) cal mol ' K-,
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Figure 3.12: Thermal stability of the DCA-MS2 complex assayed by 1D *H-NMR. Shown is the
region of the NMR spectrum focusing on the imino resonances as a function of increasing
temperature from 5 to 45 °C. Spectra were acquired in 90% H,0/10% D-0.
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3.3 Discussion

3.3.1 Buffer Composition and Impact on Ligand Binding

The cocaine-binding aptamer and cocaine contain titrateable groups (Figure 3.3). In order to see
what effect protonation of these groups may have on cocaine binding, the MN1 aptamer was
analyzed by measuring the binding thermodynamics as a function of pH. The optimal pH value
for binding is 7.4. Below this value, binding affinity is slightly decreased. This decrease may
result from the change in the buffer used. Above pH 7.4, binding is more significantly decreased.
Cocaine is a secondary amine and has an experimentally determined pK, value of 8.6 and a
calculated pKj, value of 8.01 to 9.00 depending on the prediction method used.*®® The decreased
binding affinity at pH 9.2 is consistent with deprotonation of the cocaine resulting in a lower
affinity and suggests that cocaine needs to be positively charged in order to take advantage of
ionic interactions to obtain maximum affinity. The lack of observable binding at pH 9.6 likely
results from a combination of having a fully deprotonated cocaine ligand and also potential
deprotonation of the guanine imino proton with a pK, value of 9.2. Changing the protonation of

the guanines will almost certainly have a very disruptive effect on the structure of the aptamer.

Having cocaine protonated suggests that ionic interactions are involved in the cocaine binding
mechanism. This interaction may involve the negative phosphate backbone of the DNA
interacting with the positive charge on cocaine. The importance of ionic interactions was tested by
measuring binding affinity as a function of NaCl concentration. Binding affinity decreases as
NaCl concentration increases for both aptamers studied. A 22 and 117 fold reduction in affinity
was observed between conditions of 0 and 500 mM NaCl, for MN1 and MN4 respectively. This
reduced affinity indicates that charge-dependant interactions are important for achieving tight
binding as added NaCl should shield ionic interactions and weaken binding. However, as binding
still occurs at high NaCl concentrations, cocaine binding by these aptamers is not entirely driven
by ionic interactions. Also noted is that the tightest binding was achieved at pH 7.4, the pH at
which the aptamer was originally selected.'*! Additionally, binding was tightest with no NaCl
present. This is a little surprising as the aptamer was selected at a NaCl concentration of 140 mM
and aptamer binding is often thought to be tightest under the same conditions as selection occurs.

For other aptamers where ionic interactions are thought to occur, binding conditions of lower
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NaCl concentration than originally used for selection should be tested if an increased affinity for

the target is desired.

The DCA binding mechanism of the WC aptamer was also analyzed by measuring the affinity of
ligand binding as a function of NaCl concentration. Under the experimental conditions applied,
both the aptamer and the DCA ligand are negatively charged. The affinity of the aptamer for DCA
is reduced at NaCl concentrations of 0 and 1 M compared to 140 mM NaCl. This finding is in
contrast to cocaine binding where the affinity is tightest at 0 M NaCl and indicates that for the
WC aptamer, electrostatic interactions do not play a positive role in DCA binding as would be

expected from ligands carrying the same charge as DNA.

3.3.2 Importance of Stem Length and Nucleotide Identity in Ligand
Binding

In order to see which regions of the aptamer and which nucleotides are important for aptamer
function the binding ability of several cocaine-binding aptamer variants were analyzed, observing
first the effects of changing the lengths of three stems. On an individual basis, each of the three
stems can be shortened by one to three base pairs from their original length and still retain
reasonable binding affinity where “reasonable” affinity as not more than ~10 fold weaker than the
binding affinity observed for MN1. Simultaneous stem length reduction, as in MN18, resulted in
the combined loss of binding affinity which, could no longer be measured. These data show that
in order to retain high affinity binding, the stem length needs to be maintained at the length of the
originally selected aptamer.

A construct where the length of each of the stems is increased by five new base pairs (MN21) was
also tested. This change doubles the length of each of the stems. Chapter 2 outlined the subtle
structural changes in MN4 that occurred with ligand binding and that binding is accompanied by a
more negative AC, than predicted to occur based solely on ligand burial.®** This suggested a
binding mechanism in which tertiary structural changes occur for MN4, and the packing of the
three helices provides a positive driving force for binding. It was reasoned that by increasing the

length of the stems, larger changes in tertiary structure would occur which would serve as a
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stronger driving force for binding. Consistent with this hypothesis, a 1.75 fold increase in affinity
for MN21 compared to the shorter stem length MN4 was observed. Additional constructs of this
nature and further increases in stem length were not tested, but a further modest increase in

affinity would be expected as the length of the three stems increase.

Binding results on individual nucleotide changes in the cocaine-binding aptamer variants
presented in this research is consistent with previously published data on the binding ability of
cocaine-binding aptamer mutants. When adapting the cocaine-binding aptamer for use in steroid
binding, numerous sequence variants of the aptamer were assayed for cocaine binding.?**21% |n
these studies, cocaine-binding aptamer variants where the G29/A21 base pair was changed to a
GC base pair, no cocaine binding was reported.'?®
same base pair (WC, MN9, MN10, MN11) results in a greatly reduced binding affinity, 14 to 23

fold, compared to MN1. Additionally, for aptamers where double mutations were introduced that

Within this research, a mutation disrupting the

disrupted the G30/A7 base pair and altered the identity of T19, cocaine binding was eliminated.*®*

Binding studies with constructs MN12 and MN16 contained similar changes and the cocaine
binding ability of these aptamers was similarly eliminated or greatly reduced.

The cocaine-binding aptamer core contains a tandem arrangement of GA base pairs. In a crystal
structure of a tandem GA arrangement, the mismatch caused the B-form helix to kink toward the
major groove side and extensive inter-strand base stacking was observed at the GA mismatch.*’
In the cocaine-binding aptamer, the tandem GA mismatch likely imparts a conformation in the
DNA structure required for cocaine binding. This is evident from mutational data obtained for the
WC, MN9, MN10, MN11 constructs. When the G30/A7 base pair was disrupted (MN12) no
binding was observed. Mutations in the GA base pairs likely result in a structural change in the
aptamer that prevents the aptamer binding cocaine. 2D NMR experiments have shown that G30
makes direct contact with the aromatic ring of cocaine.'®! It is possible that substituting A7 for a C
alters the hydrogen bonding network and as a result, the spatial positioning of nucleotides so as to
prevent cocaine from having a reasonably sized binding pocket. The same reasoning could be
provided for the G29/A21 base pair. However an argument against this possibility is that the

imino proton of G29 experiences only a relatively small change in chemical shift with cocaine
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binding. The nucleotides that change the most in chemical shift with cocaine binding are G31 and
T32.

The importance of the imino of T19 is shown by the observation that it is only observable in the
ligand-bound form. T19 is known to make direct contacts with cocaine.*® It is very possible that
upon ligand binding, the imino proton becomes protected from hydrogen exchange. Consistent
with this proposal, in the construct MN16 where T19 is changed to an A, cocaine binding by the
aptamer is eliminated. It is possible that T19 is important for structural reasons in addition to, or

instead of making contact with the cocaine ligand.

The large chemical shift change with ligand binding seen in G31 is the result of direct contact
with cocaine. The compensatory mutant where the G31/C6 base pair is changed to C31/G6
(MNZ13) results in a 30 fold decrease in binding affinity when compared to MN4. Binding of
MN20 shows that changing the two AT base pairs in stem 2 to GC base pairs results in a moderate
increase in affinity of the aptamer compared to MN19, on which it was based. As the imino proton

chemical shift perturbation of residues in this stem are small***

these changes were not expected to
hinder binding. It was initially thought this increase in affinity resulted from an increase in
stability of the free aptamer, but the temperature at which the last imino is visible in a 1D 'H-

NMR spectrum is unchanged from MN19 to MN20 (Figure 3.13).

It is possible that the affinity increase is derived from an increase in the amount of secondary
structure of the unbound state of MN20 compared to that of MN19. Consistent with this, there are
more imino protons present in the free form of MN20 compared to MN19. Additionally, the
enthalpy of binding is lower for MN20 compared to MN19 (Table 3.3) possibly due to fewer
hydrogen bonds forming upon folding. This is offset by lower unfavorable binding entropy
possibly due to a higher degree of organization in the free state. While such arguments may be
valid in this case, the analysis of binding thermodynamics are complicated by hydration effects

and similar arguments may not be valid in other cases.
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Figure 3.13: Thermal stability of the free MN19 and MN20 aptamers measured by 1D *H-NMR

Shown is the region of the NMR spectrum focusing on the imino resonances as a function of

increasing temperature from 5 °C to 35 °C. Spectra were acquired in Buffer A with 10% D,0.

From a comparison of the enthalpy and entropy values with the affinity data (Table 3.3) for the
different aptamers, inferences into which of these thermodynamic parameters are important or not
important for binding can be made. For the tightest binding constructs, Kg < 100 uM, the enthalpy
and entropy values highly vary. The enthalpy values can range from (—28.1+0.7) kcal mol™ for
MN1 to (-5.4 + 0.3) kcal mol™ for MN14 while the —TAS values range from (21.1 + 0.7) kcal
mol™* to (0.6 + 0.2) kcal mol™* for MN1 and MN14, respectively. In contrast, for the constructs
that bind cocaine the weakest, K4 > 100 uM, there is not as large of a variation in enthalpy and
entropy values. For the weakly binding aptamers, the enthalpy values are not among the most
exothermic observed for these aptamers and range from (—15.6 + 0.9) kcal mol ™ to (—5.23 + 0.01)
kcal mol™ for MN10 and MN9, respectively. The corresponding values of “TAS do not include
the most unfavorable values and range from (10.5 + 0.9) kcal mol ™ to (0.25 + 0.02) kcal mol™* for

MN10 and MN9, respectively.
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As shown in Table 3.3, binding data for many of the constructs were acquired under low c
conditions. When fitting these data to determine the affinity and binding enthalpy, binding

stoichiometry (n) had to be fixed the 1.2%°

While we include the enthalpy values here we will note
that the optimal method to determine AH°® recommended by Tellinghuisen involves repeating
binding at a variety of temperatures and obtaining AH® from a van't Hoff analysis. Using this n
value is valid for two reasons: 1) data not acquired under low c¢ conditions had fits with n values
very close to 1. There are some outliers such as for MN21 where n was determined to be 0.4.
These low n values likely result from an inaccurate determination of the aptamer concentration
using the calculated extinction coefficient rather than not being a true 1:1 binding ratio. 2) The 1:1
binding ratio for the aptamer-cocaine complex agrees with the NMR data where only one binding
site is observed and there are no chemical shift perturbations above a 1:1 molar ratio.
Additionally, in a cocaine titration monitored by 2D TOCSY experiments, there was no evidence
for multiple binding events. For the H5-H6 correlations that move with ligand binding the
resonances move in a straight line as expected for a 1:1 binding ratio. Research on multisite
binding, such as the 2:1 ligand:RNA ratio observed for paromomycin binding to a RNA molecule
containing a CC mismatch show distinctly curved trajectories for the H5-H6 correlations as

ligand was titrated into the RNA and multiple binding sites were populated.'®®

The sequence requirement for the change of binding specificity from cocaine to DCA is the single
nucleotide substitution which converts the G29/A21 base pair to a GC. (Figure 3.3, Table 3.4).
The identity of the two GA base pairs is critical to retain high affinity cocaine binding.***'** As a
tandem GA arrangement in a DNA helix is known to distort the helix,**’ it is likely that the
disruption of the structure formed by the tandem GA base pairs results in loss of cocaine-binding
and conveys DCA-binding ability. Verifying this possible change in structure could be addressed
in future studies by employing methods such as SAXS or fluorescence spectroscopy where a 2-
aminopurine replaces an adenine to compare a tandem GA-containing aptamer with a WC-type
single GA mismatch aptamer. The WC, MN9, MN10, and MN11 constructs all bind DCA within
a 2-fold range of affinity (Table 3.4). This demonstrates that nucleotide changes away from the
three-way junction have little effect on DCA binding. In a similar manner, changes outside the
three-way junction do not affect cocaine binding.’**>" We also tested the necessity of the

presence of a GA base pair for DCA binding through the use of the rwC construct (Figure 3.3). In
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this molecule, both GA base pairs were changed to GC base pairs, resulting in elimination of
DCA binding ability. This finding shows that the presence of a GA base pair is necessary for
DCA binding. The sequence requirements to produce a DCA-binding aptamer presented here are
consistent with earlier studies that first identified DCA binding by a modified cocaine-binding

aptamer with a fluorophore reporter at the three-way junction.'?*%

3.3.3 Engineering of a Steroid-Induced Structure Switching Mechanism

A ligand-induced structural switching binding mechanism was engineered in the steroid-binding
aptamer MS2. Stem 1 in MS2 is shortened to contain four base pairs, resulting in an aptamer that
has secondary structure formed in only stem 3 in the unbound state. Upon addition of DCA,
numerous well-dispersed resonances appear, indicating the folding of the aptamer into the
predicted secondary structure (Figure 3.5). The steroid-binding aptamer likely contains the same
secondary structural elements seen previously in the cocaine-binding aptamer, indicating that this
DNA framework of three stems arranged around a three-way junction appears to be a versatile
architecture for ligand binding, and shortening of stem 1 enables the engineering of a structural

switching mechanism in a predictable manner.

