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Aptamers are laboratory created single-strands of DNA or RNA that have been designed to
bind to a specific target with high affinity and specificity, and are gaining popularity over antibody
detection due to their economical and ethical advantages. With recent developments in the field of
aptamer technology, the desire for fluorescent probes that can be incorporated within an
oligonucleotide strand, without disrupting it's activity, has increased. Addition of an aryl group at the
C8 site of deoxyguanosine (dG) affords addition products (adducts) which can have a variety of
fluorescence capabilities. These fluorescent nucleosides have been known to be sensitive to their
solvent environment, base stacking, and H-bonding interactions, making them ideal candidates for
development as fluorescent probes within aptamers.
Aside from possessing fluorescence capabilities, the formation of a C8-aryl-dG adduct alters
the conformational preference of the nucleoside. The probes are known to prefer the synconformation, where rotation about its glycosidic bond minimizes steric interactions with the bulky
aromatic group. This conformational preference can be exploited to influence the stability of a
folded aptamer, and probe the structural features of the aptamer-target complex. A common folded
motif within aptamers is the G-quadruplex (GQ). Insertion of probes within the core structure of the
GQ has been fairly limited to date because current probes available are not able to be inserted in the
place of a dG base, without disruption of the folded structure. The C8-aryl-dG probes presented in

this thesis stabilize the folded GQ when placed within a syn-G, and have been optimized within a
duplex to GQ exchange detection platform with thrombin binding aptamer (TBA).
The utility of these probes were highlighted with insertion of 8-(2"-thienyl)-dG within the
ochratoxin A aptamer to determine its structural properties, as well as probing the structural
polymorphism of the human telomeric repeat sequence (HTelo). In order to create a series of probes
that could be excited by visible light, further probe development was applied towards the creation of
a series of push-pull adducts that contained molecular-rotor light switching abilities.
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CHAPTER 1: Introduction

1

1.1 Background Information
1.1.1. Deoxyribonucleic acid
1.1.1.1. History
DNA was first isolated in 1869 by Friedrich Miescher, and his student, Richard Altmann,
later coined the term "nucleic acid" in 1889.1 It wasn't until several years later in 1929 that Phoebus
Levene identified that DNA is composed of four nucleic acids attached to sugars, and linked by
phosphate groups.2 Levene proposed a tetranucleotide structure to DNA, where each of the four
bases, deoxyadenosine (dA), deoxycytidine (dC), deoxyguanosine (dG), and thymidine (T), were
linked in a circle and were not responsible for genetic information.2 In 1950, Erwin Chargaff
published his findings that contradicted Levene's tetranucleotide structure, that the four bases were
not equally represented within DNA, but rather that ratios between dA and T were relatively equal,
as were the ratio of dG to dC.3 In 1953, James Watson and Francis Crick published their paper on
the description of the DNA double helix,4 with major contributions from Rosalind Franklin and Ray
Gosling with the first X-ray analysis of the structure.5 DNA was identified as being the source of
coding for all genetic material within living organisms, and with the complete sequencing of human
genome in 2003,6 the role of DNA has grown over the years. Currently, DNA is being developed as
a tool within the field of DNA nanotechnology, using DNA strands to create cages for drug
delivery,7 and nanomechanical devices.8
1.1.1.2. Properties of DNA bases
DNA stores the biological information for growth, function, and reproduction for all living
organisms. The alphabet it uses to encode information is the four nucleoside bases, dA, dC, dG and
T (Figure 1- 1). They are classified as the purines (A and G) or the pyrimidines (C and T). The bases
form hydrogen-bonded pairs consisting of one purine and one pyrimidine, where dA forms 2 Hbonds with T, and dG forms 3 H-bonds with dC (Figure 1- 2). This H-bonding arrangement was
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named after Watson and Crick, who proposed the pairing of bases within their publication
describing the double helix.4 The bases are each linked to a deoxyribose (dR) sugar in DNA or
ribose (R) sugar in RNA.
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Figure 1- 1 DNA bases

Purines have the ability to exist in two different conformations, denoted as syn and anticonformations. Rotation about the glycosidic bond angle (GBA) χ, which is denoted as the angle
between O'-C1'-N9'-C4' of the base and the sugar, affords the two conformations as represented in
Figure 1- 3. Anti is the most common conformation for the purines because it minimizes steric
interactions between the base and the sugar or phosphate backbone. The syn-conformation is less
favourable and is predominantly found in left-handed helices. The nucleoside is stabilized by a
hydrogen bond between the C2 exocyclic amine and the 5'OH, but when it becomes a nucleotide or
part of a DNA strand, the 5'OH is not available to stabilize the syn-orientation.
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Figure 1- 3 Representation of syn and anti-conformations of dG.9

1.1.1.3. Secondary and Tertiary Structure

The secondary structure of DNA consists of interchanging phosphate diester-β-Ddeoxyribose linkages to create a backbone chain. The ends of the DNA are classified as either the
5'phosphate/OH or the 3'phosphate/OH, and therefore gives the strand an order of direction. When
two complementary oligonucleotides hydrogen bond through their Watson-Crick faces, an

Figure 1- 4 Secondary structure strand of DNA forms an antiparallel duplex helix with an interior
base-stacked core.
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antiparallel double helix is formed, indicating that each strand is running in an opposite direction.
The B-form helical structure of the duplex DNA centralizes the nucleobases to form a π-stacked
hydrophobic interior, and the polar phosphate groups are exposed to the aqueous external
environment.
Alternative tertiary structures to the DNA B-form helix are the A- and Z- double helices,
triplexes, i-motifs, and quadruplexes. The A-form helix is similar to the B-form helix in that it has a
right-handed twist, but the A-form is both shorter and wider. The Z-form is alternatively a lefthanded double helix, and is commonly formed by repeating d(GC) units, RNA double helices, or
DNA/RNA hybrids.10 Triplexes form when a third DNA strand aligns within the major groove of a
B-helix and binds through Hoogsteen H-Bonds with the bases. They are a much more rare DNA
structure, and are dependent on the DNA sequence,11 but triplexes and planar triads of nucleotides
have been proposed as intermediates to quadruplex folding.11,12 The I-motif is when a C-rich
sequence creates a series of interlocking, layered, C-C+ base pairs that can fold and unfold with
changes in pH. 13 This topological change has been exploited within the development of pH-based
nanomachines.14
The G-quadruplex (GQ) is created when the oligonucleotide has a high concentration of G's
within its sequence. The G's have the ability to aggregate in solution around a metal cation and form
a series of Watson-Crick and Hoogsteen hydrogen bonds within a square to form a G-tetrad (Figure
1- 5). When the sequence has a series of sequential G's, several tetrads may be formed and stack to
create a GQ. The metal cations incorporated within the GQ interior are monovalent Na+, or K+, and
sometimes divalent Mg2+ , Sr2+ or Pb2+.15-17 The cation serves to provide balance to the electrostatic
repulsion of the O1 carbonyl's of the G's which face the interior of the structure. Selection of which
cation is incorporated is based upon the size of the cation and flexibility of the GQ. Na+, the smallest
of those incorporated, can fit within the plane of the tetrad and more than one can be found in the
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GQ core. K+ is the most common ion incorporated, and it sits between the plane of two tetrads to
provide optimal GQ stability.18

Figure 1- 5 G-tetrad and the parallel GQ created by 5'-T2G4T. PDB ID 139D.

GQ's have classifications based on the number of strands involved and the folding motif.
Parallel GQ's form when all the DNA strands along the stems of the tetrads follow the same
direction. This motif is commonly observed when four strands come together in solution (dT2G4T2),
or a single strand which has loops along its side that form a propeller structure (dAG3(T2AG3)3,
K+).18 Two-stranded structures will be formed when the oligo sequence has two G-rich segments
interspaced by nucleobases to form a loop. Single-stranded oligos which fold into a GQ have four
segments of repetitive G's interspaced with bases which form into the diagonal, edge, or propeller
loops. An antiparallel GQ is produced when the strand of DNA is folded so the GQ stems have
alternating directionality (Figure 1- 6).
An additional detail to the structure of GQs is the conformation of the dG bases. As
previously mentioned, purines can adopt either the syn or anti-conformation, and is determined by
the rotation of the base relative to the sugar. In a parallel GQ, all of the bases adopt the anticonformation, but when an antiparallel GQ is formed there are mixes of both conformations within
the tetrads.18 A common GQ motif is the two-tetrad antiparallel GQ that has alternating syn-anti
6

bases sequentially along the strand, and also syn-anti-syn-anti within each tetrad. This conformation
is adopted by the thrombin binding aptamer (TBA) d(GGTTGGTGTGGTTGG), as well as simple
sequences such as d(G4T4G4).18 Due to the alternating G-conformations around the tetrad, the overall
shape of the GQ is affected. A parallel GQ is identical along each face, but the antiparallel GQ has
narrow and wide grooves along the edges.
When more than 2 tetrads are involved in the GQ structure, the orientation of the Gs and
tetrad arrangements can make structure elucidation more complex. Bases may not alternate
conformation sequentially along the strand, and multiple bases that are stacked can have the same
conformation. The tetrads can exhibit mixtures of G's such as anti-syn-anti-anti, and each tetrad
within the stack can adopt a unique arrangement of conformations.18

Figure 1- 6 Conformations of GQs with identification of strand directionality and types of loops.

Within human genomic DNA, GQ forming sequences can be identified by 3 stretches of Grich runs, interspaced with oligonucleotides that can form loops. The most identifiable source of
GQs are at the end of telomeres within chromosomal DNA. The human telomeric repeat sequence
(HTelo) is a section of hundreds of nucleotides, consisting of repeating units of d(TTAGGG) that
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form a variety of linked GQs.19 The telomeric sequence plays a vital role within the cell replication
cycle, as the ends of chromosomal DNA cannot be reliably replicated upon each cell division.20 The
length of the telomere sequence dictates the number of replications which can occur before damage
to the cellular genome occurs, and subsequent cell death.19 The role of the HTelo GQs are to
minimize exposure of the DNA to digestion enzymes by folding into complex structures that prevent
enzyme attachment.21
GQs have also been identified to play a major role in gene transcription. They have been
located within promoter regions and are hypothesized to play a role in gene regulation.22,23 G-rich
strands within promoter regions unwind from the double helix to fold into the GQ, and the
complementary C-rich sequence folds into the stable i-motif.24 Stabilization of either the GQ or imotif inhibits telomerase binding and results in regulation of gene expression. GQs have also been
indentified within the promoter regions of several proto-oncogenes,22,25-27 the segment of DNA
which codes for proteins that help to regulate cellular growth.
1.1.1.4. Analysis of DNA

1.1.1.4.1.

Thermal Melting

Thermal melting (Tm) studies on DNA provide information about the stability of the tertiary
structure. The process involves heating and cooling the samples while monitoring changes in the
UV-Vis absorbance. The Tm value for a DNA strand is the point at which 50% of the DNA has been
denatured in solution. For duplex DNA, as the duplex is heated, the two helical strands denature and
become freely-floating single strands in solution. As the solution is slowly cooled, the
complementary strands anneal and slowly re-form the duplex. This process is monitored through
changes in the absorption properties at 260 nm. A hyperchromic shift (higher intensity) is observed
upon denaturation due to the un-stacking of the dG bases and their ability to absorb more light at
260 nm than when they are stacked within the interior of the duplex. For GQ structures, the process
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of denaturation and annealing is best monitored at 295 nm, the wavelength with the largest change
between folded and unfolded states.28 A hypochromic shift (lower intensity) is observed upon
denaturation of a GQ and is hypothesized to be due to the H-bonding interactions between G's
within the tetrads.28-30
In order for the Tm to be calculated, the data must be collected for both heating and cooling
profiles and the process must be reversible without degradation. Hysteresis is measured as the
difference between the calculated Tm for heating ramps versus the Tm calculated for cooling ramps.
Small differences are detected between the two profiles because of the energetics involved in each
process vary. The denaturation requires the breaking of H-bonds between strands and a disruption of
the π-stacked bases. The annealing process requires the aggregation of two strands in solution and
the exclusion of solvent-mediated H-bonds to reform the hydrophobic interior, and requires less
energy than denaturation. Fluctuations in the annealing step may arise from the sequence of DNA,
and an example of such as "zippering up" which is the fast annealing rate observed in GC-rich
segments of DNA sequences, and creates jumps within the UV-Vis spectra that make determination
of the Tm difficult.31 Hysteresis is detected when the rate of relaxation is slower than the rate of the
cooling ramp performed. It is in an indication of large free energy barriers involved in the
reorganization of the DNA, or large energy barriers from the interaction of the DNA with the
surrounding environment.32
1.1.1.4.2.

Circular Dichroism

Circular dichroism is a powerful tool to analyze the tertiary structure of DNA, protein, and
chiral molecules. It utilizes circularly polarized light with both a left and right handed spin. Chiral
molecules absorb light along one of the planes more than the other, and results in positive or
negative bands in a CD spectra at corresponding absorption wavelengths. Circular dichroism of
DNA can distinguish the kind of duplex conformation adopted, A-, B-, or Z- form helices, as well as
higher order GQ conformations.
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Guanine has two π-π* transitions that have absorption bands at 248 nm and 279 nm, and
correspond with polarizations across the long and short axis of dG (Figure 1- 7).33 When oriented
within the G-tetrad, a "head" (H) orientation denotes the donor to acceptor H-bonds run in a
clockwise direction, and the "tail" (T) orientation denotes the counter-clockwise direction. When Gtetrads stack to form a GQ, a combination of H-to-T, H-to-H, T-to-H or T-to-T interactions can
occur. When two G-tetrads stack with the same orientation, it is referred to as homopolar stacking
and alternatively, a heteropolar stack of G-tetrads occurs when the orientation switches. Similar to a
helix that has a right- or left-handed rotation, there is a degree of twist that occurs between G-tetrads
that also provides chirality to the GQ.

Figure 1- 7 Orientation of the two π-π* transitions of dG and the "tail" orientation of a G-tetrad
where donor to acceptor H-Bonds orient a counter-clockwise rotation.

The orientation of the G's within the GQ play a large role on the observed CD. As
previously mentioned, the GBA provides a measurement of the syn or anti-orientation of the dG
bases. Parallel-stranded GQs have guanines with the same GBA along the GQ stem, and antiparallel
GQs can have the same (anti-anti, syn-syn) or different (syn-anti, anti-syn) GBAs. The GBAs play a
large role in the absorption CD bands observed, and three major observations can be elucidated from
the CD spectra about the structure of the GQ: 33
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1. A positive absorption band at 290 nm indicates the stacking of G's of a different GBA
(heteropolar stacking).
2. The presence of two bands, positive 240 nm and negative 260 nm, indicates that there is
no stacking of G's with the same GBA along the GQ stem.
3. The presence of two bands, negative 240 nm and positive 260 nm, indicates the stacking
of G's of the same GBA along the GQ stem (homopolar stacking).
From these outlined rules, some general CD spectra can be created for the common DNA
topologies. Duplex B-form DNA is represented with a negative CD band at 240 nm and a positive
band at 260 nm, as all the bases along the helix have adopted the anti-conformation. The simple 2tetrad antiparallel GQ has positive bands at 240 nm and 290 nm, and a negative band at 260 nm,
because of alternating GBAs along the strand and heteropolar stacking of bases. Alternatively, the
parallel GQ would have a negative 240 nm peak and positive 260 nm peak similar to the double
helix, but the positive 260 nm peak is more dominant than what is observed in the CD spectra for
duplex DNA.34
1.1.2. Aptamers
1.1.2.1. SELEX
Aptamers were named from the Latin word aptus, to fit, and the Greek meros, meaning part
or region, and are laboratory derived, or naturally occurring, sequences of DNA or RNA that bind to
a specific target.35 The discovery of aptamers for a specific molecule or protein is done through the
in vitro process known as SELEX (Systematic Evolution of Ligands by EXponential enrichment).
The process begins with a library of thousands of random oligonucleotides which are flushed
through a column containing the immobilized target (Figure 1- 8). Aptamers with an affinity for the
target will stay on the column and those unbound will be eluted with the wash. The bound aptamers
are then eluted and amplified via PCR, and the process is repeated as many times as needed
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(sometimes as many as 50 times).36 Negative controls are used during annealing and washing steps
for the best aptamer selection. This reduces false positives and eliminates binding to other
conformers of the target molecule. In the end, the final bound sequence is the best aptamer for the
specified target.

1. Random
Library

2. Anneal

5. Anneal

4. PCR

3. Wash

6. PCR

Figure 1- 8 SELEX stepwise process from random oligonucleotide library to final selected aptamer.

1.1.2.2. Aptamers as Therapeutics
Aptamers are a novel class for developing therapeutics as more aptamers are being created
through the SELEX process for new targets. While aptamers can fold into a large variety of random
structures, the GQ is a common motif as it minimizes nuclease degradation and has been identified
to aid in cellular uptake of the strand.22,37 The general theory for the use of aptamers as therapeutics
is that the aptamer folds and binds to the target protein, causing inactivation and regulation of the
protein activity.
A number of GQ-based aptamers have been designed to selectively target proteins involved
in the pathogenicity of HIV.22 The protein that is responsible for the insertion of viral dsDNA into
the genome of the host cell is HIV-1 integrase. An aptamer was created to target HIV-1 integrase
which has a G-rich sequence of d(GTGGTGGGTGGGTGGGT) and folds into a parallel GQ.38 The
aptamer sequence was found to inhibit the HIV protein's activity down to a nanomolar
concentration, and caused viral suppression for more than 21 days within cell culture tests.39 An
additional aptamer sequence, known as 93del and consisting of d(GGGGTGGGAGGAGGGT) was
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also identified to inhibit HIV-1 integrase activity down to similar nanomolar concentrations.40,41
Molecular modelling studies were performed and it was concluded that the parallel conformation of
the GQ aptamer and the orientation of the loops were both critical for protein binding and the
observed viral supression.42
The only FDA approved aptamer-based drug currently available is Macugen®, used to
inhibit the vascular endothelial growth factor (VEGF) to reduce age-related macular degeneration
(AMD).43 The aptamer is RNA-based, and consists of modified bases to improve the drugs half-life
within the body, as well as to improve the binding affinity and dissociation half-life with the target.35
The aptamer is predicted to fold into a hairpin-like conformation consisting of G- uracil (U), G-C,
and A-U base pairs, and binds within the heparin-binding domain of the VEGF.35 The shortcomings
to Macugen® are that the drug must be administered intravitreously, or directly injected within the
eye. The RNA aptamer is not stable for intravenous transportation, as RNA is readily degraded by
ribonuclease (RNase), and transportation and delivery of the aptamer to the eye presents an
additional challenge.43 As a result, the 5'-end of the aptamer was linked to a 40 kDa polyethylene
glycol (PEG) modification to increase the drug's prevalence within the dosage site.43,44
1.1.3. DNA fluorescent Probes
1.1.3.1. External
1.1.3.1.1.

Intercalators

A DNA intercalator is a molecule that has a planar hydrophobic moiety which enables the
compound to insert itself between stacked base pairs within the DNA helix (Figure 1- 9). Ethidium
bromide (EB) was one of the first characterized intercalators, and it consists of a planar
phenanthridine core with absorption maxima at 285 nm and emission at 590 nm.45 When EB is
exposed to the aqueous environment, the fluorescence emission is quenched through its interaction
with the polar solvent.45 In order to intercalate into the DNA, EB must shed the polar solvation
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sphere and enter the base-stacked hydrophobic interior of the duplex. This results in a visible
fluorescence emission, and this property of EB has been utilized within molecular biology as a
visualization stain for DNA in gels.1
Additional intercalators were quickly identified and used within the scientific community
due to their similar properties to EB, examples of which are acridine orange (AO),46 and thiazole
orange (TO).47 Expansion of the intercalation motifs of these compounds lead to the development of
dimer intercalators, with an oxazole yellow dimer (YOYO) reporting a 3200 fold increase in
fluorescence upon intercalation to duplex DNA.48
The limitation to intercalators is that they lack selectivity and will insert within any duplex
DNA. Additionally, the DNA helix is perturbed upon intercalation, and elongation of the strand
occurs which influences the DNA stability.49 Enzyme binding and activity has also been reported to
be disrupted by intercalators, and this feature has been positively exploited towards the development
of anticancer therapeutics.50
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Figure 1- 9 Chemical structures of various DNA intercalators.

1.1.3.1.2.

5' and 3' End Labels

Fluorophores can be tethered to either the 5' or 3' OH of the DNA strand to form end labels.
Fluorescein (FAM) is one of the most common fluorophores and is offered by most DNA
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synthesizing companies as a 5' end label. The end labels are generally tethered with a long linker so
as to not interrupt annealing between two strands, and the longer the linkers used, the less
destabilizing the label will be.51,52 The fluorescence of end labels generally lack visual switching
properties because they do not directly interact with the DNA, and are not influenced by the DNA
sequence or conformation. Consequently, a common strategy is to utilize an additional modification
known as a quencher to induce fluorescent switching properties, and create what is known as an
aptamer-based molecular beacon.53 Quenchers are generally placed at the 3' end of DNA, either on
the same DNA if it folds into a hairpin structure, or the complementary strand so it is in close
proximity to the fluorescent label.54 The quencher is designed to have a broad absorption range so
that when the fluorophore is excited, energy transfer occurs to the quencher, and fluorescence
emission is not detected.52,55 This results in a fluorescence response due to changes in DNA
conformation and has been used within a number of aptamer binding detection designs.56,57
1.1.3.2. Internal
1.1.3.2.1.

2-Aminopurine

The modified dA and dG analog, 2-aminopurine (2AP), is the current industry standard for
an internal base fluorophore. 2AP can be incorporated within a DNA strand without disruption of
the structure, and has been reported to form base pairs with T or C, enabling its use within
mutagenic studies (Figure 1- 10).58,59 The fluorescence characteristics of 2AP are well documented
in literature.60 Within duplex DNA, 2AP stacks with the DNA bases within the hydrophobic core of
the helix, and it experiences quenched fluorescence through both dynamic and static means.61 The
quenched emission observed is relatively identical for each flanking DNA base,61-63 making 2AP an
ideal probe for incorporation within any DNA strand. Fluorescence emission of 2AP is completely
quenched at pH 1.0 when the purine ring is fully protonated, and shifts in the emission wavelength
are observed upon changes of solvent polarity.60
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The quenched fluorescence observed by 2AP upon undergoing base stacking has been
exploited as analytical tool to monitor abasic site interactions,64 polymerase dynamics,65,66 and
conformational changes to the DNA.67-70 2AP has been used within DNA sequences that fold into
GQs, but are restricted to be placed within loops so as to not disrupt G-tetrad stability. The HTelo
sequence contains dA bases within the loops, and these locations have been previously modified
with 2AP to analyze the exchange kinetics from the duplex to GQ conformation.68,69 The
fluorescence emission of 2AP was significantly increased within the loops of the HTElo GQ than in
the duplex, and intermediate folding topologies were hypothesized through monitoring the changes
in fluorescence intensity over time.69
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Figure 1- 10 Structure of 2AP and reported base pairs to thymine or cytosine.58

1.1.3.2.2.

C8-modified dG

DNA adducts are naturally formed from the reaction of aromatic hydrocarbons on the DNA
base with the lowest oxidation potential, dG at 1.29 V (Table 1- 1).71,72 Research into the formation
of adducts spread into the development of a series of C8-aryl-dG adducts that were discovered to
have a variety of fluorescent properties. Aryl-modifications to the C8 position of dG afforded the
potential for alternative fluorophores to 2AP, and further development of these probes was needed to
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identify their capabilities. Within the Manderville research laboratory, various aryl-dG adducts have
been synthesized, and a number of them have been inserted within DNA to test their potential as
fluorescent probes.73-75
Table 1- 1 Oxidation potentials of the DNA nucleotides taken in aqueous solution at pH 7.0 versus a
standard hydrogen electrode.72

Nucleotide

Oxidation potential (V vs. N.H.E.)

dA

1.42 V

dG

1.29 V

dC

1.60 V

T

1.70 V

Solvatochromic studies on an indole adduct (InddG) by the Manderville group provided the
first analysis of a probe with light switching properties. It was discovered that the InddG had an
absorption at 321 nm which is well separated from DNA absorbance at 260 nm, emission at 390nm,
and a very high quantum yield of 0.78 in aqueous MOPS buffer at neutral pH.73 When the indole
underwent Watson-Crick bonding to dC, it was discovered that the fluorescence of the adduct was
quenched due to photoinduced electron transfer to the dC base. As a result, the adduct could be
classified as an on/off probe which could be applied towards monitoring DNA duplex formation.
Additional heterocycle-based adducts have been previously synthesized and analyzed for
their solvatochromic properties. The furan-dG (FurdG) and thiophene-dG (ThdG) nucleoside adducts
were previously reported to have high intensity emission in water, with recorded quantum yields of
0.47 and 0.72 respectively.76 Fluorescence in water is a key feature for any probe that is to be
inserted within DNA because that is the solvent environment in which DNA naturally exists. The
Fur

dG along with the InddG, benzofuran-dG (BFurdG), and benzothiophene-dG (BThdG) were placed

within the NarI Type II restriction endonuclease sequence to study the mutagenicity of the adducts.74
During the study, it was discovered that the probes exhibited fluorescence sensitivity to the opposing
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base within the duplex, and collisional quenching studies with KI indicated that the probes could be
either in a solvent exposed anti-conformation when base-paired with C, or adopt a syn-conformation
and be stacked internally when mismatched to a G.
The FurdG and cyanophenyl-dG (CNPhdG) probes were more recently inserted into TBA to
determined their efficacy as fluorescence reporters of target molecule binding to an aptamer. The
syn-preference of the probe stabilized the TBA GQ when placed at a syn-G, and the fluorescence
intensity of the probes were greater in the GQ than the duplex.75 Dissociation constants of the
aptamer-protein complex were measured via the fluorescence emission of the probes, and it was
determined that the probes did not hinder aptamer binding.77
1.1.4. Chemical Modification of Aptamers
1.1.4.1. Improving Aptamer Pharmacokinetic Profile
Aptamers are short-lived within the bloodstream as their small molecular weight allows for
easy filtration and removal by the kidneys, and they are under the constant threat of nuclease
degradation. Modifications to aptamers can be used to improve its lifetime, binding affinity, or
targeting ability (Figure 1- 11).
In order to extend the lifetime of Macugen®, several modifications were performed to the
aptamer. Modifications to the 2'-location of DNA and RNA bases reduces their degradation by
nucleases, so 2'-O-methylated, 2'-fluorinated, and 2'-NH2 bases were incorporated within the
aptamer wherever possible.35,43,44 Furthermore, the addition of an "inverted" dT base was added to
the 3'end to improve nuclease resistance, characterized by a 3' to 3' linkage.44,78 The addition of a 5'PEG tail increased the prevalence of the aptamer within the injected area by increasing the
molecular weight of the aptamer and increasing its permeability throughout the tissue. Other
linkages were assessed during the development of Macugen®, such as cholesterol and peptide tags,
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but it was discovered that these modifications aided in the removal of the aptamer through the
bloodstream and were found to aggregate within the kidneys.79

Figure 1- 11 Possible chemical modifications of nucleotides to enhance aptamer stability.80

Modification to the sugar-phosphate backbone has also been successful in improving
aptamer nuclease resistance. Replacement of the phosphorus within the phosphate group with a
sulfur results in the formation of a sulfonate linkage, and the additional replacement of an oxygen
with a nitrogen yields a sulfamate linkage.81 The sulfonate and sulfamate linkages are similar to the
phosphate in that they are unreactive groups that are achiral, isoelectronic, and isostructural to the
phosphate backbone, and therefore inclusion within the DNA strand was not found to perturb duplex
formation.82 The DNA is resistant to endonuclease cleavage as well as phosphodiesterases, and can
be easily synthesized through the standard solid-phase synthesis.82
An alternative modification to eliminate nuclease activity is the development of Spiegelmerbased aptamers. A Spiegelmer is the mirror image conformer of RNA that consists of L-ribonucleic
acid. Spiegelmer aptamers are more challenging to create and select for their target. The SELEX
process cannot be performed on the L-RNA, and therefore in order to use natural D-RNA, the
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aptamer must be selected against the mirror-image conformer of the target compound.83 Once the
aptamer sequence is identified, the Spiegelmer can be synthesized and will bind to the naturallyoccurring target compound.
Alterations to the bases have been performed as a way to increase affinity of the aptamer to
the target compound. Halogenated pyrimidines, 5-iodo or 5-bromo uracil triphosphate (UTP) and
deoxyuracil triphosphate (dUTP) bases, were created that could be photo-excited with long
wavelength light and create crosslinks to the attached protein.36 The modified dUTP/UTP bases were
identified to form crosslinks to tryptophan, tyrosine, or histidine within the protein, 84 and their
discovery has led to the process known as photo-SELEX. These bases are used within the
randomized oligonucleotide library during the SELEX process, and selection occurs for strands
which can form the covalent attachment to the protein target. The crosslinking ideally occurs only
with the aptamers which bind with the exact geometry and affinity for the protein to form the
crosslink, and this method has been proposed for inclusion on "aptamer on a chip" detection
platforms.85 The formation of the covalent bond allows for vigorous washing of the samples and
therefore improves the signal to noise ratio for protein detection.85
Expansion of the genetic alphabet is an area of interest within the field of aptamer design
and selection. Synthetic bases have been created with the hopes of imparting additional functional
groups or properties to aptamers to increase their affinity for the target compound.86 An unnatural
base pair between 7-(2-theinyl)-imidazo[4,5-b]pyridine (Ds) and 2-nitro-4-propynylpyrrole (Px) has
been created that contains functionalized reactive groups (Figure 1- 12).87 The base pair contains a
hydrophobic interior similar to that of natural DNA base pairs, and therefore can be incorporated
within duplex DNA without disrupting duplex formation.88 These bases were included with the
randomized SELEX oligonucleotide library and were selected against two human target proteins, the
vascular endothelial cell growth factor-165 (VEGF-165) and interferon-γ (INF-γ).89 Dissociation
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constants were recorded for the aptamers that contained Ds and Px modifications, and were reported
to be >100-fold improvement over the aptamers without the designer bases.89
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Figure 1- 12 Chemical structures of the unnatural Ds and Px base pair, with a selection of functional
groups attached to the Px.

1.1.5. Synthesis of Modified Oligonucleotides
1.1.5.1. Synthesis of 8-BrdG
In order to attach an aryl group onto the C8 position of dG, the location must be
functionalized. A bromine is attached at the location in order to facilitate the subsequent SuzukiMiyaura coupling reaction. N-Bromosuccinimide (NBS) is the brominating reagent for this reaction
Scheme 1- 1 Mechanism for the bromination of dG using NBS.
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and the mechanism begins with the formation of a brominium ion. This is caused by the addition of
the bromine across the double bond, and the removal of a proton by succinamide anion to regenerate
the bond and create 8-bromodeoxyguanosine (8-BrdG).