One difference between the MS2 DCA-binding aptamer and the previously studied MN6 and
MN19 cocaine-binding aptamers is that for MN6 and MN19, stem 1 contains three base pairs
while for MS2, four base pairs are needed to produce an aptamer that is functional. This suggests
that cocaine binding has a greater stabilizing effect than DCA binding. Temperature-dependent
NMR experiments demonstrate that, in comparison to cocaine-bound MN6 and MN19, DCA-
bound MS2 is less thermally stable. The last of the well dispersed imino protons that appear in
MS2 due to ligand binding are visible at 10 °C, compared to 15 °C for MN6 and MN19."" This
lower stability exists despite stem 1 having four base pairs in MS2 while MN6 and MN19 have 3
base pairs in their stem 1. While the disappearance of the imino signals can be due to either the
unfolding of the aptamer or an increase in the hydrogen exchange rate as the temperature
increases, it is clear that DCA binding does not have as much of a stabilizing effect on the MS2
aptamer as cocaine binding has for MN6 and MN19.
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3.3.4 Steroid-Binding vs. Cocaine-Binding Mechanisms
NMR and ITC data indicate a high degree of similarity between the DCA binding mechanisms

and the cocaine binding mechanisms described previously. The *H-NMR spectrum shows that for
MS2, only stem 3 is formed in the absence of ligand (Figure 3.9), and upon binding DCA, all
three stems form. This behavior is similar to what is seen with short stem 1 variants of the
cocaine-binding aptamer. From thermodynamic analysis, MS2 has a much more negative AC,
than seen for the WC. As such, more nonpolar surface area becomes buried upon MS2 binding
compared with WC binding which implies that a greater degree of structural change occurs for
MS2 and constructs of this type than for constructs such as WC.*° An additional similarity
between the DCA and cocaine binding mechanisms is that for all aptamers studied, binding for

both ligands is an enthalpically driven process with an unfavorable binding entropy.

3.3.5 Tertiary Structure Analysis of Ligand-Free and Ligand Bound
Steroid-Binding Aptamer Constructs

Research reported here is largely the work of collaborators (noted for each subsection). Results
and Figures are presented to aid in discussing the overall findings of this study, in which one aim
was to understand what tertiary structure changes occur with ligand binding. This first began by
considering the WC and MS2 aptamers, observing the changes in hydrodynamics of free and
DCA-bound WC and MS2. Additionally, NMR and calorimetry techniques were used in order to
help provide a comparison with previous findings with the cocaine-binding aptamer (Chapter 2
and Chapter 3: Section 3.2)

3.35.1 Hydrodynamic Analysis Using Quasi-Elastic Light Scattering

Research discussed here was conducted by Stephanie Lombardo and Gerald F. Audette. Quasi-
Elastic Light Scattering (QELS) was employed in this study as it has the capability to estimate the

size of particles in solution.?*

With observed differences in structural changes for short and long
stem aptamer variants studied by ITC and NMR, DLS was applied to obtain further evidence for
the observed ligand induced structure switching. Results of this study output a radius of hydration
(R (2)), which was used as a standard for comparison of the free and bound aptamers. The free

WC aptamer had a calculated Ry, (z) of (28 + 1) A. For DCA bound WC, Ry, (z) was calculated to

76



be (26 + 1) A (Table 3.7). It is noted that the Ry, (z) of free WC is larger than that of ligand-bound
WC. This data indicates a small degree of compaction with DCA binding for WC. The change is
quite subtle, but this is then in agreement with data obtained through ITC and NMR which have
also indicated a small degree of structural change taking place upon binding of DCA.

3.3.5.2 Analysis of the Effect of Ligand Binding on Diffusion Using
Diffusion-Ordered NMR Spectroscopy

Research discussed here was conducted by Patrick Groves. In order to analyze any change in
molecule shape upon DCA binding, Diffusion-Ordered NMR Spectroscopy (DOSY) experiments
on the free and ligand-bound WC aptamer were performed. Within this entire study, DOSY was a
useful technique because of its ability to separate NMR signals based on translational diffusion
coefficients (Dy). Through DOSY, information about, but not limited to, particle size and shape

can be obtained.

(a)
T T T T T
-9.6 -9.8 -10.0 -10.2 -10.4
log D,
(b)
free WC
WC-DCA complex

T
-9.6 9.8 -10.0 -10.2 -10.4
logD,

Figure 3.14: Diffusion profiles obtained from DOSY spectra for (left to right), (a) aprotinin (6.6
kDa), a-lactalbumin (14.4 kDa), carbonic anhydrase (29 kDa), ovalbumin (44 kDa), and bovine
serum albumin (66 kDa). (b) Diffusion profile of free and DCA-bound WC aptamers. The
diffusion coefficient of DCA-bound WC aptamer is less negative. This corresponds to a smaller

effective molecular weight and smaller Rq, upon complex formation with ligand.
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This observed decrease in log D; occurs despite the molecular mass of the complex being heavier
than for the free aptamer by the weight of DCA (391.6 Da). This decrease in log Dy likely reflects
a small compaction in structure upon ligand binding. The radius of gyration (Ry) for the free
aptamer is estimated to be 17.1 A and that of the bound aptamer to be 16.3 A. (Table 3.7). This
decrease in Ry is indicative of compaction of the aptamer with ligand binding and is in agreement
with data obtained through QELS, ITC, and NMR.

Table 3.7: Summary of the hydrodynamic data for the free and bound WC and MS2
aptamers.®

SAXS" DOSY QELS
Sample Rq (A) Rimax (A) Rq (A) Rn (2) (A)
WCkree 174+ 0.1 59.4 17.1 28+ 1
WChound 176 +£0.1 60.5 16.3 261
MS2¢ee 176+0.1 61
MS2pound 16.7+0.1 57.2

®Data acquired in Buffer A.
°For SAXS-derived Ry values, data from the 1 in 4 dilution is presented.

3.35.3 Structural Analysis of DCA Binding Using SAXS

Research presented here is the work of Matthew C.J. Wilce and Simone A. Beckham. SAXS data
was very valuable within this study as SAXS is a method refined at resolving information related
to particle size and shape.?'? Solution SAXS was conducted on the WC and MS2 aptamers in both
the absence and presence of DCA (Figure 3.16a). The Ry and Rmax are similar for both the bound
and free aptamers with a slight reduction in both Ry and Rmax for the ligand-bound MS2 (Table
3.7). The pair distance distribution function (PDDF), P(r), was calculated using the indirect

Fourier transform method (Figure 3.16b). %

While three of the P(r) functions are essentially the
same, there are noticeable differences in the profile of the P(r) function for the WC-DCA sample.
Kratky analysis suggests that the WC-DCA structure changes upon binding DCA (Figure 3.16c).
Kratky plots for each of the samples are indicative of a partially folded or partially flexible
molecule; however, the WC-DCA Kratky plot is suggesting that upon ligand binding, WC

becomes more ordered.
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Figure 3.15: (a) SAXS data for WC and MS2 in the presence and absence of ligand. SAXS
intensity profile 1(g) as a function of the magnitude of the scattering vector g. Error bars indicate
the mean, plus or minus one standard deviation. Line A: WC-DCA,; B: free WC; C: MS2-DCA,;
D: free MS2. (b) Pair-distance distribution function (P(r)) for WC and MS2 SAXS data. WC-
DCA: black solid line; free WC: black dashed line; MS2-DCA: gray solid line; free MS2: gray
dashed line. (c) Kratky plot for WC and MS2 SAXS data. WC-DCA: black circles; free WC:
black crosses; MS2-DCA: gray circles; free MS2: gray crosses.

3.354 Structural Implications of the Hydrodynamic Changes upon Steroid
Binding

From the SAXS data, it is evident that no significant change in Ry was observed with DCA
binding by the WC aptamer. This difference between methods may arise from small changes in
the roughly flat, elongated shape of the aptamer changing the diffusion rate but still giving rise to
the same Ry as measured by SAXS. Despite the lack of difference in Ry values between free and
DCA-bound WC, analysis of the SAXS data using the P(r) function and the Kratky plot indicates
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the presence of structural changes in the WC aptamer with DCA binding an points to the aptamer
becoming more ordered upon DCA binding. Together, these results indicate little change in the
overall size of the molecule with ligand binding but that structural changes do occur in the WC
aptamer with DCA binding. Previously, for cocaine binding, very little secondary structure change
was observed with cocaine binding by the MN4 aptamer, but tools to observe tertiary structure
were unavailable. Given the similarity in NMR and ITC trends between the cocaine-binding MN4
aptamer and DCA-binding WC aptamer, it is likely that these hydrodynamic findings would be
similar for MN4 binding cocaine. SAXS methods were also used to look at what structural
changes occur with DCA binding by the MS2 aptamer. A significant decrease in Ry was noted for
the MS2 aptamer with ligand binding (Table 3.7) as may be expected given the secondary
structure formation in this aptamer with DCA binding. Surprisingly, there is little difference in the
Kratky plot between free and DCA-bound MS2, indicating that MS2 does not become
significantly more ordered with ligand binding. This apparent discrepancy with the NMR data that
shows secondary structure formation in two stems in MS2 can be best explained if the structure of
the unbound state is taken into consideration. If the unbound state exits as an unfolded, random,
uncoiled single strand, then secondary structure formation of two stems should represent a large
increase in order. However, if the unbound form exists in a more compact state, one where the
base pairs outside of stem 3 are not yet formed but the strands are already aligned close together,

then ligand binding and base pair formation can occur without a large change in order.
In light of this new data, it is proposed that steroid-binding aptamer constructs utilize a similar

binding mechanism to that observed for cocaine-binding constructs, however, the possibility of a

compact, yet unfolded structure is taken into account and is illustrated in Figure 3.16.
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Figure 3.16: Proposed mechanism for the structural changes that occur with ligand binding by the
MS2 aptamer. In the free state, stem 3 is formed and the molecule exists in a compact prefolded
form where stems 1 and 2 do not exist in a random coil. With ligand binding, base pair formation

in stems 1 and 2 take place despite little change in overall order occurring.

3.4 Conclusion

The research presented within this study demonstrates that the cocaine-binding aptamer employs a
cocaine-binding mechanism where ionic interactions play an important role, but do not solely
govern ligand binding. The length of all three stems in the aptamer is important for ligand binding
and cannot be shortened without reducing binding affinity. In contrast, increasing the length of the
three stems results in an aptamer with increased ligand binding affinity. This observation is
consistent with the hypothesis that tertiary structure formation concurrent with ligand binding
provides an important driving force for cocaine recognition. Furthermore, a ligand-induced
folding mechanism was engineered into a steroid binding aptamer. This was accomplished by
shortening stem 1 in the steroid-binding aptamer in a similar manner as seen in the cocaine-
binding aptamer. Only some fine-tuning of the stem 1 length was needed to achieve a mechanism
where two stems of the three-way junction form with ligand binding. Given the propensity shown
by the DNA architecture of the cocaine-binding aptamer to be selective for different

123,127,164

ligands, it should be possible to use this structure as a general template to obtain a set of
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aptamers that exhibit ligand-induced folding specific to a wide array of ligands which need not

bear the legal restrictions present for cocaine.

3.5 Experimental Methods

3.5.1 Materials and Sample Preparation

Aptamer samples were obtained from the University of Calgary DNA Service and Integrated
DNA Technologies. DNA samples were dissolved in water and then exchanged three times in a 3
kDa molecular weight cutoff concentrator with sterilized 1 M NaCl and then washed at least three
times with distilled deionized H,O. Except where noted, all DNA samples were exchanged with
20 mM Tris (pH 7.4), 140 mM NacCl, and 5 mM KCI (Buffer A) three times before use. Aptamer
concentrations were determined by absorbance spectroscopy using the calculated extinction
coefficients. Sodium deoxycholate (DCA) was obtained from Sigma-Aldrich (part number
D6750). Stock solutions of DCA and cocaine were prepared by weight and dissolved in the

desired buffer. Cocaine hydrochloride was obtained from Sigma Aldrich.

3.5.2 NMR Spectroscopy

All 1D *H-NMR experiments on aptamer samples were acquired using a 600 MHz Bruker Avance
spectrometer. 1D *H-NMR spectra were acquired in 90% H,0/10% D,O at 5 °C unless otherwise
noted. These sample conditions were chosen to result in spectra showing the sharpest signals.*®*
The concentrations of aptamers for NMR studies ranged from 0.3 — 2.3 mM. All 1D and 2D data

were processed and analyzed using NMRPipe/NMRDraw.*®’

3.5.3 Isothermal Titration Calorimetry

ITC was performed using a MicroCal VP-ITC. Data was analyzed using accompanying Origin
software and fit to a one-site binding model. Samples for ITC analysis were degassed before use
with the MicroCal Thermo Vac unit. All experiments were corrected for the heat of dilution of the
titrant. Unless otherwise specified, cocaine, DCA, and aptamer solutions were prepared in Buffer
A. Steroid binding experiments were performed with aptamer solutions ranging from 20 to 85 uM

using DCA concentrations of 1.2 — 4.2 mM at 20 °C. Cocaine binding experiments were
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performed with aptamer solutions of 20 uM using cocaine concentrations of 280 uM at 20 °C. All
aptamer samples were heated in a boiling water bath for 3 min and cooled on ice prior to use in a
binding experiment to allow the DNA aptamer to anneal. Unless otherwise noted, binding

experiments were carried out in Buffer A.

3.5.3.1 ITC Binding Studies as a Function of lonic Strength

For binding studies conducted at pH 5.4 and 6.4, buffers of 20 mM sodium acetate and sodium
phosphate, respectively, were used and contained the same NaCl and KCI conditions as Buffer A.
Binding studies above pH 7.4 were conducted in 20 mM Tris at the indicated pH. Experiments
conducted where the NaCl concentration was varied were conducted with the aptamer in pH 7.4
Tris buffer containing the indicated amount of NaCl. Binding experiments typically consisted of
either (i) 30 successive 8 uL injections of cocaine every 300 s to a final molar ratio of 2.5:1. Or
(i1) 36 injections of 6 puL cocaine spaced every 300 s to a final molar ratio of 2:1. For all
experiments, the first injection volume was 1 pL. The raw ITC data was corrected for heat of

dilution of the titrant.

3.5.3.2 Low ¢ ITC Studies of Aptamer Variants

Some constructs only bind weakly at the previously indicated aptamer and cocaine concentrations
due to low affinity of the aptamer for ligand. A low c¢ ITC procedure was applied for these
constructs.*®>*® The running conditions of low ¢ experiments were kept the same, however these
experiments consisted of 35 successive injections of 45 mM cocaine. The first 10 injections were
5 pL and the remaining additions were 8 pL injected every 300 s to a 50 fold molar excess of
cocaine. The raw low c data was also corrected for heat of dilution of the titrant. The constructs fit
under these low c conditions are WC, MN5, MN6, MN7, MN9, MN10, MN11, MN13, M14 and
MN17. For constructs MN15 and MN16, even lower ¢ conditions were attempted using a 400:1

molar excess of ligand.

3.5.3.3 Affinity Determination of Steroid Binding Constructs

For the affinity determination experiments of steroid binding aptamers, a low ¢ ITC method was
used to enable all conditions to be studied using the same experimental parameters.®>'#? These

low ¢ ITC experiments consisted of 35 successive injections spaced every 300 s where the first
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injection was 1 pL, the next 20 injections were 3 pL, and the remaining additions were 15 uL
going to a 30—50-fold molar excess of DCA. For the data fitting of the low ¢ ITC experiments, the

stoichiometry of the interaction (n) was fixed at 1.

3.5.3.4 Heat Capacity of Binding

AC, of DCA-binding for WC and MS2 was determined by measuring the thermodynamics of
binding over a temperature range of 5—40 °C in Buffer A. The pH of Tris buffer was not corrected
for changes due to temperature effects. For these experiments, low ¢ methods were not used.
Standard binding experiments consisted of 35 successive 8 pL injections spaced every 300 s

where the first injection was 2 uL.. Each experiment had a ¢ value of 5.

84



4 Quinine Binding by the Cocaine-Binding Aptamer.
Thermodynamic and Hydrodynamic Analysis of
High-Affinity Binding of an Off-Target Ligand

All of the content reported within this chapter has been published in the article listed below.*®’

Information on contributing authors is provided in the corresponding section.

= Reinstein, O., Yoo, M., Han, C., Palmo, T., Beckham, S.A., Wilce, M.C.J., Johnson, P.E.
(2013) Quinine Binding by the Cocaine-Binding Aptamer. Thermodynamic and
Hydrodynamic Analysis of High-Affinity Binding of an Off-Target Ligand, Biochemistry
52, 8652—8662.

4.1 Introduction

One feature of the cocaine-binding aptamer that sets it apart from other aptamers is its binding
promiscuity. Though selected for cocaine binding, this aptamer also binds other alkaloids and
even binds quinine with higher affinity than it binds cocaine.*?"*%31%° gych versatility in ligand
binding is uncommon among aptamers and is not a desirable characteristic for a biosensor, but it
may be a useful property for the biotechnology applications of the cocaine-binding aptamer. The
binding versatility of this aptamer leads to questions such as “How does the same sequence bind
to different ligands?”” and “Does the aptamer use the same binding site and binding mechanism for
all ligands?” In this study, the interaction of the cocaine-binding aptamer with quinine was
investigated. Aptamer variants used in previous studies (all constructs can be found in Figure 3.3)
have been employed here to demonstrate that quinine binds approximately 30-fold more tightly
than does cocaine. Furthermore, structural studies using NMR methods in conjunction with
thermodynamic studies using isothermal titration calorimetry (ITC) have demonstrated that the
ligand-induced folding of the short stem 1 constructs of the cocaine-binding aptamer is retained
with the binding of quinine. Noting the similarities between cocaine and quinine (Figure 4.1), the

extent of electrostatic interactions taking place with ligand binding is also reported.
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Figure 4.1: Molecular structure of cocaine and quinine.
4.2 Results

4.2.1 Affinity and Thermodynamics of Quinine Binding

ITC methods were used to establish the affinity and thermodynamics of binding by a set of
cocaine-binding aptamer variants, WC, MN4, MN16, and MN19 (Figure 3.3), for the ligand
quinine (Figure 4.1). The constructs studied were chosen to include the most commonly studied
versions of the cocaine-binding aptamer used in previous studies.****"**® Figure 4.2 provides a
sample thermogram of MN4 binding quinine acquired using ITC. The affinity and thermodynamic
parameters of quinine binding for these constructs are summarized in Table 4.1. These data show
that the binding affinity for quinine of the aptamer variants used in this study is consistently
significantly higher than that for cocaine. The affinity of MN4 for quinine is 30 times that for
cocaine, while the MN19 and WC variants show a 38- and 17- fold increased affinity for quinine

over cocaine, respectively.

These data also demonstrate that the relative order of affinity for these aptamers remains the same
for both the quinine and the cocaine ligands. Among the variants studied, MN4 exhibits the
highest affinity. The ITC data further demonstrate that, for all aptamer variants used in this study,

quinine binding is an enthalpically driven process with unfavorable binding entropy.
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Figure 4.2: Sample of ITC data showing the interaction of MN4 with quinine. A one-site fit to the
data yields a Kg value of (0.16 = 0.01) pM and an enthalpy of —17.7 kcal mol*. (Top) The raw
titration data showing the heat resulting from each injection of quinine into aptamer solution.
(Bottom) The integrated heat plot after correcting for the heat of dilution. This binding experiment
was performed at 20 °C in 20 mM Tris (pH 7.4), 140 mM NaCl, and 5 mM KCI (Buffer A).
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Table 4.1 Thermodynamic parameters for the interaction between quinine and the
aptamers presented in this Study.?
_I Quinine Cocaine
Aptamer Kg (nM) AH (kcal mol™") | —TAS (kcal mol™") | Ky (uM)
MN4 0.23+£0.03 -145+0.4 56+£04 71
MN19 0.7£0.2 —222+0.4 140x04 26.7 £ 0.7
wWC 12+4 —21+4 15+4 204 £ 6
MN16 51+3 -6.9+0.5 11+04 vwhb*
MN4 + Mg?* 0.42 £ 0.02 -10.9+0.7 24+0.7 nd°
MN19 + Mg** 0.6 + 0.4 ~14.6 1.6 6.4+ 1.4 nd®

Data acquired in Buffer A. Data for WC, MN4, and MN16 were acquired at 20 °C; data for
MN19 were acquired at 17.5 °C; data for MN4 and MN19 with Mg?* were acquired at 15 °C. The
values reported are averages of 2—5 individual experiments. The error range reported is one
standard deviation.

®The corresponding data for cocaine binding are included for the purpose of comparison (Table
3.3 contains cocaine binding data for additional aptamers)

‘vwb denotes that only very weak binding was observed; nd denotes not determined, the

experiment was not performed.

Previous studies have indicated that DNA structures containing three-way junctions are more
stable in the presence of Mg®*.*"® To see if the presence of Mg?* affects quinine binding, ITC
experiments were conducted using MN4 and MN19 in standard buffer conditions that also
contained 5 mM MgCl,. Results are presented in Table 4.1 and show that the addition of MgCl,

has a negligible effect on the affinity of these aptamers for quinine.

4.2.2 Change in Heat Capacity with Quinine Binding

To gain a greater level of insight into the mechanism by which the MN4 and MN19 aptamers bind
quinine, enthalpy of binding by these aptamers was measured as a function of temperature to
determine AC,. Titration data is provided in Table 4.2 and plotted in Figure 4.3. For MN4,
temperature data were obtained from 10 to 35 °C. Binding data for MN19 was acquired from 7.5

to 17.5 °C. At temperatures above 17.5 °C, MN19 exhibited signs of incomplete folding upon
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binding as the enthalpy rapidly became less negative, and it is not possible to separate the

enthalpy of folding from that of binding. From the slopes of the lines in Figure 4.3, AC, can be
computed and is (—377 + 55) cal mol™* K™ for MN4 and (~798 + 91) cal mol™ K™* MN19.

Table 4.2: Binding affinity and thermodynamic binding parameters of quinine binding by
the cocaine-binding aptamer as determined by ITC.?
Aptamer Temperature Kg (UM) AH (kcal/mol) | -TAS (kcal/mol)
10.017 05+0.1 -13.7+0.4 55+0.5
15.016 03+0.1 -13.8+0.8 51+0.6
MN4 20.016 09+05 -15.0+0.1 6.8+0.2
25.016 11+0.3 -19.1+0.3 10.9+0.2
30.014 1.4+0.1 -19.4+0.2 11.3+0.2
35.010 1.6+0.7 -22.7+0.5 145+ 0.7
7.515 0.69 +0.04 -15+1 70+£0.9
10.021 09+0.2 -15.4+0.1 7.3+0.1
MN19 12.515 11+0.1 -18.6 £ 0.2 10.8+0.2
15.035 0.61 £ 0.04 -205+0.1 7.3+0.1
17.514 05+£0.2 -225+04 14.0+£0.5

Binding experiments were performed in Buffer A. The values reported are averages of 2—3

individual experiments. The error range reported is one standard deviation.
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Figure 4.3: Temperature dependence of the enthalpy of MN4and MN19 binding quinine. The

slope of the line represents AC,, Which was determined to be (—377 % 55) cal mol™ K™ for MN4
and (=798 + 91) cal mol * K™* for MN19.
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4.2.3 Buffer Identity and Quinine Binding

ITC methods were used to test for changes in the protonation state of quinine during binding.
Change in protonation is detected by measuring the binding enthalpy in different buffers at a
constant pH value. If the protonation state changes during binding, different binding enthalpy
values will be obtained that differ by the number of protons lost or gained, multiplied by the
protonation enthalpy of the buffer.?*>%** Enthalpies of MN4 binding to quinine were measured in
both N-(2- hydroxyethyl)piperazine-N'-ethanesulfonic acid (HEPES) and phosphate buffer at a
pH value of 7.4 to be (—15.2 + 0.8) kcal mol™ and (—14.4 + 1.4) kcal mol™, respectively. Binding
at pH 8.5 was also measured using HEPES and Tris buffer which resulted in AH values of (—14.2
+ 0.5) kcal mol™ and (-16.7 + 1.6) kcal mol™, respectively. The similarity of the binding
enthalpies in the two buffers at each of these pH values indicates that little to no change in
protonation state is taking place with quinine binding. Had the protonation state been affected, the
difference in AH values expected is 16 and 11 kcal mol ™, respectively.