1.1.5.2. Suzuki Coupling to yield 8-aryl-dG adducts
The Suzuki-Miyaura coupling reaction is performed on the 8-BrdG with a corresponding
aryl boronic acid to yield an 8-aryl-dG adduct. The reaction has been modified to be a water soluble
reaction, utilizing tris(3-sulfophenyl)phosphine trisodium salt (TPPTS) as the ligand to the
palladium to ensure solubility in the aqueous conditions. The catalytic cycle begins with palladium
having a zero oxidative state, which undergoes oxidative addition to the 8-BrdG. This is followed by
transmetallation between the boronic acid under basic conditions to generate an alkylated-PdII-dG
intermediate. To regenerate the palladium catalyst, a reductive elimination occurs and creates the
final aryl-dG adduct.
Scheme 1- 2 Mechanism for the Suzuki-Miyaura coupling reaction on dG adducts
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Due to the limited solubility of dG, the aqueous Suzuki-Miyaura coupling reaction is well
suited for the synthesis of dG adducts. Under the basic reaction conditions, the N1H of dG is
deprotonated, and the anionic compound is soluble in the aqueous solvent. Excess boronic acid is
used to ensure no 8-BrdG is remaining at the end of the 4 hour reaction time because separation
between 8-BrdG and the final product is extremely challenging due to the limited solubilities of both
compounds. The product can be simply precipitated out of solution by lowering the pH of the
solution to 7.0, thereby re-protonating the N1 location and neutralizing the adduct.
1.1.5.3. Synthesis of Phosphoramidites
DNA is synthesized in the lab through a method known a solid-phase oligonucleotide
synthesis. The precursors for solid-phase are phosphoramidites of each of the DNA bases, which
contain the reactive phosphorus source to generate the sugar-phosphate backbone. The phosphorus is
located at the 3'-OH, and in order to selectively react at that location, protecting groups must be
placed at the exocyclic amine and the 5'-OH (Figure 1- 13). The protecting groups that are used must
be removed under conditions that can be loaded on the automated synthesizer.
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Figure 1- 13 Synthesis of phosphoramidites through the protection of the exocyclic amine with
dimethylformamide diethylacetal (DMF-DEA), protection of the 5'OH with dimethoxytrityl (DMT),
and addition of the phosphatidyl chloride to the 3'OH.
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The exocyclic amine is commonly protected with isobutyryl or dimethylformamidyl (DMF)
groups. The protecting group must remain on the molecule throughout all of the solid-phase
synthesis steps, and subsequently be removed during the global deprotection of the strand that
occurs in aqueous ammonium hydroxide. The isobutyryl group is known as a hard protecting group
and requires several hours at 55 °C to ensure deprotection. In contrast, the DMF group is known as a
soft protecting group, and can easily be removed under less extreme conditions with ammonium
hydroxide in 1 hour at room temperature.90 Selection of which protecting group to use must be
determined during the phosphoramidite synthesis. If the planned DNA strand contains modifications
which are unstable to the hard deprotection protocol, then the soft protecting group must be selected.
The 5'OH is protected with a dimethoxytrityl (DMT) group. This is an essential protecting
group because it is removed during solid-phase synthesis to allow coupling to the next
oligonucleotide base. The protection selectively occurs at the free 5'OH because it is a primary
alcohol, and the secondary, more hindered, 3'OH remains free to be coupled to the phosphatidyl
chloride.
The phosphoramidite is generated from N,N-diisopropylcyanoethylphosphonamidic
chloride, a protected phosphorus source with PIII oxidation state. It is added to the 3'OH through a
simple SN2 mechanism to afford the final phosphoramidite required for solid-phase synthesis.
Oxygen and water present during the substitution reaction will oxidize PIII to form the PV
phosphoramidite, which is unreactive during the solid-phase coupling conditions. Therefore, it is
commonly accepted to use the product from the phosphoramidite reaction without purification.90,91
1.1.5.4. Solid-Phase Oligonucleotide Synthesis
Solid-phase synthesis utilizes a solid support and cyclic reactions to sequentially build
oligonucleotides from the 3' to 5' direction (Scheme 1- 3). Two kinds of solid supports are available
for purchase for solid-phase synthesis, nucleoside or universal supports. The nucleoside-linked
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supports contain one of the four bases attached to polyethylene beads through an ester linkage, and
therefore contains the 3' terminal base of the sequence. Universal supports lack the nucleoside
linkage, and are ideal for 3'end modified strands. The first step is the removal of the DMT group
from the available 5'OH on the solid support with 3% trichloroacetic acid in dichloromethane
(DCM) (
Scheme 1- 4). Once removed, the DMT cation has an orange colour and the reaction can be
monitored by the machine as the trityl group is washed off the column.
Scheme 1- 3 Solid-phase oligonucleotide synthesis.
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After the deprotection of the 5'OH, the next base is injected onto the cartridge with a mix of
activator solution consisting of 0.25 M tetrazole in acetonitrile (Scheme 1- 5). The tetrazole donates
a proton to the tertiary amine to activate the breaking of the P-N bond. The 3'-base attacks the
phosphorus with its 5'OH and results in the formation of the phosphodiester linkage. If there are any
free bases which did not undergo the coupling reaction, a capping step is performed to ensure that
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subsequent additions will not take place on the free base, which would result in shorter
oligonucleotide sequences. The capping solution consists of N-methyl imidazole, which reacts with
acetic anhydride to facilitate acetylation of the free 5'OH (Scheme 1- 6).
At this point in the synthesis, the phosphorus has maintained the PIII oxidation state, but
requires oxidation to PV to prevent the reaction of additional bases at the phosphorus. The oxidizing
Scheme 1- 4 Detritylation mechanism with trichloroacetic acid
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Scheme 1- 5 Activation and coupling mechanism with tetrazole.
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solution consists of 0.02 M I2 in THF/pyridine/H2O (70:20:10). The mechanism begins with the
lone-pair electrons on the phosphorus attacking the I2 to generate a phosphorus cation intermediate
(Scheme 1- 7). Water attacks the phosphorus in an SN2-like manner, followed by removal of a
proton by pyridine to yield the desired PV oxidized product.
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The solid-phase cycle continues until the sequence is the programmed length, and then all of
the strands are removed from the solid support beads and deprotected through treatment with
ammonium hydroxide. The ester linkage to the solid support undergoes hydrolysis at the same time
that all protecting groups on the strand are removed. The fully deprotected oligonucleotides must
then be separated, the selection of which method depends on the length of DNA and purity desired.
The easiest purification technique uses the 5'DMT protected strand to perform reverse phase
cartridge purification (RP1), whereby the DMT group sticks to a small cartridge, failed sequences
are washed away, then the DMT group is removed and the full-length strand is collected.
Contamination from shorter sequences is possible with RP1, and therefore if a more pure sample is
required, HPLC or gel purification is used. HPLC can reliably separate short DNA strands, but once
the strands are longer than 50 bases, the charge to mass ratio of full length and truncated strands are
too similar to allow separation. Keeping the 5'DMT on the strand aids in separation of the full-length
from the truncated strands, or other 5'end modifications such as FAM or boron-dipyrromethene
(BODIPY) fluorophores may be used. Polyacrylamide gel electrophoresis (PAGE) is recommended
for long oligonucleotides, but the isolation process minimizes the final yield of the pure DNA.
Scheme 1- 6 Capping mechanism with acetic anhydride and N-methyl imidazole.
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Scheme 1- 7 Oxidation mechanism with iodine, water, and pyridine.
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1.2. Purpose of Research
Research conducted in the Manderville laboratory has derived from the study of C-linked
C8-aryl-dG adducts and analysis of their photophysical properties.73,92-94 This has led to the
development of DNA fluorophores, and placement of aryl-dG probes within DNA aptamers to
analyse their utility within DNA-based biotechnology.
The previous work with aryl-dG nucleosides discovered the photophysical properties of a
wide variety of adducts. While these designer nucleosides are no longer biologically relevant
compounds, they possess light-switching capabilities under changes to their environment such as
pH, viscosity, or solvent polarity. With the development of aptamer technology, the potential for
these probes within biotechnology began to be realized. In Chapter 2, a complete series of
heterocycle-dG adducts were developed and optimized within the thrombin binding aptamer, as a
simple model to test the utility of these probes in DNA. The results indicate that there are clear
photophysical differences between the heterocyclic series, and a study utilizing multiple probes
within one aptamer indicated the stabilization effect that these probes can have on the GQ structure.
In Chapter 3, the fluorescence features of the thiophene-dG (ThdG) probe will be applied
towards a relatively unknown aptamer, the ochratoxin A aptamer, as a way to provide structural and
binding information about the toxin-aptamer complex. Here, the syn-preference of the probe will be
used to determine which G's are involved in the GQ, and their respective conformations. Studies will
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also show how the insertion of the probe can dramatically affect the aptamer binding to small
molecules, and that the probe was successful in determining a dissociation constant within the
nanomolar range. This chapter highlights the fluorescent capabilities displayed by the thiophene
probe, and its application towards the field of aptamer development.
The ThdG is then applied within the human telomeric repeat sequence (HTelo), to expand on
the understanding of the complex structural polymorphism the sequence displays (Chapter 4). The
probe, in addition to FurdG and FurdU probes, allowed for a complete kinetic analysis of the GQ
structures adopted by HTelo. The aryl-dG probes were able to stabilize certain GQ topologies, which
is important in the development of anti-cancer therapeutics. The telomerase enyzme binds to the
HTelo sequence and is highly active in over 85% of cancers. Stabilization of the GQ topology
reduces telomerase activity, and therefore C8-aryl-dG adducts may be viable therapeutic agents.
In Chapter 5, the photophysical properties of C8-aryl-dG probes are expanded with the
development of a series of push-pull adducts that contain strong electron withdrawing groups on the
aryl-substituents. These probes mimic the photophysical properties of molecular rotors, with some
of their emissions existing in the visible light region of the electromagnetic spectrum. Ideally, for the
development of aryl-dG probes within aptasensor platforms, the probes should be excited by visible
light so as to reduce the cost of the technology, and the results presented herein indicate that the
features of push-pull adducts can be applied to future probes to achieve this goal.
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CHAPTER 2: Impact of C8-Aryl Probes on the Thrombin
Binding Aptamer
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Note on Reproduction of Work
Portions of the research presented in this chapter have been previously published, and the
publication was featured on the cover of the respective journal.
Reproduced with permission from Fadock, K. L.; Manderville, R. A.; Sharma, P.; Wetmore, S. D.,
Optimization of fluorescent 8-heteroaryl-guanine probes for monitoring protein-mediated duplex →
G-quadruplex exchange. Org. Biomol. Chem. 2016, 14, 4409. Copyright 2016, The Royal Society
of Chemistry.
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2.1. BIG PICTURE:
DNA aptamers are a new trend in target binding technologies due to their broad applications
to act as therapeutics and small molecule targeting. One issue with DNA aptamers is the lack of a
signalling mechanism for target binding or detection, so outside of the field of sequence
development, most aptamer research is focussed on modifying and tagging oligonucleotides with
fluorescent compounds to develop aptasensor technology. Fluorescent reporting systems are fit into
three categories: internal modifications consisting of changes to the nucleobases within the strand,
external probes wherein the DNA interacts with compounds in its environment which has
fluorescent switching properties, or tagged probes that are placed at either the 5' or 3' ends of the
aptamer.
External probes, such as intercalators, may lack selectivity in targeting only the aptamer and
may produce false positives when other DNA is present in solution, while tagged probes can lack
fluorescent switching properties and generally require the use of quenchers. Internal modifications,
such as 2-aminopurine, have been successful as internal fluorescent probes, but are restricted to
incorporation into the loops of aptamers. The G-quadruplex is a common folding motif found in Grich aptamers and development of probes that can be incorporated within the G-tetrads, instead of
the loops, could be beneficial for conformational switching detection.
This chapter highlights the incorporation of a series of C8-heteroaryl-dG probes within the
thrombin binding aptamer (TBA). The modified bases were inserted into internal locations of the
aptamer and optimized for probe performance. It will be shown that the modifications have minimal
to no effect on the target protein binding when placed within the G-tetrads, and that thrombin
binding can be monitored by fluorescence changes in a duplex to quadruplex exchange process. It
will also be demonstrated that the rates of thrombin binding to the aptamer are drastically decreased
upon addition of multiple probes within the strand.
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2.2. General Introduction
2.2.1. Thrombin Protein
Thrombin is a protein that is found in human blood and its role as a serine protease plays a
crucial part in the coagulation cascade. Thrombin cleaves the Leu-Val-Pro-Arg-Gly-Ser site on
fibrinogen to create fibrin which then combines with platelets in the blood to create a clot.1,2 The
specific cleavage sequence of thrombin has also led to its development as a site specific peptide
cleavage for use in recombinant protein research.2 Regulation of thrombin levels within the body are
needed for people on blood thinners or who have coagulation disorders, as a number of them directly
affect thrombin's role in the clotting cascade. A class of anticoagulant medications, known as direct
thrombin inhibitors, work by binding to the thrombin protein via the its active site and exosite 1, and
inhibit its function until cleaved by the protein.3,4
2.2.2. Thrombin Binding Aptamer
The thrombin binding aptamer (TBA) is a 15 base oligonucleotide consisting of only
guanines and thymines, with sequence 5'-GGTTGGTGTGGTTGG-3'. It was one of the first
aptamers determined through the SELEX (Systematic Evolution of Ligands by EXponential
enrichment) process against human thrombin and reported to have a dissociation constant of 25-200
nmol/L between the aptamer and thrombin protein.5 Due to its G-rich nature, TBA easily folds into
a unimolecular G-quadruplex (GQ) in the presence of K+, with two TT edge loops and a TGT loop.
Solution NMR and crystal structures of TBA elucidated the core structure of the GQ, but the
orientation of the loops were originally contradicting in the NMR and crystal structure models.6-9
Further analysis determined that the conformation of TBA bound to the protein occurs when the TT
loops cross the narrow groove, and the TGT loop spans the wide groove.7 The GQ formed is an
antiparallel quadruplex; guanines within a tetrad alternate syn-anti-syn-anti as well as along the
strand from 5' to 3' the guanines are in pairs of syn-anti. The internal structure of the GQ can
incorporate alternate ions such as Na+, Pb2+ and NH4+, but can result in changes to the overall tertiary
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stability.10 When Na+ is incorporated into the centre of the tetrads, the stability of the quadruplex is
greatly reduced, with thermal melting (Tm) values of only 24 °C versus 53 °C with K+.10
Alternatively, when Pb2+ is present, the DNA forms a tighter association with the ion which is
hypothesized to be a factor in Pb2+ toxicity.11 The TBA GQ is one of the most widely studied
aptamers due to its simple and short sequence, and thus is an excellent aptamer for experiments on
internal modifications and performing probe optimization.

Figure 2- 1 TBA and protein interactions highlighting top versus bottom binding, highlighting G5
(red) G6 (blue), G8 (green). PDB ID 4DII, 1HAP.

The sequence of TBA is vital for protein binding, and small changes to the sequence can
drastically affect its ability to fold into a GQ, and can hinder its binding affinity to thrombin.
Modifications to the sequence of TBA were performed by Shafer et al. and determined that a single
addition of a G to the strand caused an increase in GQ stability when placed at the 3' end, and a
decrease when at the 5' end.12 Removal of G15 from the aptamer completely inhibited folding of the
GQ, and removing the G within the TGT loop drastically decreased the Tm to only 21 °C. TBA binds
to thrombin via two possible orientations, along the TT loop face, or the TGT loop (Figure 2- 1).9,13
The aptamer binds to the human thrombin protein through the anion binding exosite located on the
surface of the protein that has high affinity for the negatively charged phosphate groups of the
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aptamer.5,7 The GQ must be folded to make the loops available for binding, and it is hypothesized
that modifications to the core guanines that decrease the GQ thermostability would have a large
effect on the binding affinity.14
2.2.3. Fluorescent Heteroaryl Series
The heteroaryl series of adducts have been previously studied within the Manderville
research group at the nucleobase level as well as some incorporation into DNA (Figure 2- 2). Work
on the pyrrole and indole nucleosides, and highlighting their fluorescent properties, were first
published by Schlitt et al in 2011.15 In their study, the adducts were exposed to di-silylated guanine
or cytosine in solution to allow for hydrogen bonding to occur, and the fluorescence response was
studied. It was hypothesized that when cytosine was in solution with the adduct, a normal WatsonCrick (W-C) H-bonding interaction would form, and alternatively a Hoogsteen H-bond would form
when expose to guanine. Molecular dynamic simulations indicated that the pyrrole adduct had little
effect on the W-C binding and could easily adopt either syn or anti conformation, while fluorescence
results showed that the indole adduct exhibited a 10-fold brighter emission when Hoogsteen binding
to guanine over W-C binding to cytosine. These results indicate that incorporation of small 5membered ring adducts into an aptamer will be possible with little perturbation caused by syn or anti
preference, and the enhancement of fluorescence emission of the indole upon Hoogsteen binding
may occur within a G-quadruplex.
The benzothiophene (BThdG) adduct was incorporated into a 10-base oligonucleotide and its
fluorescence was studied when annealed to a duplex with an opposing C or G.16 It was reported that
the BThdG adduct could be used as a fluorescent probe for syn and anti conformations because the
probe stabilized a G:G mismatch through rotation of the adduct to place it within the minor groove
of the duplex, and had a blue-shift in its emission spectra. The BThdG probe was also inserted into the
NarI recognition sequence along with FurdG, InddG, and BFurdG via suzuki-on-the-strand in a 2012
paper by Rankin et al.17 Similar to the BThdG study, the modified strands were annealed to a
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complementary strand with opposing C or G to the modification, and the probes exhibited detectable
fluorescence responses to one base over the other. All of the modifications stabilized the G:G
mismatch in the duplex, which can be exploited when the adducts are placed in a G-quadruplex.
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Figure 2- 2 DNA nucleobase adducts of the heteroaryl series.

2.3. Materials and Methods
Boronic acids, Pd(OAc)2, 3,3',3''-phosphinidynetris-(benzenesulfonic acid) trisodium salt
(TPPTS), and other commercial compounds were used as received. The synthesis of 8-bromo-2'deoxyguanosine (8-Br-dG) was performed according to literature by treatment of dG with Nbromosuccinimide in a water-acetonitrile mixture.18 Suzuki- Miyaura coupling of 8-BrdG with
boronic acids to afford products 1-6 were performed as previously published.15,17,19 Full
phosphoramidite synthesis was carried out for all adducts except FurdG and BThdG, which were
previously published and synthesized by Dr. Michael Sproviero.17,20
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Scheme 2- 1 Synthesis of C8-heteroaryl-dG phosphoramidites.
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2.3.1. Synthesis of Modified dG Adduct Phosphoramidites
2.3.1.1. Suzuki-Miyaura Coupling of 8-Br-dG with Boronic Acids
2.3.1.1.1.

General Procedure

Palladium acetate (0.02 mmol), tris(3-sulfophenyl)phosphine trisodium salt (TPPTS) (0.02
mmol), sodium carbonate (0.8 mmol), 8-BrdG (0.4 mmol), and boronic acid (0.8 mmol) were placed
in a flask with 8 mL degassed 2:1 water:acetonitrile solution and stirred with heating to 80 °C for 4
hours. The reaction was diluted with 20 mL DI water, and the pH was adjusted to 6-7 with 1 M HCl
and the mixture was cooled (4 °C) overnight. The precipitate was vacuum filtered and washed with
small portions of ice cold water and dried to yield product which requires no further purification.
2.3.1.1.2.

Synthesis of Analogues

8-(2''-pyrrolyl)-2'-dG (1): Synthesis performed as described to afford 0.43 g of grey powder (79%
yield). 1H NMR (300 MHz, DMSO-d6) δ = 10.67 (bs, 1H), 6.89 (s, 1H), 6.46 (s, 1H), 6.31 (m, 3H),
6.17 (s, 1H), 5.17 (d, J = 4.2 Hz, 1H), 5.02 (t, J=6.3 Hz, 1H), 4.38 (m, 1H), 3.81 (m, 1H), 3.63 (m,
1H), 3.53 (m, 1H), 3.22 (m, 1H), 2.05 (m, 1H).
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8-(2''-thienyl)-2'-dG (3): Synthesis performed as described to afford 0.95 g of white powder (94%
yield). 1H NMR (400 MHz, DMSO-d6) δ = 10.74 (s, 1H), 7.73 (dd, J = 1.2, 5.2 Hz, 1H), 7.46-7.47
(dd, J = 0.8, 3.6 Hz, 1H), 7.18-7.20 (dd, J = 3.6, 4.8 Hz, 1H), 6.43 (s, 1H), 6.24 (t, J = 7.6 Hz, 1H),
5.17 (d, J = 4.4 Hz, 1H), 4.92 (t, J = 6.0 Hz, 1H), 4.37 (m, 1H), 3.80 (m, 1H), 3.61 (m, 1H), 3.51 (m,
1H), 3.29 (m, 1H), 2.05 (m, 1H).
8-(2''-benozpyrrolyl)-2'-dG (4): Synthesis performed as described to afford 1.42 g of white powder
(83% yield). 1H NMR (300 MHz, DMSO-d6) δ = 11.77 (s, 1H), 10.82 (bs, 1H), 7.64 (d, J = 7.8 Hz,
1H), 7.46 (d, J = 8.1 Hz, 1H), 7.17 (t, J = 7.8 Hz, 1H), 7.04 (t, J = 8.1 Hz, 1H), 6.89 (s, 1H), 6.50 (m,
3H), 5.21 (d, J = 4.5 Hz, 1H), 5.05 (t, J = 5.4 Hz, 1H), 4.45 (m, 1H), 3.88 (m, 1H), 3.721(m, 1H),
3.58 (m, 1H), 3.30 (m, 1H), 2.14 (m, 1H).
8-(2''-benzofuryl)-2'-dG (5): Synthesis performed as described to afford 1.68 g of white powder
(78% yield). 1H NMR (300 MHz, DMSO-d6) δ = 10.90 (bs, 1H), 7.75 (d, J = 7.5 Hz, 1H), 7.66 (d,
J = 8.1 Hz, 1H), 7.33-7.43 (m, 3H), 6.49-6.55 (m, 3H), 5.21 (bs, 1H), 4.96 (bs, 1H), 4.43 (m, 1H),
3.83 (m, 1H), 3.64 (m, 1H), 3.54 (m, 1H), 3.20 (m, 1H), 2.16 (m, 1H).
2.3.1.2. N2 Protection
2.3.1.2.1.

General Procedure

A typical procedure involved placing 8-aryl-2'-deoxyguanosine (4.0 mmol) in a round
bottom flask (RBF) and reverse-filled with argon. DMF (15 mL) was added to the flask, followed by
dimethylformamide-diethyl-acetal (5.7 mL, 33.5 mmol), and the mixture was allowed to go to
completion with stirring at room temperature. The reaction mixture was then evaporated to dryness
and the solid washed with MeOH and dried to yield product which was converted quantitatively and
usable without further purification.
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2.3.1.2.2.

Synthesis of Analogues

N2-(Dimethylformamidyl)-8-(2''-pyrrolyl)-2'-dG (1a): Synthesis performed as outlined afforded
0.28 g of a grey powder (59% yield). 1H NMR (400 MHz, DMSO-d6) δ = 11.67 (s, 1H), 11.45 (s,
1H), 8.47 (s, 1H), 6.92 (s, 1H), 6.49 (s, 1H), 6.40 (t, J = 7.2 Hz, 1H), 6.19 (s, 1H), 5.28 (s, 1H), 4.964.93 (m, 1H), 4.47 (bs, 1H), 3.83 (bs, 1H), 3.66 (m, 1H), 3.54 (m, 1H), 3.24 (m, 1H), 3.13 (s, 3H),
3.03 (s, 3H), 2.13-2.11 (m, 1H).

C NMR (400 MHz, DMSO- d6) δ = 158.5, 157.8, 156.9, 150.8,

13

142.9, 121.4, 121.0, 120.4, 110.4, 109.4, 88.0, 85.0, 71.5, 62.3, 41.3, 37.5, 35.0. HRMS Calcd for
C17H20N7O4- [M-H-]:386.1582; found 386.1584.
N2-(Dimethylformamidyl)-8-(2''-thienyl)-2'-dG (3a): Synthesis performed as outlined afforded
1.02 g of a white powder (63% yield). 1H NMR (400 MHz, DMSO-d6) δ = 11.48 (bs, 1H), 8.49 (s,
1H), 7.76 (s, 1H), 7.49 (s, 1H), 7.21 (s, 1H), 6.30 (t, J = 7.2 Hz, 1H), 5.27 (bs, 1H), 4.86 (bs, 1H),
4.47 (bs, 1H), 3.82 (bs, 1H), 3.64 (m, 1H), 3.53 (m, 1H), 3.31 (m, 1H), 3.14 (s, 3H), 3.04 (s, 3H),
2.15-2.11 (m, 1H).

13

C NMR (400 MHz, DMSO- d6) δ = 158.1, 157.2, 156.8, 150.7, 142.2, 131.7,

128.8, 128.2, 127.9, 120.1, 87.6, 84.5, 70.8, 61.8, 40.8, 36.8, 34.6. HRMS Calcd for C17H21N6O4S+
[M+H+]:405.1340; found 405.1341.
N2-(Dimethylformamidyl)-8-(2''-benzopyrrolyl)-2'-dG (4a): Synthesis performed as outlined
afforded 1.14 g of a beige powder (74% yield). 1H NMR (400 MHz, DMSO-d6) δ = 11.84 (s, 1H),
11.53 (s, 1H), 8.51 (s, 1H), 7.63 (d, J =7.6 Hz, 1H), 7.43 (d, J = 8.0 Hz, 1H), 7.15 (m, 1H), 7.02 (m,
1H), 6.89 (s, 1H), 6.54 (m, 1H), 5.32 (d, J = 4.0 Hz, 1H), 4.96 (t, J = 5.4 Hz, 1H), 4.51 (bs, 1H), 3.87
(m, 1H), 3.67 (m, 1H), 3.56 (m, 1H), 3.30 (m, 1H), 3.15 (s, 3H), 3.04 (s, 3H), 2.17 (m, 1H).
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C

NMR (400 MHz, DMSO- d6) δ = 158.7, 157.9, 157.3, 151.3, 142.2, 137.1, 128.2, 127.3, 123.3,
121.3, 120.7, 112.3, 103.4, 88.4, 85.3, 71.4, 62.3, 41.6, 37.6, 35.1.HRMS Calcd for C21H24N7O4+
[M+H+]: 438.1834; found 438.1882.
N2-(Dimethylformamidyl)-8-(2''-benzofuryl)-2'-dG (5a): Synthesis performed as outlined
afforded 0.97 g of a beige powder (65% yield). 1H NMR (300 MHz, DMSO-d6) δ = 11.56 (s, 1H),
8.53 (s, 1H), 7.78 (d, J =7.5 Hz, 1H), 7.69 (d, J = 8.4 Hz, 1H), 7.46 (s, 1H), 7.41-7.38 (m, 1H), 7.3545

7.32 (m, 1H), 6.56 (t, J = 7.2 Hz, 1H), 5.28 (d, J = 4.5 Hz, 1H), 4.86 (s, 1H), 4.51 (bs, 1H), 3.84 (m,
1H), 3.66 (m, 1H), 3.55 (m, 1H), 3.23 (m, 1H), 3.16 (s, 3H), 3.05 (s, 3H), 2.23-2.20 (m, 1H).

13

C

NMR (400 MHz, DMSO- d6) δ = 158.2, 157.3, 154.2, 150.7, 145.7, 138.3, 127.5, 125.7, 123.6,
121.8, 120.7, 111.4, 108.2, 87.6, 84.4, 70.7, 61.7, 40.8, 37.5, 34.6. HRMS Calcd for
C21H23N6O5+[M+H+]:439.1724; found 439.1722.
N2-(Dimethylformamidyl)-8-(2''-benzothienyl)-2'-dG (6a): Synthesis performed as outlined
afforded 1.45 g of a beige powder (97% yield). 1H NMR (400 MHz, DMSO-d6) δ = 11.57 (bs, 1H),
8.54 (s, 1H), 8.04-8.01 (m, 1H), 7.97-7.90 (m, 2H), 7.43 (m, 2H), 6.49 (t, J = 7.2 Hz, 1H), 5.33 (bs,
1H), 5.01 (bs, 1H), 4.53 (m, 1H), 3.86 (q, J = 4.4 Hz, 1H), 3.71 (m, 1H), 3.60 (m, 1H), 3.60 (m, 1H),
3.28 (m, 1H), 3.16 (s, 3H), 3.05 (s, 3H), 2.21-2.15 (m, 1H). 13C NMR (400 MHz, DMSO- d6) δ =
158.2, 157.6, 157.3, 151.3, 141.9, 139.6, 139.4, 132.3, 125.6, 124.9, 124.6, 124.5, 122.3, 120.4,
87.7, 84.4, 70.6, 61.6, 40.9, 37.2, 35.8. HRMS Calcd for C21H23N6O4S+ [M+H+]: 455.1496; found
455.1503.
2.3.1.3. 5′OH Dimethoxytrityl (DMT) Protection
2.3.1.3.1.

General Procedure

N2-(Dimethylformamidyl)-8-aryl-2'-deoxyguanosine (2.5 mmol) was co-evaporated from
dry pyridine (3 x 5 mL) in a RBF. The RBF was then fitted with a constant pressure dropping
funnel, reverse filled with argon, and 7 mL of dry pyridine (or DMF) was added to the RBF and
cooled to 0 °C. A DMT-Cl (1.07 g, 3.16 mmol) pyridine (10mL) solution was added to the dropping
funnel under argon and allowed to add dropwise over 30 minutes. The reaction was then allowed to
stir at room temperature under argon and monitored by TLC. Upon completion, the mixture was
diluted with methylene chloride (10 mL), and washed with water (2 x 10 mL). TEA (1 mL) was
added and the mixture was evaporated to yield an oil. Product was purified on a silica column with
MeOH:CH2Cl2:TEA (9:90:1) to yield a powder.
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2.3.1.3.2.

Synthesis of analogues

5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''-pyrrolyl)-2'-dG

(1b):

Synthesis

performed as outlined afforded product as a pale yellow powder (0.43 g, 89%). 1H NMR (300 MHz,
DMSO- d6) δ = 11.67 (bs, 1H), 11.40 (bs, 1H), 8.33 (s, 1H), 7.24 (m, 2H), 7.14-7.11 (m, 7H), 6.94
(m, 1H), 6.75 (m, 1H), 6.68 (dd, J = 8.7, 7.5 Hz, 4H), 6.39 (m, 1H), 6.21 (m, 1H), 5.34 (bs, 1H), 4.81
(m, 1H), 3.93 (m, 1H), 3.66 (s, 6H), 3.44 (m, 3H), 3.02 (s, 3H), 3.00 (s, 3H), 2.26 (m, 1H).

13

C

NMR (300 MHz, DMSO- d6) δ = 157.9, 157.8, 157.4, 157.3, 155.9, 150.0, 145.0, 142.9, 135.7,
135.6, 129.8, 127.9, 126.3, 121.0, 119.8, 113.3, 110.3, 108.7, 85.4, 85.0, 84.3, 70.4, 63.6, 55.2, 40.9,
37.2, 34.9. HRMS Calcd for C38H40N7O6+ [M+H+]: 690.3035 ; found 690.3045.
5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''-thienyl)-2'-dG

(3b):

Synthesis

performed as outlined afforded product as a white powder (1.29 g, 74%). 1H NMR (300 MHz,
DMSO- d6) δ = 11.50 (bs, 1H), 8.36 (s, 1H), 7.75 (m, 1H), 7.71 (m, 1H), 7.22 (m, 3H), 7.11-7.09 (m,
7H), 6.68 (dd, J = 9.0, 4.8 Hz, 4H), 6.34 (m, 1H), 5.35 (d, J = 4.8 Hz, 1H), 4.84 (m, 1H), 3.92 (m,
1H), 3.67 (s, 6H), 3.52-3.47 (m, 2H), 3.13 (m, 1H), 3.03 (s, 6H), 2.29-2.24 (m, 1H).
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C NMR (400

MHz, DMSO- d6) δ = 158.3, 158.3, 158.2, 157.8, 156.9, 150.8, 145.42, 143.2, 136.1, 136.1, 133.0,
129.9, 129.3, 128.6, 128.3, 128.1, 128.0, 126.9, 120.5, 113.4, 85.9, 85.5, 84.6, 70.8, 63.7, 41.4, 39.3,
35.2. HRMS Calcd for C38H37N6O6S- [M-H-]: 705.2501 ; found 705.2495.
5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''-benzopyrrolyl)-2'-dG

(4b):

Synthesis performed as outlined afforded product as an off white powder (0.50 g, 53%). 1H NMR
(400 MHz, DMSO- d6) δ = 11.90 (s, 1H), 11.56 (s, 1H), 8.40 (s, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.45
(d, J = 8.0 Hz, 1H), 7.23-7.02 (m, 12H), 6.65-6.63 (m, 4H), 6.55 (m, 1H), 5.40 (d, J = 5.2 Hz, 1H),
4.92 (m, 1H), 3.98 (m, 1H), 3.62 (s, 3H), 3.60 (s, 3H), 3.56 (m, 1H), 3.16(m, 2H), 3.05 (s, 6H), 2.34
(m, 1H).

13

C NMR (400 MHz, DMSO- d6) δ = 157.8, 157.7, 157.5, 156.4, 150.4, 145.1, 142.8,

136.8, 135.7, 129.5, 128.0, 127.6, 127.2, 126.5, 122.7, 120.8, 120.2, 119.6, 118.1, 111.8, 102.7,
85.5, 85.0, 84.3, 70.5, 63.3, 55.0, 41.1, 37.3, 34.7. HRMS Calcd for C42H42N7O6+ [M+H+]: 740.3191;
found 740.3189.
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5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''-benzofuryl)-2'-dG:

Synthesis

performed as outlined afforded product as a beige powder (0.18 g, 43%). 1H NMR (300 MHz,
DMSO- d6) δ = 11.57 (bs, 1H), 8.40 (s, 1H), 7.75 (d, J = 7.2 Hz, 1H), 7.63 (d, J = 7.5 Hz, 1H), 7.55
(s, 1H), 7.41 (t, J = 8.1 Hz, 1H), 7.35 (t, J = 7.5 Hz, 1H), 7.20 (m, 2H), 7.10 (m, 7H), 6.68 (m, 4H),
6.60 (m, 1H), 5.38 (d, J = 5.1 Hz, 1H), 4.77 (m, 1H), 3.96 (m, 1H), 3.65 (s, 6H), 3.43 (m, 3H), 3.05
(s, 3H), 3.04 (s, 3H), 2.32 (m, 1H).

C NMR (300 MHz, DMSO- d6) δ = 158.3, 158.3, 158.0, 157.4,

13

154.7, 150.8, 146.5, 145.4, 139.3, 136.0, 130.0, 130.0, 128.2, 128.2, 127.0, 124.1, 122.4, 121.1,
113.4, 111.8, 108.4, 86.0, 85.5, 84.6, 70.8, 63.9, 55.5, 41.6, 38.2, 35.4. HRMS Calcd for
C42H41N6O7+ [M+H+]: 741.3031 ; found 741.3037.
5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''-benzothienyl)-2'-dG:

Synthesis

performed as outlined afforded product as an off white powder (1.40 g, 70%). 1H NMR (400 MHz,
CDCl3) δ = 9.13 (bs, 1H), 8.35 (s, 1H), 7.84 (s, 1H), 7.78 (m, 1H), 7.67 (m, 1H), 7.35-7.30 (m, 4H),
7.24-7.20 (m, 4H), 7.17-7.11 (m, 3H), 6.70-6.67 (m, 4H), 6.43 (dd, J = 7.9, 4.6 Hz, 1H), 4.94 (q, J =
6.2 Hz, 1H), 4.11 (q, J = 5.5 Hz, 1H), 3.68 (s, 6H), 3.52-3.43 (m, 2H), 3.35 (m, 1H), 2.95 (s, 3H),
2.89 (s, 3H), 2.32 (m, 1H).
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C NMR (400 MHz, CDCl3) δ = 158.3, 157.8, 157.5, 155.8, 151.1,

144.7, 143.9, 140.5, 139.6, 135.7, 135.6, 132.2, 129.9, 129.8, 128.0, 127.7, 126.7, 125.3, 125.2,
124.4, 124.3, 122.2, 120.8, 112.9, 86.1, 85.2, 84.0, 72.7, 64.2, 55.1, 41.3, 37.6, 35.0. HRMS Calcd
for C42H41N6O6S+ [M+H+]: 757.2803; found 757.2821.
2.3.1.4. 3' OH Phosphoramidite Reaction
2.3.1.4.1.

General Procedure

The 5'-O-DMT-N2-(dimethylformamidyl)-8-aryl-2'-dG (0.74 mmol) was coevaporated from
dry THF (3 x 5 mL), reverse-filled with argon and dissolved in 10 mL of dry, degassed CH2Cl2. To
this was added dry, degassed TEA (0.41 mL, 2.9 mmol) and 2-cyanoethyl N,Ndiisopropylchlorophosphoramidite (0.32 mL, 1.12 mmol). The reaction was monitored by TLC and
upon completion (20-40 minutes) was washed successively with a saturated, degassed sodium
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bicarbonate solution. The organic phase was separated and dried with sodium sulfate and purified by
column chromatography, eluting with 92:5:3 CH2Cl2:MeOH:TEA. Phosphoramidites were isolated
as their corresponding diastereomers, which were typically an off-white foam.
2.3.1.4.2.

Synthesis of analogues

3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-O-DMT-N2-(dimethylformamidyl)-8(2''-pyrrolyl)-2'-dG (1c): The product was eluted from column chromatography as its
diastereomers, which were a yellow-green foam (0.25 g, 62%). 1H NMR (400 MHz, CDCl3) δ = 9.99
(bs, 1H), 9.67 (bs, 1H), 8.40, 8.35 (s, 1H), 7.33-7.09 (m, 9H), 6.90-6.88 (m, 2H), 6.67-6.62 (m, 4H),
6.45-6.39 (m, 1H), 6.26-6.24 (m, 1H), 5.25-5.10 (m, 1H), 4.18-4.17 (m, 1H), 3.69 (s, 3H), 3.68 (s,
3H), 3.55-3.51 (m, 3H), 3.38-3.27 (m, 2H), 3.01-2.97 (m, 6H), 2.90 (s, 1H), 2.84 (s, 1H), 2.41-2.38
(m, 1H), 1.14-1.12 (m, 12H).
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C NMR (400 MHz, CDCl3) δ = 158.2, 157.7, 157.5, 155.3, 150.4,

144.7, 143.9, 135.6, 130.0, 127.9, 127.6, 126.6, 121.4, 121.3, 120.9, 120.2, 117.7, 113.0, 110.6,
109.8, 85.9, 84.8, 84.3, 84.0, 74.3, 74.1, 73.3, 73.1, 63.2, 62.6, 58.3, 58.2, 58.1, 55.1, 43.2, 41.2,
36.7, 35.1, 24.5, 24.3, 20.3, 20.2. 31P NMR (300 MHz, CDCl3) δ = 148.7, 148.6. HRMS Calcd for
C47H57N9O7P+ [M+H+]: 890.4113; found 890.4100.
3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-O-DMT-N2-(dimethylformamidyl)-8(2''-thienyl)-2'-dG (3c): The product was eluted from column chromatography as its diastereomers,
which were a pale green powder (0.17 g, 43%). 1H NMR (300 MHz, CDCl3) δ = 9.06 (bs, 1H), 8.358.29 (s, 1H), 7.60 (m, 1H), 7.38-7.36 (m, 1H), 7.31-7.29 (m, 2H),7.21-7.00 (m, 9H), 6.66-6.60 (m,
4H), 6.30-6.26 (dd, J = 4.2 Hz, 1H), 5.14-5.00 (m, 1H), 4.13-4.11 (m, 1H), 3.67-3.66 (m, 7H), 3.463.27 (m, 6H), 2.99 (s, 3H), 2.91 (s, 3H), 2.29 (m, 1H), 1.21-1.17 (m, 4H) 1.11-0.98 (m, 9H). 13C
NMR (400 MHz, CDCl3) δ = 158.4, 157.7, 157.5, 155.7, 150.8, 144.8, 144.2, 135.9, 132.2, 130.0,
128.8, 128.4, 128.1, 127.7, 127.5, 126.8, 121.0, 117.6, 113.0, 86.1, 84.9, 84.3, 73.7, 63.6, 58.3, 55.2,
43.4, 43.3, 41.2, 37.0, 35.2, 24.4, 20.2. 31P NMR (300 MHz, CDCl3) δ = 149.0, 148.8, 14.3, 13.8.
HRMS Calcd for C47H56N8O7PS+ [M+H+]: 907.3725; found 907.3717.
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3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-O-DMT-N2-(dimethylformamidyl)-8(2''-Benzopyrrolyl)-2'-dG (4c): The product was eluted from column chromatography as its
diastereomers, which were a white foam (0.17 g, 27%). 1H NMR (400 MHz, CDCl3) δ = 9.57 (bs,
1H), 8.61 (bs, 1H), 8.45-8.37 (s, 1H), 7.61 (m, 1H), 7.38-7.36 (m, 3H), 7.19-7.09 (m, 10H), 6.656.56 (m, 5H), 5.12 (m, 1H), 4.27-4.25 (m, 1H), 3.67-3.66 (m, 6H), 3.51-3.50 (m, 3H), 3.46-3.41 (m,
2H), 3.05 (s, 6H), 3.02 (s, 1H), 2.99 (s, 1H), 2.35 (m, 1H), 1.12-1.09 (m, 12H). 13C NMR (400 MHz,
CDCl3) δ = 158.4, 157.8, 157.7, 155.6, 150.9, 144.7, 143.4, 136.4, 135.7, 130.1, 128.6, 126.8, 126.7,
123.7, 120.8, 120.2, 117.6, 117.0, 111.3, 103.9, 86.0, 84.6, 84.4, 73.5, 63.3, 62.8, 58.2, 46.0, 43.4,
41.3, 34.5, 24.7, 24.4, 20.2, 20.1. 31P NMR (300 MHz, CDCl3) δ = 148.5, 148.3. HRMS Calcd for
C51H59N9O7P+ [M+H+]: 940.4270; found 940.4259.
3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-O-DMT-N2-(dimethylformamidyl)-8(2''-Benzofuryl)-2'-dG (5c): The product was eluted from column chromatography as its
diastereomers, which were a white foam (0.27 g, 67%). 1H NMR (400 MHz, CDCl3) δ = 8.59 (bs,
1H), 8.43-8.38 (s, 1H), 7.63-7.61 (m, 1H), 7.53-7.45 (m, 2H), 7.35-7.33 (m, 3H), 7.23-7.21 (m, 5H),
7.16-7.14 (m, 3H), 6.79-6.77 (m, 3H), 6.72-6.66 (m, 4H), 4.98 (m, 1H), 4.23-4.22 (m, 1H), 3.753.73 (m, 6H), 3.56-3.53 (m, 3H), 3.38-3.35 (m, 2H), 3.07-3.06 (m, 4H), 3.00-2.99 (m, 4H), 2.372.34 (m, 1H), 1.18-1.04 (m, 12H). 13C NMR (400 MHz, (CD3)2SO) δ = 157.9, 157.7, 157.4, 157.1,
154.3, 150.3, 145.9, 144.8, 138.8, 135.4, 129.5, 129.4, 127.9, 127.7, 126.5, 125.8, 123.6, 121.9,
120.7, 118.9, 112.8, 111.3, 108.0, 85.2, 84.1, 73.5, 63.0, 62.5, 58.3, 54.9, 46.3, 40.2, 34.7, 33.2,
24.2, 19.8, 19.1, 18.7.
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P NMR (300 MHz, CDCl3) δ = 148.5, 148.3. HRMS Calcd for

C51H58N8O8P+ [M+H+]: 941.4110; found 941.4098.
3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-O-DMT-N2-(dimethylformamidyl)-8(2''-Benzothienyl)-2'-dG (6c): The product was eluted from column chromatography as its
diastereomers, which were a white foam (0.48 g, 72%). 1H NMR (400 MHz, (CD3)2CO) δ = 10.62
(bs, 1H), 8.60 (s, 1H), 8.07 (s, 1H), 7.94 (m, 1H), 7.87 (m, 1H), 7.41-7.07 (m, 11H), 6.74-6.65 (m,
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5H), 5.39 (m, 1H), 4.30-4.23 (m, 1H), 3.68 (s, 3H), 3.66 (s, 3H), 3.63-3.57 (m, 2H), 3.43-3.31 (m,
3H), 3.23-3.18 (m, 3H), 3.18-2.91 (m, 5H), 2.90-2.78 (m, 2H), 2.66-2.58 (m, 1H), 1.18-1.14 (m,
12H).

13

C NMR (400 MHz, (CD3)2CO) δ = 159.4, 159.3, 159.2, 158.7, 157.7, 151.9, 146.1, 143.9,

141.1, 140.9, 136.8, 136.7, 130.8, 130.6, 128.9, 128.8, 128.5, 128.4, 127.4, 126.3, 125.5, 125.5,
125.3, 124.8, 122.8, 119.2, 118.8, 113.73, 113.7, 86.6, 86.0, 85.9, 85.6, 85.5, 75.0, 74.7, 64.2, 64.0,
59.7, 59.6, 55.4, 55.3, 45.7, 45.7, 44.1, 44.0, 37.8, 37.6, 35.3, 35.3, 24.9, 24.8, 23.1, 23.0, 20.3, 20.2.
P NMR (300 MHz, (CD3)2CO) δ = 148.3, 148.0. HRMS Calcd for C51H58N8O7PS+ [M+H+]:
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957.3881; found 957.3878.
2.3.2. Synthesis and Analysis of C8-Aryl-dG Modified Oligonucleotides
2.3.2.1. General Method
Oligonucleotide synthesis of the 8-aryl-dG modified thrombin binding aptamer (5'G1GTTG5G6TG8TG10GTTG14G) with single modification incorporations of each compound 1-6 in
G5, G6, or G8, and single and multiple incorporations of ThdG in G1, G5, G10, and G14, were
carried out on a 1 μmol scale on a MerMade 12 solid-phase oligonucleotide synthesizer. Details of
the oligonucleotide synthesis can be found in Appendix A- Experimental Methods.
2.3.2.2. Thermal Denaturation and CD studies
Thermal melting/denaturation (Tm) and CD studies were carried out on oligonucleotide
solutions of 6 μM in either 100 mM K+ phosphate buffer pH 7.0 with 0.1 M KCl, or 100 mM Na+
phosphate buffer pH 7.0 with 0.1 M NaCl. Details of these experimental procedures can be found in
Appendix A- Experimental Methods.
2.3.2.3. Fluorescence and Protein titration of modified Oligonucleotides
The annealed samples, taken upon completion of the Tm studies above, were recorded as
both excitation and emission spectra in quartz cells (108.002F-QS) with a path length of 10 mm at
10 °C. Excitation and emission slit widths were maintained at 5 nm, with the exception of the
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multiply-incorporated ThdG strands, which were obtained with 2.5 nm excitation and 5 nm emission
slit widths, due to the high emission intensity observed with the increased number of probes. Protein
titrations were performed on duplex samples at a concentration of 6.0 μM in 100 mM K+ phosphate
buffer pH 7.0 with 0.1 M KCl with 1.1 equivalents of complementary strand. A Hellma Analytics
119.004F-QS quartz cell with pathlength of 10 x 4 mm was used with stirring and temperature
controlled at 37 °C. Titrations proceeded according to previously published protocol21 with additions
of 5 μL of a 100 μM thrombin protein solution in 100 mM sodium phosphate buffer pH 7.0 with 0.1
M NaCl. Scans were taken 10 minutes after addition of the protein to ensure complete sample
binding, and the titration was performed until a final concentration of two equivalents of protein
(titrant) had been added. A plot of the fraction of oligonucleotide bound (y) versus concentration of
thrombin protein (x) generated a binding isotherm that was analyzed with SigmaPlot 11.0 one site
saturation ligand binding to obtain Kd values using the following equation:

where Bmax is the maximum fraction of target protein bound to the aptamer.
2.3.2.4. Fluorescence Polarization
Samples of single-stranded modified oligonucleotides (6 μM) were prepared in 100 mM
potassium phosphate buffer pH 7.0 with 0.1 M KCl in a 1000 uL quartz cell (114F-QS). Solutions
were run on a PTI QuantaMaster Fluorimeter System at 37 °C and measured at the λex and λem of
each respective modification. Time-based polarization method was used and the anisotropy was
averaged over a period of 30 seconds using Felix 32 software. Protein titrations were carried out the
same as the fluorescence protein titrations, 24 additions of 5 μL of a 100 μM thrombin protein
solution to reach 2 equivalents, with only 5 minutes of manual mix time required after each addition.
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2.3.2.5. Kinetic Measurements
Solutions of ThdG mTBA annealed duplex (2 μM) in 100 mM K+ phosphate buffer pH 7.0
with 0.1 M KCl were prepared in a Hellma Analytics 119.004F-QS quartz cell with pathlength of 10
x 2 mm with stirring and temperature controlled at 37 °C. A baseline reading was obtained over a
period of 30 seconds, followed by manual injection of 2 equivalents of thrombin protein prepared as
a 200 μM stock in 100 mM sodium phosphate buffer pH 7.0 with 0.1 M NaCl with 2 seconds or less
of dead time before collection. Samples were monitored at the energy transfer band, λex 290 nm,
and λem 415 nm. Kinetics were calculated as a first order rate equation using the Marquardt nonlinear regression analysis (least squares curve fitting) provided with the Cary Eclipse Kinetics
Software V 1.1(133). Measurements were performed twice, and an average of the data was recorded.
2.4. Results and Discussion
2.4.1. 8-Aryl dG Adduct Impact on Duplex and Quadruplex
2.4.1.1. Thermal Melting Analysis
Thermal melting/denaturation studies indicate that the syn preference of modified
oligonucleotides increased the overall quadruplex stability. A summary of the thermal melting (Tm)
analysis of each modification (1-6) in both TBA duplex, and quadruplex are found in Table 2- 1
with additional information in Table D- 1. All modifications, regardless of location within TBA,
caused a destabilization of the duplex structure due to syn-preference of the modified base. When
located at G5, a syn-G, all modifications stabilized the quadruplex structure 1.9 °C -11.0 °C, with no
correlation to heteroatom or ring size. When incorporated into the quadruplex loop at G8, all
modifications destabilized the quadruplex, but the fused ring series 4-6 were determined to have less
of an effect on the overall stability with values of -4.6 °C to -8.0 °C than their single-ringed
counterparts 1-3 that had values of -9.5 °C to -11.4 °C. This is evidence that the fused rings have
allowed for some additional stabilization, potentially through π-stacking on the top of the GQ. The
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stabilization recorded for these large probes also indicates that any additional steric strain that
developed within the TGT loop through incorporation of the fused-ring probes, did not affect the
overall GQ stability.
By changing the buffer conditions, an analysis of Na+ versus K+ stabilization was performed.
For the duplex, natural TBA only exhibits 0.5 °C difference between Na+ and K+ buffer, indicating
little to no preference for either ion in stabilizing the phosphate backbones of the strands, as
expected according to literature.22,23 What is of interest is that once the TBA strand has been
modified, all of the oligos have a higher Tm of 3 °C to 6 °C in the Na+ buffer over the K+ buffer,
indicating a strong stabilizing preference of one ion over the other. Previous research into the role of
the stabilizing cation in duplex DNA structure states that when comparing the alkali metals, Na+, K+,
and Cs+ are all comparable upon analysis of their effect on duplex stability, and that Li+ has a minor
stabilizing effect, which is hypothesized to be due to its high ionic character.22 Li+ only contains sorbitals, therefore having a small atomic radius with strong ionic character, which is hypothesized to
stabilize the phosphate backbone better. The trend for the divalent alkali earth metals follows that
the smaller the ionic radius, the more stable the duplex DNA, but they most commonly bind to the
O6 and N7 of guanines along the major groove.22 It was determined that in order to completely
model the stabilization effect of cations on duplex DNA, a combination of all the potential binding
sites play a role in the overall effect. The monovalent cations have the ability to bind to the minor
groove, the phosphate backbones, and the O6/N7 sites of guanines, and that all these factors can
influence the DNA stability.24,25 It is therefore hypothesized that the addition of a modification
within the duplex structure, which distorts the duplex to accommodate a syn-G, causes a restrictive
environment to the major and minor grooves that is more accepting to the smaller atomic radius of
the Na+ over the K+ ion, and therefore accounts for the experimental preference observed.
The effect of the cation is much more influential to the overall stability of the TBA
quadruplex due to its internalization within the core of the GQ. Natural TBA is 29.3 °C more stable
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with K+ incorporated into the centre of the GQ than with Na+, and mTBA at G5 (syn) were similar
with 26.8 °C to 29.2 °C higher in K+ versus Na+. This indicates that the presence of the modification
does not change the overall GQ preference of one cation over the other. When comparing to the
unstable nature of the Na+ GQ, and the additional unstable orientation of modifications at G6 (anti),
most of these mTBA strands did not provide melting curves (Table D- 1). These same samples run
in K+ buffer provided measureable, yet highly destabilized, Tm values. Na+ cations had the same
effect on the mTBA strands at G8, and most Tm curves were not detected in that buffer.
Table 2- 1 UV-Vis thermal melting analysis for mTBA at G5
Probe

M+

Tm (ΔTm) Dup a (°C)

Tm (ΔTm)GQ a (°C)

Irel b
(GQ/Dup.)

Unmod.

Na+

64.5

24.0

---

K+

65.0

53.3

---

Na+

58.0 (-6.5)

---

1.7

K+

---

64.3 (11.0)

Na+

56.3 (-8.2)

31.6 (7.6)

K+

52.2 (-12.8)

60.3 (7.0)

Na+

56.3 (-8.2)

33.2 (9.2)

K+

50.7 (-14.3)

62.4 (9.1)

Na+

56.4 (-8.1)

34.7 (10.7)

K+

52.6 (-12.4)

61.5 (8.2)

Na+

55.0 (-9.5)

NO Tm

K+

52.5 (-12.5)

55.2 (1.9)

Pyr

dG (1)

Th

dG (3)

Ind

dG (4)

BFur

dG (5)

BTh

dG (6)

10.8

3.0

4.8

1.3

ΔTm = Tm modified DNA - Tm unmodified DNA. b Relative fluorescence
intensity.
a

2.4.1.2. Circular Dichroism

Circular dichroism (CD) was utilized to confirm the antiparallel quadruplex of modified
TBA. The CD spectra of the modified strands in both duplex and quadruplex conformations are
depicted in Figure 2- 3. Typical duplex CD spectra were obtained with a negative peak at 240 nm
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and positive peak at 260 nm for all mTBA strands. Some distortion to the 260 nm peak was noted in
all duplex CD's around 280 nm, and this was indicative that the aryl ring and syn-preference of the
guanine slightly distorts the double helix. The GQ CD's confirm an antiparallel structure with
positive peaks at 245 and 290 nm and negative peaks at 260 nm, with the exception of modifications
at G6, an anti-G base. For the PyrdG, ThdG, and BThdG modifications, the CD reflects that the DNA is
poorly folded into the antiparallel GQ as the peaks are very weak and close to the baseline, which
would indicate an unfolded single-strand. These results suggest that some of the probes hinder the
formation of the GQ, and force the DNA to adopt a partially unfolded, alternate structure.

Figure 2- 3 Circular dichroism of modified TBA at G5 (red), G6 (blue), G8 (green), in duplex
(dashed) and quadruplex (solid). PyrdG (A), FurdG (B), ThdG (C), InddG (D), BFurdG (E), and BThdG (F).

2.4.1.3. Fluorescence Response
Fluorescence excitation and emission spectra have unique characteristics that are used to
confirm an antiparallel quadruplex. In the quadruplex fluorescence excitation spectra for mTBA
with modifications FurdG, ThdG, InddG, BFurdG, and BThdG, a peak can be found at 290 nm, but is
absent in all of the duplex excitation spectra (Figure 2- 4). This energy transfer band has been
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previously hypothesized to stacking interactions with the guanines within the tetrad and can be used
as an indication of a GQ-folded structure.21,26 The PyrdG probe appears to be an outlier to this rule
because the excitation of the probe is only at 310 nm, which overlaps with the 290 nm energy
transfer peak and only a slight blue-shoulder was observed.

Figure 2- 4 Fluorescence response of mTBA at position 5 (red), 6 (blue), and 8 (green) in duplex
(dotted) and GQ (solid) for probes PyrdG (A), FurdG (B), ThdG (C), InddG (D), BFurdG (E), and BThdG
(F).
The spectroscopic properties of these mTBAs are displayed in Table 2- 2. As the probes
move from the single-ring structures to the benzo-series, the excitation wavelengths are red-shifted
due to the increased conjugation of the probes. When comparing the excitation and emission of each
mTBA strand at G5, the Stokes' shifts follow a heteroatom trend of S>NH>O, with the single-ring
Th

dG having the largest value at 7315 cm-1. The position of the modification also has an effect on

the spectroscopic properties, with modifications at G6 having a red-shifted excitation spectra, but no
change in the emission wavelength. This indicates that there is a change in the probe which has
lowered the energy required to cause it's π to π* transition. It is hypothesized that the adjacent loop
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may interact with the probes at G6, causing enhanced stacking interactions and a shift in the
excitation wavelength. A red-shift also exists in the excitation of

Pyr

dG and InddG at the G8 position

in the TGT loop, which would indicate that they may be stacking onto the top of the GQ. A measure
of this may be derived from the relative intensity (Irel) of the energy transfer peak at 290 nm versus
the excitation peak of the probe. At G6, the single- ring series, FurdG and ThdG both display an
energy transfer peak larger than the probe excitation, while the fused-ring series, InddG, BFurdG, and
BTh

dG, display energy transfer peaks that are smaller. This indicates that the smaller ring size allows

for more efficient stacking of bases, and as a result, a larger energy transfer peak. At G8, the ThdG
was the only probe within the series which had an energy transfer band larger than the probe
excitation peak, indicating it may be involved in more efficient stacking onto the top of the GQ.
Table 2- 2 Spectroscopic properties of mTBAs in Duplex (Na+) and GQ (K+).
5
λexGQ/λemGQ

6
λexGQ/λemGQ

8
λexGQ/λemGQ

ΔνGQ5 (cm-1)

5
λexDup/λemDup

Pyr

310 / 379

315 / 376

314 / 379

5873

308 / 381

Fur

dG

315 / 378

324 / 381

315 / 381

5291

314 / 386

Th

dG

316 / 411

330 / 411

317 / 411

7315

326 / 414

325 / 392

336 / 396

335 / 390

5259

325 / 392

BFur

dG

335 / 405

344 / 407

339 / 404

5159

340 / 410

BTh

dG

330 / 418

338 / 420

327 / 416

6380

340 / 420

Mod.
dG

Ind

dG

For further studies, the most useful information lies within the comparison of G5
modifications, as the placement of these probes would be most effective in a syn location. Upon
examination of G5, Irel responses between the duplex and quadruplex structures were found to be
significantly large for ThdG (10.8), while very poor for PyrdG (1.7) which lacked a strong GQ
fluorescence response, and BThdG (1.3) which was highly emissive in both structures. The probes
Fur

dG, ThdG, InddG, and BFurdG have highly quenched fluorescence in the duplex and are emissive in
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the GQ, therefore these probes were selected to be ideal for a duplex to GQ exchange study for the
detection of thrombin binding.
2.4.2. Positional Impact and Multiple Incorporations
Previous studies performed to date had selected probe incorporation to occur at G5 (syn), G6
(anti) and G8 (loop) positions. The thrombin binding aptamer contains three alternate syn locations
that are ideal for probe incorporation: G1, G10, and G14. ThdG was selected for this study as it
exhibited the greatest Irel fluorescence values between duplex and GQ, as well at the largest Stokes'
shift, thereby giving clear resolution of the probe's fluorescence emission. The effect of multiple
incorporations in the same strand were also performed.
2.4.2.1. Thermal Melting
Th

dG incorporation within a variety of syn positions of TBA indicates that probe location has

an effect on overall tertiary stability. The ΔTm of duplex and GQ TBA with ThdG incorporated into
positions G1, G5, G10, and G14 can be found in Table 2- 3. The duplex structure was destabilized
the most by incorporating ThdG at an internal guanine such as G5 or G10 with a value of -12.8 °C to
-14.0 °C. It has previously been reported that these kinds of heteroaryl probes may adopt the synconformation in the duplex when flanked by pyrimidine bases, causing a base-displacement of the
opposing C.16 This base-displacement may affect the stability of base pairs on either side of the
modification and have a larger effect on the overall duplex stability. When located near an end
position, G1 or G14, the structure is less effected (-4.2 °C to -9.0 °C) due to the flexibility of the
ends of the duplex that may unwind to accommodate the probes, with minimal disturbance to the
rest of the helix. As the number of modifications incorporated into TBA were increased, the same
trend was observed with the quadruple-incorporated strand being extremely unstable as a duplex,
and mTBA at G5+10 (two internal modifications) being more unstable than TBA mod G1+10 (one
end, one internal).
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For the GQ, the position of the modification has little effect on the stabilization, with the
exception of G10 which was observed to have +10.5 °C in comparison to +7.0 °C to +8.0 °C for all
other locations, which may be due to a potential stacking interaction to the TGT loop. An increase
in the number of ThdG's causes the GQ ΔTm to significantly increase, with the quadrupleincorporated TBA having a melting point over 90 °C.
Table 2- 3 ThTBA thermal melting data for all syn positions and multiple incorporations.
Location(s)

M+

Tm (ΔTm)Dup (°C)

Tm (ΔTm)GQ (°C)

Irel (GQ/Dup)a

Unmod.

Na+

64.5

24.0

---

65.0

53.3

---

61.7 (-2.8)

30.7 (6.7)

3.1

60.8 (-4.2)

61.3 (8.0)

56.3 (-8.2)

31.6 (7.6)

52.2 (-12.8)

60.3 (7.0)

55.6 (-8.9)

33.4 (9.4)

51.0 (-14.0)

63.8 (10.5)

61.2 (-3.3)

32.4 (8.4)

56.0 (-9.0)

61.2 (7.9)

Na+

53.7 (-10.8)

42.2 (18.2)

K+

45.2 (-19.8)

71.8 (18.5)

Na+

46.1 (-18.4)

45.1 (21.1)

K+

36.3 (-28.7)

72.0 (18.7)

Na+

27.7 (-36.8)

61.4 (37.4)

K+

31.1 (-33.9)

>90.0 (>36.7)

K
1

Na
K

5

14

1, 10

5, 10

1, 5, 10, 14
a

+

+

Na
K

+

+

Na
K

+

+

Na
K

10

+

+

+

10.8

21.6

5.6

6.0

9.4

2.1

Irel calculated from GQ in K+ and duplex in Na+ buffer.

Similar to the heteroaryl series, the choice of Na+ or K+ buffer plays a large role on the
stability of the quadruplex. The singly-modified GQs were 28.7 °C to 30.6 °C more stable with a K+
than the Na+, which is the same result observed in the heteroaryl series. As the number of
modifications increased to 2 and 4, the same trend was noted with the K+ ion favoured
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approximately 30 °C more than Na+. When comparing the buffers in the duplex, Na+ is still more
stabilizing of the helix than K+, with the exception of the quadruple-modified strand. The duplex
data of multiple incorporations can be assumed to be incorrect because even with an excess of
complementary strand in solution, the equilibrium of duplex and GQ structures is highly favoured
towards the GQ, and it would be the major structure in solution.
2.4.2.2. Circular Dichroism
Circular dichroism indicated the presence of induced CD (ICD) bands when multiple
incorporations were placed within the strand. The CD data for the positional study is displayed in
Figure 2- 5. As expected, the duplex and GQ CDs confirm the structures and prove that location of
the probe does not affect the DNA's ability to fold into either structure. For the multiple
incorporations, CDs were only taken for the GQ structures as the duplexes were not formed due to
the high GQ stability. Interestingly, with the multiple incorporations, an induced CD (ICD) band at
320 nm developed, which was not detected with a single modification. Previous to this study, the
Manderville group had only detected an ICD with the incorporation of a pyrene-dG modification
within TBA which exhibited a minor ICD band at 377 nm due to stacking on the end of the GQ.20

Figure 2- 5 CD of ThTBA at G1 (blue), G5 (red), G10 (green), G14 (grey), G1+10 (purple), G5+10
(orange), G1+5+10+14 (black) in Na+ duplex (dashed) and K+ quadruplex (solid).
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An ICD is detected when an achiral molecule becomes associated with a molecule which is chiral
and the absorption bands of the two compounds are not overlapping.27 For the case of mTBA
strands, it would be expected that all of the modifications would exhibit an ICD, but since none were
detected until multiple incorporations along the same strand were performed, it can be hypothesised
that the ICD is too weak with a single modification to detect.
Upon comparison of the two double-incorporated mTBAs, only the G5+10 strand displayed
an ICD, while the G1+10 strand is similar to a singly-modified strand. This discrepancy must be
explained by the location of the modifications within the strand. For G1+10, both the modifications
are in the same tetrad, and are sticking out into the narrow grooves on opposite sides of the GQ,
which provides some symmetry to the GQ about the central core axis and the possibility for their π
to π* transition vectors to cancel out.28 For G5+10, the modifications are on different tetrads, but are
located within the same narrow groove on one side of the GQ, thereby creating bulk along one axis
of the tertiary structure and an additive effect of their transition vectors, which may explain the
visible ICD. For the tetra-modified strand, the incorporation of more modifications increased the
ICD intensity to be equal to approximately double the intensity of the G5+10, and confirm that
stacking tetrad modifications play a larger role in influencing the ICD than modifications within the
same tetrad.

Figure 2- 6 Cartoon representation of the location of the multiply-modified TBA GQs.
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2.4.2.3. Fluorescence response
Probe fluorescence response is not identical for all syn G's. It was discovered that G10 had
the highest Irel of all the possible locations within the quadruplex at a value of 21.6. The other
internal position, G5, had the second highest at 10.8 which was followed by G14 at 5.6 and G1 at
3.1, indicating that Irel is dependent on location within the strand (Table 2- 3). The reason that the Irel
of position 1 is the lowest is because its duplex structure has the weakest π-stacking interactions and
therefore is very emissive in the duplex compared to the modifications in the middle of the strand.
Increasing the number of probes within the TBA caused a relative decrease in Irel due to the fact that
a large majority of the tetra-substituted "duplex" in solution were actually in GQ form, as evidenced
by the presence of the 290 nm peak in the Na+ duplex for tetra-substituted ( Figure 2- 7).

Figure 2- 7 Fluorescence of ThTBA at 1 (blue), 5 (red), 10 (green), 14 (grey), 1+10 (purple), 5+10
(orange), 1+5+10+14 (black) in Na+ duplex (dashed) and K+ quadruplex (solid).

The fluorescence intensity of the GQ with ThdG at G5 was drastically lower than the other
modified locations. The reasoning for the quenched effect was determined through molecular
modelling simulations of the entire TBA GQ (Figure 2- 8). Four separate simulations were
performed, one for each ThdG location, with the two tetrads coloured red and blue, the loops
coloured green, and the ThdG in yellow. The models indicate that the thiophene ring at G5 undergoes
stacked interaction with T4 and a T-shaped interaction with T7 located in the TT and TGT loops
respectively. These interactions with the thienyl moity must be the reason for the drastically reduced
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emission. Recently, we demonstrated that modifications which are able to freely rotate to a planar
conformation exhibit strong emissive properties, and that an increase in viscosity hinders the rotation
and decreases emission of the probe.20 When the rotation is restricted, as with the case of the Tshaped interaction with T7, the thienyl group is hindered from reaching planarity and thus exhibits
quenched fluorescence. None of the other modified locations have any interaction with the loops and
are therefore highly emissive.

Figure 2- 8 MD simulation for the ThdG (yellow) interaction with the TGT or TT loops in position 1
(A), 5 (B), 10 (C) and 14 (D). Tetrads are coloured red and blue, TT and TGT loops in green.

Increasing the number of probes within the aptamer had some interesting fluorescence
results which were not expected. It was hypothesized, that by introducing more modifications into a
strand, the fluorescence emission in the GQ would increase in an incremental fashion. This
statement holds true when comparing the fluorescence emission of the duplexes, wherein a doublyincorporated strand, such as G1+10, has an intensity equal to the sum of each of the singly-modified
strands intensities. The intensity of the G1+10 duplex emission is 207, which is within experimental
error of the sum of 181 (G1) and 31.5 (G10) that equals 212.5. This same additive trend is not
equally displayed when the strands are folded into the GQ. The G1+10 strand is significantly the
most emissive GQ with an intensity of 1362, which is close to 564 (G1) + 681 (G10) = 1245, but the
tetra-modified strand has similar intensity to the G5+10, and does not follow the additive rule. A
64

possible explanation for this may be eluted by examining the amount of energy transfer in the
fluorescence excitation spectra. The energy transfer ratio is determined by I290/1320 and for a single
modified strand, such as G10, the ratio is 1.42. The G1+10 strand has the next largest ratio at 1.21,
which further drops to 1.15 for G5+10. The tetra-substituted GQ has the lowest energy transfer ratio
of only 0.97. These ratios suggest that the energy transfer decreases when modifications are place in
different tetrads which are π-stacking, and that the most emissive states are when the modifications
are within the same tetrad. When this hypothesis is applied to the tetra-incorporated strand, the
fluorescence emission indicates that the π-stacking quenching influences the emission more than the
effect of having two probes within the same tetrad.
An addition to this explanation arises from the analysis of the individually modified GQ
locations fluorescence properties. As previously stated, the G5 location has restricted rotation and
quenches emission due to its interactions with the loops. These interactions would continue to play a
role in the fluorescence emission when chosen as one of the modified locations in the multiply
incorporated strands. Therefore, it was expected that the G5+10 strand would be less emissive than
the G1+10 simply because G5 would have less of a contribution to fluorescence intensity.

2.4.3. Protein Binding
Protein binding affinities indicate the heteroaryl probes minimally perturb thrombin binding
when located within the GQ. Protein binding titrations were performed on the heteroaryl probes
which produced detectable fluorescence changes between their duplex and GQ structures when on a
syn-guanine: FurdG, ThdG, InddG, BFurdG, and the multiply-incorporated ThdG series. The protein
binding titrations were executed by monitoring the fluorescence changes upon additions of thrombin
up to 2 equivalents, and the data suggests a 1:1 mTBA:thrombin interaction (Figure 2- 9). To
perform the titrations, a 6 μM solution of mTBA annealed with 1.1 excess of the complementary
strand was made in the K+ phosphate buffer. Previous studies reported had used a Na+ phosphate
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buffer for the DNA,26 but it is known the TBA is most stable in the presence of K+, and therefore
modifications to the experimental procedure were required. The thrombin protein is most stable in a
Na+ phosphate buffer pH 7.0, and since K+ ions are required for the strand to fold into the GQ, it
must be already present in the DNA sample. This experimental design ensured that any
conformational changes that occurred were due to the presence of the protein, and not due to a
titration of K+ ions into the DNA.
Table 2- 4 Dissociation constants of mTBA to bovine thrombin.
Site(s)

Kd , (FPKd)a

Ka b

NA

(4.9)

(0.20)

5

5.7

0.18

BFur

5

4.4

0.23

Ind

dG

5

6.8

0.15

Th

dG

1

5.8

0.17

Th

5

4.6

0.22

Th

10

5.4, (5.3)

0.19, (0.19)

Th

14

4.9

0.20

Th

1, 10

5.9, (8.3)

0.17, (0.12)

Th

5, 10

8.0, (5.9)

0.13, (0.17)

Th

1, 5, 10, 14

19.9, (6.7)

0.05, (0.15)

Mod.
Unmod.
Fur

dG
dG

dG
dG
dG
dG
dG
dG

a

Kd (x10-6 M) values were obtained through SigmaPlot single ligand

binding. b Ka (x106) values were determined by 1/Kd .

The resulting binding isotherm curves were used to calculate the dissociation constant Kd
using Sigmaplot 13.0 single ligand binding, and displayed in Table 2- 4. Fluorescence polarization
(FP) was performed on unmodified TBA to determine a standard in which to compare the data. A
comparison of the heteroaryl series indicates that the probes do not drastically influence the binding
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affinity, with values of 4.4 μM to 6.8 μM compared to the unmodified at 4.9 μM. Even the positional
impact study produced ThdG strands with binding affinities between 4.6 μM and 5.8 μM. These
results indicate that inserting probes within syn-guanines in the GQ do not disrupt thrombin binding,
and agrees with crystal structures that thrombin interacts with the loops.9,13,29
The multiple incorporation study was originally performed via the fluorescence method
stated above, but it can clearly be observed that at the beginning of the titration, a large amount of
the mTBA strands were already in the GQ structure (Figure 2- 10). This caused the resulting
fluorescence response to be very small between no protein and 100% bound aptamer, and the
resulting Kd values were 5.9 μM, 8.0 μM, and 19.9 μM for G1+10, G5+10 and the tetra-substituted
respectively. This data would indicate that the tetra-substituted aptamer drastically hinders the
protein binding, which would go against the previous conclusions drawn from the heteroatom series.
Therefore, fluorescence polarization (FP) was performed on the multiply-modified series to
eliminate any influence from the presence of pre-folded GQ in solution. The FP data gave a new Kd
of 6.7 μM for the tetra-substituted, which can be considered to be significantly more accurate
because of the method in which FP measurements are performed. FP measures the changes in the
anisotropy of the solution when the fluorophore is freely-tumbling in solution versus when it is
aggregated or bound to the large thrombin protein. This means that the DNA in solution can already
be folded into the quadruplex at the beginning of the titration, and that it would not influence the
results because FP is measuring unbound versus bound DNA. The tetra-substituted TBA FP results
indicated that the number of modifications did not increase or decrease the aptamer's affinity for
thrombin, and also indicated that the stability of the folded GQ is not correlated to its Kd.
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Figure 2- 9 Position 5 mTBA fluorescence response to protein binding with inset binding isotherm.
Top to bottom; FurdG, ThdG, BFurdG, InddG.
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Figure 2- 10 ThdG mTBA fluorescence response to protein binding with inset binding isotherm for
the two methods, fluorescence response (black/red) and fluorescence polarization (FP) (blue). Top to
bottom; 1+10, 5+10, 1+5+10+14.

2.4.4. Kinetics
Kinetic rates of duplex to GQ exchange show a strong correlation to the stability of the GQ,
and are possible only because of the ThdG modifications. Previous studies into the folding rates of
TBA have analyzed the rate of conversion from the GQ to the duplex under the presence of the
complementary TBA strand and determined a half-life of ~ 5 minutes.30 These studies were only
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possible because unmodified TBA has a GQ Tm of 53.3 °C, which is less stable than the duplex Tm
of 64.5 °C, and therefore the equilibrium lies towards the duplex structure. Once the TBA is
modified, a new set of kinetics can be performed on the reverse process because the equilibrium of
the mTBA now favours the GQ.
Table 2- 5 Duplex to quadruplex folding kinetics in the presence of thrombin protein for
mTBA
ΔTma
kobs
Site(s)
t1/2 (min)b
(Dup-GQ)
(min-1)
Unmod.

11.2

--

--

1

-0.5

0.02

42.3

5

-8.1

0.07

10.0

10

-12.8

0.08

8.4

14

-5.2

0.05

15.1

1+10

-26.6

0.14

5.1

5+10

-35.7

0.79

0.9

Th

dG

ΔTm values of 6 μM duplex in K+ buffer - 6 μM
TBA GQ in K+ buffer. b t1/2 = 0.693/kobs
a

The kinetics were determined via fluorescence monitoring of the energy transfer band at 290
nm, which increased upon GQ folding. The resulting first-order rate constant (kobs) and half-life (t1/2)
data can be found in Table 2- 5 and Figure 2- 11. For the mono-substituted strands, the rate of
formation of the GQ is directly related to the ΔTm of the duplex versus GQ, with the end
modification G1 being the slowest (-0.5 °C, 42.3 min), followed by G14 (-5.2 °C, 15.1 min), and the
two internal locations G5 and G10, being the fastest with 10.0 min and 8.4 min respectively. A
significant increase in the folding rates were observed in the multiply-incorporated mTBA samples,
with G1+10 having a half-life of only 5.1 minutes, while G5+10 has a calculated half-life of only 0.9
minutes. These results demonstrate an advantage to using multiple probe incorporations because the
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aptamer has an increased rate of protein binding, which coupled with the increase in fluorescence
emission, may be vital for diagnostic applications.

Figure 2- 11 A- Fluorescence kinetic traces for thrombin binding to ThdG mTBA at G1 (blue), G5
(green), G10 (red), and G14 (black). B- Multiple incorporation ThdG mTBA kinetics at G1+10 (dark
blue), and G5+10 (orange).

2.5. Conclusions
The current work has uncovered key information that permits optimization of probe
performance for monitoring target binding by aptamers. Specifically, among the series of 8heteroaryl-dG probes consisting of furyl (FurdG), pyrrolyl (PyrdG), thienyl (ThdG), benzofuryl
(BfurdG), benzothienyl (BThdG) and indolyl (InddG), it was discovered that the modifications
can be inserted within the G-quadruplex of TBA with minimal effect on the aptamer's ability
to bind to thrombin. The ThdG derivative possessed the best optical properties for monitoring
duplex to GQ formation with a 10.2 fold increase in fluorescence, as determined at the synG5 position of TBA and was selected for further studies. Comparison of all the syn-G-tetrad
locations indicated a preference for probe location in TBA. The ThdG probe at G10 produced
the most stable GQ structure and provided the greatest increase in emission intensity
between duplex and GQ structures (Irel = 21.6). Multiple incorporations of the

Th

dG probe

were carried out and the tetra-substituted aptamer had a thermal melting temperature above
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90 °C. This limited its application towards a duplex to GQ exchange system, but
fluorescence polarization results indicated relatively little hindrance of thrombin binding.
The best fluorescence emission response occurred with two ThdG probes incorporated into the
same G-tetrad in the GQ structure. Alternatively, diminished charge-transfer efficiency
resulted in relatively lower emission intensities when the probes were placed in separate, πstacking, G-tetrads. Finally, the rate of duplex to GQ exchange of the aptamer by thrombin
binding was dramatically increased by incorporating more ThdG probes within TBA, which
has important implications for diagnostics through aptamer detection strategies. These
findings highlight the utility of ThdG as an internal fluorescent modification with excellent
switching properties that can now be applied towards aptasensor development of other
antiparallel G-quadruplex containing systems.
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CHAPTER 3: Thiophene-based fluorescent probe in the Ochratoxin A
Aptamer
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3.1.