4.2.4 Effect of lonic Strength on Quinine Binding

To quantify the contribution that electrostatic interactions play in quinine binding, the enthalpy of
MN4 binding quinine was determined at a range of NaCl concentrations from 50 to 500 mM
(Table 4.3) In general, the affinity of the aptamer for quinine increases as the NaCl concentration
decreases. The contribution of electrostatics to ligand binding is measured by equation 4.1, where
Z is the apparent charge on the bound ligand and ¢ is the fraction of Na* bound per nucleic acid

phosphate.*

0log K,
d log[Na™]

= —Z@ (4.1)

From a plot of log K, versus log [NaCl], the slope gives the value of —Z¢. For MN4 binding
quinine (Figure 4.4) this value is —0.45 + 0.14. The contribution of electrostatics to the free energy

of binding can then be determined from equation 4.2.

AG,,. = Z@RT In[Na™] (4.2)
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Table 4.3: Binding thermodynamics of the MN4 aptamer as measured by
ITC to determine contribution of electrostatic forces in quinine binding.?
[NaCl] mM Ka (MM™) AGt (kcal mol™)

50 43124 -8.8+0.3
75 4+0.1 -8.84 +0.01
140 44+0.6 -8.9+0.1
200 3.0+0.1 -8.68 + 0.01
500 1.4+05 -82+0.2

®Binding experiments were performed in a solution of 20 mM Tris (pH 7.4) and 5 mM KCI at the

indicated NaCl concentration. The values reported are averages of 2—3 individual experiments.

The error range reported is one standard deviation
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Figure 4.4: Log K, vs log [NaCl] for MN4 binding to quinine. The slope of this line was used to

determine the contribution to the free energy of binding by electrostatic (AGeec) interactions. At
140 mM NaCl, AGejec comprises only 6% of the overall binding AG.

For the MN4—quinine pair the value of AGejec is —0.51 kcal mol* at 140 mM NaCl. Knowing the

binding affinity at this NaCl concentration (Table 4.1) the overall binding free energy is calculated
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to be (-8.90 + 0.1) kcal mol™. This reveals that electrostatic interactions represent 6% of the

overall free energy of MN4 binding quinine at 140 mM NacCl.

4.2.5 NMR Assignments and Quinine-Induced Chemical Shift

Perturbations

The *H-NMR assignment of the imino protons of the quinine-bound MN4 and MN19 aptamers
were obtained from 2D homonuclear NOESY experiments. The quality of the NMR data was
excellent and complete assignments of the imino protons were obtained for the spectra of both
quinine-bound MN4 and quinine-bound MN19 (Figures 4.5 — 4.7).
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Figure 4.5: Imino—imino region of the 2D NOESY spectrum (1, = 200 ms) of MN4 bound to

quinine acquired in 90% H,0/10% D,0 at 5 °C. Assignments are traced out in the spectrum.
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Figure 4.6: Imino-imino region of the 2D NOESY (tm = 200 ms) of quinine-bound MN19

recorded at 5 °C. Assignments are labeled in the spectrum.

Figure 4.7b illustrates the unfolded to folded transition taking place with MN19 for quinine
binding evidenced by the appearance of several imino proton signals as quinine is titrated into the
sample. The number of new signals observed account for all the expected peaks in the equimolar
sample of MN19 with quinine. Insights into the location of the quinine-binding site in the MN4
aptamer can be deduced from the chemical-shift perturbations of the imino protons observed with
ligand binding. Assignments of free MN4 were outlined in Chapter 2 and match what was

observed for this sample of free MN4.
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Figure 4.7a: Quinine binding by MN4 monitored by 1D *H-NMR. Displayed is the region of the
NMR spectrum focusing on the imino resonances as a function of increasing quinine
concentration.  All spectra were acquired in 90% H,0/10% D,0 at 5 °C at the quinine:aptamer

molar ratios indicated.
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Figure 4.7b: Quinine binding by MN19 monitored by 1D *H-NMR. Displayed is the region of the
NMR spectrum focusing on the imino resonances as a function of increasing quinine
concentration. Note that for MN19 only a few broad peaks are observed in the free spectrum.

Upon binding, sharp resonances from the quinine-bound MN19 aptamer appear. All spectra were

acquired in 90% H,0/10% D,0 at 5 °C at the quinine:aptamer molar ratios indicated.
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The binding of quinine is in slow exchange on the NMR time scale, with signals for both the free
and bound resonances observed simultaneously upon addition of quinine. The difference in
chemical shift between the free and quinine-bound states can be determined and is plotted in
Figure 4.7. Upon binding, G31 showed the greatest difference in chemical shift, followed by T32
and T28. As seen previously with MN4, the imino proton signal of T19 is not observed in the free

sample, but appears with ligand binding.
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Figure 4.8: Histogram showing the chemical shift perturbations of the imino protons in MN4

upon quinine binding.

4.2.6 ITC and NMR-Monitored Competition Binding Experiments

To determine if the cocaine and quinine ligands bind at the same location in the aptamer, a set of
ITC competitive-binding experiments were conducted (Figure 4.9). First quinine was added to a
solution of free MN4 (Figure 4.9a). From fitting the data to a single-site binding model, a Ky
value of (0.35 + 0.04) uM and a AH value of (—15.2 + 0.2) kcal mol™ were obtained at 15 °C.
Following this experiment, cocaine was titrated into the solution of quinine-bound MN4. As seen
in Figure 4.9b, no detectable binding was observed. This inability of cocaine to bind MN4 in the
presence of quinine is consistent with quinine being bound tighter by MN4 and with both ligands
binding at the same site in the aptamer. Additionally, the reverse titration was performed in which
cocaine was added first to free MN4 (Figure 4.9c), resulting in a Kq value of (2.2 £0.1) uM and a
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AH value of (=7.96 + 0.08) kcal mol* at 15 °C. Quinine was then titrated into the cocaine-bound
MN4 and binding was observed (Figure 4.9d). The data was fit to a competitive-binding model,*"
which resulted in a K4 value of (0.14 + 0.02) uM and a AH value of (—11.2 + 0.1) kcal mol™* at 15

°C for quinine binding to MN4.

Time (min) Time (min)
(a) 0 25 50 75 100 125 150 175 200 (b) 0 25 50 75 100 125 150 175 200
R T I T T R T S oy v orororororT oty oto7 ot
4 - 0.0 -
D -0.5- - 0.5+ .
2
§ 1.0
-1.0 - - o 7
0_ L] Ll I T T 1 1 I_ 0_ T M L M 1 M 1 4 l_
- 2 - -2 .
8 4] ] -4 ]
2 64 . -6 - .
£ ] - ]
5 7 ] 8] ]
@ -10 A - -10 -
O - - - -
£ 124 . 12 .
= 4 . | 1
8 14+ . -14 4 -
< 1 : ]
64 " - -16 - -

1 - 1 1 1 ™ 1T 11 T T T T
00 05 10 15 20 25 30 35 0 1 2 3 4
Molar Ratio Molar Ratio

Figure 4.9 (a & b): ITC-based competitive-binding data. Shown are the interactions of (a)
quinine with unbound MN4, (b) cocaine with quinine-bound MN4. On the bottom of each panel is
the integrated heat plot after correcting for the heat of dilution. Titrations (a) was fit to a single-
site binding model Experiments were performed at 15 °C in Buffer A.
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Figure 4.9 (c & d): ITC-based competitive-binding data. Shown are the interactions (c) cocaine
with unbound MN4, and (d) quinine into cocaine-bound MN4. On the top of each panel is the raw
titration data showing the heat resulting from each injection of quinine into aptamer solution. On
the bottom of each panel is the integrated heat plot after correcting for the heat of dilution.
Titrations (c) was fit to a single-site binding model, while the titration in (d) was fit to a

competitive-binding model. Binding experiments were performed at 15 °C in Buffer A.

Competitive binding by cocaine and quinine for MN4 was also observed in NMR-monitored
titrations. Three different titrations were performed. First, quinine was added to MN4 followed by
addition of cocaine (Figure 4.10). During the addition of quinine, similar changes were observed,
as seen in Figure 4.7a. During the addition of cocaine to the quinine-bound MN4, no changes in
chemical shift were observed; however, peaks due to G31, T15, and T18 experienced significant

line broadening.

98



T19, T28, T32 N [ ' =
(b] G2 G4 G34 GO G10.G27 MMN4 : cocaine .gulnlne

G289

G0624

1:0.75:1.1

1:0.25:1.1

]
G24 G30

e G10, G27
T T T T T T

14 13 12 11 10
'H ppm

Figure 4.10: Competitive ligand binding monitored by 1D *H-NMR. Displayed is the region of
the NMR spectrum focusing on the imino resonances of MN4 as a function of (a) increasing
quinine concentration and (b) increasing cocaine concentration in the quinine-bound MN4. All

spectra were acquired in 90% H,0/10% D,0 at 5 °C at the molar ratios indicated.
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In the second NMR monitored titration, cocaine was first added to MN4, followed by the addition
of quinine to the MN4-cocaine complex (Figure 4.11). The first part of this titration resulted in
spectra that are very similar to those we observed previously for the addition of cocaine to
MN4.*! When quinine was added to the MN4—cocaine complex, changes in chemical shift were
noted for some peaks. Namely, the peak due to G31 shifted to its frequency indicative of the
quinine-bound MN4, and the peak due to T19 shifted to its quinine-bound frequency.
Additionally, in the spectrum acquired with a molar ratio of 1:1.1:3 (MN4/cocaine/quinine) all the
peaks experience line broadening and resonances from T18, and T15 experienced line broadening

to an extent the peaks are no longer observable.

Table 4.4: Fraction of cocaine and quinine bound by MN4 in an equimolar titration.?

Molar Ratios Fraction bound by cocaine Fraction bound by quinine
(MN4:Cocaine:Quinine) (%) (%0)
1:0:0 0 0
1:0.125:0.125 12 12
1:0.25:0.25 24 25
1:0.375:0.375 35 37
1:05:05 41 50
1:0.625:0.625 36 61
1:0.750: 0.750 20 79
1:0.825:0.825 15 84
1:1:1 12 87

8Fraction bound calculated as outlined in ref. 173

Finally, a titration was performed where an equimolar mixture of cocaine and quinine was added
to MN4 (Figure 4.12). In this titration, at sub saturating amounts of total ligand concentration,
peaks from both quinine-bound G31 and cocaine-bound G31 were simultaneously observed.
These peaks are best observed at a molar ratio of 1:0.375:0.375 (MN4/cocaine/quinine). As the
total ligand concentration increases, the proportion of MN4 bound to the more tightly binding
quinine increases and the amount of cocaine-bound MN4 decreases. Note that all three titrations
include a spectrum in which the molar ratios of MN4 and the two ligands are essentially the same.
This is the 1:1:1 (MN4/ cocaine/quinine) spectrum that corresponds to MN4 87.4% quinine-
bound and 12.4% cocaine-bound (Table 4.4). The spectrum of MN4 at this ratio appears very
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similar in all three titrations which demonstrates the repeatability of these titrations despite the

different titration schemes used.
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Figure 4.11: Competitive ligand binding monitored by 1D *H-NMR. Displayed is the region of
the NMR spectrum focusing on the imino resonances of MN4 as a function of (a) increasing
cocaine concentration and (b) increasing quinine concentration in the cocaine-bound MN4. All
spectra were acquired in 90% H,0/10% D,0 at 5 °C at the molar ratios indicated.
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Figure 4.12: Competitive ligand binding monitored by 1D 1H-NMR. Displayed is the region of
the NMR spectrum focusing on the imino resonances of MN4 as a function of increasing both
quinine and cocaine concentrations using a equimolar mixture of quinine and cocaine. All spectra
were acquired in 90% H,0/10% D0 at 5 °C at the molar ratios indicated.
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Table 4.5: Structural parameters calculated from SAXS data.

Sample Ry (A)? Ry (A)° Rmax (A) NSD®
MN4 17.5 17.6 57 0.83
MN4/quinine 17.8 17.8 57 0.72
MN4/cocaine 17.6 17.5 58 0.76
MN19 15.7 15.7 45 0.64
MN19/quinine 155 15.4 46 0.56
MN19/cocaine 15.8 15.8 47 0.55

°R, calculated from Guinier plot of desmeared scattering data. °Ry calculated from PDDF.
‘Normalized spatial discrepancy.

4.3 Discussion

In this study the binding of quinine by the cocaine-binding aptamer was analyzed. This work
provides a basis for comparing the binding thermodynamics of the aptamers MN4 and MN19 for
cocaine, the ligand originally used to select these aptamers, and research presented here for
quinine. There are many similarities in the binding mechanism between the two ligands and also

some differences.