BIG PICTURE:
Ochratoxin A (OTA) is a mycotoxin that can be found contaminating food stocks worldwide

because it is a fungal metabolite of a variety of Aspergillus and Penicillium strains that can grow in a
variety of climates.1 Ingestion of OTA contaminated foods have been widely assumed to play a role
in Balkan Endemic Nephropathy, and studies involving rats have resulted in renal tumours and
death.2 OTA contamination levels of food must be quantified because countries around the world
have set import and export regulations derived from tolerable weekly intake levels of the toxin for
human consumption. Previous detection methods of OTA use liquid-liquid extractions coupled with
analytical analyses such as LC/MS and HPLC with fluorescence which require the use of expensive
equipment and trained scientists.3,4 Therefore, the development of low-cost, sensitive, and easy-touse detection platforms have been an area of demand.
The OTA aptamer (OTAA) was discovered and reported in 2008, and since then, a number
of research groups have utilized it within their detection designs.3,5,6 The OTAA folds into an
antiparallel GQ upon OTA binding,7 and this change in conformation can be exploited in developing
platforms. For example, previously we reported the use of internal heteroaryl-dG probes as
successful fluorescence reporters of conformational change from duplex to GQ in TBA (Chapter 2).
The ThdG probe displayed a 20-fold increase in fluorescence between the duplex and GQ structures,
and placement within the GQ did not hinder target molecule binding. The probe also displayed
characteristic fluorescence energy transfer peaks in the excitation spectra, and the selectivity of the
probe towards the syn conformation showed a clear stabilization in GQ Tm, while modified anti-Gs
destabilized the GQ as exemplified by a lower Tm compared to native TBA.
In this chapter, the ThdG probe is systematically incorporated within the OTAA sequence to
determine probe performance within a less-studied aptamer. It will be shown that unlike TBA,
insertion of ThdG had dramatic effects on the conformation of the GQ as well as the binding affinity
to OTA. Probe location was optimized, and the results of this comprehensive study can be applied
towards insertion of colorimetric probes within the sequence for visual detection platforms.
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3.2. Introduction
3.2.1. Ochratoxin A
Ochratoxin A (OTA) is a potent renal carcinogen that is a fungal metabolite of strains of
Aspergillus and Penicillium fungi.8 It is one of the most common mycotoxin contaminants of foods
that are improperly stored, and can be found in grains, cereals, wines, milk, and coffee beans.2 OTA
is strongly resistant to thermal and chemical processes used during food processing. It has been
detected in samples of coffee beans after they have undergone roasting at 200 °C for 20 minutes,9
and only a loss of 40% was detected in wheat grains after the high pressure and temperature
conditions of the wheat extrusion process.10 The persistent nature of OTA and its prevalence in the
food chain has also afforded OTA detection in meat and milk products.11,12 OTA contamination of
foods has been reported over a wide range of concentrations, from 0.1 μg/kg to 30000 μg/kg, with
the most prevalent source of contamination found in cereals.11,13
In humans, ingestion of OTA contaminated food has been proposed to be linked to Balkan
Endemic Nephopathy (BEN), a chronic kidney disease found in parts of Bulgaria, Bosnia, Croatia,
Serbia, and Romania.14,15 Studies in which blood, urine, and food samples were collected daily on a
sample of the population have been performed, and it was determined that the weekly amounts of
OTA consumed did not directly correlate to OTA concentrations within the body.15 Further research
suggests additional factors may play a role in causing BEN.14 OTA exposure studies performed on
rats resulted in the development of renal tumours,1,16 but its mechanism of carcinogenicity is a topic
of debate within the scientific community. DNA adduction, oxidative DNA damage, and reduction
of antioxidant defences have all been proposed as possible pathways for OTA activation and
carcinogenicity.17-20 Regardless of the mechanism of carcinogenicity, due to its perceived toxicity,
OTA has been classified as a class 2B carcinogen.8
Analysis of the toxicity of OTA has established a limited daily intake of 5 ng/kg of body
weight per day set by the European Union Scientific Committee, and various countries around the
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world have set similar restrictions.8,21 In order to reduce OTA consumption, countries have imposed
regulations restricting mycotoxin levels in exported and imported foods on the order of ppb levels,
depending on the kind of food, and amount of consumption by the population.4 Since fungal growth
and contamination most predominately occurs during the pre-harvest of crops, and further fungal
growth occurs with improper storage of foods,19 early detection methods are important to prevent the
spread of contamination.
3.2.2. OTA Detection Methods
After the first isolation of OTA from the Aspergillus fungi, methods were developed to
isolate and characterize quantities of OTA within contaminated samples. In 1966, Steyn and Van der
Merwe developed a series of extraction steps using the solubility of the molecule to their
advantage.22 The first step involved extraction of OTA from the plant material with a 1:1
chloroform:methanol mixture, and then using sodium bicarbonate to deprotonate OTA and extract
the phenolate into the aqueous phase. Subsequent acidification of the aqueous phase protonates OTA
and extraction with chloroform brings the molecule back into the organic layer. The organic solvent
can then be removed and the remaining isolated material can be dissolved in a set volume of
chloroform for analysis. They visualized OTA presence via TLC and identified it as a green
fluorescence spot, while ochratoxin B (OTB) and ochratoxin C (OTC) were identified as blue-green
and pale green spots respectively. Estimation of the quantity of OTA in the sample was achieve
through comparison to a standard OTA sample run on the TLC, and they reported successfully
detecting 0-1 ppm OTA.
The liquid extraction methods outlined by Steyn and Van der Merwe became the basis for
future extraction methods, but more analytical means of detection were required. The most common
methods for OTA detection is the use of LC/MS or HPLC with fluorescence detection, as multiple
mycotoxins can be identified and quantified during these processes.23 Enzyme-linked
immunosorbent assays (ELISA) have also been widely used to analytically detect low concentrations
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of OTA.3 ELISAs and other immunoassays use monoclonal antibodies that are grown and designed
to target OTA, and signalling methods can be varied with fluorescence,24 chemiluminescence,25 and
colourimetric26 responses being developed. While these methods are highly analytical, they require
the use of expensive equipment and trained professionals, and would not be suitable for on-site rapid
detection of OTA. Therefore, the need for the development of mainstream detection platforms using
simple devices is the current research focus.
3.2.3. Ochratoxin A Aptamer
The OTA aptamer (OTAA) was published in 2008 by Penner and coworkers based out of
NeoVentures Biotechnology Inc. in London, Ontario.5 The full OTAA is a 61-base oligonucleotide
with a reported dissociation constant (Kd) of 0.36 μM. The sequence was then systematically
shortened at the 5' and 3' ends and changes to the Kd constant were observed. The shortest sequence
that still had a Kd of less than 1 μM is the 31 base sequence 5'GATCGGGTGTGGGTGGCGTAAAGGGAGCATC with reported Kd of 0.5 μM. The sequences
were exposed to N-acetyl-L-phenylalanine (NAP), warfarin, and OTB as negative controls and it
was reported that no binding was detected except for OTB that exhibited a Kd of 30 μM. The
similarities in structure between OTA and OTB make it difficult to be selective for only one
compound. With the aptamer, OTB has 100 fold less affinity than OTA, and this is a drastic
improvement on previous analyses where monoclonal antibodies only exhibited a 3 fold difference
between the two compounds,27 and polyclonal antibodies could only achieve a 20% difference.28

O

OH
O
N
H
OTA

O

OH O
O

Cl

OH
O
N
H
OTB

Figure 3- 1 Structures of Ochratoxin A and B
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Penner also examined the importance of the buffer selection for binding OTA to the
aptamer.5 At pH 8.0, the OTA is a dianionic species with the carboxylic acid and the phenol OH
deprotonated. OTA requires a divalent cation to chelate the structure and eliminate the negative
charge so it can associate with the negatively-charged DNA. The researchers varied concentrations
of Mg2+ and Ca2+ in the buffer and monitored the resulting changes in OTA affinity to the aptamer.
A calcium concentration of 20 mM resulted in the best Kd.
3.2.4. Use of the OTAA in Detection Platforms
Since the development of the OTA aptamer by Penner, numerous research groups have
utilized the aptamer in aptasensor detection platforms. The aptamer has been determined to bind to
OTA in an antiparallel GQ,7 and the structural change of the DNA is a key factor for the detection
platforms published.
Fluorescein (FAM) labelled DNA are commonly used within fluorescent detection
platforms. Chen et al. published the results of their study in 2012 where the aptamer was tagged with
the FAM label, and was annealed to a complementary strand containing a quencher molecule.29
Upon exposure to OTA, the aptamer releases the complementary strand and binds to OTA, changing
its conformation to the GQ in the process. The quencher is released into the solution and the FAM
label can freely fluoresce. A similar process was also published by Duan et al in 2011, but in that
case the aptamer was immobilized on a microplate with a 3' biotin tag and the FAM label was placed
on the complementary strand.30 When the OTA bound to the aptamer, the FAM-tagged
complementary strand was released into solution and fluorescence enhancement was detected.
Label-free methods for OTA detection have also been developed. A more complicated
platform was published by Kuang et al in 2010 that used an electrochemical signal to detect OTA
binding after a conformational change in the aptamer.31 In their design, methylene blue binds to
exposed Gs along the aptamer, which was additionally bound to an electrode. When the aptamer
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folded into a GQ upon binding to OTA, the methylene blue was released into the bulk solution, and
a change in the redox potential of the electrode was detected. In their 2015 study, Lu et al also used
an external probe to detect changes in aptamer conformation.32 They developed an Ir (III) complex
that binds to the open tetrad face of the OTAA and displayed a turn-on fluorescence upon binding.
Most recently, Wang et al used a fluorescent perylene probe (PAPDI) that displays fluorescence
changes upon binding to DNA.33 The PAPDI fluorophore is non-emissive when under conditions
that cause it to aggregate. Wang et al. developed branching dendrimers of aptamers bound to a solid
support which allowed for aggregation of the PAPDI molecules around the DNA branches. When
the aptamers are bound to OTA, the PAPDI was released into the solution and a large fluorescence
signal was detected.
In order to expand on the use of internal dG probes, we proposed to insert the ThdG probe
within the structurally unknown OTAA sequence, and utilize its fluorescence characteristics to
determine more information about the binding motif of the aptamer. The ThdG probe displayed
enhanced fluorescence when folded into a GQ and a diagnostic energy transfer peak at 290 nm was
used to characterize the GQ structure, as reported previously for the well studied TBA GQ (Chapter
2). This fluorescence profile can be exploited during the development of a duplex-GQ exchange
platform for the OTAA using internal probes. In order to use internal probes, the GQ topology, as
well as G-conformations within tetrads are critical. Internal probes need to be placed in locations
that do not hinder target molecule binding, and where they also stabilize the GQ topology. The synpreference of ThdG can be utilized to identify the conformation of G's within the aptamer, and Tm's
are expected to decrease when the probe is inserted within an anti-G. Since the insertion of internal
probes within the TBA GQ did not greatly affect its binding affinity to the aptamer, it was
hypothesized that the same would be true for syn-placement within the OTA aptamer.
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3.3. Materials and Methods
Complementary OTA strands comp14 (5'-CGCCACCCACACCC), comp13 (5'GCCACCCACACCC), comp12 (5'-CCACCCACACCC), and comp12T4 (5'-CCATCCACACCC)
were purchased from Sigma-Aldrich Ltd. with purification by reverse-phase cartridge
chromatography. OTA was supplied as a 99.5% pure powder from Dr. Hans-Ulrich Humpf at the
University of Münster, Germany, and quantified in MeOH via UV-Vis at 333 nm with extinction
coefficient of 6400 mol-1 cm-1.34 OTB was purchased from Toronto Research Chemicals Canada. and
quantified in MeOH via UV-Vis at 318 nm with extinction coefficient of 6900 mol-1 cm-1.35
3.3.1. Oligonucleotide Synthesis
The unmodified OTAA and ThdG modified OTAA strands with a 5'dimethoxytrityl (DMT)
label and sequence 5'- DMT-GATCG5G6G7TGTG11G12G13TG15G16CGTAAAG23G24G25AGCATC-3'
were carried out on a 1 μmol scale on a MerMade 12 solid-phase oligonucleotide synthesizer.
Details of the oligonucleotide synthesis can be found in Appendix A- Experimental Methods.
3.3.2. Mass Spectrometry
Masses of mOTAA were acquired in negative ion mode under electrospray ionization (ESI)
in a solution of 90% Milli-Q water 10% methanol with 0.1 mM ammonium acetate. ESI-MS
representative spectrum and more details can be found in Appendices A and C.
3.3.3. Thermal Denaturation and CD Studies
Solutions were prepared with a concentration of 6 μM OTAA in OTA binding buffer
(OTAbb) consisting of 20 mM CaCl2, 120 mM NaCl, 10 mM tris phosphate, 5 mM KCl and
standardized to pH 8.0. Details of the thermal denaturation protocol can be found in Appendix A.
CD experiments were carried out on the annealed samples and were conducted in accordance to the
protocol outlined in Appendix A.

82

3.3.4. OTA Binding Titrations
OTA was prepared as a 100 μL solution with concentration of 3 μM, 0.5 μM, or 0.1 μM in
a Hellma Analytics ultra micro cuvette 105.253-QS with path length of 10 x 2 mm with temperature
control at 20 °C. Strands of mOTAA were titrated into set concentrations of OTA until a final
concentration of 2-3 equivalents aptamer to OTA was reached. Scans were taken directly after
manual mixing of the solution. A plot of the fraction of OTA bound versus concentration of
mOTAA generated a binding isotherm that was analyzed with SigmaPlot 11.0 using the one site
saturation ligand binding macro to obtain Kd values.
3.3.5. Thermal Binding Study
Two 1000 μL 3 μM solutions of mOTAA ThdG11 were prepared with 1.2 fold excess
comp12 in OTAbb and heated to 90 °C and slowly cooled over 3 hours to anneal the duplex. The
samples were placed in Hellma Analytics 119.004F-QS quartz cuvettes with lids and magnetic stir
bars. To one solution was added 0.8 equivalents of OTA. The solutions were monitored at λex 290
nm and λem 420 nm during a fast heat ramp to 80 °C, held there for 5 minutes, and then followed by
cooling at 1 °C/min down to 15 °C. Full fluorescence scans with λex at 375 nm, and 320 nm were
taken before and after the temperature controlled experiment to monitor the effect on the
fluorescence of OTA and the ThdG probe.
3.4. Results and Discussion
3.4.1.

Th

dG Impact on the OTA G-Quadruplex

The ThdG probe was systematically placed at each G along the OTA aptamer sequence that
were predicted to be within the GQ structure, based off of the quadruplex forming G-rich sequence
(QGRS) online tool.36 The QGRS predictor uses the following motif to select which Gs within a
sequence would be most likely to be within a GQ; GxNy1GxNy2GxNy3Gx where x equals the number
of G-tetrads within the GQ, and y1, y2, and y3 are the length of gaps. Antiparallel GQs consist of
two tetrads, 8 Gs, with alternating conformation syn-anti along the strand.36 Each strand was then
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analyzed using Tm's, CDs, and fluorescence to determine binding affinities to OTA and utility of
internal probe incorporation.
3.4.1.1. Thermal Melting Analysis
The ThdG probe preference for the syn-conformation influenced the stability of the GQ and
indicated GQ-conformation. The Tm of mOTA strands were obtained in OTAbb to analyze the
stability of the GQ (Figure 3- 2). The modified locations at G6, G11, G15, G23, and G24 were all
strongly stabilizing, with recorded ΔTm values 3.0 °C to 9.2 °C higher than unmodified OTA with a
Tm of 46.6 °C. The study performed with ThdG in TBA indicated that when placed at a syn-G, a ΔTm
of 7.0 °C to 10 °C was observed, and -7.0 °C when placed in an anti-G. From this study, assuming
that the probe will have a similar impact on all antiparallel GQs in which is it placed, it can be
proposed that the locations with enhanced stabilization are syn-Gs, four of which are assumed to be
within the GQ tetrads. The locations that decreased the Tm of the OTAA were G7, G12 and G13
with ΔTm values of -8.2 °C, -7.5 °C, and -2.3 °C respectively. The Tm results from these locations
strongly suggest the probe is being forced into the unfavourable anti-conformation. The remaining
modified locations at G5, G16 and G25 had Tm results that could correspond to either stabilized or

Figure 3- 2 ΔTm representation for each mOTAA compared against unmodified OTAA at 46.6 ºC
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unstabilized GQs. G5 and G16 had Tm's of 46.1 °C ± 1.0 and 45.7 °C ± 2.0 respectively, and when
compared to the unmodified at 46.6 °C and taking into account the error in each measurement, it can
be concluded that a conformation cannot be accurately determined for these locations. In order to
calculate the Tm of a GQ, the UV-Vis signal at 295 nm must be observed over a wide range of
temperatures. The Tm is calculated from a sigmoidal curve at the location where the greatest change
in intensity occurs and represents an equal amount of folded and unfolded strands in solution. G25
was a unique location because the melting curve obtained from the UV-Vis did not create a
sigmoidal response and therefore a Tm could not be calculated for the GQ structure (Figure 3- 3).
The orientation of G25 cannot be determined from just the Tm value alone, but is highly suggestive
of an anti-conformation that completely hindered GQ folding. CD analysis can confirm if the
mOTAA formed a GQ in solution, or if it adopted an alternate topology.

Figure 3- 3 UV-Vis Tm curves monitored at 295 nm for 6 μM solutions of mOTAA ThdG24 and
Th
dG25 in OTAbb. ThdG24 exhibited the typical sigmoidal response of a T m curve in comparison to
Th
dG25 which failed to produce a Tm.

Analysis of the Tm values along the entire strand allows for a hypothesis of the OTAA GQ
topology. In order to make an antiparallel GQ, 8 Gs are required to form 2 G-tetrads, with
alternating syn-anti conformation along the strand. In the antiparallel GQ of TBA, the central loop is
composed of TGT bases, surrounded on either side by GG pairs. The OTAA has a similar motif at
G6G7TGTG11G12, and the G conformations alternate syn-anti within each G pair, strongly suggesting
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the formation of an antiparallel GQ. Further examination along the strand identifies two other
potential syn-anti pairs located at G15 and G16, and G24 and G25. This analysis would then suggest
that G5, G13 and G23 are located within the loops of the GQ.
3.4.1.2. CD
The position of the modification in the strand influenced the folded topology of the mOTAA.
The unmodified OTAA exhibits a CD spectrum that corresponds to the characteristic folding pattern
of an antiparallel GQ that has positive bands at 240 nm and 290 nm, and a negative band at 260 nm
(Figure 3- 4, black). The first three modified locations, G5, G6, and G7, exhibited varying CD bands
with only ThdG6 having the characteristic peaks to classify it as an antiparallel GQ. ThdG5 had a
broad positive peak at 290 nm that may correspond to the antiparallel structure, but the lack of a
strong negative band at 260 nm discourages that conclusion. It has been proposed that the CD band
at 260 nm arises from the stacking interactions of two tetrads where the polarities of the guanines
have changed, or can also be described as alternating syn-anti G conformations along the strand.37
The lack of the 260 nm peak indicates that the modification at G5 caused the OTAA to adopt a

Figure 3- 4 CD profiles of 6 μM solutions of ThdG5, ThdG6, and ThdG7 mOTAA GQs in the presence
of OTAbb.
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topology where some G's are beside another G of the same conformation, and which also take part in
stacking to the GQ. This could indicate that two tetrads with stacking interactions from the adjacent
loop G's may exist in solution. The modification at G7 has a negative peak at 245 nm and two
positive peaks at 220 nm and 280 nm, indicating the formation of some parallel GQ in solution.

Figure 3- 5 CD profiles of 6 μM solutions of ThdG11, ThdG12, ThdG13, ThdG15 and ThdG16 mOTAA
GQs in the presence of OTAbb.

The next stretch of sequentially modified G's were located at G11, G12, and G13 (Figure 35). The CD spectra of ThdG11 and ThdG13 mimicked the unmodified strand and can be concluded to
adopt an antiparallel GQ. The modification at G12 caused a similar CD response to that of ThdG7,
and therefore may indicate the presence of some parallel GQ in solution. The next modified location,
G15, exhibited a CD spectra with a weak negative peak at 250 nm and a broad positive peak at 280
nm, and is proposed to be due to a mix of parallel and antiparallel GQ's in solution. Alternatively,
Th

dG16 has a strong negative peak at 240 nm and strong positive peak at 265 nm, which is the CD

characteristic of 100% parallel GQ in solution and of the stacking of G's with the same
conformation.
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The final modified locations were placed at G23, G24, and G25 (Figure 3- 6). ThdG23 has
the same CD bands as ThdG16, and indicate the parallel topology. The CD spectrum of ThdG24 is
similar to ThdG5 and ThdG13, and as previously stated, may indicate the presence of stacking G's of
similar conformation. An additional reason can also be provided upon analysis of the entire strand as
a whole. G5, G13, and G23 are located on the ends of each of their G clusters and can theoretically
be located within the loops of the aptamer. These modified locations may be able to stack on one
end of the GQ, and if they are beside a G of the same conformation, that would explain the
weakening of the negative 260 nm band observed in the CD. ThdG25, which did not display a Tm
curve, has a CD spectrum that indicated it formed a parallel GQ.

Figure 3- 6 CD profiles of 6 μM solutions of ThdG23, 24, and 25 mOTAA GQs in the presence of
OTAbb.

A global comparison of each modified strand to the overall stability of the GQ formed
introduces some interesting trends. Of the locations that formed a parallel GQ structure, G7, G12,
G16, and G25 all had Tm's lower than the unmodified OTAA, which indicates that the parallel GQ is
less stable than the antiparallel and the addition of the modification allowed for the alternate GQ
folded topology. Alternatively, the modified strands at G6, G11, and G24 all had positive ΔTm's and
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confirmed through CD to fold into the antiparallel conformation. The outliers to these trends are
Th

dG15, that had a more stable Tm than the unmodified sequence, but indicated a mix of parallel and

antiparallel GQ in solution, and ThdG23, that was clearly a parallel GQ but had a positive ΔTm.
3.4.1.3. Fluorescence
The energy transfer peak located at 290 nm provided an indication of stacking interactions
within the GQ. Combining the CD results with the fluorescence observations are critical in
evaluating the effect the structure has on the fluorescence emission of the probe. As previously
stated in the modified TBA Chapter 2, the presence of an energy transfer peak located in the
excitation spectrum at 290 nm is an indication of G-stacking interactions. Starting with the first
cluster of modified Gs, the G5, G6 and G7 modified strands all had energy transfer bands present at
290 nm (Figure 3- 7). ThdG6 confirmed the antiparallel GQ structure through CD, and interestingly,
it displayed the largest Irel 290/320 of 1.20 over the other two strands that exhibited a mix of
structures in CD (Table 3- 1).

Figure 3- 7 Fluorescence excitation and emission of 6 μM solutions of ThdG5, ThdG6, and ThdG7
mOTAA GQs in the presence of OTAbb.
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All of the probes in the central part of the mOTAA displayed an energy transfer band at 290
nm, with the exception of ThdG13 and ThdG16 (Figure 3- 8). From the CD results in the previous
section, ThdG13 was hypothesized to be part of the loop structure of the GQ, and if this is true, the
loop is expected to only contain G13 and T14. This would be a small loop similar to the TT loops
seen in the TBA GQ, and can be expected to be highly strained to cross such a distance with only
two bases. The lack of an energy transfer peak at 290 nm indicates that none of the Gs are
interacting with G13 and that the probe may be rotated away from the tetrad and does not take part
in π-stacking. When the probe was placed at G16, the CD results indicated a parallel GQ was
formed, and no energy transfer band was observed in the fluorescence. In order to create a parallel
GQ, all of the bases must be in the anti-conformation, and therefore the conformation of the Gs must
be concluded to play a role in the energy transfer efficiency. The Irel's of the locations that did
display a 290 nm peak follow a trend that correlates to their proposed structures in solution. ThdG11
exhibited a strong antiparallel CD signal, and similar to the fluorescence results of ThdG6, has an Irel
290/320 of 1.18. ThdG12 and ThdG15 were described as a mix of parallel and antiparallel GQs via
CD and have lower Irel's of 1.04 and 0.98 respectively.

Figure 3- 8 Fluorescence excitation and emission of 6 μM solutions of ThdG11, ThdG12, ThdG13,
Th
dG15, and ThdG16 mOTAA GQs in the presence of OTAbb.
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The modified locations closest to the 3'-end of the aptamer are at G23, G24 and G25. All
three of these strands had the fluorescence 290 nm peak, but all of their Irel 290/320 values were 1.00
or below.

Th

dG23 and ThdG25 both indicated parallel GQs formed through CD studies, and their Irel's

were the lowest of the trio at 0.94 and 0.83 respectively, compared to ThdG24 that indicated an
antiparallel conformation via CD and had fluorescence Irel of 1.00.

Figure 3- 9 Fluorescence excitation and emission of 6 μM solutions of ThdG23, ThdG24, and ThdG25
mOTAA GQs in the presence of OTAbb.

These results indicate a possible trend that can be observed between all the modified
locations. When the GQ is folded into a parallel topology, the Irel between the 290 nm and 320 nm
peaks is observed to be less than 1.0, and when a mix of parallel/antiparallel, or a majority of
antiparallel GQs are in solution, the Irel observed is greater than 1.0. This suggests that the parallel
topology has less modified-G-stacking because the observed energy transfer has decreased, and that
the rotation of the modified base to the anti-conformation must be the cause.
The fluorescence intensities also follow a general trend that only arises upon comparison of
all the modified strands. The samples were all run at the same concentration and identical slit widths
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on the fluorimeter, so direct comparison can be made between strands. From the ThdG modified TBA
strands (Chapter 2), the fluorescence intensity of the probe was directly related to the rotational
abilities of the probe, and when restricted, the fluorescence was relatively quenched. In the mOTAA
strands, the largest fluorescence intensities were displayed in modifications located closer to the 3'end. Modified strands at G13, G16, G23, G24, and G25 all had intensities greater than 1000 units,
and it is hypothesized that this is due to the GQ topology. Early in the strand, the first two sections
of Gs involved in forming the GQ are close, G5-G7 has four bases before G11 and G12, and they
have only two bases to form a loop before G15 and G16. These short loops cause a more stringent
folding environment for the GQ and therefore more rigid conditions around the modified base. The
later locations have a loop between them consisting of seven bases, which would be expected to
exhibit a greater amount of flexibility, and consequently is accepting of larger topological changes.
This may also explain why the later modified sections have a larger propensity to produce parallel
Table 3- 1 Fluorescence intensities at 290 nm and 320 nm of mOTAA strands.
Strand a

I290

I320

Irel b

368

332

1.11

354

295

1.20

dG7

137

140

0.98

dG11

737

622

1.18

470

454

1.04

--

1262

--

607

657

0.92

--

2157

--

Th

1454

1543

0.94

Th

1934

1937

1.00

Th

dG5

Th

dG6

Th
Th
Th

dG12

Th

dG13

Th

dG15

Th

dG16
dG23
dG24

Th

dG25
1252
1513
0.83
Strands were analyzed as 6 μM mOTAA. freshly folded in
OTAbb, 15 ºC, slit widths 5 nm. bIrel= I290/I320
a
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GQs, the larger loop size allows for the easy formation of the propeller loop. Under a less restrictive
environment, the ThdG modifications would be able to freely rotate and thus have higher
fluorescence emissions. The exception to this theory is the modified base located at G13, which has
already been proposed to exist within the smallest loop of the GQ, but has indicated no stacking
interactions with the GQ. This means that within the loop, the modification is oriented in such a way
that the thienyl moiety is angled away from the tetrad and free of any rotational restrictions.
3.4.2. Proposed GQ Structure
Through the combination of Tm, CD, and fluorescence results, a GQ structure can be
proposed (Figure 3- 10). The Tm data suggests an antiparallel GQ consisting of alternating syn-anti
bases G6, G7, G11, G12, G15, G16, G24 and G25. The CD results indicate that when the probe is
placed within a syn-G location of the G-tetrad, the antiparallel GQ is favoured, and alternatively,
parallel GQs are favoured when the probe is placed at anti-Gs. Furthermore, fluorescence, CD, and
Tm data suggest that G5, G13, and G23 are located within the loops of the GQ.

Figure 3- 10 Proposed antiparallel GQ of OTAA indicating syn- and anti-Gs.
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3.4.3. Binding Studies
In order to confirm OTA binding to the mOTAA, titrations were performed and monitored
via fluorescence. Previous OTA binding studies with the OTAA were performed by Penner et al.
during the discovery and analysis of the strand.5 Equilibrium dialysis was previously used to
determine the dissociation constant Kd of the aptamers to OTA and had a reported value of 0.5 μM
for the 31-base aptamer. Differences in Kd values can occur when the method to determine it
changes, and therefore a titration was performed with the unmodified strand to determine a standard
Kd value for comparison.
3.4.3.1. Fluorescence Binding Titrations to OTA
Unmodified OTAA was titrated into a solution containing 3 μM OTA and the intrinsic
fluorescence of OTA changed as binding occurred (Figure 3- 11 A). When OTA is placed in the
buffer at pH 8.0 containing Ca2+ ions, the dianionic form of OTA is the prevalent structure in
solution. The Ca2+ ions would be expected to bind to the phenolic and carboxylate anions to generate
a neutral or cationic species that binds to the negatively charged aptamer. This dianionic form has a
λex of 375 nm and λem of 432 nm. When the unmodified aptamer is introduced to the system, the
OTA fluorescence excitation undergoes a bathochromic (red) shift, accompanied by a loss in
intensity, which are reported effects caused by DNA π-stacking.38 The emission undergoes a
hypsochromic (blue) shift due to changes in the surrounding OTA environment to more apolar
conditions.39 Changes to the excitation and emission wavelengths arise from the amount of
stabilization of the S1 excited state of OTA. Bathochromic shifts in the excitation spectra,
accompanied by hypsochromic shifts in the emission, suggest an increase in the dipole moment of
the excited state of OTA.39 Polar solvents stabilize the excited state, thereby decreasing the S1
energy level, and by removing OTA from the polar environment and having it π-stack on one of the
faces of the GQ, the S1 state is not as stabilized, and a hypsochromic shift is detected. The G-tetrad
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face is also a commonly recognized binding site for planar compounds,32,40 so it is acceptable that
the planar fused rings of OTA bind in a similar fashion.

Figure 3- 11 OTA binding titrations with unmodified OTA aptamer (A) and with a negative control
of unmodified TBA (B). Inset: fluorescence emission of λex at 375 nm with increasing DNA
concentration.

Two isosbestic points located at 310 nm and 385 nm develop over the course of the titration
and indicate that there are only two species present in solution, bound and unbound OTA.41 Through
monitoring the changes at 375 nm, a binding isotherm was formed and as a result the Kd was
calculated to be 1.11 μM (Table 3- 2). To confirm that the OTA binding to the aptamer is sequence
specific and not binding to any GQ structure, a negative control titration using the TBA (Figure 3-
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11 B) and the human telomeric repeat sequence (HTelo) (Appendix D) were performed. The
fluorescence response of the OTA indicated no change in the λex or λem wavelengths or intensities,
and therefore must be concluded that the OTA did not bind to either the TBA or HTelo GQs.
All of the mOTAA strands synthesized were used to perform the same titration, and results
are highlighted in Figure 3- 12 and Table 3- 2, with extra spectra found in Appendix D. Comparison
between two adjacent modified locations, G11 and G12, emphasize that the location of the probe can
drastically influence OTA binding to the aptamer. OTA responded to ThdG11 in a very similar
manner as to the unmodified strand, the λex was red shifted and λem was blue shifted upon OTA

Figure 3- 12 OTA binding titrations of mOTAA ThdG11 (A) and ThdG12 (B). Inset: fluorescence
emission of λex at 375 nm with increasing DNA concentration.
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binding. The binding isotherm of the titration was used to calculate a Kd of 2.1 μM, and indicates
that the probe does not drastically hinder OTA binding at this location. ThdG12 had a dramatically
different result, wherein the OTA fluorescence did not change over the course of the titration,
suggesting that OTA did not bind to the aptamer. Comparison of these two locations via CD indicate
that the changes in binding ability may be due to the topology of the GQ because ThdG11 formed the
antiparallel GQ and ThdG12 indicated a mix of topologies in solution. If structure was the main
determining factor, and some antiparallel GQ was present in the ThdG12 solution, it would be
expected that it would produce a minor fluorescence response. Since the titration resulted in no
fluorescence changes, the cause of the hindered binding must be due to the location of the probe.
Table 3- 2 Calculated dissociation constants for ss mOTAA to OTA.
Standard
Errors (uM)

R2

19.9

2.7

0.9977

Th

10.5

2.2

0.9836

Th

nd

Th

2.1

0.3

0.9853

Th

nd

Th

3.3

0.4

0.9894

Th

nd

Th

nd

Th

9.2

5.6

0.8949

Th

nd

Th

44.8

35.1

0.9758

Mod. Position
(OTA conc.)

Kd (uM)

Unmodified (3uM)

1.11

Th

dG5 (3uM)
dG6 (3uM)
dG7 (3uM)
dG11 (3uM)
dG12 (3uM)
dG13 (3uM)
dG15 (3uM)
dG16 (3uM)
dG23 (3uM)
dG24 (3uM)
dG25 (3uM)

Of the 11 modified locations, only 6 strands displayed a fluorescence response and binding
curves to calculate Kd's (Table 3- 2, Appendix D). The modification at G13 resulted in the second
best binding affinity with a Kd of 3.3 μM. ThdG13 has been proposed to be within the loop of the
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mOTAA, and from the binding titration, it can be concluded that modification of the small GT loop
only slightly hindered OTA binding. Within the first half of the modified locations (G5-G16), none
of the strands which indicated a mix of folding topologies, produced binding curves. ThdG16, which
strongly indicated a parallel GQ, did not bind to OTA, and would again indicate that GQ topology is
critical for OTA binding. The last three modifications, G23, G24, and G25, did not follow the same
trend, and instead the parallel GQs of ThdG23 and ThdG25 had calculated Kd's of 9.2 μM and 44 μM
respectively, while the antiparallel ThdG24 failed to bind.
From the binding studies performed, the binding face of OTA to the GQ can be deduced.
Previously, Penner had reported that G11 was critical for OTA binding,5 and our results with ThdG
indicate that the thienyl modification at that location afforded the best binding affinity of the
internally modified strands. Modifications to G5 and G13, both located in loops on the same face of
the GQ, did not drastically hinder OTA binding. It is assumed that the addition of the thienyl groups
at these positions caused steric crowding along the G-tetrad face which would completely hinder
OTA stacking, and since this was not detected, we propose that OTA binding occurs on the G-tetrad
face consisting of G7, G11, G16 and G24. Previous modifications to G23 and G24 were reported by
Geng et al. wherein changing the bases to C dramatically hindered OTA binding, and were proposed
to be a critical location within the aptamer.42 The ThdG modification at G24 also hindered OTA
binding, even though it formed an antiparallel GQ. This suggests that part of the OTA molecule
must interact with G24, and the addition of the thienyl group completely hindered the ability of OTA
to stack on the GQ. The planar fused rings of OTA would be expected to stack on the G-tetrad, and
therefore we propose that the toxin might interact unfavourably with the thienyl group at G24.
3.4.3.2. CD to Monitor OTA Binding
Changes within the CD indicated that the antiparallel GQ most readily binds OTA. To aid in
the binding analysis, the titrations were repeated using CD to examine the folded topology upon
OTA binding (Figure 3- 13). Unmodified OTAA was titrated with 0.5 and 1.0 equivalents of OTA,
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and changes to the CD were monitored. The negative peak at 260 nm became more pronounced,
and the positive band at 290 nm narrowed and confirmed the antiparallel GQ topology upon OTA
binding. In a 2009 study performed by Hudson et al, a similar shift in CD was observed upon
binding of actinomycin D to the GQ of the human telomeric repeat sequence.43 Their results agreed
with the previously established conclusions that positive induced CD bands that occur upon
molecule binding are attributed to edge/groove binding, and that negative induced bands are
indicative of the molecule stacking on the end of the GQ.37,44 Since the OTA binding caused a
negative induced band in the CD spectra, it can be concluded that OTA is stacking onto one of the
G-tetrad faces of the mOTAA GQ. The strands which did not indicate binding via fluorescence, did
not produce any substantial CD changes that would indicate OTA binding (Appendix D). In
comparison, OTA binding caused the 240 nm and 260 nm bands of ThdG11 to red-shift 4 nm and
become more negative, but similarly maintained the antiparallel GQ topology.
Analysis of the ThdG13 strand indicated that a change in topology occurred upon OTA
binding. The broad 290 nm peak of unbound ThdG13 was significantly narrowed after exposure to 1
equivalent of OTA, and signifies that all the aptamer in solution has adopted the antiparallel
topology. The same narrowing effect of the 290 nm band was also present in the CD titration spectra
of ThdG5 and ThdG6. In contrast, the ThdG23 strand without OTA exists in the parallel GQ form, and
it was expected that a complete inversion to antiparallel would be observed since there were positive
indications of OTA binding through the fluorescence titration method. The CD of ThdG23 in the
presence of OTA displayed a small development of a peak at 290 nm, but interestingly, the majority
of DNA in solution remained as parallel GQs. There were no identifiable changes to the negative
240 nm band, but a small decrease in the 260 nm band was observed. ThdG25 displayed a much more
pronounced effect, the 260nm peak decreased significantly and the development of a peak at 290 nm
can be detected. This strongly suggests that ThdG25 is undergoing a conformational change to the
antiparallel GQ upon OTA binding.
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Figure 3- 13 CD responses of 6 μM samples of unmodified and mOTAA strands bound to increasing
concentrations of OTA up to 1 equivalent.

100

3.4.3.3. Fluorescence Binding Titrations to OTB
To complete the study, the 31-base unmodified OTAA was titrated into a solution containing
OTB as a form of negative control. Penner et al had previously reported minor affinities of the
aptamer to the structurally similar OTB on an order of 100-fold less than to OTA.5 OTB has λex of
360 nm and λem of 418 nm, so fluorescence titrations were performed under identical conditions and
fluorescence responses indicated no binding over the course of the titration (Figure 3- 14 A). As
previously mentioned, the OTAbb used has a pH of 8.0 to ensure the dianionic species in solution
and solubility in the aqueous conditions. The pKa of the phenolic proton of OTB is 8.1,45 which

Figure 3- 14 OTB binding titrations of unmodified OTAA (A) and ThdG11 (B). Inset: fluorescence
emission of λex at 360 nm with increasing DNA concentration.
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means that under the buffer conditions previously used for OTA binding, not all of the OTB is in the
dianionic state and the results may not be accurate. The titration was repeated in the OTAbb where
the pH was adjusted to 9.0 and the results of the study were identical to the titration at pH 8.0
(Appendix D).
To confirm that the addition of the thienyl group to the aptamer does not affect the aptamers
affinity for OTB, a negative control titration was performed on the strand that exhibited the best
binding affinity to OTA, ThdG11 (Figure 3- 14 B). No binding was detected between the aptamer and
OTB, and instead a slight increase in fluorescence over the course of the titration was observed due
to the small overlap between the excitation of OTB at 360 nm and the excitation of the thienyl group
at 320 nm.
3.4.3.4. Detection Limits
The detection limits of the ThdG probe were analyzed by performing titrations at decreasing
OTA concentrations. The paper published by Penner in 2008 identified the Kd for the 31-base OTAA
as 0.5 μM.5 After the success of the fluorescence titration study using mOTAA, the best strand,
Th

dG11, was selected and titrations were performed at lower concentrations in an effort to obtain a

comparable Kd value. The titrations were performed with a set concentration of OTA, followed by
additions of aptamer to reach 2-3 equivalents. The titration was dependent on the starting
concentration of OTA in the cuvette, and if that concentration was lowered below the Kd of the
aptamer, larger quantities of DNA would be required to bind OTA, and would result in an increase
in the calculated Kd.
The titrations were performed on OTA concentrations of 3 μM, 500 nM, and 100 nM
(Figure 3- 15). The unmodified aptamer was also analyzed to allow for comparison between the
strands. The calculated Kd of the ThdG11 was 1.9 fold larger than the unmodified standard, and this
ratio was maintained upon changes to the OTA concentration. At 3 μM, the unmodified strand had a
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Kd of 1.11 μM, and the ThdG11 displayed a Kd of 2.1 μM. This means that the aptamers were able to
bind to OTA and produce a signal for detection at concentrations lower than what was present in
solution. At 100 nM OTA, the Kd reported was 115 nM, which meant that it required more than 1
equivalent of aptamer to bind to all the OTA in solution, and cannot reliably detect concentrations
lower than 115 nM.

Figure 3- 15 Binding isotherm of OTA to unmodified OTAA (black) and ThdG11 (blue) at
decreasing OTA concentrations.

A comparison of the calculated values obtained in this study to the values reported by
Penner indicate that our method resulted in a lower Kd. This is likely due to the simplistic nature of
the fluorescence titration and it being a "perfect" model consisting of only aptamer, target, and
buffer in solution. The dialysis method used by Penner is a common method for antibody-antigen
binding and small molecule binding assays.46 The dialysis is performed via two chambers separated
by a semi-permeable membrane. The aptamer, OTA, and loading buffer are placed in the loading
chamber, and the receiving chamber contains only buffer. Over the 48 hours of mixing time, the
OTA freely equilibrates between the two chambers, but any OTA-aptamer complexes are too large
to pass through the membrane and remain within the loading chamber. A comparison of
fluorescence intensities between the loading and receiving chamber determined the fraction of OTA
that was bound to the aptamer, and the Kd was calculated. The fluorescence titration method we
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utilized took significantly less time to perform (30 minutes vs 48 hours) and required similar
equipment (fluorimeter) to analyze and calculate the Kd.
Table 3- 3 Calculated dissociation constants for single stranded mOTAA to OTA at decreasing
concentrations.
Mod. Position
(OTA conc.)

Kd (uM)

Unmodified (3uM)

1.11

Th

2.1

Unmodified (0.5uM)

0.270

Th

0.53

Unmodified (0.1uM)

0.115

Th

0.22

dG11 (3uM)

dG11 (0.5uM)

dG11 (0.1uM)

Standard
Errors (uM)

R2

0.3

0.9853

0.04

0.9959

0.02

0.9962

3.4.3.5. Duplex to GQ Exchange
Stabilization of the duplex by Ca2+ ions in solution rendered a challenge in designing
duplexes with lower Tm's than their respective GQs. The results of the duplex to GQ exchange study
performed on mTBA (Chapter 2) were very promising as a method of monitoring target binding, so
the same technique was employed towards OTA binding. Duplex to GQ exchange requires that the
duplex structure has a lower Tm than the GQ in order to push the equilibrium towards the GQ upon
target molecule binding. This required the design of a series of complementary strands to the OTAA
with varying lengths to determine which would provide the best duplex Tm compared to the GQs
(Figure 3- 16). It was selected that the probes within the first half of the strand would be most
beneficial to analyze as G11 and G13 had previously displayed the best Kd values for OTA binding.
The theoretical duplex Tm's were calculated using the online OligoAnalyzer 3.1 tool provided on the
Integrated DNA Technologies website. The Tm of the complementary strands to unmodified DNA
were calculated to be 57.0 °C for the comp14, 53.1 °C for the comp13, and 47.9 °C for the comp12.
Surprisingly, the experimental values for these duplex Tms were significantly higher than the
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expected calculated values (Table 3- 4). The reason for this was deduced to be the presence of Ca2+
in the buffer used during the Tm. Ca2+ ions are able to chelate between phosphate groups on the
backbone chain of the DNA. This reduces the charge repulsion between strands and stabilizes the
duplex structure, thereby causing an increase in the T m.47,48
Insertion of the ThdG modification within the strand resulted in a decrease of the duplex Tm
similarly to the results seen in the TBA study (Chapter 2), but this decrease was not enough to offset
the stabilization provided by the Ca2+ ions. The shortest duplex, comp12, was selected because it
provided the lowest Tm's of the series, and comparison of ThdG11 GQ at 50.0 °C to the comp12
duplex at 52.1 °C indicates that it may have potential to act as a duplex to GQ monitoring system.

Figure 3- 16 Complementary sequence design for the OTAA

To ensure that the duplex structure was less stable than the GQ, a final complementary
strand was designed that contained a mis-match of bases in the centre of the strand. Comp12T4 was
denoted as such because the fourth base, originally a C, was replaced with a T so a G-T mismatch
would occur within the middle of the strand and destabilize the duplex. A Tm of the modified duplex
was not able to be determined because a melting curve was not observed during the UV-Vis thermal
scans (not shown). Instead, the fluorescence of the supposed duplex was analyzed and compared to
the fully-folded ThdG11 GQ fluorescence (Figure 3- 17). The energy transfer band at 290 nm is very
weak in the apparent duplex solution, with only a minor shoulder detected in the fluorescence
excitation. This is a strong indication that the sample is present in the duplex form and that
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monitoring the duplex to GQ exchange at the 290 nm peak would provide the largest detectable
change, with a 2-fold increase in intensity between the two forms.

Table 3- 4 Thermal melting data for mOTA strands with complementary strands of varying length in
OTAbb.
Modification

Comp14 (ºC)

Comp13 (ºC)

Comp12 (ºC)

Unmodified

68.8 ± 2.0

66.9 ± 1.9

62.7 ± 2.6

Th

67.4 ± 1.3

65.1 ± 1.5

59.2 ± 1.5

Th

65.3 ± 2.0

63.1 ± 2.1

55.7 ± 1.0

Th

64.3 ± 2.4

62.4 ± 1.5

54.7 ± 2.0

Th

60.9 ± 2.4

59.1 ± 1.3

52.1 ± 0.7

Th

59.1 ± 0.6

56.7 ± 3.8

52.5 ± 2.4

Th

62.4 ± 1.7

59.8 ± 2.6

53.3 ± 3.0

Th

59.9 ± 2.0

59.7 ± 2.3

55.2 ± 1.5

Th

61.6 ± 1.8

60.6 ± 2.0

58.9 ± 1.5

dG5
dG6
dG7
dG11
dG12
dG13
dG15
dG16

A duplex to GQ study was performed using ThdG11 Comp12T4 duplex, and then injecting
OTA into the solution to determine the fluorescence response upon binding (Figure 3- 18 A). It was
hypothesized that a fluorescence increase upon GQ formation would occur similar to what was
observed in the TBA duplex to GQ study. The titration displayed a small increase in the excitation
bands at 290 nm and 320 nm, but not to the amount that was expected. Only a 1.3 fold increase in
fluorescence intensity was observed at the 290 nm peak, but since OTA has some intrinsic
fluorescence, this increase can be attributed to the addition of OTA to the solution and not due to
GQ folding. To initiate the unfolding of the ThdG11 comp12T4 duplex, the solution was heated
slightly to 30 °C (Figure 3- 18 B). A dramatic increase of the 290 nm and 320 nm excitation bands
were observed, while a small amount of quenching was detected at the OTA excitation band at 375
nm. The decrease of the OTA fluorescence band had been previously established as a way to
confirm OTA binding, and therefore it also confirmed that the duplex to GQ exchange process had
occurred. The results from this study indicate that the simplistic model of duplex to GQ exchange
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used within the TBA studies could not be applied towards the OTA model, without the use of heat as
an initiator.

Figure 3- 17 Fluorescence comparison of ThdG11 GQ (red) to ThdG11 comp12T4 duplex (purple)
indicating the differences in the 290 nm energy transfer peak.

Figure 3- 18 (A) Duplex to GQ exchange study of ThdG11 comp12T4 with additions of 0.25 eq
OTA. (B) Heating of the titration solution from 20 °C (red) to 30 °C (blue) and the resulting
fluorescence increase, with confirmation of OTA binding indicated by a decrease in the 375 nm peak

3.4.3.6. OTA Thermal Binding
The use of heat as a tool to initiate OTA binding was explored in a series of thermal studies
performed on mOTAA strands. The model was designed so that mOTAA strands were annealed to
the comp12 strand, and then heated and cooled in the absence or presence of OTA. Unlike thrombin,
OTA is a small molecule that is thermally stable and can be used in a detection platform that
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requires heating of samples. The ThdG11 strand was selected for these studies, and the ThdG12 strand
was used as a negative control.

Figure 3- 19 (A) Fluorescence response at 290 nm of heating (dotted) and cooling (solid line)
samples containing mOTAAThdG11 comp12mer duplex with OTA (red) and without (black). (B)
Fluorescence excitation and emission of the sample containing OTA, before (dotted) and after (solid
line) the thermal experiment probing OTA (red) and ThdG (blue) emission.

At the beginning of the thermal experiment, the fluorescence intensity of ThdG11 comp12
duplex was relatively the same between the sample containing OTA and the sample without OTA
(Figure 3- 19 A). An increase in fluorescence intensity was observed when the samples were quickly
heated and the duplex structure denatured. As the solutions were cooled, the aptamer sample
containing OTA bound to the toxin and folded into the GQ-OTA complex, while the sample in the
absence of OTA returned to the duplex structure. A 3.5 fold increase in fluorescence intensity of the
290 nm energy transfer band was observed at the end of the thermal experiment, while only a 1.5
fold increase was seen in the sample without OTA, and that value is expected to decrease upon
further cooling of the sample. Full fluorescence scans of the samples were obtained before and after
the completion of the thermal experiment (Figure 3- 19 B). A 1.9 fold increase in fluorescence
emission of the ThdG probe was observed between the beginning and the end of the thermal
experiment, and the increase in intensity of the 290 nm and 320 nm peaks are positive indicators of
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GQ formation under the presence of OTA. In addition, the observed fluorescence of OTA at 375 nm
displayed characteristic quenching indicative of π-stacking and binding to the DNA aptamer.

Figure 3- 20 (A) Fluorescence response at 290 nm of heating (dotted) and cooling (solid line)
samples containing mOTAAThdG12 comp12mer duplex with OTA (red) and without (black). (B)
Fluorescence excitation and emission of the sample containing OTA, before (dotted) and after (solid
line) the thermal experiment.

The ThdG12 strand was selected as a negative control because it does not display binding
affinity for OTA and the location of the probe is contained within the duplex of the short
complementary strand. The thermal experiment was repeated with ThdG12 comp12 duplex in
solution, in either the presence or absence of OTA (Figure 3- 20 A). The fluorescence intensities of
both samples displayed the same trend over the course of the study, and both samples returned to
their respective starting intensities upon cooling. This is a strong indication that the sample was not
affected by the presence of OTA in solution and that both had re-formed the duplex conformation.
Analysis of the fluorescence excitation and emission before and after the thermal experiment
confirm the conclusion that OTA did not bind to the ThdG12 mOTAA (Figure 3- 20 B). There was
no change in intensity of the 290 nm, 320 nm, or 375 nm peaks correlating to the energy transfer
band, thienyl group, and OTA molecules respectively. It can therefore be concluded with certainty
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that the ThdG12 mOTAA was not affected by heating and that its lack of affinity towards OTA was
not changed.
The results from the thermal study are promising because it indicates that the duplex to GQ
exchange method can be used as a detection platform, but only if the sample is temporarily heated
upon exposure to OTA. A large fluorescence increase was observed when the mOTAA sample
bound to the OTA and changed its conformation in solution to the GQ. Samples without OTA were
unaffected by the thermal process, and returned to their starting state at the end of the experiment.
3.5. Conclusions
A complete analysis was performed on the OTAA by sequentially replacing Gs along the
strand with the previously studied ThdG. Tm results were the first indicator that the location of the
probe affected the stability of the GQ, and provided a suggestion of the G conformation at each
location. From the results obtained, an antiparallel GQ consisting of G6, G7, G11, G12, G15, G16,
G24, and G25 with alternating syn-anti Gs was proposed. CDs were extensively used within this
study and it became clear that insertion of the probe within the aptamer had drastically affected the
topology of the GQ formed. Both parallel and antiparallel GQs were formed by the modified strands,
but it was determined that the antiparallel GQ was most relevant as it was the conformation which
binds to OTA. Fluorescence binding titrations provided a successful means of calculating K d's of
OTA to the modified aptamer, and again it was emphasized that the probe location had dramatic
effects on the ability of the aptamer to bind to OTA. G24 was indicated to be a critical location in
OTA binding, and it was proposed that a portion of the OTA molecule may interact unfavourably
with the ThdG at that location. ThdG11 was determined to be the optimal location for probe insertion,
and OTA was successfully detected at a concentration of 100 nM.
A duplex to GQ detection platform was developed with a short, 12-base complementary
strand, but due to the highly stable duplex structure, the system required a thermal ramp in order to
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bind the aptamer to the OTA. Using this method, a 3.5 fold increase in fluorescence intensity at the
290 nm peak was observed upon OTA binding, and fluorescence was used to confirm OTA binding
and GQ formation.
The results of this chapter displayed the complexities of optimizing internal probes for new
and unstudied aptamers, and highlight the utility of ThdG as a fluorescent reporter of GQ formation.
The information gained from this comprehensive study can be applied towards development of
internally-placed visual probes and their optimized placement within the OTAA sequence to
locations that do not hinder OTA binding.
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CHAPTER 4: Utilizing Aryl-dG Probes Within the Human
Telomeric Repeat Sequence
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4.1. BIG PICTURE:

In 1955, the first human cell culture was successfully cloned from a sample taken from a
woman who was suffering from cervical cancer. These cells, given the name HeLa after the donor
Henrietta Lacks, were unique because the cells were deemed to be immortal.1 In 1961, Leonard
Hayflick published a paper on the challenges of maintaining cell cultures and defined what is now
known as the Hayflick limit: the number of cell replication cycles that can occur before the
degeneration of the cell line.2 HeLa cells do not follow the rules of the Hayflick limit because the
cancer cells displayed a highly active telomerase that prevents the shortening of chromosome
telomeres.3 The telomere sequence is a non-coding repetitive strand of oligonucleotides that are
shortened upon each cellular replication step,4 and by continually extending the sequence, the
cancerous cells were able to undergo an unlimited number of replications. Telomerase was
discovered to be highly active in over 85% of cancer cells, and so regulation of the enzyme is one
method scientists have approached to combat cancer.5,6
In this chapter, the ThdG adduct was placed in a variety of locations within the human
telomeric (HTelo) sequence that has the ability to form a variety of GQ structures. The
polymorphic nature of the HTelo sequence is a key feature in its biological function and insight
into the structural features present in solution can aid in current research on utilizing HTelo GQs
as drug targets and therapeutics. The ThdG modification is an excellent probe for incorporation
within the GQ structure due to its relatively strong fluorescence emission in the GQ as well as
sensitivity to structural changes. This chapter will also focus on utilizing 8-aryl-dG probes to
monitor conformational exchange kinetics and provide insights into the folding pathways of
HTelo in solution that can be applied towards in vivo studies.
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4.2. Background

4.2.1. Human Telomeric Repeat Sequence
The theory of utilizing aptamers as therapeutics stems from research of HTelo. It is
located at the 3' end of chromosomes and consist of repeating units d(TTAGGG) over hundreds
of nucleotides. The sequence plays a key role in cell replication because its repeating units allow
for an area of non-coding nucleobases at the end of the DNA that is shortened upon each
replication because DNA polymerase fails to replicate the terminal nucleobases.7 Once the
telomere sequence is complete removed, the cell fails to grow and can be targeted for cell death.5
Due to its repetitive nature and G-rich sequence, the HTelo DNA readily folds into a variety of
GQ structures, and these act to protect the sequence from targeted degradation. Telomere-specific
proteins such as protection of telomeres 1 (PoT1), telomeric-repeat-binding factor (TRF), and
telomerase, bind directly to the HTelo sequence and play an important role to the repair and
maintenance of the DNA.8 The telomerase enzyme was discovered to be highly active in over
85% of cancer cells and therefore turning off the enzyme's function would be a strategy to combat
cell growth and proliferation.9 If the HTelo sequence is maintained as a folded series of GQ's, the
telomerase cannot bind to the DNA and its function is inhibited.10 All that was required was to
identify a target that the HTelo GQ structure would bind to, and stabilize the structure. This
proved to be a challenge as most small molecules studied had no selectivity towards HTelo GQs
versus other GQs present in DNA, and thus understanding the details behind GQ formation and
topology was required.
4.2.1.1. Structural conformations (polymorphism) of Telomeric Repeat sequences
The wild type HTelo (wtHTelo) strand was discovered to exist as a variety of different
GQ conformations, antiparallel basket in the presence of Na+, and hybrid-1, hybrid-2, and parallel
propeller in the presence of K+ (Figure 4- 1). Due to the repeating subunits over hundreds of
nucleotides, the HTelo sequence can fold into any mixture of its topologies and create higher118

order conformations such as "beads-on-a-string" or stacked GQs mediated by the stacking of
tetrads or interactions of the loops (Figure 4- 2).11-13

Figure 4- 1 Quadruplex conformations of the HTelo 22-base sequence with syn-guanines
represented in beige and anti-guanines in blue.

The antiparallel basket consists of three G-tetrads stacked with two edge loops and one
diagonal loop. The strands along the length of the GQ alternate in direction, providing the
antiparallel designation. In each tetrad, there are two syn and two anti guanines, and lengthwise
along the strand the guanines alternate syn-anti.
The two hybrid topologies are formed when the GQ adapts to the inclusion of the larger
K+ cation into its center core.14,15 The hybrids are known as (3+1) topologies, indicating three of
the strands are running along the same direction, and one is antiparallel to them. The hybrid
topologies have two edge loops and one propeller loop, but do not alternate syn-anti guanines
along the tetrad. The tetrads consist of three guanines with the same orientation, and one of the
opposing, therefore each tetrad can have a unique arrangement of guanines. Lengthwise along the
strand, the guanines can be beside a guanine of the same conformation, but each stretch of
guanines has at least one G of the opposing conformation (example 5'-...syn-syn-anti...anti-antisyn...-3').
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The propeller structure was the first HTelo GQ that was discovered and consists of three
tetrads where all the guanines are anti and the TTA loops are all propeller to allow the parallel
topology.8 This structure is a common target for drug design because the orientation of the loops
along the sides of the GQ make the G-tetrad face readily available for π-stacking.

Figure 4- 2 Higher order GQ conformations of wtHTelo

4.2.2. HTelo Therapeutics
There are several reviews that highlight the methods of utilizing HTelo and its GQ
structures as a target for drugs and therapeutic regulation.6,9,16,17 Most methods target the enzyme
telomerase, which plays a critical role in the maintenance of the HTelo sequence. It is an RNAdependent DNA polymerase that binds to the 3' end of the HTelo sequence and extends the
telomeric DNA, and as a result extends the life of the cell. A common approach to combat the
extension of cell life and proliferation is to inhibit telomerase activity and allow the cell to
continue until its natural death (approximately 20-50 replications).7
A variety of approaches for targeting telomerase activity have been developed.
Nucleoside18 and non-nucleoside19 analogues, immunotherapy, ribozymes, GQ stabilizers20,21, and
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transcriptional regulators are just some of the research areas that have been explored as potential
cancer therapeutics (Figure 4- 3).17,22 It has also been discovered that GQ formation and GQ
stabilization can change gene expression by limiting access of the genes to transcription proteins
due to their folded GQ structure.21,22 The area of most interest to the Manderville group is the
topic of GQ stabilizers through the use of nucleoside analogues. The structural polymorphism of
the HTelo sequence can be influenced to favour certain topologies based on the location of adduct
placement. This in turn could provide structural information, and the adduct can be used as a tool
for monitoring topologies, folding rates, and provide information to the study of telomerase
regulation through GQ stabilization.

Figure 4- 3 Selection of telomerase regulating compounds.

4.2.3. Modified HTelo
Internal modifications to the HTelo strand have been previously used to provide
structural and biophysical information on the complex polymorphism in solution. In a 2005
publication, Chaires et al systematically inserted 2-aminopurine (2AP) into each of the adenine
loop locations along the HTelo strand.23 2AP is very similar to adenine, where it can still form Hbonds with thymine, and usually has no influence on DNA stability when inserted within the GQ
loops. The 2AP probe was ideal for their studies because it has a well determined quantum yield
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that is directly related to its interactions with other bases. The fluorescence of 2AP is quenched
when it undergoes stacking with other bases, and this information was used to analyze the loop
conformations and compare to previous crystal structures of the HTelo topologies to determine
the predominant conformations in solution. For the antiparallel basket GQ, the 2AP was
quenched at A1, A13 and A19, which agrees with the crystal structure that indicates stacking of
these locations with the GQ tetrad. In the presence of K+, it was expected that A7, A13, and A19
would have similar fluorescence responses because the crystal structure indicated similar loop
structures, but the experimental results had A13 and A19 in similar environments, and A1 and A7
having identical responses. Through the use of the internal 2AP probe, the study concluded that
the crystal structures obtained for the wtHTelo may not be the predominant conformations in
solution and were influenced by the crystal packing and solvent conditions used to create the
crystal, and indicated the need for solution NMR analyses.
Another study analyzing the use of an internal modification was a publication from 2016
that investigated the effect of oxidative damage on the structural conformations of HTelo.24
Burrows et al. proposed that the HTelo G-rich sequence is a target for oxidative damage and the
formation of 8-oxo-guanine (OG). They inserted OG within each of the guanine clusters along the
HTelo sequence and analyzed the structure through the use of CD, Tm, and 1H-NMR. The OG
modification is highly destabilizing to the core GQ structure because it is unable to form
Hoogsteen base pairs and therefore was expected to be easily targeted for repair. Studies on the
DNA repair mechanism revealed that OG repair within the HTelo sequence was poorly achieved
and indicates that OG is not as disruptive to the GQ structure as previously thought.25 The results
of the OG study concluded that the flexibility of the HTelo strand allowed for its rearrangement
to exclude the damaged location from the GQ, and place it in an oligonucleotide stretch between
two tethered GQs. This results in stable GQ formation and effectively hiding the OG damage
from targeted repair.
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These studies indicate some of the way internal probes can be used as tools for probing
HTelo GQ stability and conformations. Similar to the 2-AP and OG experiments, we propose to
insert 8-aryl-dG probes within the GQ core of HTelo and use the fluorescence characteristics of
the adduct as a method to monitor stability, structure, and folding kinetics through CD, Tm and
fluorescence.
4.2.4. Furan Modified HTelo
In 2015, we published a paper in ACS Chemical Biology wherein a C8-furan-dG (FurdG)
modification was placed within the HTelo sequence and analyzed how the probe location
influenced and responded to the HTelo strand polymorphism.26 The FurdG probe was placed into
four positions, G3, G4, G8 and G10, decided by their preference towards syn or anti in each of
the structures (Table 4- 1). Positions G3 and G10 are located in the middle and external tetrads
respectively, and are in the syn-conformation when the HTelo is in the antiparallel basket and
anti-conformations for both of the hybrid structures. The modifications at G4 and G8 are located
in the top tetrad, and are anti for all structures at G4, and are all syn at G8. Through these site
selections, the antiparallel topology was expected to be favoured for both the G3 and G10
modified strands, while the G8 was accepting of all structures and G4 acted like a negative
control to prove the modification did not inhibit GQ folding.
Table 4- 1 Conformations of each FurdG modified location in the polymorphic structures of HTelo
Location
G3
G4
G8
G10

Antiparallel
Syn
Anti
Syn
Syn

Hybrid-1
Anti
Anti
Syn
Anti
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Hybrid-2
Anti
Anti
Syn
Anti

4.2.4.1. CD and Fluorescence Response
The polymorphic nature of HTelo is exploited through the selection of which counterion
is incorporated within the GQ. The use of a Na+ phosphate folding buffer and CD spectra
confirmed the antiparallel topology in all of the FurdG modified strands. In K+ buffer, the
placement of FurdG at G3 and G4 indicated antiparallel folding and inhibition of both hybrid
structures, and the G8 and G10 strands indicated the presence of a mix of hybrid topologies. The
G10 CD result was unexpected because in both hybrid structures the FurdG was required to adopt
an anti-conformation and was expected to be less favoured than the syn-conformation it would
adopt in the antiparallel GQ.
The fluorescence response of the FurdG mHTelo strands mimicked the results observed in
the TBA study, where the fluorescence was relatively quenched for the duplex structure and the
development of a 290 nm energy transfer band and strong emission when in the GQ. The GQs
were significantly more emissive when in the presence of Na+ and in the antiparallel topology. A
measurement of the energy transfer efficiency also indicated that the external tetrad locations
(G4, G8 and G10) displayed smaller energy transfer ratios than the internal tetrad modification at
G3.
4.2.4.2. Impact on Duplex and GQ Stability
Similar to the results observed in the TBA study, the modifications caused a decrease in
thermal denaturation (Tm) of the duplex structures, but the GQ Tm was dependent on the probe
location and conformation within the GQ structures. The G4 location had the smallest influence
on the Tm and only slightly destabilized the GQ in K+ buffer, indicating that a C8-modified probe
can be incorporated within an anti location in a terminal tetrad of a GQ without hindering folding.
The G8 location had a 10.6 °C increase in Tm compared to the unmodified HTelo in K+,
suggesting, in accordance to the CD results, that the location provided an energetic benefit
towards folding into the hybrid structures. Position G10 was hypothesized to have an
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unfavourable interaction with the diagonal TTA loop present in the antiparallel structure due to
only having a 2.8 °C stabilization on the Tm compared to 6.7 °C and 7.8 °C for the other syn
locations. These results provided reasoning for the preference of G10 to adopt hybrid
conformations, as observed in the CD.
4.2.4.3. Conclusions and Future Work
The results from the study of FurdG in the HTelo strand indicated that a C8-modified-dG
adduct could readily be incorporated within the complex polymorphic GQs and actively select
towards specific conformations. Performance of a similar study, utilizing the ThdG probe, would
afford a more emissive probe and allow the location of the probe to be better selective towards a
specific hybrid structure (1 versus 2). Utilizing C8-aryl probes, kinetic studies could be
performed to analyze the rate of conversion between topologies when the probe is placed within
the G-tetrads or within the loops.
4.3. Materials and Methods

Native HTelo (5'-AGGGTTAGGGTTAGGGTTAGGG) and its complementary strand
(5'- CCCTAACCCTAACCCTAACCCT) were purchased from Sigma-Aldrich Ltd. and purified
by polyacrylamide gel electrophoresis (PAGE). The additives, N-methyl mesoporphyrin IX and
polyethylene glycol 600 MW (PEG-600), were also purchased from Sigma-Aldrich.
4.3.1. Oligonucleotide Synthesis and Purification
Oligonucleotide synthesis of the ThdG modified HTelo (5'AGGGTTAGG9GTTAG14G15GTTAGGG) with single modification incorporation at G9, G14, or
G15, were carried out on a 1 μmol scale on a MerMade 12 solid-phase oligonucleotide
synthesizer. Details of the oligonucleotide synthesis can be found in Appendix A- Experimental
Methods. FurdG mHTelo strands used on the kinetic studies were obtained from the previous
HTelo study, and were synthesized by Dr. Michael Sproviero and Ph.D. candidate Kaila Fadock.
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dU mHTelo loop modified strands were synthesized by M.Sc. student Thomas Cservenyi and

obtained for use in kinetic studies.
4.3.2. Mass Spectrometry Analysis
Masses of mHTelo were acquired in negative ion mode under electrospray ionization
(ESI) in a solution of 90% Milli-Q water 10% methanol with 0.1 mM ammonium acetate. ESIMS representative spectrum and more details can be found in Appendices A and C.
4.3.3. Thermal Denaturation and CD
Tm and CD studies were carried out on oligonucleotide solutions of 6 μM in either Na+ or
K+ phosphate buffer as listed. Details of these experimental procedures can be found in
Appendix A- Experimental Methods.
4.3.4. Fluorescence Analysis and Additives Studies
The annealed samples previously prepared above, were recorded as both excitation and
emission spectra in quartz cells (108.002F-QS) with a path length of 10 mm at 15 °C. Excitation
slit widths were held constant at 5 nm and emission slit widths at 2.5 nm. HTelo solutions
containing additives of acetonitrile, PEG-600, or NMM were prepared as a 1000 μL solution of 6
μM DNA in the presence of 100 mM K+ phosphate buffer, that were then heated in a water bath
to 90 °C and held for 5 minutes, and slowly cooled to room temperature over a minimum of 3
hours. The acetonitrile and PEG-600 additives were prepared as a 42.5% (v/v) solution, and the
NMM solution was prepared as 5 equivalents of NMM obtained from a 1.5 mM stock in Milli-Q
water.
4.3.5. Kinetic Measurements
6 μM solutions of mHTelo folded GQ in 100 mM Na+ phosphate buffer pH 7.0 with 0.1
M NaCl were prepared in a Hellma Analytics 119.004F-QS quartz cell with pathlength of 10 x 2
mm with stirring and temperature controlled at 25 °C. A baseline reading was obtained over a
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period of 30 seconds, followed by manual injection of 50 uL of 2.8 M K+ phosphate buffer pH
7.0 with 0.1 M KCl to give a final concentration of 140 mM, with 2 seconds or less of dead time
before collection. Samples were monitored at the energy transfer band, λex 290 nm, and/or the λex
maxima for each modification, and the λem for each probe. Kinetics were calculated using the
dynamic fit module on SigmaPlot v. 11.0 following a nonlinear regression model and equation 1.
Measurements were repeated 3 to 5 times and an average of the data was recorded.
4.4. Results and Discussion
4.4.1. Fluorophore Impact on Structure and Stability
The ThdG probe was inserted into a series of locations within the HTelo sequence that
optimized syn-preference selection towards one or two favourable structures (Table 4- 2). The G4
and G10 data indicated that the probe could adopt the anti-conformation with minimal influence
on the Tm, but that all the other probes adopted a topology where it existed in the synconformation. The ThdG locations selected were also chosen to include probes in the middle tetrad
(G9 and G15) as well as an external tetrad (G14). G14 is also a crucial location because similar to
G10, it is located on one end of the TTA diagonal loop in the antiparallel structure where steric
interactions had influenced the topology.
Table 4- 2 Conformations of each
HTelo
Location
G9
G14
G15

Th

dG modified locations in the polymorphic structures of

Antiparallel
Anti
Anti
Syn

Hybrid-1
Anti
Syn
Syn

Hybrid-2
Syn
Syn
Anti

4.4.1.1. Circular Dichroism
Insertion of a ThdG modification within the HTelo GQ allowed for both antiparallel and
hybrid structures to form freely. The wtHTelo forms an antiparallel GQ in the presence of Na+
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ions, and a mix of the hybrid topologies when exposed to K+ (Figure 4- 4, black). All of the ThdG
mHTelo strands studied exhibited the CD signature of the antiparallel basket when folded under
the presence of Na+, with positive bands at 245 nm and 295 nm, and a negative band at 265 nm.
Interestingly, the mHTelo strands all depicted similar CD signatures when in K+, indicating that
all of the oligonucleotides were able to fold into a mixture of the two hybrid topologies. In
wtHtelo strand consisting of 26 nuclebases, the more predominant conformation is the hybrid-2,
but hybrid -1 was discovered to exist in equilibrium and selectivity between the two are
dependent on the size and sequence of the flanking bases.27 Both hybrid conformations contain
the same 22-base nucleotide core, so the study we performed on wtHTelo consisting of these 22
bases eliminates any influence from the flanking nucleotides.
Close evaluations to the minor differences in the K+ CD spectra indicates that mHTelo
G14 is the most similar to the wtHtelo strand that contains a small positive peak at 250 nm, and
given the syn preference for either topology, it is expected that the relative ratios between the two
hybrid structures are similar to the wildtype ratio.
The modifications at G9 and G15 clearly adopted the hybrid conformations, indicated by
broad positive bands at 290 nm and small negative peaks at 235 nm, but given the similarities in
structure between the two hybrid topologies, it cannot be stated which topology was adopted. It is
hypothesized that the hybrid conformation where the modification is lying at a syn position would
be most favourable, but the past FurdG results showed that the modification could be forced into
either conformation with minimal effect on the CD. Close examination of the loops of the hybrid
structures indicate the potential for selectivity of one hybrid topology over the other. When either
modification is in the anti-conformation, it is in close proximity to the propeller loop that reverses
the strand polarity of the GQ. The thienyl moiety would be located along the same groove of the
GQ and may have an unfavourable or crowded interaction with the propeller loop. Therefore, it is

128

possible that loop crowding may impart some selectivity towards the alternate hybrid topology in
each case.

Figure 4- 4 CD of quadruplex ThdG mHTelo at G9 (green), G14 (red), and G15 (blue) compared
to wtHTelo (black) in Na+ (dashed), K+ (solid).