4.3.1 Ligand Structure and Binding Affinity

From the competition binding experiments (Figure 4.9), it is shown that cocaine and quinine share
a common binding site in the aptamer as opposed to binding at separate sites. Perhaps of most
significance is that MN4 and MN 19 bind quinine 30—40 times more tightly than they bind cocaine
(Table 4.1). It is unusual for an aptamer to bind an off-target ligand much more tightly than the
ligand it has been selected for. Quinine and cocaine do share some common structural features in
that they both have an aromatic ring attached to an aliphatic nitrogen containing eight-atom
bridged ring structure (Figure 4.1). However, these two structures are significantly different in the
location of the substituents on the aliphatic ring. When the aliphatic ring portions of the molecule
are superimposed to align the nitrogen atoms, there is little overlap of the aromatic rings.
Similarly, overlaying the aromatic rings results in the aliphatic portion of the molecule not being
aligned to any significant extent. However, it is possible that in the binding site, bonds in the
ligands rotate into conformations other than those most favored in the free state. Detailed

structural analysis of the complexes formed between the ligands and the aptamer are needed to
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understand how the cocaine binding aptamer interacts with both cocaine and quinine. The exact
reason for the observed increased affinity for quinine over cocaine is still unknown, but may be, in
part, due more to the presence of the larger bicyclic aromatic ring on quinine in place of the
monocyclic aromatic ring found in cocaine (Figure 4.1). The larger aromatic group in quinine may
provide an increase in stacking interactions with the DNA bases in the aptamer compared to those
seen in cocaine. In support of stacking interactions playing a role in the cocaine binding
aptamer—ligand interactions, noted is the combination of binding enthalpy and entropy for both
quinine and cocaine by this aptamer (Table 4.1) which falls into the intercalator category by the

classification of Chaires (Figure 4.13).*°
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Figure 4.13: Thermodynamic profiles for a variety of groove binding (red) and intercalating
(blue) molecules. The thermodynamic profiles of MN4 binding to quinine and cocaine are marked

by purple and brown stars, respectively. Both fall within the intercalator region.
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Additional support of the importance of the aromatic ring in ligand binding by the cocaine-
binding aptamer is found when comparing the binding of quinine and cocaine to that of their
structural analogues. The quinine analogues cinchonine and cinchonidine are identical to quinine
except they are missing the methoxy group present in quinine on the aromatic ring (Figure 4.14).

Both of these ligands are bound significantly more weakly than quinine despite this minor
change.’*"*®° In comparison, data consistent with changes to the aliphatic portion of the ligand not
being important for binding come from studies by the Heemstra group in which both cocaine and

norcocaine have equal effect in their split aptamer proximity ligation assay.'”>*"°
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Figure 4.14: Chemical structures of quinine, cocaine, and a series of structural analogues.

In contrast, removal of the aromatic group from cocaine (ecgonine methyl ester) and the creation
of a negatively charged carboxylic acid by the removal of a methyl group on cocaine to make
benzoylecgonine both result in very little ligation due to these ligands not being bound by the
aptamer.>"® Together, these data indicate that changes to the aromatic portion of the ligand

result in a significant decrease in binding affinity.
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4.3.2 A Consistent Structure Switching Mechanism

The functionally important structural-switching binding mechanism for MN19 is retained for both
the cocaine and the quinine ligands. With stem one being 3 base pairs in this aptamer, only few
imino signals are observed in the 1D *H-NMR (Figure 4.7b), indicating the aptamer has a limited
number of base pairs stably formed in the unbound state. Upon addition of quinine, all the
expected imino signals for the secondary structure appear. For MN4, the aptamer is folded in the
free state, and quinine binding, like cocaine binding, does not appear to significantly change the
secondary structure of the aptamer (Figure 4.7a). Additional evidence for the structure switching
mechanism is displayed by the AC, data for MN4 and MN19. A more negative AC, is observed
for MN19 binding quinine than for MN4 (Figure 4.3). The basis for a negative AC,, is the burying
of nonpolar surface area.**® This can result directly from burying the ligand as well as indirectly
by triggering folding in the aptamer, resulting in an increase in nonpolar surface being buried as
base stacking increases. In this case, it is expected that quinine binding by both MN4 and MN19
results in a similar amount of nonpolar surface area burial on the ligand, and any difference
between MN4 and MN19 aptamers to reflect differences in nonpolar burial due to folding. For
MN19, if the aptamer starts off more unfolded in the free state than the bound state, and aptamer
folding occurs with quinine binding, a more negative AC, is expected than if the aptamer is folded
in both the free and bound state. Demonstrated here, quinine binding to MN19 has a AC, of
(-798 % 91) cal mol™ K™, while the AC, for MN4 is (-377 + 55) cal mol™ K™*. This more
negative AC, for MN19 is consistent with a ligand-induced folding mechanism. A more negative
AC, was similarly seen for the MNG6 construct binding cocaine compared to MN4 binding
cocaine.’® This same trend was also observed for the binding of deoxycholic acid by the MS2
construct when compared to the WC construct. This structural-switching binding mechanism is
likely inherent in this aptamer and can be triggered by binding any ligand that provides enough
binding free energy to trigger folding.

4.3.3 Evidence of the Structure Switching Mechanism from SAXS

SAXS studies were conducted in collaboration with this research project by Matthew C.J. Wilce
and Simone A. Beckham. As in Chapter 3, SAXS studied were pursued again to obtain
additional information that could characterize the solution structure of the MN4 and MN19
aptamers.
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Figure 4.15: SAXS analysis of MN4 and MN19 free and bound to quinine or cocaine. (a)
Scattering data for each sample showing raw scattering data with error bars; above this, the
desmeared scattering curve. (b) PDDF plots. Top panel MN4; MN4/Q and MN4/C indicate MN4
bound to quinine and cocaine, respectively. Bottom panel MN19; MN19/Q and MN19/C indicate
MN19 bound to quinine and cocaine, respectively. (c) Ab initio reconstructions of free MN4 and
MN4 with quinine or cocaine bound. (d) Ab initio reconstructions of free MN19 and MN19 with
quinine or cocaine bound. Two orientations rotated 90° about the y axis are presented. The

reconstructions were aligned using the program supcomb.*"
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Analysis of data shown in Figure 4.15b revealed that the Ry was consistently larger for MN4 than
it was for MN19 in both free and bound forms. Ry for MN4 ranged from 17.5 to 17.8 A and 15.5
to 15.8 A for MN19. Additionally, these PDDFs indicate that MN4 free and the quinine- and
cocaine-bound samples exhibit similar solution structures, while the MN19 samples are quite
different. This is particularly evident when comparing the free MN19 data with that of the two
bound aptamer samples. The free MN19 aptamer exhibits a shoulder around 35 A not seen in the
quinine- and cocaine-bound forms of the aptamer. For MN4, the PDDF plot shows little
difference between the free MN4 form and the two ligand bound complexes, indicating that only
small structural changes, if any, occur upon ligand binding. The ab initio shape reconstruction of
the MN4 and MN19 aptamers shows that these molecules form non-globular, elongated, and flat
structures (Figure 4.15(c & d)). The three MN4 structures are fairly similar, containing a bulge off
to one side, while the three MN19 structures form variations of an elongated flat structure. This
data provides additional evidence for the previously proposed ligand-binding mechanism used by
MN4 and MN19.

4.3.4 NMR Evidence for the Quinine Binding Site

From the NMR chemical shift perturbation data, it can be concluded that quinine and cocaine
share a common ligand binding site. The signals that shift the most with quinine binding are G31
and T32 (Figures 4.7. 4.8, 4.16). These are the same resonances that move the most with cocaine
binding."*! Additionally, the T19 imino signal appears in the quinine bound sample, while it is not
observable in the free MN4 state. The main difference in the imino-proton NMR spectrum of the
cocaine- and quinine-bound aptamer is that G31 has a greater change in chemical shift with
quinine binding than it does when binding cocaine. Also, the position of the bound T19 is

significantly different in these two forms (Figure 4.15).

Changes in chemical shifts can be due to the spatial proximity of the ligand and the observed
proton or to structural changes with ligand binding at a site away from the location of the
observed proton resonance. In this particular case, it is hypothesized that perturbation is due to
direct contact: if ligand binding was occurring at a site away from the site of the greatest change
in chemical shift, signals other than G31, T32, and T19 would be affected by the binding event.
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Together this implies not only that the ligand binding location in the aptamer is the same for both

cocaine and quinine but also that the binding site is close to T32, G31, and T19.

MN4-cocaine G9, G10, G27

MN4-quinine G4
T19,T28,T32

G9, G10, G27
G29

T18

14 13 12 11
'H (ppm)
Figure 4.16: Comparison of the imino region of the 1D *H-NMR spectra of cocaine- and quinine-
bound MN4. For most imino protons, resonances occur at the same position in both spectra,
indicating the similarity of the structure for both aptamers. The only significant differences
between these two spectra are the positions of the G31 and T19 imino protons. These protons lie
at the binding site, and the change in frequency of these imino resonances in the two samples

reflects the different bound ligand.

4.3.5 Electrostatic Contributions to Binding

The salt-dependent behavior of the quinine-binding association constant shows that the MN4
aptamer uses electrostatics for only about 6% of the binding free energy at a NaCl concentration
of 140 mM. This is small compared with the binding of aminoglycosides to the A-site RNA, in
which electrostatics make up >50% of the binding free energy.’’” This difference reflects the
number of charged amino groups involved in the interaction between the ligand and nucleic acid
binding partners, but it also likely reflects the need for aptamers to use more shape-specific
interactions, such as hydrogen bonds, to specifically recognize their desired ligand, even though
this aptamer distinguishes poorly between cocaine and quinine.
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4.4 Conclusion

In summary, it has been demonstrated that quinine binding by the cocaine-binding aptamer is
similar to the enthalpy-driven binding mechanism the aptamer has for cocaine, follows a ligand-
induced folding similar to that for cocaine when stem 1 is three base pairs long, and shares with
cocaine the same ligand-binding site in the aptamer. Furthermore, much like in the research
presented for the steroid-binding variants (chapter 3), it is proposed that all short stem 1 constructs
of the cocaine-binding aptamer that are capable of binding a ligand are quite likely to exist in a
loosely arranged configuration in the absence of any ligand, as evidenced by SAXS. The major
difference between the two ligands used within this study is the significantly higher affinity of the
aptamer for quinine over cocaine. While the lack of ligand binding specificity of the cocaine-
binding aptamer raises doubts about the suitability of this aptamer for biosensor applications, it
does allow the non-biosensor uses of this aptamer to be developed using quinine as opposed to

cocaine.

4.5 Experimental Methods

4.5.1 Materials and Sample Preparation

Aptamer samples were obtained from Integrated DNA Technologies (IDT). The DNA samples
were dissolved in distilled deionized H,O (ddH20) and then exchanged three times using a 3 kDa
molecular weight cutoff concentrator with sterilized 1 M NaCl followed by three exchanges into
ddH20. Except where noted, all DNA samples were exchanged with 20 mM Tris (pH 7.4), 140
mM NaCl, and 5 mM KCI (Buffer A) three times before use. The aptamer concentrations were
determined by absorbance spectroscopy using the extinction coefficients supplied by the
manufacturer. Quinine hemisulfate monohydrate was obtained from Sigma-Aldrich (catalog
number 145912 Aldrich). Stock solutions of quinine hemisulfate were prepared by dissolving the

appropriate weight of quinine-hemisulfate monohydrate in Buffer A.

110



4.5.2 Isothermal Titration Calorimetry

4.5.2.1 Thermodynamics of Quinine Binding

ITC was performed using a MicroCal VP-ITC instrument. Data were fit to a one site binding
model using Origin 5.0 software. Samples were degassed prior to use with the MicroCal Thermo
Vac unit. All experiments were corrected for the heat of dilution of the titrant. Unless otherwise
specified, the quinine and aptamer solutions were prepared in Buffer A. The binding experiments
were performed with aptamer solutions ranging from 15 to 150 pM using quinine concentrations
of 0.23—-2.25 mM at the indicated temperatures. All titrations were performed with the aptamer in
the cell and with the ligand, as the titrant, in the needle. All aptamer samples were heated in a
boiling water bath for 3 min and cooled on ice before use in an ITC experiment, to allow the DNA
aptamer to anneal. The standard binding experiments consisted of 35 successive 8 uL injections
every 300 s; the first injection was 2 puL. The experimental concentration for the MN4 construct

was established using a fixed ¢ value'®

of 50, while the experiments for the MN19 construct used
¢ values ranging from 2 to 7.5. A low ¢ ITC method was adopted for the weak-binding MN16
construct.’®*® This method used 20 uM MN16, which was titrated with 3.6 mM quinine to 30-
fold molar excess. Experiments using the low ¢ method consisted of 35 injections in which the
first injection was 2 pL, followed by 19 injections of 3 uL and finishing with 15 injections of 15

uL. The injections were made every 300 s.

4.5.2.2 Heat Capacity of Binding

AC, of quinine binding for MN4 and MN19 was determined by measuring the thermodynamics of
binding over temperature ranges of 7.5-35 °C in Buffer A. The pH of the Tris buffer was not

corrected for changes due to temperature effects.

4.5.2.3 Competitive Binding Studies

For the ITC-based competitive-binding experiments, the initial titration was performed as
described above. Following completion of the first titration, the sample was collected, degassed,

and loaded back into the cell; the second titration was then performed with the appropriate ligand.
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4.5.3 NMR Spectroscopy

NMR experiments on the aptamer samples were performed using a 600 MHz Bruker Avance
spectrometer equipped with a ‘H-'*C—N triple-resonance probe equipped with triple-axis
magnetic-field gradients. All NMR spectra were acquired in H,0/D,0 (90%/10%) at 5 °C. These
sample conditions, with no NaCl added, were chosen to result in spectra with the smallest

191192 \niere obtained

linewidths. Nuclear Overhauser Enhancement Spectroscopy (NOESY) spectra
using a mixing time (1) of 200 ms. Water suppression was achieved through the use of the
WATERGATE sequence.'® The aptamer concentration for the NMR studies ranged from 0.4 to

2.3 mM. 2D NOESY spectra were processed and analyzed using NMRPipe and NMRDraw.*®
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5 Folding Studies of the Cocaine-Binding Aptamer Show
Remarkable Stability Against Urea Denaturation

The content reported within this chapter includes experimental results and data analysis which is

in preparation for publication.

5.1 Introduction

The number of cocaine biosensing platforms has steadily grown since the cocaine-binding
aptamer was first isolated. The surge in new biosensing platforms as well as other applications
which utilize the cocaine-binding aptamer presents a variety of experimental conditions which
may affect the functionality of the aptamer. Understanding the functional limits of the cocaine-
binding aptamer would reinforce its reliability for a variety of applications, whether these
applications are novel biosensing platforms or apply the aptamer as a scaffold as part of a large
complex. Research presented here first outlines the structural stability of the cocaine-binding

aptamer in the presence of harsh denaturing conditions.

Following the studies on steroid-binding variants of the cocaine-binding aptamer, it was
established that the short stem 1 constructs which undergo unfolded to folded transitions are
unlikely to exist as completely solvent exposed single stranded molecules (chapter 3). This
finding suggested that the nature of the unbound state for short stem 1 constructs may not be very
well understood and that additional structural modelling may be required to better understand the
behaviour of the aptamer in the ligand free state. Using molecular beacons and a fluorescence

spectroscopy-based approach, the ligand free state of the aptamer was studied in greater detail.

5.2 Results

5.2.1 Gauging Resistance to Chemical Denaturation

In order to make comparisons between long stem 1 and short stem 1 aptamers, stability
measurements were focused on two aptamers, MN4 and MN19. Preliminary measurements of
aptamer stability were conducted by means of ITC where binding was measured as a function of
urea concentration (Figure 5.1). Both aptamers appeared to follow the same trend where

functionality would be retained and only minor changes in binding activity were observed.
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Beyond a specific concentration of urea, 5M for MN4 and 4M for MN19, a significant reduction

in binding activity was observed.
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Figure 5.1: ITC binding experiments conducted for MN19 (top) and MN4 (bottom) binding
quinine in the presence of varying concentrations of urea. All binding experiments were
conducted in a buffer of 20 mM Tris, 140 mM NacCl, and 5 mM KCI (Buffer A) at 10 °C with the

indicated concentration of urea. Individual data points are obtained from single ITC experiments.

NMR methods were similarly applied in attempts to obtain a more accurate denaturation point for
the aptamers. Ideally, a completely denatured, strand-like, solvent exposed aptamer would display
far fewer peaks than one that is folded up due to the fewer number of chemical environments that
could be present under such conditions. While some clues as to a denaturation point were
obtained, NMR spectra never produced clean spectra that allowed for a definite determination of
complete denaturation of the aptamers. (Figures 5.2, 5.3) However, a downfield peak around 8.5
ppm began to appear in spectra of both MN4 and MN19 at higher concentrations of urea. The first
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appearance of these peaks was used as estimates for the denaturation point of the aptamers which
were in modest agreement with ITC results: 4 M for MN4 and 3 M for MN19.
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Figure 5.2: Chemical denaturation of MN19 monitored by 1D *H-NMR. Spectra were acquired in

99.99% D,0 at 5 °C with the concentrations of urea indicated. The peak showing up at 8.2 ppm is

hypothesized to be that of quinine and appears as a result of a significant loss in the binding

affinity of MN109.

115



MN4

8M

6 M

5M

4 M

3M

2M

™

o05M

vvvvvvvvvvvvvvvvvvvvvvvvvvvv

Figure 5.3: Chemical denaturation of MN4 monitored by 1D *H-NMR. Spectra were acquired in
99.99% D,0 at 5 °C with the concentrations of urea indicated. The peak showing up at 8.7 ppm is
hypothesized to be that of quinine and appears as a result of a significant loss in the binding
affinity of MN4.
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5.2.2 Fluorescence Studies of Aptamer Secondary Structure

To determine whether short stem 1 aptamers exist as entirely solvent exposed single strands in the
absence of ligand or as partially folded molecules with some loosely folded stems, both MN4 and
MN19 were developed into molecular beacons. As shown in Figure 5.4, a molecular beacon
consists of a molecule which contains both a fluorescent tag and quencher. For this study, a
fluorescein tag was placed at the 5’ terminus of the aptamer and a Dabcyl quencher at the 3’

terminus.
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Figure 5.4: MN4 and MN19 molecular beacon constructs. Each contain a 5’ fluorescein

attachment and 3’ Dabcyl universal quencher. The chemical structure of Dabcyl and fluorescein

are included.
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The underlying assumption in this study was that unbound MN19 should be almost entirely
unfolded as demonstrated by NMR studies reported in chapter 4. However, SAXS data has so far
been somewhat contradictory to this conclusion. Under the assumption of unbound MN19 being
completely unfolded, a relatively high background fluorescence should be observed for the
aptamer where increasing the concentration of urea should have little to no effect on the level of
observed fluorescence. Conversely, MN4 should display relatively low background fluorescence
that rises as the concentration of urea is increased as a result of the secondary structure
destabilization. Quite interestingly, both MN4 and MN19 exhibited unfolding curves where MN4
was 50% unfolded by approximately 4 M, 4.8 M and 6 M urea (ligand free, cocaine bound,
quinine bound), respectively (Figure 5.5) MN19 was determined to be 50% unfolded by at 2.3 M,
2.4 M, and 4.4 M urea (ligand free, cocaine bound, quinine bound), respectively. (Figure 5.6)

Fluorescence vs [urea] for the MN4 aptamer

4 Unbound MN4

Normalized Fluorescence

B MN4 + Cocaine

A MN4 + Quinine

7 8 9

[urea] (M)

Figure 5.5: Fluorescence vs [urea] for free, cocaine, and quinine bound MN4. Samples were
prepared with a 40 fold molar excess of ligand in bound samples. Readings were acquired at room
temperature Stability measurements were taken to be the point at which 50% of the aptamer is

unfolded represented by the inflection points of the curves.
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Fluorescence vs [urea] for the MN19 aptamer
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Figure 5.6: Fluorescence vs [urea] for free, cocaine, and quinine bound MN19. Samples were
prepared with a 40 fold molar excess of ligand in bound samples. Readings were acquired at room
temperature Stability measurements were taken to be the point at which 50% of the aptamer is

unfolded represented by the inflection points of the curves.

5.3 Discussion

5.3.1 Resolving the Discrepancy between ITC and NMR Data

Due to the absence of any observable peaks in the 1D NMR studies of MN19, it was always
hypothesized that MN19 is mostly unfolded in the unbound state. Studies with urea were
undertaken to verify this hypothesis. By observing enthalpy of binding at varying concentrations
of urea, ITC studies were able to verify that MN19 may not be as unfolded as it was previously
assumed to be. By the proposed mechanism, in the presence of ligand, aptamers must both bind
and fold. Both processes have an associated enthalpy. Had MN19 been completely unfolded to

begin with, the trends in enthalpy vs urea concentration would not have been as apparent as they
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are in Figure 5.1. It is noted that as urea concentration is increased, the enthalpy value becomes
increasingly more negative, suggesting that more folding must be taking place, up to a point
where binding is no longer observed due to severe structural destabilization. Such a trend would
be unlikely to exist if MN19 was completely unfolded, as the enthalpy of folding would always be
nearly identical under all concentrations of urea. This is perhaps better illustrated in Figure 5.7, an
ITC derived result which demonstrates a much larger AC, associated with binding of MN19 in the

presence of urea.
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Figure 5.7: AC, obtained for MN19 binding quinine in the presence of 4 M urea. Linear
regression of this data yields a AC, value of (-1.6 + 0.9) kcal mol™* K. Data points are resultant of
singular experiments and were conducted at the indicated temperatures in Buffer A in the

presence of 4 M urea.
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The value of AC, obtained for MN19 binding quinine in the presence of 4 M urea is (-1.6 + 0.9)
kcal mol™ K™, Compared to the AC, of (-922 + 51) cal mol™ K™ obtained for MN19 in previous
studies that took place in the absence of urea (Chapter 2) it becomes evident that MN19 exhibits a
greater degree of folding with urea present. This points to the fact that MN19 very likely exists in
a loosely folded state in the absence of ligand. Although previous NMR studies of MN19 showed
a clear transition from unfolded to folded, it is more apparent now that the lack of observable
imino signals in the unbound state of MN19 is not direct evidence of the lack of a secondary
structure. Rather, it is very likely the case that in the unbound state, the imino protons are in a
loosely folded configuration that allows for rapid hydrogen exchange due to increased solvent
accessibility. Introducing the ligand then imparts some rigidity to the aptamer, limiting the rate of

exchange and giving rise to the signals that are typically observed.

5.3.2 NMR Evidence for a Partially Folded Structure in MN19

NMR data acquired in the presence of urea was seeking to establish a clear transition between
bound and unbound aptamer states. Unfortunately, the spectra did not produce very conclusive
results. Instead of seeing peaks coalesce at high concentrations of urea, they simply broadened out
leading to messier spectra which were more difficult to interpret. The transition from folded to
unfolded is somewhat apparent when the region around 8.7 ppm in the MN4 spectrum and 8.2
ppm in the MN19 spectrum are noted. The upfield peaks are observable in 3 M urea for MN19
and 4 M urea for MN4. These peaks are attributed to free quinine in solution resultant of the
aptamer becoming destabilized, however this is not stated with 100% confidence. A *H-NMR
spectrum of free quinine displays the most downfield peak at roughly 8.4 ppm. This corresponds

to a proton within the aromatic ring system of quinine.??

While Figure 5.3 might support this
hypothesis on the basis of a single peak which changes intensity as urea concentration is
increased, Figure 5.4 shows the sudden appearance of a single peak with unchanging intensity
with addition of urea. The difference in observed behaviour for this peak in the two spectra makes
it somewhat difficult to draw any clear conclusion about the true nature of this peak. If these
peaks do correspond to quinine, they may serve as a strong indication for the transition between
folded and unfolded aptamer states and reflects well on MN19 having some loosely folded

structure in the unbound state. Gauging the exact point at which the aptamer becomes unfolded by
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NMR has not been accomplished given the rather poor quality of the data. This makes it
somewhat difficult to correlate with the ITC and fluorescence data. However, all three of these

methods have suggested that MN4 exhibits higher resistance to urea denaturation than MN19.

5.3.3 Fluorescence Spectroscopy Reveals the Partially Folded Unbound State of
MN19

The fluorescence data acquired was produced with the assumption that the MN4 and MN19
molecular beacons would begin to unfold as the concentration of urea was gradually increased.
This would slowly disrupt the hydrogen bonding network within the aptamer forcing the
fluorescein and Dabcyl to become separated. As their separation grew, a rise in fluorescence was
expected. Figures 5.5 & 5.6 demonstrate the results of this study and are in line with what was
predicted. The data obtained was fit to the equation described originally by Santoro & Bolen,*”

and redefined by Lawrence et al.'”

The point at which the aptamer was 50% unfolded was taken to be the inflection point in the curve
and reflects overall aptamer stability. The first set of fluorescence experiments demonstrated
primarily that the aptamers are stable to unusually high concentrations of urea. Such high
resistance to chemical denaturation is a rather unusual property. Most enzymes lose most
functionality beyond 1 M urea.’®® MN4 shows greater resistance to denaturation by urea over
MN19, as demonstrated previously by ITC and NMR.