4.4.1.2. Thermal Melting Analysis
UV-Vis thermal melting experiments demonstrated that the ThdG modification stabilized
the GQ structures while causing a decrease in the duplex conformation. Independent of probe
location, the ThdG caused a decrease of 6.6 °C to 7.4 °C in the Tm of the duplexes (Table 4- 3).
These results are similar to the results seen in the TBA study and indicate that the duplex
destabilization is sequence independent and must be due to the adduct either being forced into an
unfavourable anti conformation, or a break in the W-C H-bonds to accommodate a syn-G.
As previously mentioned, G9 and G15 are both located within the central tetrad of the
HTelo complex. When in Na+ buffer, the G9 location is forced into an anti-conformation, and as a
result, the Tm was expected to be destabilized or minimally affected by the probe similar to the
results observed for FurdG at G4 that was only 0.6 °C stabilized when forced to be anti in the
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basket topology.26 The Tm of G9 was the smallest ΔTm recorded out of the ThdG probes, with a
result of only 1.6 °C stabilized. In comparison, the probe at G15 was a syn-G and it caused a
measured ΔTm of 7.0 °C, or a relatively large increase in GQ stability.
Table 4- 3 Thermal melting results of mHTelo as duplex and GQ in the presence of both Na + and
K+ counterions.
Tm, ΔTm

Tm, ΔTm

Tm, ΔTm

ΔTm

D,Na+

GQ,Na+

GQ,K+

(GQ,K+)- (GQ,Na+)

dG

69.7

61.6

68.0

6.4

Th

62.3, -7.4

63.2, 1.6

71.5, 3.5

8.3

Th

63.0, -6.7

69.3, 7.7

73.2, 5.2

3.9

Th

63.1, -6.6

68.6, 7.0

74.2, 6.2

5.6

Base

dG-9
dG-14
dG-15

The G14 location had surprising Tm results in the presence of Na+. In the antiparallel
basket, G14 is a location that is an anti-G, but the Tm displayed a strong stabilization of 7.7 °C.
The location of G14 must play a critical role; it is located in the external tetrad of the HTelo GQ,
and is on the 3' end of the diagonal TTA loop when in the antiparallel basket. Previous research
of the FurdG probe at G10, located on the 5' end of the diagonal TTA loop, indicated a strong
destabilization of the modified syn-G due to molecular crowding with the loop. It could therefore
be possible that the alternative has occurred, and the anti-G at G14 displays an enhanced
stabilization due to a favourable interaction between then thienyl moiety and the loop. The loop
adenine has the ability to stack onto the top of the G-tetrad and is in close proximity to G14 in
the solution NMR structures of the antiparallel basket (Figure 4- 5).28 Therefore, it may be
possible that a shift in orientation of the loop, due to the presence of

Th

dG, caused additional base

stacking onto G14 and enhanced stability of the GQ.
The unmodified wtHTelo strand displays a duplex Tm of 69.7 °C compared to the GQ Tm
of only 61.6 °C in Na+ buffer. This means that the duplex is the more favoured conformation and
that the antiparallel GQ formation is less favourable when the complementary strand is present.
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Once the strand was modified with ThdG, the duplex Tm dropped and the GQ Tm was raised,
causing a shift in equilibrium towards favouring the antiparallel GQ under the experimental
conditions performed. This is important because maintaining the HTelo GQ in solution is a
common strategy for therapeutics that aid in resisting telomerase activity, and reducing cell
proliferation.6,16,17

Figure 4- 5 Solution NMR structure of the G2-G10-G14-G22 tetrad (green) with the TTA
diagonal loop (cyan). PDBID 143D.

The Tm experiments were also performed on the mHTelo strands under the presence of
K+ to determine the adducts influence on the stability of the hybrid topologies. From the previous
study, the FurdG HTelo probes at G3, and G4 were anti in both of the hybrid topologies, and
confirmed through CD to form an antiparallel GQ in the presence of K+. The only FurdG data that
confirmed the hybrid structure was the modified strand at G8. It displayed a ΔTm of 12.0 °C and
G8 existed as syn in both hybrid topologies, potentially explaining the structural preference.
Alternatively, FurdG at G10 minimally stabilized the anti-conformations of both hybrids by 0.5
°C. In this ThdG study, all of the modifications, G9, G14, and G15, had positive stabilizations of
the hybrid topologies with 3.5 °C, 5.2 °C, and 6.2 °C respectively. These locations were also
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confirmed through CD to adopt the hybrid topologies, and for the G9 and G15 probes, there is an
indication of selectivity of one hybrid structure over the other. The mHTelo strands had a
relatively larger stabilizing influence over what was observed with FurdG10, and this provides
evidence that G9 and G15 may be in the hybrid topology that placed the probe on the syn-G, and
were not forced to adopt the anti-conformation.
4.4.1.3. Fluorescence Response
The fluorescence response of mHTelo strands in antiparallel versus hybrid topologies are
similar, but the energy transfer is larger in the antiparallel GQ. The 290 nm GQ diagnostic peak
discovered in the mTBA study is present in all of the fluorescence excitation spectra for the
mHTelo strands, further indicating its use as a positive indicator of GQ formation (Figure 4- 6).
The duplex emission intensity for all of the strands were relatively the same, and upon folding
into the GQ in Na+ or K+, the probes displayed a 2.0 - 3.2 fold increase in intensity monitored at
the emission maxima. The energy transfer efficiency, determined from the Irel 290/320, were
larger for the probes located in the central tetrad (G9 and G15), and corresponds with the results
observed with

Fur

dG at G3.

The relative emission intensities of the Na+ antiparallel GQ compared to the hybrid GQ in
K+ are experimentally the same. This is a drastic deviation from the FurdG data, that can be
explained by the fact that a large portion of the FurdG mHTelo strands were not adopting the
hybrid topology and changes in the fluorescence were due to the change in the ionic radius of the
central cation. The ThdG modifications allowed for full conformational switching to occur and
discovery that the fluorescence emission is not dependent on the GQ topology.
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Figure 4- 6 Fluorescence excitation and emission of ThdG mHTelo G9 (green), G14 (red), and
G15 (blue) GQs in Na+ (dotted) , K+ (dashed) and duplex (Na+ buffer, solid).

Table 4- 4 Fluorescence details of ThdG mHTelo in duplex and GQ conformations in Na+ and K+
buffers.
Th

M+

λexa

λem

Iemb

9

GQ,Na+

290
320
288
317
329

413
412
414
412
418

230
100
169
92
45

288

409

234

328

409

127

290

410

223

324

410

142

332

418

44

290

411

256

320

412

116

289

411

199

323

412

110

dG

GQ,K+
D,Na
14

+

GQ,Na+

GQ,K+
D,Na
15

+

GQ,Na+
GQ,K+
+

Irelc

Ireld

Irele

0.73
0.92

5.1
2.2
3.8
2

2.3
1.8

5.3
1.8

1.6

2.9
0.95

5.1

1.11

3.2
5.7

2.2
1.8

2.6
0.46

4.4

0.95

2.4

D,Na
331
418
45
Wavelengths for excitation (λex) and emission (λem) are in nm. bEmission intensity.
c
Relative emission intensity I290/I320. dRelative emission for GQ in K+/Na+. eRelative
emission for GQ/D.
a
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4.4.2. Structural and Fluorescence Response to Additives
The introduction of the ThdG within the HTelo strand inhibits the formation of the parallel
propeller GQ when placed in the internal tetrad. The folding topologies of HTelo can be
modulated through the use of a variety of additives.26 It has previously been determine that the
wtHTelo forms a parallel propeller GQ when in the presence of 42.5% (v/v) acetonitrile 29,
42.5% (v/v) polyethylene glycol (PEG-600),30,31 or 5 equivalents of N-methyl mesoporphyrin
(NMM).32 The propeller structure its thought to be a biologically relevant conformation because it
hinders the DNA damage-signalling protein, replication protein A, from binding to the telomere
and suppresses DNA damage signals and telomere cleavage.33 To adopt the parallel propeller
conformation, all of the bases are flipped into anti-conformations, and the strands run along the
GQ in the same direction. The CD for the wtHTelo parallel GQ is indicated by a strong positive
peak at 265 nm and a small negative peak at 240 nm and can be seen in Figure 4- 7 (black), and is
compared to the hybrid GQ with a broad positive peak at 290 nm.

Figure 4- 7 CDs of mHTelo GQ for ThdG at G9 (green), G14(red), and G15(blue) compared with
wtHTelo (black) in K+ (solid), and additives acetonitrile (dotted), PEG (dashed), and NMM
(long-dashed).
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Figure 4- 8 Fluorescence excitation and emission of mHTelo GQ for ThdG at G9 (green),
G14(red), and G15(blue) with K+ (solid), and additives acetonitrile (dotted), PEG-600 (dashed),
and NMM (long-dashed).

Table 4- 5 Fluorescence details of
and NMM.

Th

dG mHTelo strands with additives of acetonitrile, PEG-600

Th

Additive

λexa

λem

Iem

9

CH3CN

289

414

190

317
289
323
290
317
290

415
413
412
420
419
410

107
160
90
71
37
207

1.8

326
290
324
290
321
290

410
410
411
420
419
411

153
248
144
68
41
193

1.4

dG

PEG
NMM
14

CH3CN
PEG
NMM

15

CH3CN

Irelb

Irelc
0.9

1.8
1.9

1.7
1.7

0.9
1.1
1.0
2.3
2.5
1.1
0.9
0.9
1.0
3.3
3.5
1.0

321
412
114
1.7
1.0
PEG
290
413
186
1.1
324
413
102
1.8
1.1
NMM
290
420
74
2.7
320
419
37
2.0
3.0
a
b
Wavelengths for excitation (λex) and emission (λem) are in nm. Relative
emission intensity I290/I320. c Relative emission intensity GQK+/(GQK++additive).

135

4.4.2.1. Addition of Acetonitrile
The effect of solvation on the GQ conformation was studied by introducing 42.5% (v/v)
acetonitrile in the standard K+ phosphate buffer solution. The wtHTelo readily adopts the parallel
topology as seen in Figure 4- 7 (black, dotted). The mHTelo strands for all of the ThdG
modifications, or the previous FurdG modifications, do not adopt the parallel conformation in the
presence of acetonitrile. Each of the CD spectra indicate that the mHTelos maintain the hybrid
conformations as observed in K+ buffer. This was an expected result because in order for the
mHTelo strands to adopt the antiparallel GQ, all of the ThdG sites would have to flip into an anticonformation. In the hybrid structures, each modification adopts the syn-conformation in at least
one of the two hybrids, and still maintain a stable structure as per their Tm data. Therefore, the
strands would be resistant towards adopting a less-stable anti-G structure and not follow the
example displayed by the wtHTelo.
The fluorescence responses of the probes to the addition of acetonitrile is shown in Figure
4- 8 (dotted). Since the CD data indicated that each of the mHTelo strands remained in their
respective hybrid topologies, any changes in the fluorescence would be due to the modifications
in the solvent environment and not caused by changes in the GQ topology. The Irel of the
fluorescence emissions between the mHTelos in K+ buffer versus in the presence of the
acetonitrile additive are between 0.9 and 1.1 (Table 4- 5), indicating that the solvent conditions
had minimal impact on the fluorescence response of the ThdG. The energy transfer ratios between
the peak at 290 nm and 320 nm were also not affected, further concluding that the topologies of
the mHTelo strands were not changed.
4.4.2.2. Addition of PEG-600
Th

dG mHtelo strands were resistant to the formation of the parallel propeller in the

presence of PEG-600. The addition of PEG-600 to a solution containing wtHTelo was performed
to mimic how molecular crowding affects biological macromolecules inside the cell.31 From the
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dG studies, the addition of PEG-600 caused modified strands at G3, G4 and G8 to adopt a mix

of parallel and hybrid topologies in solution, with G8 populating the parallel structure the most
readily.26 In comparison, the internal ThdG modifications at G9 and G15 hindered the formation of
the parallel topology in the presence of PEG-600, with only a hint of a shoulder detected for G9
at 265 nm. G14 exhibited a CD signature of a mix of hybrid and parallel topologies that was
concluded by observing the development of a strong positive peak at 265 nm. The mHTelo G14
strand had previously indicated a strong (7.7 °C) stabilization of the antiparallel basket that forced
the adduct to adopt an anti-conformation, and the smallest difference in Tm between the Na+ and
K+ GQs. Coupling this information with the PEG-600 CD results indicates that the G14 location
was accepting, and possibly stabilized, the anti-conformation also present in the parallel GQ.
The fluorescent responses of G9 and G15 under the presence of PEG-600 are the same as
what was observed in K+ buffer and confirmed that there was no change in structure between the
two solutions. The fluorescence of G14 has the same emission intensity between the two
solutions, but examination of the energy transfer bands indicates some minor differences. There
was a small observable enhancement in the energy transfer band of G14 at 290 nm, causing the
Irel290/Irel320 to increase from 1.6 to 1.7. This is indicative that the parallel propeller conformation
has slightly more efficient stacking interactions that were detected by the G14 modification, and
were potentially caused by stacking of NMM on top of the modification. This result was also
detected in the FurdG series, where an increase in the energy transfer efficiency was detected for
G3, G4, and G8, and ascribed to the PEG-600 stacking on the ends of the GQ.34 There were no
detectable changes in the energy transfer of G9 and G15 because they are located within the
central tetrad, and therefore do not directly interact with PEG-600.
4.4.2.3. Addition of NMM
The addition of NMM did not force structural changes in the ThdG mHTelo strands.
NMM was proven to select for the parallel topology in wtHTelo by stacking on the end of the
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GQ.32,35 It is selective for the parallel structure because of optimal π-π stacking and the methyl
group on the inside of the NMM ring fits directly above the parallel GQ core and interacts with
the K+ ions, while the antiparallel structure causes steric interference and results in no NMM
binding.32 In the FurdG study, mHTelo strands at G3 and G8 indicated a small fraction of parallel
conversion upon introduction of 5 equivalents of NMM.26 In contrast, the ThdG at G14 indicated
some minor parallel folding, while G9 and G15 presented CD spectra similar to the hybrid
topologies.

Figure 4- 9 Spectral overlap of NMM with mHTelo emission of FurdG (top) and ThdG (bottom).

The fluorescent intensities of the ThdG mHTelo strands in the presence of NMM were
drastically quenched in relation to the emission in K+ buffer. Previously, NMM has had some
success for use as a fluorescent dye reporter of GQ DNA and it has a reported absorbance
centered at 399 nm and fluorescence emission at 610-614 nm.36-38 The absorbance of NMM
partially overlaps with the emission of ThdG at 420 nm, so it is possible that the process known as
fluorescence resonance energy transfer (FRET) is occurring between the two molecules. In order
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for FRET to occur, there must be sufficient energy overlap between the emission of the donor
molecule and the excitation of the acceptor, and it results in the emission of the donor being
detected at a longer wavelength. In the case of the FurdG study, FRET was detected upon binding
of NMM and it caused the emission of the FurdG at 315 nm to be split into two separate peaks, and
a detectable emission around 620 nm due to the NMM. The FRET response was not detected in
the current study performed with ThdG as there is significantly less overlap between the donor
Th

dG and the NMM acceptor, and therefore there must be an alternate cause of the drastic

fluorescence quenching observed (Figure 4- 9). From the results of the ThdG study performed on
TBA (Chapter 2), the probe fluorescence was quenched when rotation of the thienyl moiety was
hindered through steric interactions and π-stacking. It can therefore be proposed that the πstacking of NMM on the end of the parallel GQ is the cause of the quenched fluorescence in
mHTelo.
4.4.3. Na+ to K+ Exchange Kinetics
HTelo GQ conformations in varying concentrations of cations are of high interest to
researchers because the internal cellular environment has a relatively high concentration of K +
(140 mM) versus Na+ (10 mM) in solution, and would dictate folding topologies and biological
function.39,40 Analysis of the folding kinetics is an essential part to understand pathways of DNA
folding, and can identify intermediates and rate limiting transitions that may not be detected in
crystal or NMR structures. HTelo GQ unfolding and annealing to a duplex with a peptide nucleic
acid (PNA) strand was examined using FRET of tagged sequences with a Cy5 fluorophore on one
end and a tetramethyl rhodamine fluorophore on the other.41,42 UV-Vis has been utilized to
analyze the kinetics of HTelo GQ formation upon introduction of K+ and indicated that ssDNA
folding occurs in two proposed steps with rates of 7 ms and 40 ms.43 While the rates of GQ
unfolding to duplex play an important role in the telomere stability and availability for
transcription, changes between different GQ topologies has been less studied. It was determined
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through solution NMR analysis that the energy difference between the two different hybrid
topologies is small, yet the kinetics to convert between the two is slow (1 day).27 Through the use
of 2AP inserted into the loops of HTelo, Gray et al. have identified three possible steps in the
conversion between the antiparallel basket and the hybrid topologies, a rapid change in the
millisecond timescale, and slower changes at ~50 s, and ~800 s.39,40,44 The limit of using 2AP is
that it can only be included in the loops of the GQ and therefore only responds to changes in loop
conformations. Through insertion of probes within the GQ core, it is possible that more
information may be provided on the conversion between the different topologies of HTelo. The
Fur

dG and ThdG probes were incorporated into the GQ core, while FurdU was inserted within the

loops. The rates between the conversion of the antiparallel basket in the presence of Na+, to the
hybrid conformations upon addition of a concentrated K+ buffer, was measured under
physiological conditions of 140 mM K+ and 10 mM Na+.39,40

Figure 4- 10 The proposed pathway of conformation changes of HTelo from the antiparallel GQ
in Na+ to the hybrid topologies in K+. Reproduced from reference with permission.45
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The rearrangement pathway from antiparallel GQ to hybrid GQs has been proposed by
Zhang and coworkers (Figure 4- 10).45 Their study proposed that the addition of K+ to the Na+
basket causes the formation of an intermediate K+ basket conformation that readily undergoes a
strand-reorientation mechanism to form the hybrid topologies. A proposed intermediate within
this mechanism is the formation of a 2-tetrad GQ that frees up some of the guanines from the
GQ core and provides flexibility to allow for rearrangement of the strand. Studies on the
unfolding of the hybrid topologies also indicated the presence of an intermediate state that fits
the proposed two-tetrad conformation.46
4.4.3.1. Rate Calculation
The rates of conversion were calculated via the following equation 1:

(1)
where y(t) is the fluorescence intensity at time t, y0 is the final equilibrium value of the
fluorescence intensity, τ1 and τ2 are the relaxation times, and A1 and A2 are the signal amplitudes
at t = 0. The values of y0 and Ai are fluorescence intensity values that depend on slit width and
concentration, and therefore change between the different probes used within this study. The rates
derived from this study are probe independent, and therefore the most important analysis is the
comparison of τi values (Table 4- 6).
The relaxation times and errors were calculated in minutes and then converted to seconds.
The data collected before the addition of the KCl solution and during the mixing time were
excluded from the calculations. Standard errors of individual runs were calculated with the
SigmaPlot program and the full tabulated data including y0 and Ai values can be found in
Appendix D- Additional Data.
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Table 4- 6 Kinetic relaxation rates for mHTelo strands.
Probe

Location

ΔTm (°C)
GQK+-GQNa+

τ0 (s)

τ1 (s)

τ2 (s)

Fur

central tetrad

3.0

NA

NA

NA

Fur

edge tetrad

4.7

NA

NA

NA

Fur

loop

8.9

14 ± 11

385 ± 165

Fur

loop

8.0

46 ± 5

259 ± 1

Fur

dG8

edge tetrad

10.6

80 ± 1

Th

dG3
dG4
dU5
dU6

dG9

central tetrad

8.3

176 ± 25

Fur

dG10

edge tetrad

4.1

128 ± 3

Fur

loop

5.4

116 ± 28

Fur

dU12

loop

6.9

Th

dG14

edge tetrad

3.9

90 ± 35

Th

central tetrad

5.6

81 ± 6

loop

8.4

54 ± 27

dU11

dG15

Fur

dU17

92 ± 8

449 ± 1211
745 ± 435
128 ± 25

4.4.3.2. Fluorescence Response as a Reporter of Conformational Changes
Insertion of the aryl-dG probes allowed for a comprehensive study of the fluorescence
kinetics of mHTelo. Starting from the first modified locations, G3 and G4, addition of K+ ions
caused a rapid decrease in fluorescence emission. This change occurred within the 2 seconds of
mixing time, and after such, no further changes were seen and a kinetic rate could not be
determined (Figure 4- 11). Analysis of the CD spectra for these two positions indicated that the
topologies of the GQs remained as antiparallel baskets in both Na+ and K+ buffer, and the change
in fluorescence can be attributed to an effect of the K+ ions in the central core.
The first loop modifications, FurdU5 and FurdU6, had similar fluorescence profiles to each
other and the quenching effect normally occurring during the mixing time was slow enough to be
partially detected, and was measured to have τ0 of 14 s and 46 s for positions 5 and 6 respectively
(Figure 4- 12). It must be noted that since only the tail-end of this first transition was detected, it
can be assumed that a large amount of error exists in the calculation of the relaxation time τ0
without the complete kinetic profile to analyze. Following this process, a slow first-order
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increase in fluorescence over a period of minutes was observed (τ1= 259 s and 385 s). This
result differed from the results observed by Gray et al. when 2AP was placed at position 7 within
the same loop. In their study, AP7 had a unique kinetic profile whereby after the initial mix
quenching, the fluorophore had a biphasic change, fluorescence enhancement followed by
quenching with τ1 and τ2 of 122 s and 1086 s respectively. They proposed that the biphasic nature
of the kinetics may have been due to an additional isomerization from the antiparallel topology to
the parallel arrangement, and therefore indicated the formation of the hybrid-1 structure.39 Since
this was not observed with the dU adducts, it can be concluded that the rearrangement from
antiparallel to parallel topologies did not occur at this loop and that the hybrid-2 conformation
was instead formed by these strands.
Modifications of FurdG8, ThdG 9, and FurdG 10 along the GQ core all exhibited similar
fluorescence responses of a first-order decay with τ1of 80-176 s. It is assumed that the hybrid-2
topology was formed because additional rearrangements in the kinetic profile were not noted,
which are a requirement for the formation of the hybrid-1 topology. Of this series, the slowest
conversion was observed when a probe was placed in the central tetrad at G9. The kinetic data
obtained during the mTBA study (Chapter 2) indicated that the larger the ΔTm, the faster the
conversion between two conformations. Comparison of the ΔTm values between the antiparallel
and the hybrid topologies of mHTelo indicated that FurdG8 should have had the fastest conversion
because it had the largest ΔTm of 10.6 °C. The mHTelo data does not agree with the previous
conclusion, and therefore supplements the theory that the rearrangement pathway of HTelo
occurs in several steps. The relatively slower kinetics observed upon modification of the central
tetrad indicates that this location may play a role in arranging the core of the GQ, and the
modification has slightly hindered this process. This may also be an indication of the influence of
the kind of probe because location 9 was a ThdG modification while G8 and G10 were FurdG
probes.
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Figure 4- 11 Na+ to K+ exchange kinetics for mHTelo for the strands with modifications within
the GQ core.

The next modifications were loop positions 11 and 12 with FurdU. Both locations
displayed drastic quenching within the mixing time, but after this initial process, U11 continued
to quench following a first-order decay with τ1 of 116 s, and U12 displayed a very slow increase
in fluorescence (τ1 = 449 s) similar to what was observed at U5 and U6. Comparison of this data
to AP13, that displayed a τ1 of 189 s and a similar fluorescence profile as U11,39 indicates that
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the same folding process is occurring without additional rearrangement steps and must be due to
the conversion of the loop from a diagonal to edge loop.

Figure 4- 12 Na+ to K+ exchange kinetics for mHTelo for the strands with modifications within
the loops.

Directly after the loop were the modified locations of ThdG14 and ThdG15. Within the
mixing time, both locations saw a drastic decrease in fluorescence intensity similar to the other
modified locations. ThdG15 then continued a first-order fluorescence decay with τ1 of 81 s, but
Th

dG14 displayed a biphasic kinetic profile with a quick increase in fluorescence, followed by a

slow decrease with measured τ1 and τ2 as 90 s and 745 s respectively. To undergo the conversion
from antiparallel basket to either of the hybrid topologies, G14 must undergo a change in
conformation from anti to syn, but it is only in hybrid-2 that the location of G14 changes to
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accommodate the strand polarity reversal. It can be theorized that the biphasic kinetic profile is
due to the additional strand rearrangement seen in the tetrads of the hybrid-2 topology.
The third loop was modified with FurdU17 , and it also showed a biphasic kinetic profile.
After the initial decrease in fluorescence during the mixing time, the probe displayed a quick
increase with τ1 of 54 s followed by a slow decrease in fluorescence with τ2 of 128 s. This profile
indicates that the modification at U17 undergoes additional rearrangement from the antiparallel to
parallel topology over a longer time period, and therefore must be forming the hybrid-2 structure.
This is in contrast to the study performed with AP19, located within the same loop, that indicated
a first-order decay of τ1 of 296 s and was proposed to adopt the hybrid-1 topology.39
From these kinetic studies, it can be concluded that the location of the probe can have an
influence on the type of hybrid topology formed, as probes within the same loops or along the
same G-stretches exhibited different fluorescence profiles. Previous analysis on wtHTelo folding
kinetics indicated a three step process whereby there is an initial rapid step >5 s attributed to the
exchange of the cations within the core,47 followed by slower steps with τ values of ~50 s and
~800 s proposed to be the formation and rearrangement of various triplex structures.39,48 The
addition of the probes did not appear to significantly influence the rates of GQ rearrangement, but
in the case of FurdG3 and FurdG4, the probe inclusion completely hindered the hybrid formation.
4.5. Conclusions
The placement of aryl-dG adducts within the repetitive HTelo sequence provided a means
to analyze the various conformations of the GQ structure. Insertion of ThdG within the G-tetrad
core caused enhanced stabilization of the antiparallel and hybrid topologies and resisted the
formation of the parallel propeller conformation under molecular crowding conditions and
binding to propeller stabilizers. The results obtained from these studies indicate that insertion of a
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single adduct within the G-tetrads can act as a GQ stabilizer and the potential to act as telomerase
regulators.
The entire mHTelo series containing modified ThdG, FurdG and FurdU were assembled and
their fluorescence properties were utilized to monitor changes in GQ conformations under the
presence of physiological salt concentrations. This study demonstrated that placement of adducts
within the G-tetrads or within the loops can be sensitive fluorescence reporters and provide
detailed kinetic profiles of conformational changes.
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CHAPTER 5: Push-Pull dG bases
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5.1. BIG PICTURE:
The development of fluorescent probes for use in aptamer design and target molecule
detection is a constantly evolving field of research. The ideal probe needs to have switching
capabilities, either through changes in emission intensity (off-on probes) or shifts in wavelength
(colorimetric probes). They must be sensitive to their environment and ideally would be excited by
visible light and display a visible switching properties to use within handheld detection devices.
Within the series of modified dG bases outlined in the previous chapters, none of the adducts
exhibited excitations or emissions in the visible band of the electromagnetic spectrum, and therefore
further development of these probes was required.
In this chapter, a series of donor-acceptor probes were synthesized that contained electron
withdrawing substituents on aryl rings, attached to the C8 position of dG. The probes were examined
for their solvatochromic responses and were determined to mimic the trends observed in molecular
rotors. The electron-withdrawing substituent caused the probe to adopt either twisted or planar
excited states that were extremely sensitive to the microenvironment around the probe, and were
discovered to be non-emissive in water. The probes were more emissive under rigid environments,
and indicate a potential use in systems where the probe is forced into a restrictive environment such
as binding within a protein pocket.
The acetylphenyl-dG (AcPhdG) probe was selected for insertion within the TBA strand and
the probe displayed dual fluorescence emission when placed within viscous environments that
mimic the intracellular environment. The probe was not excited by light within the visible region of
the electromagnetic spectrum, but the information gained from these studies can be applied towards
other molecular rotor systems. The addition of the electron withdrawing groups red-shifted the
excitation and emission bands relative to the unmodified aryl rings, and is a promising feature to
exploit in future probe development.
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5.2. General Introduction
5.2.1. Donor-Acceptor Bases
Modified purine analogues were synthesized by Castellano et al. that contained electron
donors at the C2 and C6 positions, and an acceptor modification at C8.1 It was determined that
addition of an acceptor molecule such as cyano, amide or ester group would significantly increase
the quantum yield of the molecule and cause a red-shift in the absorption spectrum, separating it
from DNA absorbance at 260 nm. The synthesized molecules were also found to be highly
solvatochromic, where changes in the solvent caused large shifts in emission wavelength. The
compounds were proposed for detection systems that monitor changes in the microenvironment
around the probe, but concluded that further studies to enhance their optical properties would be
required.
The donor-acceptor system of modified dG bases were also reported to help stabilize Gtetrad formation.2,3 An acetyl group was placed at the meta-position of a C8-phenyl-substituted dG,
and self assembly of G-tetrads were observed in solution. The location of the acetyl group was
ideally placed to extend the Hoogsteen bonding face of the dG, and additional H-bonds were formed
between the acetyl ketone and the exocyclic amine on the adjacent base. This stabilized the
formation of a nucleoside G-tetrad in solution, and the additional aryl group increased the surface
areas of the tetrad and aided in stacking of several tetrads in solution.
Development of a series of push-pull adducts were performed with the intent to synthesize
visibly emissive probes that displayed switching characteristics that can be applied within detection
platforms. A series of aryl-dG bases were proposed that were hypothesized to display similar
solvatochromic responses to the donor-acceptor compounds, but have red-shifted and more intense
emissions due to the addition of the aryl groups. It is proposed that the probes synthesized within
this chapter could be used within the GQ structure and not cause destabilization of the tetrads. The
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nucleoside properties of these adducts were analyzed and one was selected to be incorporated within
DNA as part of a push-pull adduct study.
5.3. Materials and Methods
5.3.1. Synthesis of Modified dG adducts
5.3.1.1. Suzuki Miyaura Coupling
5.3.1.1.1.

General Procedure

The series of adducts synthesized consist of aryl groups (phenyl, furan, thiophene) with
electron withdrawing substituents (formyl, acetyl, cyano) (Scheme 5- 1). Suzuki-Miyaura cross
coupling reactions were performed in aqueous conditions according to previously published
protocols to yield the modified dG adducts.4,5 8-BrdG (0.40 mmol), boronic acid (0.45 mmol),
Pd(OAc)2 (0.001 mmol), TPPTs (0.03 mmol), and Na2CO3 (0.7 mmol), were placed in a degassed
solution of 2:1 water:acetonitrile. The mixture was refluxed for 4 hours, diluted with water, and pH
was lowered to 7.0 with HCl. The reaction was kept at 4 °C overnight, and the resulting precipitate
was filtered and washed with water with no additional purification required. The CNPhdG adduct was
synthesized and obtained from Dr. Michael Sproviero to perform solvatochromic studies.
Scheme 5- 1 Suzuki reaction for the synthesis of push-pull dG adducts.
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5.3.1.1.2.

Synthesis of Analogues

8-(p-Acetylphenyl)-2'-dG: Synthesis was performed as described to afford 0.12 g of a pale green
solid (87% yield). 1H NMR (400 MHz, DMSO-d6) δ = 10.79 (s, 1H), 8.10 (d, J = 8.4 Hz, 2H), 7.83
(d, J= 8.4 Hz, 2H), 6.47 (s, 2H), 6.08 (t, J = 6.8 Hz, 1H), 5.15 (d, J= 4.4 Hz, 1H), 4.95 (t, J = 6.0 Hz,
1H), 4.33 (bs, 1H), 3.77-3.79 (m, 1H), 3.64-3.67 (m, 1H), 3.53-3.57 (m, 1H), 3.15 (m, 1H), 2.63 (s,
3H), 2.00-2.05 (m, 1H). 13C NMR (300 MHz, DMSO-d6) δ = 197.5, 156.6, 153.1, 152.3, 146.0,
136.9, 134.5, 129.3, 128.5, 88.0, 84.7, 71.2, 61.9, 36.5, 27.0.
8-(p-Formylphenyl)-2'-dG: Synthesis of this compound was performed as previously described4 to
afford 0.44 g of a pale green solid (92% yield). 1H NMR (400 MHz, DMSO-d6) δ = 10.07 (s, 1H),
8.03 (d, J = 7.2 Hz, 2H), 7.86 (d, J = 7.6 Hz, 2H), 6.73 (bs, 2H), 6.12 (t, J = 7.6 Hz, 1H), 5.92 (bs,
1H), 5.15 (bs, 1H), 4.36 (s, 1H), 3.84 (s, 1H), 3.67-3.71 (m, 1H), 3.54-3.57 (m, 1H), 3.11-3.18 (m,
1H), 2.05-2.07 (m, 1H). 13C NMR (300 MHz, DMSO-d6) δ = 192.7, 155.7, 152.5, 145.0, 136.0,
130.2, 129.6, 129.5, 127.9, 117.8, 88.1, 84.8, 71.2, 62.1, 36.9.
8-(m-Formylphenyl)-2'-dG: Synthesis was performed as described to afford 0.44 g of a grey solid
(82% yield). 1H NMR (400 MHz, DMSO-d6) δ = 10.77 (s, 1H), 10.09 (s, 1H), 8.18 (s, 1H), 8.01 (d, J
= 7.6 Hz, 1H), 7.97 (d, J = 7.6 Hz, 1H), 7.76 (t, J = 7.6 Hz, 1H), 6.45 (bs, 2H), 6.07 (t, J = 7.2 Hz,
1H), 5.13 (d, J = 4.4 Hz, 1H), 4.92 (t, J = 6.4 Hz, 1H), 4.28 (bs, 1H), 3.75-3.77 (m, 1H), 3.58-3.63
(m, 1H), 3.51-3.55 (m, 1H), 3.05-3.12 (m, 1H), 2.02-2.06 (m, 1H). 13C NMR (300 MHz, DMSO-d6)
δ = 192.9, 156.6, 153.1, 152.1, 145.8, 136.3, 134.7, 131.3, 130.2, 129.8, 129.5, 117.2, 87.8, 84.3,
70.9, 36.6.
8-(2"-Acetylthienyl)-2'-dG: Synthesis was performed as described to afford 0.041 g of an orange
solid (27% yield). 1H NMR (400 MHz, DMSO-d6) δ = 10.82 (s, 1H), 7.96 (d, J = 4.0 Hz, 1H), 7.57
(d, J = 4.0 Hz, 1H), 6.53 (bs, 2H), 6.26 (t, J = 7.6 Hz, 1H), 5.19 (d, J= 4.4 Hz, 1H), 4.90 (t, J = 5.6
Hz, 1H), 4.38 (bs, 1H), 3.81 (m, 1H), 3.62 (m, 1H), 3.51 (m, 1H), 2.56 (s, 3H), 2.09-2.11 (m, 1H).
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C NMR (300 MHz, DMSO-d6) δ = 190.9, 156.4, 153.3, 144.5, 140.4, 139.4, 134.1, 128.7, 87.9,

13

84.4, 70.9, 61.8, 36.3, 26.5.
8-(2"-Formylthienyl)-2'-dG: Synthesis was performed as described to afford 0.046 g of beige solid
(46% yield). 1H NMR (400 MHz, DMSO-d6) δ = 10.85 (s, 1H), 9.95 (s, 1H), 8.06 (d, J = 4.0 Hz,
1H), 7.68 (d, J = 4.0 Hz, 1H), 6.58 (bs, 2H), 6.28 (t, J = 7.2 Hz, 1H), 5.21 (d, J = 4.8 Hz, 1H), 4.90
(t, J = 6.0 Hz, 1H), 4.40 (m, 1H), 3.82 (m, 1H), 3.61-3.65 (m, 1H), 3.50-3.55 (m, 1H), 2.09-2.13 (m,
1H). 13C NMR (300 MHz, DMSO-d6) δ = 184.4, 184.3, 156.4, 153.4, 152.6, 143.5, 140.6, 140.1,
138.9, 138.1, 128.7, 117.7, 87.9, 84.4, 70.9, 61.8, 36.3.
8-(2"-Formylfuryl)-2'-dG: Synthesis was performed as described to afford 0.090 g of brown/red
solid (56% yield). 1H NMR (400 MHz, DMSO-d6) δ = 10.87 (s, 1H), 9.65 (s, 1H), 7.68 (d, J = 3.6
Hz, 1H), 7.21 (d, J = 4.0 Hz, 1H), 6.59 (bs, 2H), 6.43 (t, J = 6.8 Hz, 1H), 5.18 (bs, 1H), 4.85 (bs,
1H), 4.42 (bs, 1H), 3.76 (m, 1H), 3.58-3.61 (m, 1H), 3.45-3.49 (m, 1H), 3.12-3.15 (m, 1H), 2.102.12 (m, 1H). 13C NMR (300 MHz, DMSO-d6) δ = 178.2, 156.5, 153.6, 152.1, 148.9, 136.2, 124.2,
118.0, 113.7, 111.9, 87.8, 84.1, 70.8, 61.9, 37.5.
5.3.1.2. Deglycosylation Reaction
5.3.1.2.1.