The most important conclusion drawn from the data however is that if MN19 was almost entirely
unfolded in the absence of ligand as predicted by early NMR studies, it would not have produced
the unfolding curve displayed in Figure 5.6. This is very strong evidence for the existence of some
type of loosely folded structure which may contain all of the expected secondary structure
elements but with weakly established hydrogen bonds with direct implications on acquiring NMR

spectra as described in 5.3.1.
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5.4 Conclusion

The fluorescence unfolding studies reported here provide strong evidence for MN19 (and by
extension probably all short stem cocaine-binding aptamer constructs) existing in a loosely folded
configuration. Very similar evidence of this loosely folded state was established by SAXS
discussed in Chapter 3. The relatively high resistance to chemical denaturation by the cocaine-
binding aptamer has also been demonstrated. This property is rather unusual but adds a
tremendous amount of functionality to the aptamer. Both biosensing and non-biosensing studies
may be able to take advantage of the fact that the cocaine-binding aptamer retains most of its
functionality in harsh denaturing conditions where a majority of other functional biomolecules

lose their functionality.

5.5 Experimental Methods

5.5.1 Materials and Sample Preparation

MN4 and MN19 aptamers and molecular beacons (5° Fluorescein and 3° Dabycl modifications)
were obtained from IDT. Aptamer samples were dissolved in water and then exchanged three
times in a 3 kDa molecular weight cutoff concentrator with sterilized 1 M NaCl and then washed
at least three times with ddH,O. Molecular beacons were not purified prior to use in fluorescence-
based experiments. Aptamer concentrations were determined by absorbance spectroscopy using
the calculated extinction coefficients. Urea was obtained from Bioshop (cat. no. UREQ02).
Cocaine hydrochloride and quinine hemisulfate monohydrate (cat. no. 145912 Aldrich) were
obtained from Sigma Aldrich. Stock solutions of urea, cocaine, and quinine were prepared by

dissolving the appropriate weight of cocaine or quinine-hemisulfate monohydrate in ddH,0.

5.5.2 Fluorescence Spectroscopy

Fluorescence-based experiments were conducted using both a Cary Eclipse Fluorescence
Spectrophotometer equipped with 4 cell changer and a Nanodrop 3300 Fluorospectrometer. Data
were analyzed using the accompanying Cary WinUV and Nanodrop ND-3300 (version 2.6.0)
software. Molecular beacon samples were prepared at a concentration of 450 nM and cocaine- and
quinine-bound samples contained a 200 — 400 fold molar excess of quinine or cocaine so as to
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ensure samples were at least 90% bound. All samples were annealed prior to addition of ligand by
heating in a hot water bath for 3 minutes followed by cooling on ice for 10 - 15 minutes. All
samples were prepared in ddH,O to which the appropriate volume of 8.5 M stock urea (at pH 7.4)
was added, generating a gradient from 0 — 8 M. 500 uL samples were prepared and placed into
quartz cuvettes of 1 cm path length for analysis on the Cary spectrophotometer. Data was acquired
using simple reads with a single ddH,O blank and all samples with one replicate each at
absorption of 495 nm and emission at 520 nm. 3 uL of the working solutions were used for
analysis on the Nanodrop fluorospectrometer. Data was acquired in a manner very similar to that

already described but did not include replicate measurements.

5.5.3 Isothermal Titration Calorimetry

ITC was performed using a MicroCal VP-ITC instrument. Data were fit to a one-site binding
model using Origin 5.0 software. Samples were degassed prior to use with the MicroCal Thermo
Vac unit. All experiments were corrected for the heat of dilution of the titrant. Quinine and
aptamer solutions were prepared in 20 mM Tris (pH 7.4), 140 mM NacCl, and 5 mM KCI (Buffer
A) with the appropriate amount of urea (obtained from an 8 M stock solution). Binding
experiments were performed with aptamer solutions of 20 uM using quinine concentrations of
0.312 mM at indicated temperatures. All titrations were performed with the aptamer in the cell
and the ligand, as the titrant, in the needle. Aptamer samples were heated in a boiling water bath
for 3 minutes and cooled on ice before use in an ITC experiment to allow the DNA aptamer to
anneal. Standard binding experiments consisted of 35 successive 8 uL injections spaced every 300
s where the first injection was 2 uL. Experimental concentration for the MN4 construct was

established using a c value of 50.

5.5.4 NMR Spectroscopy

NMR experiments on the aptamer samples were performed using a 600 MHz Bruker Avance
spectrometer equipped with a *H-'*C—N triple-resonance probe equipped with triple-axis
magnetic-field gradients. All NMR spectra were acquired in 99.99% D0 at 5 °C. This condition
was accomplished by lyophilizing samples of quinine-bound MN4 and MN19 and appropriate
volumes of urea (separately) followed by resuspension in D,O. Aptamer samples were then
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lyophilized a second time and resuspended in 99.99% D,O prior to their use on the NMR
spectrometer. Generating the urea gradients shown was then accomplished by mixing the
resuspended aptamer sample directly with the previously lyophilized urea. Aptamer sample
volumes were 500 pL and were prepared at 0.4 mM with a 1.1 fold excess of quinine. All data

were processed and analyzed using NMRPipe/NMRDraw.*®’
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6 A Bifunctional Aptamer Binding Cocaine and
Deoxycholic Acid Has Potential as a Nucleic Acid
Logic Gate

The content reported within this chapter includes experimental results and data analysis which is
in preparation for publication.

6.1 Introduction

A number of research studies have been conducted in recent years outlining the development and
use of bifunctional aptamers. A fair amount of these studies have applied bifunctional aptamers in
biosensing platforms, quoting their high affinities and bifunctional recognition.'*™” Other studies
have presented bifunctional aptamers as a means of molecular separation and strategies for
purification.’®® In a majority of cases, aptamers that independently recognized a target can be
modified to incorporate regions that promote hybridization with other aptamers, or aptamer
sequences can simply be fused into a single subunit, all while retaining recognition of their native
targets. The research presented in this study extends the use of bifunctional aptamers to the realm
of DNA computing. Over the past two decades, with new tools, a large interest has grown in the
computational power of DNA. Investigations with respect to this field showed that DNA
machines were capable of solving a variety of computational problems within a reasonable time
frame and with the right framework, could rival the computational speeds of some of the most
powerful supercomputers.***?® In 2003, Stojanovic and Stefanovic demonstrated a DNA based
machine capable of playing through a game of Tic Tac Toe using a deoxyribozyme as a core
component.’* Although the framework of this DNA machine was fluorescence based and as such,
required ample time to complete a single game, it implemented DNA based logic function and
was a significant advancement within the field.?** Unfortunately, this DNA gaming machine was

not reusable and cannot be extended beyond the function for which it was designed.

The research presented here outlines the potential for using aptamers, specifically a bifunctional
steroid- and cocaine-binding aptamer (Figure 6.1) as a DNA logic gate which may allow for both
rapid and reusable framework in a DNA based machine. With the structure switching nature of

some of the aptamers presented in previous studies as well as in the numerous biosensing studies,

126



it is hypothesized that electrical transmission can be used as the primary source of information
transfer in a DNA based machine. The unfolded and folded states of the aptamers may effectively

direct an electrical signal. The premise here would be effective charge transfer along a DNA

strand — a phenomenon well studied and known to occur.?%
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Figure 6.1: Secondary structure and sequence of a split bifunctional “AND” aptamer. Aptamers
are split by removing the triloop sequences and fused through stem 2 of the steroid binding
construct and stem 1 of the cocaine-binding construct. The DCA-binding “WC” aptamer and a

cocaine-binding aptamer are utilized in this bifunctional construct.
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6.2 Results and Discussion

6.2.1 Thermodynamics of Binding for the AND Aptamer

The ‘AND’ bifunctional aptamer was developed on the premise that the two strands hybridize and
fold in the presence of both, DCA and cocaine. To test whether the aptamer displayed
bifunctionality, ITC studies were employed to measure thermodynamics of binding in the

presence of DCA and cocaine. Results are summarized in Table 6.1 below.

Table 6.1 Thermodynamic parameters for the interaction
of the bifunctional '"AND' aptamer construct with cocaine and DCA.?

Sample and Titrant Kg (M) AH (kcal mol™") | —TAS (kcal mol™)
AND + cocaine 12+3 -12+5 75
AND + DCA 167 -11+£2 5+3
[AND-cocaine] + DCA” 15 -5.3 -1.1
[AND+*DCA] + cocaine 271 -11+2 61
AND + equimolar cocaine/DCA 11+1 -325+£0.2 25.9+0.1

®Data acquired at 20 °C in 20 mM Tris (pH 7.4), 140 mM NacCl, and 5 mM KCI (Buffer A). The
values reported are averages of 2-3 individual experiments. The error range reported is one
standard deviation. "Data reported is of a single experiment which did not yield meaningful error
values through the fitting procedure. All data was processed using a 1 site binding model.

Looking at the enthalpy of binding, titrations of the AND aptamer with cocaine and DCA vyield
values of (-12 + 5) and (-11 + 2) kcal mol™, respectively. In the event that the aptamer binds both
ligands, a minimum of the sum of these enthalpies is expected, calculated here to be -23 + 7 kcal
mol™ It is noted then that a titration of the AND aptamer with an equimolar mixture of DCA and
cocaine yielded an enthalpy value of (-32.5 + 0.2) kcal mol™. This provides strong evidence for
the bifunctional nature of the aptamer. Additionally, titrations of one ligand into the aptamer
already complexed with the other ligand resulted in binding with thermodynamic parameters in

the expected ranges obtained previously (Table 3.3, Table 3.4).

6.2.2 Bifunctional Aptamer Constructs as Logic Gates

While the results in this study do not test the practical application of the bifunctional AND
aptamer in a DNA based machine, the ITC results do present strong evidence for the bifunctional
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nature of the aptamer which may have potential to function as an AND logic gate. In the absence
of one or both ligands, the 3 way junction within the aptamer might be unstable such that effective
charge transfer along the DNA strand would be very limited. It is hypothesized that effective
charge transfer could only take place when the 3 way junctions are stabilized in presence of both
ligands. Hence the requirement for cocaine AND DCA. Under these same principles, it is also
possible to construct a variety of other bifunctional aptamer logic gates, such as an OR gate

illustrated in Figure 6.2 below.
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Figure 6.2: Secondary structure and sequence of a split bifunctional “OR” aptamer. The DCA-
binding (WC) aptamer and the cocaine-binding aptamer (MN4) are utilized in this bifunctional
construct with linker regions allowing for the hybridization of the two. The OR gate, as presented,
would only require the presence of one ligand, either cocaine or DCA to effectively transfer
charge along the DNA strand.
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6.3 Conclusion

In summary, a bifunctional aptamer was developed utilizing the frame work of the cocaine-
binding aptamer. Various configurations of the aptamers can be used to produce a variety of logic

gates with potential uses in DNA based machines that function on electrical transmission.

6.4 Experimental Methods

6.4.1 Materials and Sample Preparation

Aptamer samples were obtained from the University of Calgary DNA Service. DNA samples
were dissolved in water and then exchanged three times in a 3 kDa molecular weight cutoff
concentrator with sterilized 1 M NaCl and then washed at least three times with distilled deionized
H,0. Except where noted, all DNA samples were exchanged with 20 mM Tris (pH 7.4), 140 mM
NaCl, and 5 mM KCI (Buffer A) three times before use. Aptamer concentrations were determined
by absorbance spectroscopy using the calculated extinction coefficients. Sodium deoxycholate
(DCA) was obtained from Sigma-Aldrich (part number D6750). Stock solutions of DCA and
cocaine were prepared by weight and dissolved in the desired buffer. Cocaine hydrochloride was
obtained from Sigma Aldrich.

6.4.2 Isothermal Titration Calorimetry

ITC was performed using a MicroCal VP-ITC. Data was analyzed using accompanying Origin
software and fit to a one-site binding model. Samples for ITC analysis were degassed before use
with the MicroCal Thermo Vac unit. All experiments were corrected for the heat of dilution of the
titrant. Unless otherwise specified, cocaine, DCA, and aptamer solutions were prepared in Buffer
A. All binding experiments were performed at 20 °C with aptamer solutions ranging from 20 to 85
uM. Cocaine and DCA concentrations used were 0.3 — 1.3 mM. All aptamer samples were heated
in a boiling water bath for 3 min and cooled on ice prior to use in a binding experiment to allow
the DNA aptamer to anneal. Binding experiments consisted of 35 successive 8 pL injections every
300 s where the first injection was 2 pL. Tests for bifunctionality were conducted by first
performing titrations of either cocaine or DCA into the free aptamer followed by titration of the
unused ligand into an aptamer-ligand complex. Finally, titrations using equimolar mixtures of

DCA and cocaine were performed.
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7 Concluding Remarks

7.1 Summary of Research

This research project started off exploring what is very often referred to as a “black box” within
the realm of biomolecular interactions — functional studies of biomolecules. Although the
functional study of biomolecules in general is not a brand new area of research, the functional
study of aptamers is a largely unexplored domain within the field of biomolecular interactions and
is largely due to the emergence of aptamers only two and a half decades ago. Technological
advancements over the years have allowed for (looking at aptamers specifically) the development
of novel laboratory techniques which have started to shed some light on the behaviour of aptamers

and also see their practical application as presented in Chapter 1.