General Procedure

Adducts were placed in a solution of 10% formic acid and refluxed for 30 minutes. The pH
of the solution was raised to 7.0 and put on ice for an hour to facilitate precipitation. The product
was filtered and washed with water to yield quantitative amounts of the deglycosylated adduct.
5.3.1.2.2.

Synthesis of Analogues

8-(p-Acetylphenyl)-2'-G: Synthesis was performed as described to afford 0.071 g of a pale green
solid (100% yield). 1H NMR (300 MHz, DMSO-d6) δ = 12.97 (bs, 1H), 10.61 (bs, 1H), 8.10-8.13 (d,
J = 8.4 Hz, 2H), 8.00-8.03 (d, J = 8.4 Hz, 2H), 6.40 (bs, 2H), 2.58 (s, 3H).
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8-(p-Formylphenyl)-2'-G: Synthesis was performed as described to afford 0.030 g of a pale green
solid (90% yield). 1H NMR (300 MHz, DMSO-d6) δ = 13.02 (bs, 1H), 10.62 (bs, 1H), 10.00 (s, 1H),
8.16-8.19 (d, J = 7.8 Hz, 2H), 7.95-7.98 (d, J = 7.8 Hz, 2H), 6.46 (bs, 2H).
8-(p-Cyanophenyl)-2'-G: Synthesis was performed as described to afford 0.042 g of a pale yellow
solid (91% yield). 1H NMR (300 MHz, DMSO-d6) δ = 13.06 (bs, 1H), 10.63 (bs, 1H), 8.12-8.14 (d,
J = 6.3 Hz, 2H), 7.91-7.93 (d, J = 6.3 Hz, 2H), 6.48 (bs, 2H).
8-(Phenyl)-2'-G: Synthesis was performed as described to afford 0.030 g of a white solid (89%
yield). 1H NMR (300 MHz, DMSO-d6) δ = 12.78 (bs, 1H), 10.56 (bs, 1H), 7.99 (bs, 2H), 7.42-7.45
(m, 3H), 6.36 (bs, 2H).
5.3.2. Synthesis of AcPhdG Phosphoramidite
5.3.2.1. N2 Protection
N2-(Dimethylformamidyl)-8-(p-acetylphenyl)-2'-dG: Synthesis was performed as previously
described in Chapter 2 to afford 0.68 g of a green solid (58% yield). 1H NMR (300 MHz, DMSO-d6)
δ = 11.52 (s, 1H), 8.51 (s, 1H), 8.09 (d, J = 7.5 Hz, 2H), 7.81 (d, J = 7.8 Hz, 2H), 6.10 (t, J = 6.6 Hz,
1H), 5.21 (d, J = 3.6 Hz, 1H), 4.88 (bs, 1H), 4.44 (bs, 1H), 3.81 (m, 1H), 3.65-3.67 (m, 1H), 3.563.58 (m, 1H), 3.15 (s, 3H), 3.04 (s, 3H), 2.63 (s, 3H), 2.07 (m, 1H). 13C NMR (300 MHz, DMSO-d6)
δ = 197.5. 158.2, 157.5, 157.0, 150.9, 147.0, 137.0, 134.3, 129.4, 128.4, 120.5, 87.8, 84.9, 71.0,
61.9, 40.8, 37.0, 34.7, 30.8, 26.9. HRMS calcd for C22H24N6O5+ [M+H+] 441.1886; found 441.1896.
5.3.2.2. 5'OH DMT Protection
5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(p-acetylphenyl)-2'-dG: Synthesis was
performed as previously described in Chapter 2 to afford 0.32 g of a pale green oil (40% yield). 1H
NMR (300 MHz, CDCl3) δ = 8.36 (s, 1H), 7.98-7.95 (d, 2H, J = 8.7 Hz), 7.94-7.91 (d, 2H, J = 8.7
Hz), 7.40-7.37 (m, 2H), 7.28-7.24 (m, 4H), 7.20-7.13 (m, 3H), 6.73-6.70 (m, 4H), 6.21-6.14 (m,
1H), 4.83-4.79 (m, 1H), 4.10-4.05 (m, 1H), 3.73 (s, 6H), 3.51-3.44 (m, 1H), 3.38-3.24 (m, 2H), 2.99
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(s, 3H), 2.90 (s, 3H), 2.60 (s, 3H), 2.31-2.24 (m, 1H). 13C NMR (400 MHz, CDCl3) δ= 197.6,
158.3, 158.2, 158.0, 157.9, 155.8, 151.3, 148.5, 144.8, 137.3, 135.9, 135.8, 129.9, 129.8, 129.7,
128.3, 128.0, 127.7, 126.7, 120.7, 112.9, 86.0, 85.3, 84.0, 72.0, 64.2, 55.2, 52.7, 45.9, 41.4, 37.9,
35.1, 26.8, 9.8, 7.9. HRMS calcd for C43H43N6O7+ [M + H+]: 743.3139 found 743.3211.
5.3.2.3. Phosphoramidite Synthesis
3′-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5′-O-(4,4′-dimethoxytrityl)- N2 (dimethylformamidyl)-8-(4ʹʹ-acetylphenyl)-2ʹ-dG: Synthesis was performed as previously
outlined in Chapter 2 to yield a pale yellow foam (93% yield). 31P NMR (300 MHz, CDCl3) δ =
149.0, 148.9. HRMS calcd for C51H60N8O8P+ [M+H+]: 943.4272; found 943.4236.
5.3.3. Determination of Photophysical Properties
Stock solutions of all modified dG bases were prepared as 4 mM in DMSO due to limited
solubility in alternate solvents. Spectroscopic solutions contained <1% DMSO and used reagent
grade solvents. UV-Vis samples were run in 2000 μL 100-QS quartz cells with temperature control
and stirring, and observed from 220 nm to 400 nm with background correction. Fluorescence
readings were observed in 101-QS quartz cells with temperature control and stirring. Samples were
excited at their respective λmax and spectra were recorded to 600 nm. Quantum yields for the
nucleoside adducts were determined according to previously published protocols,5 using the
comparative method,6 with quinine bisulfate (φfs= 0.546 in 0.5 M H2SO4) serving as the
fluorescence quantum yield standard. The following equation is used to calculate quantum yield:

Where x and s represent the sample and standard respectively, Ai is the point of maximum
absorption overlap, Fi is the integration of the fluorescence emission after excitation at the
wavelength determined from A, and ni is the solvent polarity index.
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5.3.4. Determination of N1H pKa
Buffers were prepared as the following using ultra filtered (18.2 MΩ) milli-Q water: 5 mM
buffer solutions of MOPS (pH 7.0), Tris (pH 7.5, 8.0, 8.5, 9.0), CAPS (pH 9.5, 10.0, 10.5, 11.0) with
ionic strength (μ) maintained using 0.1 M NaCl. N1H pKa values were obtained with the following
equation:

With A representing the absorption of the analytical wavelength (280 nm) at different pH values, AM
the absorption of the neutral species (pH 7), and AI the absorption of the deprotonated species (pH
11). pKa values were determined for pH values between 7.5 and 10.5, and the average was taken.
5.3.5. DFT Calculations
DFT calculations were performed by our collaborators, Dr. Purshotam Sharma of the
Wetmore group located at the University of Lethbridge, Lethbridge, Alberta. Potential energy
surface (PES) scans for PhdG, CNPhdG, pCHOPhdG, and AcPhdG carried out at the B3LYP/6-31G(d)
level of theory as a function of θ , the dihedral angle controlling the relative orientation of the phenyl
(or substituted phenyl) and nucleobase rings. In addition to rotation about θ, the puckering of the
sugar moiety and the orientation of the nucleobase about the glycosidic bond (defined by the
dihedral angle χ,) must be considered. Previously, the preferred conformation of 4-OH-Ph-dG was
determined by initially performing conformational searches using the Monte Carlo method and the
MMFF force field as implemented in the Spartan software.7 The ten lowest energy structures
identified from the conformational search were subsequently fully optimized with B3LYP/6-31G(d).
The resulting lowest energy conformer adopts a C2-endo puckering, the C5-hydroxyl group is
directed toward the nucleobase, and the C3-hydroxyl group is directed toward C2 ((HC3O3H)
approximately equal to –60). Using this structure as the starting point, a B3LYP/6-31G(d) PES was
constructed by constraining the dihedral angles χ and θ in 10 increments from 0 to 360. Full
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optimizations of stationary points on the PES were subsequently performed to determine the
geometries of the 4-OH-Ph-dG minima and transition states. In the present work, all minima and
transition states previously identified for the 4-OH-Ph-dG adduct were used to generate the initial
structures of the adducts. Specifically, the para-OH group was replaced with -H, -CN, -CHO and COCH3 to generate PhdG, CNPhdG, pCHOPhdG and AcPhdG, respectively, which were optimized at
the B3LYP/6-31G(d) level of theory.
Higher level (B3LYP/6-311+G(2df,p)) single-point, as well as B3LYP/6-31G(d) frequency
calculations were performed on all fully optimized structures for both the nucleobase and nucleoside
models, and scaled zero-point vibrational energies (ZPVE) are included in the reported relative
energies. The global minimum identified for each nucleobase and nucleoside adduct was used to
calculate the B3LYP/6-31G(d) orbital energies and TD-B3LYP/6-31G(d) vertical excitation
energies. Geometry optimizations of the first excited singlet state (S1 state) of the adducts were
carried out with CIS/6-31G(d) using the global minimum of the ground state as starting geometries.
All electronic structure calculations were performed using Gaussian 09.8
5.3.6. Mass Spectroscopy
Masses of mTBA were acquired in negative ion mode under electrospray ionization (ESI) in
a solution of 90% Milli-Q water 10% methanol with 0.1 mM ammonium acetate. ESI-MS
representative spectrum and more details can be found in Appendices A and C.
5.3.7. Thermal Melting and CDs
Tm and CD studies were carried out on oligonucleotide solutions of 6 μM in either Na+ or K+
phosphate buffer as listed. Details of these experimental procedures can be found in Appendix AExperimental Methods.
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5.3.8. Metal Binding
The AcPhdG mTBA strands were placed within three different metal containing buffers and
folded into their respective GQs. The buffers were: 0.5 mM Pb(NO3)2 in 10 mM tris/acetate buffer
pH 7.0, 0.5 mM Ba(OAc)2 in 10 mM PIPES buffer pH 7.0, and 0.5 mM SrCl2 in 10 mM PIPES
buffer pH 7.0.
5.4. Results and Discussion
5.4.1. UV-Vis
5.4.1.1. Substituent Effect
Addition of electron withdrawing groups displayed absorption bands that are significantly
separated from that of DNA at 260 nm. Comparison of each synthesized adduct to a standard PhdG
adduct are displayed in Figure 5- 1. Addition of electron withdrawing groups to the para-position of

Figure 5- 1 UV-Vis of push-pull dG nucleosides in 10 mM MOPS pH 7.0.
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PhdG created additional absorption bands that were red-shifted from that of PhdG at 277 nm. The
modified phenyl groups have two absorption bands, one centred around 280 nm, and a second peak
located at 308 nm for the cyano group, 314 nm for the acetyl group, and 317 nm for the formyl
group. The 280 nm peak is suggestive of a molecule orientation similar to PhdG, where the electron
withdrawing substituents are twisted out of the plane of resonance and are not directly influencing
the electronic properties of the dG. The red-shifted peaks would then be ascribed to a fully-planar
conjugated system where resonance can occur from the dG base, through the aryl group and into the
electron withdrawing substituent.
The 5-membered heterocycle adducts consisting of AcThdG, CHOThdG, and CHOFurdG had
absorption bands at 265 nm and ~ 360 nm. The 265 nm band is suggested to correspond to a twisted
state where the heterocycle has rotated out of the plane of the dG base, because the wavelength does
not correspond with unmodified FurdG at 292 nm or unmodified ThdG at 284 nm and instead are
close to unmodified DNA which absorbs at 260 nm. Once the heterocycle rotates to create a planar
molecule, resonance conjugation can occur from the dG into the furyl/thienyl ring and into the
electron withdrawing substituent, resulting in the red-shifted absorption bands at ~ 360 nm.
Table 5- 1 Spectroscopic properties
Adduct

λ max
Log ε a Adduct
(MOPSb) (MOPSb)

PhdG 4

277

4.33

FurdG 9

292

4.36

CN

PhdG

281, 308

4.15

CHO

265, 355

4.17

PhdG

283, 314

4.12

ThdG 9

284

4.24

284, 317

4.24

Ac

261, 356

4.07

264, 362

4.24

Ac

pCHO

PhdG

FurdG

ThdG

CHO

ThdG

λ max
Log ε a
(MOPSb) (MOPSb)

Measured at the λmax of the longest wavelength. bSamples were obtained in
10 mM MOPS buffer pH 7.0 with 0.1 M NaCl.
a
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Substituents that are located at the para-position of the phenyl group can take part in
resonance, and therefore a relationship of absorbance wavelength to the substituent constant (σ-) can
be examined (Table 5- 2). The Hammett substituent constant (σ) is a measure of the inductive and
resonance effects of a substituent on the acid dissociation of benzoic acid.10 Negative σ values are
associated with electron donating groups, and positive σ values are representative of electron
withdrawing groups.10,11 The para substituent constant is determined as a sum of the resonance and
inductive values, but σ values can be further complicated when a positive or negative charge is
generated at the benzylic position during the dissociation reaction. As a consequence, the HammettBrown constants were modelled for electron donating resonance substituents (σ+) where a positive
charge is generated at the benzylic position, and electron withdrawing resonance substituents (σ-)
where a negative charge develops.12 The σ- values for CN, CHO, and Ac groups are 1.00, 1.03, and
0.84 respectively.12 The dG adducts displayed an order of CN< CHO<Ac when comparing the
wavelengths of the most red-shifted absorption peaks. It can be proposed for the Ac and CHO
groups, that the larger the σ- value, the more red-shifted the absorption band. This trend is also
evident within the comparison of AcThdG and CHOThdG. The CN substituent does not directly follow
the outlined trend, and therefore additional analysis of the data was required.
Each σ value is a combination of both the resonance (σR) and inductive (σi) effects of the
substituent. It is assumed that induction does not play a large role in the electron withdrawing nature
of the substituents on the dG base due to the large separation between the electron withdrawing
group and the donor NH2 substituent on the dG base. Therefore, it is proposed that the most
influential factor is the resonance capabilities of each of the substituents. The σR value for the CN
substituent is only 0.08, compared to a value of 0.20 for the acetyl group,13 indicating that the acetyl
is a much stronger electron withdrawing substituent through resonance than CN. This clearly follows
the observed trend in the UV spectra and places the substituents in the order of CHO>Ac>CN by
measure of electron withdrawing power through resonance.
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Table 5- 2 Hammett Substituent Constants
Substituent

σ 14

σ- 12

σR13

σi 13

Ph

0.00

0.00

0.00

0.00

CN

Ph

0.66

1.00

0.08

0.57

Ph

0.50

0.84

0.20

0.30

pCHO

0.42

1.03

-

-

Ac

Ph

The effect of substituent position on the phenyl ring was examined with the synthesis of
both para- and meta-CHO derivatives. The pCHOPhdG has UV absorbances at 284 nm and 317 nm,
attributed to rotated and planar-conjugated conformations respectively (Figure 5- 2). At the meta
location, the substituent cannot accept resonance, and as a result the two observed absorption bands
are similar to the unmodified PhdG. Upon changing the solvent to more non-polar conditions, the
pCHO

PhdG adduct was more sensitive, and a decrease in absorbance intensity was recorded for the

284 nm peak, and a red-shift was observed in the peak at 317 nm, out to 340 nm. From the
comparison of these two adducts, it is clear that the conjugation into the electron withdrawing
substituent is vital for the solvatochromic sensitivity and absorption bands at longer wavelengths.

Figure 5- 2 (Top) Normalized absorption of pCHOPhdG and mCHOPhdG in protic solvents of
decreasing polarity, compared to PhdG. (Bottom) Resonance structures of both adducts indicating
substituent rotation out of the planar conformation.
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5.4.1.2. N1H pKa
The electron-withdrawing groups at C8 caused a decrease in the calculated pKa. The pKa of
N1H on dG describes the electron withdrawing power of the modifications and their ability to
resonate the conjugate base anion into the modification. The adducts were placed in buffered
solutions from pH 7 to 11 and the overlaid absorbance spectra produce two isosbestic points
corresponding to neutral and deprotonated molecules in solution (Appendix D). The pKa of
unmodified dG is 9.24,15 and the addition of aromatic groups at C8 caused a decrease in the
observed pKa (Table 5- 3). The unsubstituted PhdG does not contain an electron withdrawing
substituent, but the phenyl group decreased the pKa to 8.91, indicating it is accepting electron
density from the dG base to stabilize the deprotonated species. The CNPhdG adduct has a calculated
pKa of 8.86 and the AcPhdG adduct has a pKa of 8.74, indicative of the strong electron withdrawing
effects of the acetyl group. The aldehyde-substituted compounds were not able to be calculated due
to their instability under basic conditions, but regardless, the previously assigned electron
withdrawing order of CHO>Ac>CN from the σR analysis corresponds with the calculated pKa 's of
the probes. Of the 5-membered ring heterocycles, only the AcThdG adduct could be calculated. The
Ac

ThdG adduct displayed a calculated pKa of 8.91, the same as the phenyl group.

Table 5- 3 Calculated N1H pKa's for the push-pull adducts.
Adduct

N1H pKa

Adduct

N1H pKa

PhdG

8.91±0.05

CHO

FurdG

nd

CN

PhdG

8.86±0.07

CHO

ThdG

nd

PhdG

8.74±0.05

Ac

Ac

pCHO

PhdG

ThdG

nd
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8.91±0.09

5.4.2. Fluorescence Response
5.4.2.1. Solvatochromics
5.4.2.1.1.

Quantum Yields

Dual fluorescence emission was detected for a number of the push-pull adducts. Dual
fluorescence emission bands indicate the presence of different excited states that have their own
fluorescence properties, and are predicted to be due to excited state conformations of the molecules.
Each of the probes within this study were excited at the λmax of the longest absorption band,
corresponding to a planar ground state. When the planar S0 state is excited, it can adopt several
different S1 conformations, which result in varying fluorescence responses. An example of the
observed trend is displayed for AcThdG in solvents with decreasing polarity (Figure 5- 3). The most
blue-shifted peak is ascribed to the locally excited (LE) state. The peaks centered at longer
wavelengths 463 nm and 524 nm are designated as charge transfer (CT) states, and can be further
categorized as planar (PCT) or twisted intramolecular charge transfer (TICT). The TICT state is
produced from an electron transfer (ET) from the donor (dG) into the acceptor (AcTh) to afford a

Figure 5- 3 AcThdG normalized fluorescence emission in solvents with decreasing polarity
accompanied by the proposed mechanism for the excited CT states. NRD = non-radiative decay.
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twisted molecule where conjugation cannot occur along the length of the adduct. As a result, the
excited state is a biradicaloid compound with a large dipole that is sensitive to the solvent
environment. The emissive nature of the TICT state of other donor-acceptor systems has been
previously examined, and was found to be relatively non-emissive within polar protic solvents.16,17
The PCT state is produced from a charge transfer between the donor (dG) to the acceptor ( AcTh), and
results in a strong dipole generated in the excited state. The PCT state displays solvatochromism,
resulting in changes to both the wavelength and intensity of emission upon changes of the solvent.
Table 5- 4 Changes in quantum yields of the push-pull adducts in different solvents.a
λex (nm)
(MOPSb)

λem (nm), Φa
(MOPSb)

λem (nm), Φa
(CHCl3)

λem (nm), Φa
(AcN)

PhdG

277

395, 0.44

375, 0.22

385, 0.49

CN

PhdG

308

468, 0.04

422, 0.35

456, 0.43

PhdG

314

419, 0.01

464, 0.23

497, 0.07

PhdG

317

411, 0.01

484, 0.07

513, 0.03

CHO

FurdG

355

416, 0.01

475, 0.03

486, 0.02

CHO

ThdG

362

443, 0.01

489, 0.20

517, 0.14

356

440, 0.01

482, 0.27

508, 0.22

Adduct

Ac

pCHO

Ac

ThdG

a

Calculated using the comparative method against a standard of
quinine bisulfate (Φfs= 0.546 in 0.5 M H2SO4). b Buffered 10 mM
MOPS pH 7.0 with 0.1 M NaCl.

The population of the compounds within each state explains the various quantum yields
observed by the push-pull adducts in different solvents (Table 5- 4). The PhdG adduct is not strong
enough of an acceptor to generate the CT states, therefore only the strongly emissive LE state is
observed in the various solvents. The push-pull adducts are proposed to readily populate the CT
states, with the TICT being most populated under aqueous conditions, and recorded low quantum

168

yields of 0.01. The quantum yields of all adducts were increased in aprotic solvents, such as
acetonitrile, because the TICT state is highly emissive under aprotic conditions. The polar solvent
helps to stabilize the biradicaloid species, but does not exhibit the quenching effect that polar protic
solvents have on the state. Placing the adducts within a non-polar environment, such as chloroform,
induced a largely emissive state that is hypothesized to be due to the PCT state. The PCT state is a
charge separated excited state that has a relatively smaller dipole than the TICT state, and therefore
is promoted within more non-polar solvent environments.
The fluorescence trends displayed by these series of push-pull adducts resemble the
behaviour of 1,4-dimethylamino benzonitrile (DMABN), which belongs to a class of compounds
that exhibit emissions from both LE and CT states.18 These compounds are known as molecular
rotors due to their rotation to the excited TICT state and fluorescence sensitivity to solvent
conditions. From the dual fluorescence emissions observed, the push-pull adducts clearly fall within
the category of molecular rotor probes.
5.4.2.1.2.

Stokes' Shifts

The push-pull compounds exhibited large changes in their Stokes' shifts upon changes in
solvent conditions. The Stokes' shift (SS) is a measurement of the difference in wavelength between
the excitation and emission λmax. SS have been previously used with push-pull adducts to provide an
indication of the dipole moments of the ground state versus the excited state.1,19 The analysis of 2pyridine-dG compounds were performed through the generation of a plot of the solvent polarity
index (ETN) versus the SS, and a positive linear correlation with slope of 4094 cm-1 was recorded.19
This was suggestive that the excited state of the compound was stabilized by the solvent, and that the
dipole moment of the excited state was greater than the ground state. A similar study was performed
with the push-pull adducts synthesized, and the slopes of the ETN/SS are displayed in Table 5- 5 and
Figure 5- 4, with additional spectra in Appendix D.
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Table 5- 5 Slope of the plots of SS versus ETN for the modified adducts.
Adduct

Slope ETN/S.S.

R2

Adduct

Slope ETN/S.S.

R2

PhdG

1943

0.610

CHO

FurdG

6284

0.952

CN

PhdG

3118

0.851

CHO

ThdG

5644

0.933

PhdG

2124

0.239

Ac

4859

0.908

909

0.059

Ac

pCHO

PhdG

ThdG

Positive slopes were observed for all of the adducts, indicative of larger SS upon an increase
in solvent polarity. The PhdG and modified-PhdG series did not correlate well with the solvent
polarities and it can be suggested that this is due to the dual emissive states and a non-linear
response to the solvent environment. The 5-membered substituted heterocycles also have dual
emissive states, but observed an excellent linear correlation to solvent polarity, and had slopes from
4859 cm-1 to 6284 cm-1. These are larger slopes than what was previously reported for a series of
bases with the electron acceptor directly attached to the C8 position that exhibited slopes of 2770 2930 cm-1.1 The increase in slope of the substituted heteroaryl series indicates that the aromatic
group plays a role in increasing the formation of a dipole, and that the solvent is involved in
stabilizing the excited state dipole.

Figure 5- 4 SS versus solvent polarity index for the 5-membered heterocycle push-pull series.

5.4.2.1.3.

Solvent Quenching

The adducts have intense emissive properties in acetonitrile which become quenched upon
exposure to small quantities of water. The probes display large changes in fluorescence emission
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intensity upon altering the solvent conditions, so they were placed within solvent mixtures to
demonstrate the fluorescence capabilities (Figure 5- 5, Figure 5- 6). The CNPhdG probe exhibited a
linear response to the percentage of acetonitrile in solution, and the other probes exhibited an
exponential response, with 5% water contamination drastically quenching the fluorescence intensity.
This indicates that the probes are extremely sensitive to small concentrations of water, and that the
emission intensity was affected by the compounds adopting the TICT state. In the presence of small
quantities of water, the TICT state is favoured, but is non-emissive in the presence of the polar protic
solvent. In contrast, the more linear correlation observed for the CNPhdG probe is hypothesized to be
due to the PCT state. The results suggest that the PCT state is not as sensitive to changes in solvent
polarity, or the compound converts to more TICT emission with an increase in concentration of
water.

Figure 5- 5 (Top) Fluorescence emission in acetonitrile displaying quenching effects with increasing
concentration of water, AcPhdG (blue), pCHOPhdG (red), CNPhdG (yellow). (Bottom) Concentration
of acetonitrile in solution versus intensity at λmax.

Dual fluorescence emissions were detected in both the pCHOPhdG and AcThdG probes. As the
concentration of water increased, the LE emission of both molecules remained visible at a shorter
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wavelength. This indicates that the LE emission is not sensitive to the solvent environment and that
the solvent is not involved in stabilization of the excited LE state.
From this study, it can be concluded that the push-pull probes may have utility as monitors
of solvent environments. The extreme sensitivity to water resulted in a dramatic decrease in
fluorescence emission upon exposure to less than 5% contamination, and could be exploited if the
probe is incorporated within a largely hydrophobic protein binding pocket.

Figure 5- 6 (Top) Fluorescence emission in acetonitrile displaying quenching effects with increasing
concentration of water. AcThdG (green), CHOFurdG (orange), and CHOThdG (purple). (Bottom)
Concentration of acetonitrile in solution versus intensity at λmax.

5.4.2.2. Viscosity and Temperature
The probes were placed within sterically constrained solvent environments and dual
emissive states were enhanced in the polar environment. The class of compounds known as
molecular rotors are reported to display enhanced fluorescence emission with an increase in solvent
rigidity.18 Glycerol is a viscous solvent with a polarity similar to that of water, and can be used to
determine the effect solvent viscosity on the fluorescence emission of a probe.20 The probes were
placed in mixtures of MOPS buffered water pH 7.0 with increasing concentrations of glycerol, and

172

the emission was monitored at 20 °C. At high glycerol content (80% v/v glycerol), the impact of the
temperature on the emission intensity was also monitored.
For the PhdG adduct, which lacks push-pull characteristics, the increase in viscosity caused
a decrease in the overall emission, and when heat was applied to the solution up to 70 °C, a slight
decrease in intensity was recorded (Figure 5- 7). The adducts with the electron withdrawing
substituents all exhibited a large increase in fluorescence emission with an increase in solvent
rigidity. In 100% water, the compounds displayed short-wavelength emission previously attributed
to LE emission, but upon increasing the solvent viscosity, the PCT state at longer wavelengths
becomes more pronounced. Since the glycerol has a similar polarity index to water, the polarity of
the solution over the course of the experiment was minimally adjusted, and therefore the only effect
on the probes was due to the change in viscosity. With an increase in solvent rigidity, the electron
transfer required to create the TICT state is hindered, and as a result, charge transfer occurs through
the molecule and the PCT state dominates.

Figure 5- 7 Trends in the fluorescence emission in response to increasing glycerol content (blue)
followed by an increase in temperature of the 80% glycerol solution (red) for the push-pull probes.
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The push-pull adducts all displayed quenched emissions upon increasing the temperature of
the 80% glycerol solution from 20-70 °C. The 5-membered ring heterocycles were very sensitive to
the change in temperature and both the LE and PCT states had decreased emissions at higher
temperatures. The dual emissive states remained visible at higher temperatures, with a larger
decrease observed in the PCT state than the LE emission. The fluorescence intensity of the PCT
state was approximately 50% quenched for the push-pull probes, compared to PhdG that only saw a
25% decrease in emission.
5.4.3. Effect of Sugar Loss
Removal of the sugar caused the probes to more readily adopt the PCT state. The
deoxyribose (dR) sugar was removed from the phenyl series of push-pull probes to aid in the
analysis of the fluorescence trends observed. The sugar of dG is sterically demanding and dictates
syn and anti conformations of the base in solution. When the base is modified at C8, the aryl ring
can be forced in proximity to the sugar and influence the aryl-ring orientation with respect to the
base. By removing the sugar, the aryl ring is more able to adopt a fully planar conformation with the
G-base, and was expected to display different solvatochromic properties.
Table 5- 6 Changes in quantum yields of the push-pull deglycosylated adducts in different solvents.a
λex (nm)
(MOPSb)

λem (nm), Φa
(MOPSb)

λem (nm), Φa
(CHCl3)

λem (nm), Φa
(AcN)

PhG

305

393, 0.50

387, NDc

384, 0.49

CN

PhG

331

464, 0.26

452, 0.43

431, 0.34

PhG

340

552, 0.01

482, 0.30

475, 0.29

345

425, 0.02

502, 0.22

491, 0.31

Adduct

Ac

pCHO

PhG

a

Calculated using the comparative method against a standard of
quinine bisulfate (Φfs= 0.546 in 0.5 M H2SO4). b Buffered 10 mM
MOPS pH 7.0 with 0.1 M NaCl.c Not determined due to poor
solubility.
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The quantum yields of the probes were affected by the removal of the sugar. The CNPhG
probe did not display switching properties and was instead emissive in all three solvents studied.
This indicates that the sugar played a role in the dual fluorescent properties of CNPhdG and is
hypothesized that it caused the phenyl ring to be forced out of planarity with respect to dG, and
adopt the non-emissive TICT state in water. Without the sugar, the CNPhG probe is unhindered and
able rotate and adopt the planar conformation. This permits the LE and PCT emissive states to be the
preferred intermediates, and dictate the emissive properties. The other push-pull probes maintained
their dual fluorescence properties upon removal of their respective sugars. This suggests that the
donor-acceptor capabilities of these probes were not influenced by the steric interactions with the
sugar, and may be due to the electron-withdrawing strength of the acetyl and formyl substituents.

Figure 5- 8 Trends in the fluorescence emission in response to increasing glycerol content (blue)
followed by an increase in temperature of the 80% glycerol solution (red) for the deglycosylated
push-pull phenyl probes.

The viscosity temperature study was performed on the deglycosylated push-pull phenyl
probes (Figure 5- 8). The PhG probe followed the same trend as the PhdG probe, and a decrease in
emission intensity was observed for both an increase in solvent viscosity and an increase in
temperature. The CNPhG probe did not respond to the changes in solvent, and the fluorescence
remained the same throughout the experiment. The pCHOPhG and AcPhG adducts displayed the similar
trends outlined for their dG counterparts, an increase in fluorescence emission in response to
viscosity, followed by a decrease upon heating. The pCHOPhG probe exhibits dual fluorescence
emission that was not visible within the viscosity temperature study of the pCHOPhdG probe. The
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Ac

PhG probe displayed a similar trend, and emission at a longer wavelength was favoured. This is

suggested to occur because when the sugar is removed, the probe can more readily adopt a planar
conformation, and promote the formation of the PCT excited state. From the results observed here, it
can be concluded that the longer wavelength emission displayed during the viscosity temperature
study by the push-pull probes was caused by PCT emission.
5.4.4. DFT Calculations
DFT calculations of the probes indicate the level of twist in the compounds within the
ground and excited states. The fully optimized minima of the ground states for the PhdG and
substituted PhdG adducts were calculated and are displayed in Figure 5- 9. The syn-conformation is
defined by the χ values of 0-90° and 270-360° and the anti- conformation is defined by χ values of
90-270°. The θ values define the rotation of the phenyl group with respect to the nucleobase, and for
all the ground state adducts, a twist of approximately 40° was calculated. All of the probes adopt a
syn-conformation and are stabilized by a hydrogen bond between the 5'-OH and N3.

Figure 5- 9 (Top) Ground-state B3LYP/6-31G(d,p) global minima of the PhdG and substituted PhdG
nucleosides. (Middle/Bottom) Frontier molecular orbitals of the adducts determined at the global
minimum geometries of the respective S0 states at the B3LYP/6-31G(d) level, for the HOMO and
LUMO energy levels.
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The HOMO consists of delocalized π-orbitals with a larger portion of the electron density
localized to the nucleoside base. The LUMO of the adducts display a shift in the density of the
delocalized π-orbitals. For PhdG, the orbital density is only slightly shifted into the phenyl ring,
indicating that while the ring is accepting of additional electrons, it does not dramatically affect the
nucleobase. For the substituted phenyl ring adducts, their LUMOs display a large amount of electron
density focused on the aryl acceptor, and have pulled a large proportion of electron density from the
guanine.

Table 5- 7 Change in structural properties from ground (S0) to excited (S1) states for PhdG and
substituted-PhdG adducts.a
Probe
(S0)/(S1)b/

(S0)/(S1)c/

PhdG

66.8/76.7

41.2/10.4

C=O twistd (S0)/(S1)/
degrees
-

PhG

-

0.4/0.0

-

CN

PhdG

68.4/74.7

37.9/14.1

-

CN

PhG

-

0.3/0.0

-

degrees

degrees

pCHO

PhdG

68.1/66.6

38.1/47.4

-0.75/-0.53

pCHO

PhG

-

0.2/10.1

0.03/0.30

Ac

PhdG

67.2/66.4

38.8/47.6

-1.10/-2.12

Ac

PhG

-

0.2/0.0

0.04/0.03

a

See Experimental for computational details, S1 state optimization was
started from the corresponding S0 state geometry. b  ((O4′–C1′–N9–C4))
defines the glycosidic bond orientation to be anti ( =180 ± 90o) or syn ( =
0 ± 90o) c  defines the degree of twist between the nucleobase and the C8phenyl substituent. d Dihedral angle between C=O and the phenyl ring.

Changes in the structural properties of the adducts from the ground-state (S0) to the excited
state (S1), as predicted from DFT calculations are provided in Table 5- 7. The calculations predict
that changes in the amount of twist of the base relative to the sugar occurs upon excitation to the S1
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state, and that a substantial decrease is observed in the twist θ between the dG base and the adducted
PhdG and CNPhdG rings. This corresponds well with the theory that the ground states adopts a planar
conformation upon excitation, and allows for the planar conjugated state in solution. For the
pCHO

PhdG and AcPhdG rings, an increase in the twist θ was observed in the S1 state, providing

evidence towards the TICT emission seen in the fluorescence spectra of these compounds. For the
Ac and CHO substituted rings, an additional measure of the rotation of the carbonyl was performed.
The rotation of the carbonyl does not appear to be a large factor as it remained relatively planar (0°)
in both the S0 and S1 states.
The angle of rotation between the aryl ring and the dG base was also calculated for the
deglycosylated probes. The removal of the sugar resulted in planar S0 and S1 states for all the probes,
with pCHOPhG having the largest measured twist with only θ = 10.1°. The DFT results agree with the
previously outlined theory that the probes would adopt a more planar conformation upon removal of
the sugar.
5.4.5. Insertion of AcPhdG into TBA
The AcPhdG probe was selected to be inserted within the TBA strand to allow for
comparison to the vinyl-AcPhdG (vAcPhdG) adduct synthesized by Darian Blanchard. The adducts
were placed within the G5 (syn), G6 (anti) and G8 (loop) locations, similar to the placement of
probes discussed in Chapter 2.
5.4.5.1. Thermal Melting
The addition of the

Ac

PhdG group at G6 resulted in hysteresis of the GQ Tm that had not

been previously observed in mTBA strands. The Tm of the modified strands followed the same
general trends observed in the heterocycle TBA study (Chapter 2). All of the duplex strands had
decreased Tm values relative to unmodified TBA due to the adduct being forced to adopt an anticonformation (Table 5- 8). Within the GQ, position G5 is a syn-G, and as a result stabilization of the
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structure by 6.9 °C was observed. When placed within the anti-G at G6, a large decrease of -20.2 °C
was observed, and was within the range of Tm's previously recorded for that location. The loop G8
caused a destabilization of -7.2 °C and it was concluded that the adduct did not participate in
stacking interactions with the GQ that would alternatively cause an increase in the Tm.
Table 5- 8 Tm's of AcPhdG mTBA
Probe

Site

Tm (Dup)a (ΔTm)b

Tm (GQ)a (ΔTm)b

dG

/

64.5

53.3

Ac

5

56.4 (−8.1)

60.2 (6.9)

6

57.1 (−7.4)

33.1 (−20.2)

8

56.3 (−9.2)

46.1 (−7.2)

PhdG

a

Measured in 100 mM M+ phosphate buffer pH 7.0 with
0.1 M MCl.(M+= Na+ Dup., K+ GQ) b ∆Tm = Tm (modified
GQ) – Tm (control GQ).