ITC is one such novel technique, which within this research has allowed for a complete
thermodynamic profile of the cocaine-binding aptamer. Of course, ITC is hardly limited to the
study of aptamers and can be utilized to study other ligand-target systems. Chapter 2 illustrated
the use of ITC in obtaining the thermodynamics of binding for the cocaine-binding aptamer to its
original cocaine ligand. Results in this chapter established a ligand-binding mechanism consistent
with what was seen by NMR studies. Although NMR predates the use of ITC in the study of
biomolecular interactions, it has been an invaluable tool in assisting with characterizing the
behaviour of the cocaine-binding aptamer and also served to establish the secondary structure

illustrated throughout all of the research studies presented here.

Chapter 3 added additional techniques into the mix, exploring aptamer behaviour using DOSY -
NMR, SAXS, and QELS. All of these techniques have a relatively recent emergence, but allow
for the characterization of two very important properties of biomolecules — shape and size. A
major goal of this research project was to attain a 3-dimensional snapshot of the cocaine-binding
aptamer (or any of its variants). While these methods, individually or collectively, did not supply
the complete 3-dimensional package, they did send the research down a critical path —
understanding the nature of the unbound state of short stem 1 variants of the cocaine-binding
aptamer. These short stem 1 constructs have led to some inconsistencies among the various

techniques discussed and a more in depth study of these constructs was completed in chapter 5.
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Chapter 4 revisited the cocaine-binding aptamer but studied binding thermodynamics with a new
ligand — quinine. Using the aforementioned tools, the study identified the ligand-binding site in
the aptamer and went far more in depth with respect to how the aptamer binds its ligand, looking
specifically at intermolecular forces. Also noteworthy was the striking similarity between cocaine
and quinine binding by the aptamer which allows for further study of the aptamer without the

worry of any legal implications associated with obtaining its original ligand — cocaine.

The results discussed in chapter 3 served as the impetus for all of the studies undertaken in chapter
5. The transitions seen for short stem 1 constructs were quite puzzling and the fluorescence study
that was conducted served to piece it all together. Although previous studies using NMR
suggested an unfolded to folded transition, it is now understood that the aptamer is unlikely to
exist as a completely uncoiled strand in solution. Rather, there is some degree of order that exists

but is not clearly identifiable by means of NMR.

Chapter 6 served to provide some ideas of practical applications using the cocaine-binding
aptamer. While DNA computing was a hot topic for a brief period, aptamers could very well serve
as a scaffold to revitalize this idea. While the research outlined here does not outline the means by
which one could construct a DNA based machine using aptamers, given that binding sites function
independently, it does suggest that bifunctional aptamers can be used as logic gates — a critical
component to functional computers. ITC results within this study demonstrated the bifunctionality
of the AND aptamer. It is likely that the suggested DNA charge transfer experiments would need

to be conducted prior to its considerations in an actual DNA based machine.

7.2 Future Directions

One of the primary focuses of this research was to obtain a clear 3-dimensional perspective of the
cocaine-binding aptamer. The research began with crystal screens in which hundreds of conditions
were tested. Although some conditions yielded microcrystals were, even with optimization of
these conditions, crystals suitable for diffraction could not be isolated. The conditions which
yielded these microcrystals were then optimized by means of robotic screening which performed

several thousand new optimized screens but none to date have yielded crystals suitable for
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diffraction. As a potential solution, future research on the crystallization of the cocaine-binding
aptamer is focused on using a chimeric aptamer consisting of DNA and RNA domain. One such
chimera is the MN4 aptamer fused with the ULA RNA tag — a tag which is known to crystallize
well under specified conditions. It is with much hope that the aptamer would then co-crystalize

with this domain allowing for crystals that are suitable for diffraction.

An alternative method to the elusive crystal screen was to utilize NMR. 3D-NMR techniques
using *C->N-labelled DNA was a potential avenue in structural elucidation of the cocaine-
binding aptamer. However, the approach to generating labelled DNA of this type has its own
drawbacks. A procedure detailing the synthesis of **C-°N-labelled RNA is detailed, but it is
uncertain whether this can be extended directly to the synthesis of similarly labelled DNA.

Whichever route is taken or ends up being successful, the rationale behind any of these structural
studies would be to obtain critical information with respect to how the aptamer is arranged both in
the absence and presence of a ligand. Although previous studies have identified the binding site,
obtaining evidence for the proposed binding site by means of a 3-dimensional structure would
serve to both reinforce our confidence in the various techniques applied previously and also
greatly improve our understanding of the behaviour of the cocaine-binding aptamer. We would
ultimately seek a better understanding of how the aptamer binds its ligand and the basis for the
established interaction. Through this, it might be possible to identify an even better ligand,
although, it was previously suggested that if the cocaine-binding aptamer interacts with so many
ligands, perhaps it was never the best aptamer in the first place and warrants the use of SELEX to

identify a better aptamer for cocaine.

Ultimately, the research within this dissertation has demonstrated the application of a number of
biophysical tools in the functional study of the cocaine-binding aptamer. It has shed some light on
the interaction of the aptamer with several ligands and this information may find its use in the
study and application of other DNA structures based on 3-way or multi-way junctions. It is with

the greatest hope that it may even find its usefulness in the field of aptamers as a whole.
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8 Appendix 1: Application and Mechanics of Isothermal

Titration Calorimetry

ITC is an instrument well attuned to studying bimolecular interactions. With this instrument, heat
released or absorbed during a binding event can be directly measured and using this data,
thermodynamic parameters such as reaction stoichiometry (n), K,, AH, AS, and hence AG, can all
be determined from a single binding experiment.’®® The convenience of obtaining all of this
information from a single titration has made the ITC a useful technique for studying all facets of
biomolecular interaction including, but not limited to, protein/ligand, protein/protein,
protein/nucleic acid, and perhaps more recently, nucleic acid/ligand interactions.?®>?** More
recent developments have also allowed for the application of ITC in the study of enzyme kinetics,
biological activity assessment, as well as binding mechanisms and the impact of conformational

changes that take place with binding.?%

ITC has become a rather popular analytical tool since its emergence due to major improvements in
instrument sensitivity. This is a major advantage for modern day ITC instruments where the
standard machine can quite easily measure a K, within the range of 10% - 10° M-'. From the
perspective of Ky this is binding in approximately the nanomolar range. The breakthrough comes
from a design using extremely sensitive electronic parts capable of detecting heat changes as
small as 0.1 pcal with reasonable accuracy. For a binding event, the instrument typically reports a
heat rate and as little as 0.1 pcal/sec is detectable with a detection limit at roughly half of this.

This reinforces the ITC as an instrument that is ideal for characterizing reaction rates.”%

Another great advantage of the ITC came with improvement in data analysis which has allowed
for its use in the study of multi-site binding. Software that accompanies the ITC now typically
allows for the processing of independent, sequential, cooperative (positive and negative) or

competitive binding data.?”’

The VP-ITC instrument used in this research was manufactured by Microcal (USA), now part of
Malvern (Malvern, UK). Major manufacturers of ITC instruments currently include Malvern and

TA instruments.
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A typical ITC experiment consists of titrating a solution of a chosen biomolecule (X) from the
syringe into a sample cell which contains a solution of a potential binding candidate (Y).%°’ For
titrations involving small molecules and macromolecules, it is very common to place the small
molecule in the syringe while the macromolecule is held within the sample cell. This, however, is
not a necessity and a reverse titration is equally feasible.?** Part of the rationale behind using the
small molecule as the titrant is the attainable concentration and the cost factor. Figure 8.1

presents a cross sectional scheme of a typical ITC instrument.
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Figure 8.1: Cross section of a basic ITC instrument. Over a standard experiment, titrant stored in
the syringe is injected into the sample cell which is constantly stirred. Image adapted from ref.
207.

Any heat released or absorbed from a binding event throughout a titration is detected by means of
a feedback heater that maintains contact with the sample cell (Figure 8.2). Figure 8.1 reveals the
presence of two cells, the sample cell and the reference cell. The reference cell does not house any
reaction over the course of a titration and usually only contains water or an identical buffer
solution to the sample cell. The ITC instrument attempts to maintain an identical temperature for
both cells over the course of a titration. Generally, a user decided power level is input prior to a
titration (dependent on how endothermic or exothermic one assumes the reaction to be) and the
instrument establishes an equilibrium with the selected power level and chosen experimental

temperature.?’

Cell Feedback
Heater
Reference J’
Heater Calibration

AT

Heater

Sample Cell

Reference Cell

Adiabatic Jacket

Figure 8.2: Layout of the sample and reference cell within the ITC instrument. The instrument
attempts to maintain AT = 0 by means of the cell feedback heater — also responsible for the data

output by the instrument. Figure adapted from ref. 208.
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The data output by the instrument is obtained directly from the cell feedback heater. As an
example, an exothermic reaction would cause the temperature of the sample cell to rise slightly.
With a newly established temperature difference between the sample and reference cell, the
feedback heater cuts back on the power level which then appears as a dip in the computer
generated thermogram. Conversely, an endothermic reaction would cause the feedback heater to
require additional power to compensate for a loss in temperature, appearing as a spike in the

thermogram. Figure 8.3 provides illustrations of thermograms for endothermic and exothermic

reactions.
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Figure 8.3: (A) Sample thermogram of an exothermic binding event measured by ITC. (B)
Sample thermogram of an endothermic binding event measured by ITC. The top half of the
thermogram displays the raw data acquired by the computer from the cell feedback heater. The
bottom half is processed data obtained through integration of the raw data over time. Data can
then be fit to a binding model suitable for the binding event generating the solid sigmoidal curve
which also outputs all of the thermodynamic parameters for the binding event. Figure adapted
from ref. 209.

137



As the titration progresses, less heat is absorbed or released. This is the most general trend
observed for titration reactions of this nature as the components being titrated form complexes.
All injection volumes being equal, the initial injection will usually have the greatest amount of
heat absorbed or released as all of the macromolecule is available to react with the titrant. In the
final steps of the titration, most of the macromolecule is no longer available for binding, and so
most of the titrant remains unreacted. Dependent on the K, of the reaction, at a large enough molar
excess of the titrant, the reaction is said to be saturated. All observed heat absorbed or released at
this point is due to that of diluting the titrant in buffer and not of additional binding events, also a
component of the titration reaction which must also be accounted for as a part of standard data

processing procedures.?”’

Basic data processing using the ITC involves the use of Gibbs free energy to compute the
thermodynamic parameters for a binding event. Gibbs free energy is described in two ways: AG
= -RTInK, and AG = AH-TAS where R is the gas constant and T is the temperature of the system
in Kelvin. Knowing K, and AH, the instrument is able to output AS. Values for K, and AH are
obtained through an iterative algorithm that utilizes nonlinear least squares fitting. The procedure
also attempts to fit reaction stoichiometry at the same time. Good titration data (operating within
the detection window) usually provides an accurate initial guess for AH and n. This makes the
iterative procedure to obtain K, rather quick. Poorer titration data however quite often requires the

user’s best initial guess prior to initiating the iterative process.?**%

For this reason, a guideline has been established to help users choose an appropriate concentration
for titration experiments which is defined as the ITC “c” value. This value is defined as follows: ¢
= n x K, x [macromolecule].?’ Experiments conducted with ¢ values ranging between 10 and 500
typically yield titration data which is fairly easy to fit. Figure 8.4 illustrates how titration curves
vary with different ¢ values. Often times a user may not know the values of n or K,. Under such
conditions, it is often best to make an initial guess (typically micromolar binding with 1:1 reaction
stoichiometry) as the shape of the thermogram following the first experiment will very often give
the user an idea of what ¢ value they are operating at. From this point it becomes more apparent in
which direction sample concentrations should be altered.
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Figure 8.4: A representation of how the shape of the thermogram changes for an experiment
conducted at different ¢ values. The ideal experimental ¢ value ranges from 10 — 500. Below 10,
data fitting becomes difficult as establishing an initial guess for AH becomes increasingly difficult
and thus has the potential to make this value inaccurate. Above 500, data fitting also becomes
difficult as computing K, accurately become problematic. A reaction which saturates too quickly
cannot supply enough data near the inflection of the curve which is necessary for accurate

computation of K,. Figure obtained from ref. 207.

It should be noted that although experiments are best contained within a ¢ range of 10 — 500,
operating outside of this range can have its benefits, as outlined by some of the low-c titration
procedures used within the research presented.’® Likewise, competitive binding can be used to
study tight binding ligands which would not make it possible to attain ¢ values below 1000 or

more.?%
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