A unique hysteresis was detected upon analysis of the Tm curve for AcPhdG TBA G6 (Figure
5- 10). Hysteresis is the observed differences in Tm between the melting and annealing curves, and
an approximate 20 °C difference was observed for the GQ T m when a ramp rate of 0.5 °C/min was
performed. Previous research into the hysteresis of the Oxytricha telomeric GQ indicated that
adjustment to the rate of melting and annealing can minimize the observed hysteresis caused by the
differences in kinetic rates of folding and unfolding.21 The mTBA sample was re-examined under
thermal melting and annealing rates of 0.01 °C/min and the hysteresis was drastically decreased to
approximately less than 10 °C difference between ramps. The changes in Tm's upon the rate
adjustments become very apparent in an examination of the first derivative curve. The slower rate
caused the melting ramp to decrease 5 °C and allowed for detection of a Tm value within the cooling
ramp, which was previously unseen at the faster rate. The results from this study indicate that the
kinetics of folding into the GQ are significantly slower than the rate of unfolding. This is the first
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time a mTBA G6 strand displayed such an effect. Previous studies where the T m of G6 could not be
calculated were because the UV-Vis ramps did not have a sufficient baseline at lower temperatures,
indicating that the GQ was too unstable to form. When a T m could be measured, both the heating and
cooling ramps indicated a low T m. With the

Ac

PhdG, the DNA displayed a Tm around 50 °C for the

heating ramp, but around 30 °C during the annealing ramp, indicating the differences in the folding
and unfolding processes. It can be hypothesized that formation of the GQ occurs as an energetic
sink, and that once the AcPhdG has been forced to adopt the anti-conformation in the GQ, it remains
as such. The annealing process is slow because the

Ac

PhdG favours the syn-conformation and

rotation about the glycosidic bond must be hindered. The Ac group is a strong hydrogen bonding
acceptor, and it can be hypothesized that once the DNA has melted, the Ac group forms H-bonds in
solution that stabilize the syn-conformation, and hinders the folding process.

Figure 5- 10 (Left) Fluorescence melting profiles of GQ AcPhdG at G6 upon adjustment to the rate of
heating and cooling. (Right) First derivative of fluorescence as a function of temperature for
different heating and cooling rates.
5.4.5.2. CD
The CD confirmed GQ formation for G5 and G8 modified strands, and duplex conformation
in the presence of complementary strand. The CD spectra for the modified strands in duplex and
GQ conformations are depicted in Figure 5- 11. The duplexes displayed a negative peak at 240 nm
and a positive peak at 270 nm with a shoulder observed at 280 nm, indicating that the duplex was
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slightly distorted from the incorporation of the modified base. The GQs of the G5 and G8 modified
strand have positive peaks at 250 nm and 290 nm, a negative peak at 260 nm, and correspond well
with the unmodified TBA GQ. The AcPhdG G6 strand has a broad peak at 290 nm, but the rest of the
CD is close to the baseline and does not indicate the formation of a GQ.

Figure 5- 11 CD of mTBA AcPhdG at G5 (red), G6 (blue), and G8 (green) in duplex (dashed) and
GQ (solid) conformations, compared to unmodified TBA GQ (black).

5.4.5.3. Fluorescence
Similar to the nucleoside, the AcPhdG mTBA has low fluorescence emission in aqueous
conditions. The fluorescence emission of AcPhdG in the various positions of TBA are reported in
Table 5- 9 and Figure 5- 12. The emission intensity of both the GQ and duplex conformations are
significantly lower than the heterocycles series (Chapter 2) and it was concluded to be due to the
adducts' TICT state which is non-emissive under aqueous conditions.
Table 5- 9 Fluorescence emission parameters for duplex and GQ AcPhdG.
Site

Dup. λem, Ia

GQ λem , I a

Irelb

5

494, 3

439, 5

1.7

6

507, 2

480, 4

2.0

8

543, 20

496, 13

0.7

a

+

Measured in 100 mM M phosphate buffer pH 7.0
with 0.1 M MCl.(M+= Na+ Dup., K+ GQ) b Irel = IGQ/IDup
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The fluorescence intensity of AcPhdG was most intense when it was placed at G8, and the
emission was red-shifted compared to that of G5 or G6. The flanking bases around the modification
are predicted to play a role in the emission intensity, as G8 is flanked by two T's and G5 and G6 both
have a G on one side. It was predicted that similarly to reports of diminished fluorescence of endlabelled fluorophores attached to G's,22,23 an electron-transfer from a flanking G to the modified base
was the probable cause of the quenched emission. The modified locations of G5 and G6 have similar
fluorescence intensities and wavelengths between the duplex and GQ structures, and therefore would
not be suitable for use as fluorescence probes within the TBA system. A 47 nm blue-shift in
emission wavelength was observed between the duplex and GQ conformations of AcPhdG G8, which
allows for a detection method between the two conformations if this probe was to be used within a
duplex to GQ exchange platform.

Figure 5- 12 Fluorescence of mTBA AcPhdG at G5 (red), G6 (blue), and G8 (green) in duplex
(dashed) and GQ (solid).

Given that the push-pull probes exhibited large changes in fluorescence intensity when
placed within solvents of varying viscosity, the emission of AcPhdG mTBA was examined under
conditions which induced osmotic stress and molecular crowding. Additional analysis of probe
performance within varying solvent conditions is also beneficial if the probe is to be incorporated
within nano-devices and DNA nano-structures.24 Similar to studies performed on HTelo (Chapter 4),
the DNA was placed within a 42.5% v/v solution of acetonitrile to influence the hydration
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conditions,25 and 42.5% v/v solutions of polyethylene glycols (PEGs) to promote molecular
crowding that mimics the intracellular environment.26
The AcPhdG mTBA at G5 and G8 were placed within the solvent conditions outlined, and
their fluorescence responses were recorded (Figure 5- 13). In the presence of acetonitrile, both the
G5 and G8 locations had a λem of 395 nm, indicative of the LE state emission for the probe. The
intensity of the LE emission at G5 was 14-fold higher than in water, suggesting that the solvent
conditions around the probe were more aprotic conditions that promoted LE emission. The G8
location had a small peak at 495 nm, and was proposed to be due to the presence of some TICT state
emission, similar to the probe in aqueous K+ buffered solution.

Figure 5- 13 Fluorescence changes of AcPhdG G5 and G8 in the presence of 42.5 % v/v acetonitrile,
PEG200, or PEG600 compared to GQ in aqueous conditions (black).

PEG200 is made of molecules with an average molecular weight of 200 g/mol, and is less
viscous than PEG600, consisting of molecules with an average molecular weight of 600 g/mol. The
increase in solvent viscosity resulted in an increase in the CT emissive states for both probe
locations. At G5, the more viscous the solvent environment became, the less LE was observed, and
PCT became the dominating state. This is proposed to be due to the crowded solvent environment
interfering with electron transfer process of AcPhdG, resulting in charge transfer to form the excited
PCT state. A similar trend was observed at G8 and it can be projected that the PCT state was
responsible for the emission at 495 nm in PEG600.

183

Similar to the trends observed for the nucleoside, the viscosity of the environment
surrounding the modified base resulted in the detection of dual emissive states of the AcPhdG probe.
The PCT state was more pronounced when the adduct was placed within the loop at G8, and this
correlated with the previous fluorescence emission results that indicated G-quenching affected the
probe at G5. Given the differences observed in the fluorescence emission intensities, the push-pull
characteristic of this probe indicate that it may be useful as a fluorescent reporter of
microenvironment changes that can arise from target binding.
5.4.5.4. Metal Binding
Incorporation of a large metal ion into the core of the GQ influenced the fluorescence
emission and stability of the aptamer. The most commonly used metal ion to stabilize the GQ
structure is K+, but alternative metals have been reported to be capable of being incorporated within
the core.27-29 The AcPhdG mTBA strands were folded under the presence of Sr2+, Ba2+, and Pb2+ and
the Tm and fluorescence can be found in Table 5- 10 and Figure 5- 14 respectively.
Table 5- 10 GQ Tm's of AcPhdG in the presence of varying metals.
Site

Sr2+ Tma, (ΔTm) b

Ba2+ Tma, (ΔTm) b

Pb2+ Tma, (ΔTm) b

5

67.2, (7.0)

67.3, (7.1)

67.8, (7.6)

6

34.1, (1.0)

25.1, (-8.0)

44.1, (11.0)

8

52.1, (6.0)

46.3, (0.2)

50.0, (3.9)

a

Tm's of 6 μM GQs measured in °C.b ΔTm = Tm M+ - Tm K+

Through the adjustment of the central metal, the Tm of all of the strands were affected. For
the modified G5 strands, all of the cations enhanced the stability of the GQ compared to the K+ GQ.
The G6 modified strand was unaffected by Sr2+, destabilized -8.0 °C by Ba2+, and strongly stabilized
11.0 °C by Pb2+. G8, located within the loop, was stabilized by Sr2+ and Pb2+, but was unaffected by
the incorporation of Ba2+. No trend was observed correlating ionic radius or electronegativity to the
recorded Tm's, but G6 was most affected by the change in the cation and may be due to the slow
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folding kinetics of the GQ. A small amount of hysteresis was observed with TBA G6 Sr2+, but was
not detected with the alternate ions. The UV-Vis profile of the Ba2+ GQ Tm displayed a biphasic
curve, indicating that an intermediate conformation may be present in solution (Figure 5- 15). A
triplex conformation for TBA has been isolated that excludes the 3'-end of the aptamer from the
GQ.30,31 The triplex displays triads consisting of G1-G6-G10, and G2-G5-G11, and it is proposed
that under the Ba2+ conditions, the triplex intermediate was detected. It is hypothesized that the Ba2+
may coordinate with the open face of the triad, and stabilize this intermediate structure.
Table 5- 11 Fluorescence emission properties of AcPhdG GQs in the presence of varying metals.
Irela

5

Sr2+ GQ λem ,
Ia
488, 5

6

501, 5

8

508, 31

Site

a

+

Irel = IGQM /IGQK

Irela

1.0

Ba2+ GQ λem ,
Ia
512, 7

1.3

497, 4

1.0

2.4

508, 37

0.7

1.4

Pb2+GQ λem ,
Ia
418, 3
508, 3
419, 3
503, 3
512, 15

Irela
0.6
0.6
0.8
0.8
1.2

+

The fluorescence emissions of the GQs were affected by the incorporation of the large
cations. Sr2+ and Ba2+ caused an increase in fluorescence intensity for all the locations, but Pb2+
caused a decrease in emission for the locations found within the tetrad. This is suggestive that the
Pb2+ contained within the central core of the GQ has a direct effect on the electronic properties of the
G's within the tetrad. G5 and G6 remained less emissive than G8, and dual emissive states were
detected for these locations within the Pb2+ GQ. It is hypothesized that the coordination of Pb2+ to
the dG bases stabilized the charge separated PCT intermediate, and allowed for both LE and PCT
emission. The Pb2+ has been proposed to stabilize the GQ through interaction with the interior
carbonyls on the dG bases, thereby pulling electron density towards the centre of the GQ and away
from the modified aryl group. This would then stabilize the developing charge separated excited
state that occurs in the PCT state.
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The modified G8 strands exhibited a pronounced energy transfer peak at 290 nm in all of the
heavy metal GQ spectra. The energy transfer peak was not clearly identifiable with the K+ GQ, and
indicates that enhanced π-stacking of the base onto the GQ may have occurred.

Figure 5- 14 Fluorescence emission of mTBA AcPhdG GQs at G5 (red), G6 (blue), and G8 (green) in
Sr2+, Ba2+ and Pb2+ buffer.

Figure 5- 15 Tm curve of AcPhdG G6 in Ba2+ buffer with proposed triplex unfolding mechanism and
details of the G6 triad. PDB 1QDF.

5.5. Conclusion
A series of aryl-dG adducts were synthesized, containing electron withdrawing groups to
generate a class of push-pull compounds. The addition of the donor-acceptor abilities of the probe
resulted in red-shifts in the absorption and fluorescence emissions relative to the unsubstituted aryl
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rings. The nucleoside adducts were examined for their fluorescence properties and it was determined
that they exhibited dual emissive states, corresponding to either twisted or planar excited states. The
probes were sensitive to solvent polarity and viscosity, and responded the same way as the class of
compounds known as molecular rotors.
The AcPhdG adduct was incorporated within the TBA sequence at a syn (G5), anti (G6), and
loop (G8) positions. The probe was significantly more emissive when placed within the loop, and it
was hypothesized that the Gs adjacent to the modified location were the cause of quenched emission
in the alternate positions. Dual emission was detected when the DNA was placed within solvents
with increased viscosity, and increased intensity of the TICT state was observed. Further
development of compounds utilizing the theories obtained from this study are required in order to
increase the fluorescence emission intensity, and push the excitation maxima of the probes into the
visible spectrum.
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Appendix A: General Experimental Methods
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Materials. Unless otherwise noted, commercial compounds were used as received, and in
general, were purchased from Sigma-Aldrich (St. Louis, MO). All boronic acids were purchased
from Frontier Scientific (Logan, UT) and triphenylphosphine-3,3',3"-trisulfonic acid trisodium
salt (TPPTS) was purchased from Alfa Aesar (ward Hill, MA). All unmodified oligonucleotides
were synthesized and purified via reverse phase cartridge purification (RP1) by Sigma-Aldrich
Ltd. (Oakville, ON).
Equipment. 1H, 13C and 31P NMR spectra were recorded on Bruker Avance 300 or Bruker
Avance 400 spectrometers in either DMSO-d6 or CDCl3 referenced to TMS (0 ppm) or the
respective solvent. Experiments were carried out at room temperature and processed using
TopSpin 2.1 software. pH measurements were performed on a Thermo Orion 320 Basic PerpHect
LogR pH meter. UV-Vis measurements were recorded on a Cary 300-Bio Spectrometer with a 6
x 6 multicell block with Peltier thermal controller and stirring. Fluorescence measurements were
performed on a Cary Eclipse Fluorescence Spectrophotometer with a 1 x 4 Multicell block and
Peltier thermal controller and stirring.
Photophysical Measurements. Stock solutions of nucleoside adducts were prepared in DMSO,
due to limited solubility in other solvents, to a concentration of 4 mM for use in spectroscopic
studies. Any water used to create buffers or spectroscopic solutions was of high purity obtained
from a filtration system (18.2 MΩ). Whenever possible, spectroscopic samples were prepared
directly in Hellma Analytics quartz cuvettes. All measurements were performed at room
temperature unless otherwise noted. UV-Vis spectra were recorded between 500 nm and 220 nn.
Fluorescence spectra were collected starting at 10 nm past the excitation wavelength to a final
wavelength of 600nm. Excitation spectra were collected from 220 nm to 10 nm below the
emission wavelength.
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Kinetic Measurements. Kinetics were monitored via fluorescence on a Cary Eclipse fluorimeter
and performed with the Kinetics Application V1.1(133). Samples were run in a Hellma analytics
119F-QS 1500 μL quartz cuvette with magnetic stirbar, and monitored with either λex 290 nm
and/or λmax for each respective probe. Baseline measurements were obtained over a period of 30
seconds followed by a manual injection of sample, and less than 2 seconds of dead time before
resuming collection.
Oligonucleotide Synthesis. 1 μmol scale on a BioAutomation Corp. MerMade 12 automatic
DNA synthesizer using standard β-cyanoethylphosphoramidite synthesis according to published
protocols.1,2 Modified phosphoramidites were allowed 60 seconds of coupling time instead of the
standard 30 seconds for unmodified phosphoramidites. Upon completion of the synthesis, the
oligonucleotides were cleaved from the solid support and deprotected using 1 mL of 30%
ammonia hydroxide solution at 55 °C overnight in a Fisher Scientific isotemp2025 waterbath.
Samples were vacuumed to dryness, and then the DNA was dissolved in 1200 uL of Milli-Q
water and the solution was filtered through a 22 micron filter to separate from the solid support
beads.
Oligonucleotide Purification. Modified oligonucleotides were purified via reverse-phase HPLC
on a Phenomenex 100 x 10 mm 5 μM oligo column with a Phenomenix AJ0-7220 guard column.
Samples were separated using a gradient of two solvents; 5 minutes of 100% of 95% water 5% 50
mM tetraethylammonium acetate (TEAA) in acetonitrile (Solvent A), followed by a gradient over
20 minutes adding 15 % of a 70:30 mix acetonitrile/50 mM TEAA (Solvent B), 2 minutes to
reverse the solvent ratio to 20% A:80% B, followed by a 2 minute gradient to return to 100% A.
Fractions were isolated using both diode array detection (monitored at 258 nm and the λ abs of the
adduct) and fluorescence detector (monitored at λex and λem of each probe). The pure
oligonucleotide fractions were collected and freeze vacuumed on a Labconco FreeZone 4.5
lyophilizer, followed by re-suspension in 18.2 MΩ purified water.
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Oligonucleotide Quantification. Oligonucleotides were quantified at 260 nm on the UV-vis
using extinction coefficients obtained from http://www.idtdna.com/analyzer/applications/
oligoanalyzer. The modified DNA was assumed to have the same extinction coefficient as the
natural oligonucleotide. A minimum of three readings were performed and the resulting
concentration was averaged.
Quantification of Titrants. Titrants were quantified with UV−vis measurement using extinction
coefficients from the supplier's product information files. Bovine Thrombin has ε = 72 150 M−1
cm−1 @ 280 nm in water, Ochratoxin A has ε = 6400 M−1 cm−1 @ 333 nm in methanol, and
Ochratoxin B has ε = 6900 M−1 cm−1 @ 318 nm in methanol.
Mass Spectroscopy Analysis. MS experiments for DNA identification were conducted by Dr.
Aaron Witham at the University of Guelph, on a Bruker AmaZon ion trap SL spectrometer. Highresolution mass spectra of synthesized molecules were recorded on an Agilent Q-Tof instrument,
operating in nanospray ionization at uL/min detecting positive ions and performed by Dr. Armen
Charchoglycan or Dr. Dyanne Brewer at the University of Guelph.
UV Melting. All melting temperatures (Tm's) of prepared oligonucleotides were measured on a
Cary 300-Bio UV-Vis spectrophotometer at a concentration of 6 μM modified oligonucleotide in
100 mM M+–phosphate buffer pH 7.0 with 0.1 M M+Cl where M+ = K+ or Na+. Duplex studies
were prepared with 1.1 equivalents of complementary strand purchased from Sigma-Aldrich and
used without further purification. The UV absorption was monitored at either 295nm for
quadruplex, or 260 nm for duplex, as a function of temperature in Hellma 114-QS quartz cells
with a light path of 10mm. The temperature was ramped from 90 °C to 10 °C followed by 10 °C
to 90 °C at a rate of 0.5 °C/min no less than 3 times unless otherwise noted. The Tm's were
calculated by determining the first derivative of the melting curve through the Varian Thermal
software.
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Circular Dichroism CD spectra were performed on a Jasco J-815 CD spectrophotometer
equipped with a thermal controlled 1 x 6 multicell block. The annealed samples obtained from the
Tm studies were measured at 10 °C in quartz cells (110-QS) with a light path of 1 mm and
monitored between 200 and 400 nm at a bandwidth of 1 nm and scanning speed of 100 nm/min.
A minimum of three scans were collected and combined. Data was corrected against a blank
measurement of the appropriate buffer, and smoothed using the Jasco software.
Computational Details. DFT calculations were performed by Purshotam Sharma, of the
Wetmore group at the University of Lethbridge, Lethbridge, AB, Canada. Details of each
procedure can be found within the Materials and Methods section of the respective chapter.
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Appendix B: Characterization of Synthesized Products by 1H, 13C, 31P
NMR Spectroscopy.
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Figure B- 1 1H NMR spectrum of 8-(2''-pyrrolyl)-2'-dG in DMSO-d6
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Figure B- 2 1H NMR spectrum of 8-(2''-thienyl)-2'-dG in DMSO-d6
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Figure B- 3 1H NMR spectrum of 8-(2''-indolyl)-2'-dG in DMSO-d6
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Figure B- 4 1H NMR spectrum of 8-(2''-benzofuryl)-2'-dG in DMSO-d6
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Figure B- 5 1H NMR spectrum of N2-(dimethylformamidyl)-8-(2''-pyrrolyl)-2'-dG in DMSO-d6

Figure B- 6 13C NMR spectrum of N2-(dimethylformamidyl)-8-(2''-pyrrolyl)-2'-dG in DMSO-d6
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Figure B- 7 1H NMR spectrum of N2-(dimethylformamidyl)-8-(2''-thienyl)-2'-dG in DMSO-d6

Figure B- 8 13C NMR spectrum of N2-(dimethylformamidyl)-8-(2''-thienyl)-2'-dG in DMSO-d6
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Figure B- 9 1H NMR spectrum of N2-(dimethylformamidyl)-8-(2''-indolyl)-2'-dG in DMSO-d6

Figure B- 10 13C NMR spectrum of N2-(dimethylformamidyl)-8-(2''-indolyl)-2'-dG in DMSO-d6
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Figure B- 111H NMR spectrum of N2-(dimethylformamidyl)-8-(2''-benzofuryl)-2'-dG in DMSO-d6

Figure B- 12 13C NMR spectrum of N2-(dimethylformamidyl)-8-(2''-benzofuryl)-2'-dG in DMSO-d6
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Figure B- 13 1H NMR spectrum of N2-(dimethylformamidyl)-8-(2''-benzothienyl)-2'-dG in DMSOd6

Figure B- 14 13C NMR spectrum of N2-(dimethylformamidyl)-8-(2''-benzothienyl)-2'-dG in DMSOd6
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Figure B- 151H NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''pyrrolyl)-2'-dG in DMSO-d6

Figure B- 16 13C NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''pyrrolyl)-2'-dG in DMSO-d6
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Figure B- 17 1H NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''thienyl)-2'-dG in DMSO-d6

Figure B- 18 13C NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''thienyl)-2'-dG in DMSO-d6
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Figure B- 19 1H NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''indolyl)-2'-dG in DMSO-d6

Figure B- 20 13C NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''indolyl)-2'-dG in DMSO-d6
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Figure B- 21 1H NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''benzofuryl)-2'-dG in DMSO-d6

Figure B- 22 13C NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''benzofuryl)-2'-dG in DMSO-d6
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Figure B- 23 1H NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''benzothienyl)-2'-dG in CDCl3

Figure B- 24 13C NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8-(2''benzothienyl)-2'-dG in CDCl3
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Figure B- 25 1H NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-pyrrolyl)-2'-dG in CDCl3

Figure B- 26 13C NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-pyrrolyl)-2'-dG in CDCl3
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Figure B- 27 31P NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-pyrrolyl)-2'-dG in CDCl3
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Figure B- 28 1H NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-thienyl)-2'-dG in CDCl3
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Figure B- 29 13C NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-thienyl)-2'-dG in CDCl3

Figure B- 30 31P NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-thienyl)-2'-dG in CDCl3
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Figure B- 31 1H NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-indolyl)-2'-dG in CDCl3

Figure B- 32 13C NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-indolyl)-2'-dG in CDCl3
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Figure B- 33 31P NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-indolyl)-2'-dG in CDCl3
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Figure B- 34 1H NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-benzofuryl)-2'-dG in CDCl3
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Figure B- 35 13C NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-benzofuryl)-2'-dG in (CD3)2SO.

Figure B- 36 31P NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(2''-benzofuryl)-2'-dG in CDCl3
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Figure B- 37 1H NMR spectrum of 8-(acetylphenyl)-2'-dG in DMSO-d6

Figure B- 38 13C NMR spectrum of 8-(acetylphenyl)-2'-dG in DMSO-d6
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Figure B- 39 1H NMR spectrum of 8-(p-formylphenyl)-2'-dG in DMSO-d6

Figure B- 40 13C NMR spectrum of 8-(p-formylphenyl)-2'-dG in DMSO-d6
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Figure B- 41 1H NMR spectrum of 8-(m-formylphenyl)-2'-dG in DMSO-d6

Figure B- 42 13C NMR spectrum of 8-(m-formylphenyl)-2'-dG in DMSO-d6
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Figure B- 43 1H NMR spectrum of 8-(acetylthienyl)-2'-dG in DMSO-d6

Figure B- 44 13C NMR spectrum of 8-(acetylthienyl)-2'-dG in DMSO-d6
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Figure B- 45 1H NMR spectrum of 8-(fornylthienyl)-2'-dG in DMSO-d6

Figure B- 46 13C NMR spectrum of 8-(fornylthienyl)-2'-dG in DMSO-d6
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Figure B- 47 1H NMR spectrum of 8-(formylfuryl)-2'-dG in DMSO-d6

Figure B- 48 13C NMR spectrum of 8-(formylfuryl)-2'-dG in DMSO-d6
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Figure B- 49 1H NMR spectrum of N2-(dimethylformamidyl)-8-(acetylphenyl)-2'-dG in DMSO-d6

Figure B- 50 13C NMR spectrum of N2-(dimethylformamidyl)-8-(acetylphenyl)-2'-dG in DMSO-d6
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Figure B- 51 1H NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8(acetylphenyl)-2'-dG in CDCl3

Figure B- 52 13C NMR spectrum of 5'-O-(4,4'-Dimethoxytrityl)-N2-(dimethylformamidyl)-8(acetylphenyl)-2'-dG in CDCl3
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Figure B- 53 31P NMR spectrum of 3'-O-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-ODMT-N2-(dimethylformamidyl)-8-(acetylphenyl)-2'-dG in CDCl3
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Figure B- 54 1H NMR spectrum of 8-(acetylphenyl)-2'-G in DMSO-d6
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Figure B- 55 1H NMR spectrum of 8-(p-formylphenyl)-2'-G in DMSO-d6
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Figure B- 56 1H NMR spectrum of 8-(cyanophenyl)-2'-G in DMSO-d6
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Figure B- 57 1H NMR spectrum of 8-(phenyl)-2'-G in DMSO-d6
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Appendix C: Characterization of C8-Aryl-G Modified Oligonucleotides by
ESI- Mass Spectrometry and UV Spectroscopy
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Table C- 1 Mass analysis of oligonucleotide strands from Chapter 2, TBA
Oligo.

Product Formula

Calculated
mass

Experimental m/z
(ESI-)

Experimental
mass

Pyr

TBA

C154H190N58O94P14

4791.1

[M-7H]7- = 683.66
[M-8H]8- = 597.75
[M-9H]9- = 531.25
[M-10H]10- = 478.16

4792.62
4790.00
4790.25
4791.60

Th

TBA

C154H189N57O94P14S

4808.2

[M-6H]6- = 800.30
[M-7H]7- = 685.80
[M-8H]8- = 600.00
[M-9H]9- = 533.20

4807.80
4807.60
4808.00
4807.80

C158H192N58O94P14

4841.2

[M-6H]6- = 805.90
[M-7H]7- = 690.66
[M-8H]8- = 604.19
[M-9H]9- = 536.97

4841.40
4841.62
4841.52
4841.73

BFur

TBA

C158H191N57O95P14

4842.6

[M-6H]6- = 806.00
[M-7H]7- = 690.78
[M-8H]8- = 604.34
[M-9H]9- = 537.03

4842.00
4842.46
4842.72
4842.27

BTh

TBA

C158H191N57O94P14S

4855.8

[M-6H]8- = 606.1
[M-7H]9-= 538.6
[M-8H]10- = 484.6
[M-9H]11- = 440.5

4855.8
4855.4
4855.0
4855.5

Ind

TBA

Th1+10

TBA

C158H191N57O94P14S2

4890.3

[M-6H]6- = 814.0
[M-7H]7- = 697.6
[M-8H]8- = 610.3
[M-9H]9- = 542.3

4890.0
4890.2
4890.4
4889.7

Th5+10

TBA

C158H191N57O94P14S2

4890.3

[M-6H]6- = 813.9
[M-7H]7- = 697.6
[M-8H]8- = 610.4
[M-9H]9- = 542.3

4889.4
4890.2
4891.2
4889.7

C166H195N57O94P14S4

5054.5

[M-6H]6 = 841.3
[M-7H]7 = 721.0
[M-8H]8 = 630.8
[M-9H]9 = 560.7

5053.8
5054.0
5054.4
5055.3

Th1+5+10+14

TBA

227

Figure C- 1 Mass spectrum of

Pyr

TBA, obtained with an ESI source operated in negative

mode.

Figure C- 2 Mass spectrum of ThTBA, obtained with an ESI source operated in negative

mode.
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Figure C- 3 Mass spectrum of

Ind

TBA, obtained with an ESI source operated in negative

mode.

Figure C- 4 Mass spectrum of

BFur

TBA, obtained with an ESI source operated in negative

mode.
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Figure C- 5 Mass spectrum of BThTBA, obtained with an ESI source operated in negative

mode.

Figure C- 6 Mass spectrum of Th1+10TBA, obtained with an ESI source operated in negative

mode.
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Figure C- 7 Mass spectrum of

Th5+10

TBA, obtained with an ESI source operated in negative

mode.

Figure C- 8 Mass spectrum of Th1+5+10+14TBA, obtained with an ESI source operated in

negative mode.
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Table C- 2 Mass analysis of oligonucleotide strands from Chapters 3, 4, and 5.
Oligo.

Product Formula

Calculated
mass

Experimental m/z
(ESI-)

Experimental
mass

Th

C224H273N92O132P21S

7048.6

[M-8H]8- = 879.94
[M-9H]9- = 782.06
[M-10H]10- = 703.88
[M-11H]11- = 639.75

7047.52
7047.54
7048.80
7048.25

Th

C310H381N129O184P30S

9817.6

[M-12H]12- = 817.09
[M-13H]13- = 754.19
[M-14H]14- = 700.22
[M-15H]15- = 653.47
[M-16H]16- = 612.53
[M-17H]17- = 576.53

9817.08
9817.47
9817.08
9817.05
9816.48
9819.01

C158H193N57O95P14

4841.8

[M-6H]6- = 806.08
[M-7H]7- = 690.85
[M-8H]8- = 604.35
[M-9H]9- = 537.09

4842.50
4842.95
4842.80
4842.81

HTelo

OTAA

Ac

PhdG-TBA

Figure C- 9 Mass spectrum of ThHTelo, obtained with an ESI source operated in negative

mode.
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Figure C- 10 Mass spectrum of ThOTAA, obtained with an ESI source operated in negative

mode.

Figure C- 11 Mass spectrum of AcPhdG-TBA, obtained with an ESI source operated in

negative mode.
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Appendix D: Additional Data
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Table D- 1 Thermal melting data for mTBAs at positions G6 and G8 in duplex and GQ in Na + or K+
buffers.
Probe
Unmod.
Pyr

dG (1)

Location M+ ΔTmDup (°C)

ΔTmGQ (°C)

Irel (GQ/Dup)

64.5

24.0

---

65.0

53.3

---

-7.2

---

1.5

K

---

-18.7

Na+

-6.4

---

K+

---

-10.9

Na+

-7.0

NO Tm

K+

---

-27.8

Na+

-7.9

NO Tm

K+

---

-11.4

Na+

-7.7

NO Tm

K+

---

NO Tm

Na+

-9.1

NO Tm

K

---

-7.8

Na+

-6.7

NO Tm

K+

---

-17.6

Na+

-8.6

-2.6

K+

---

-4.6

-9.0

NO Tm

K+

---

-23.3

Na+

-9.9

NO Tm

K+

---

-8.1

+

---

Na

---

+

6

K

Na

+

+

8

Th

dG (3)

6

8

Ind

dG (4)

6

8

+

BFur

dG (5)

6

8
BTh

dG (6)

6

8

Na

+
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1.2

11.8

9.0

8.3

13.2

6.2

3.1

1.4

0.4

Figure D- 1 mOTAA ThdG5 binding titration with 3 μM OTA.

Figure D- 2 mOTAA ThdG6 binding titration with 3 μM OTA.

Figure D- 3 mOTAA ThdG7 binding titration with 3 μM OTA.
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Figure D- 4 mOTAA ThdG13 binding titration with 3 μM OTA.

Figure D- 5 mOTAA ThdG15 binding titration with 3 μM OTA.

Figure D- 6 mOTAA ThdG16 binding titration with 3 μM OTA.
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Figure D- 7 mOTAA ThdG23 binding titration with 3 μM OTA.

Figure D- 8 mOTAA ThdG24 binding titration with 3 μM OTA.

Figure D- 9 mOTAA ThdG25 binding titration with 3 μM OTA.
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Figure D- 10 Unmodified OTAA binding titration to 3 μM OTB in buffer with pH 9.0.

Figure D- 11 Unmodified HTelo sequence binding titration with 3 μM OTA.
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Table D- 2 Kinetic Fit Parameters for Na+ to K+ exchange of mHTelo.
Fur

dU5

Fur

dU6

Fur

dG8

Th

dG9

Fur

dG10

Fur

dU11

Fur

dU12

Th

dG14

Th

dG15

Fur

dU17

y0 (a.u.)
289.88 ± 0.31
309.39 ± 0.17
319.13 ± 0.13
535.33 ± 0.13
534.35 ± 0.13
639.53 ± 346
123.3 ± 0.03
119.98 ± 0.05
120.30 ± 0.03
124.73 ± 0.04
123.97 ± 0.03
367.2 ± 0.08
335.31 ± 0.08
363.91 ± 0.08
372.13 ± 0.12
371.17 ± 0.08
51.99 ± 0.03
52.18 ± 0.032
300.00 ± 0.12
305.18 ± 0.14
303.22 ± 0.11
282.31 ± 0.08
282.40 ± 0.09
264.25 ± 0.13
370.12 ± 6.50
257.17 ± 0.04
317.50 ± 0.06
429.64 ± 0.94
399.91 ± 0.85
440.85 ± 2.87
440.41 ± 3.48
384.76 ± 0.05
347.03 ± 0.17
381.14 ± 0.07
378.32 ± 0.11
382.84 ± 0.06
271.99 ± 0.06
288.4 ± 0.06
261.26 ± 0.04

A1 (a.u.)
4641.4 ± 959.4
1140.76 ± 174
465.54 ± 11.84
67.69 ± 2.34
70.28 ± 3.38
70.73 ± 3.43
130.0 ± 0.50
163.47 ± 1.24
131.84 ± 0.58
137.58 ± 0.78
136.60 ± 0.58
62.80 ± 0.42
139.15 ± 0.57
60.56 ± 0.37
144.30 ± 2.01
58.46 ± 0.38
48.70 ± 0.30
99.14 ± 0.82
283.56 ± 1.11
275.74 ± 1.38
290.38 ± 1.11
273.10 ± 0.72
275.69 ± 0.76
581.82 ± 2.18
60.31 ± 0.80
27.33 ± 0.61
112.45 ± 0.88
-35.26 ± 1.32
-34.59 ± 7.03
-30.12 ± 1.29
-29.63 ± 1.46
115.3 ± 1.40
209.92 ± 1.15
107.79 ± 1.39
273.46 ± 2.00
105.79 ± 1.16
-62.10 ± 2.65
-217.2 ± 154.0
-38.97 ± 4.59

τ1 (min-1)
6.343 ± 0.244
4.330 ± 0.178
2.002 ± 0.028
1.365 ± 0.064
1.411 ± 0.078
1.145 ± 0.048
0.734 ± 0.003
0.834 ± 0.005
0.754 ± 0.003
0.756 ± 0.004
0.746 ± 0.003
0.313 ± 0.003
0.423 ± 0.002
0.310 ± 0.003
0.661 ± 0.009
0.319 ± 0.003
0.459 ± 0.003
0.851 ± 0.006
0.467 ± 0.002
0.474 ± 0.003
0.481 ± 0.002
0.435 ± 0.001
0.439 ± 0.001
0.673 ± 0.002
0.702 ± 0.019
0.674 ± 0.014
0.593 ± 0.005
0.626 ± 0.050
0.406 ± 0.055
0.811 ± 0.058
0.820 ± 0.064
0.805 ± 0.009
0.419 ± 0.003
0.776 ± 0.009
0.689 ± 0.005
0.710 ± 0.007
1.365 ± 0.100
0.662 ± 0.091
1.320 ± 0.190
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A2 (a.u.)
-25.50 ± 0.22
-35.07 ± 0.35
-49.33 ± 0.54
-37.39 ± 1.13
-37.28 ± 1.13
ND

τ2 (min-1)
0.099 ± 0.003
0.175 ± 0.004
0.195 ± 0.003
0.233 ± 0.007
0.231 ± 0.007
ND

-54.96 ± 5.90
ND
-83.24 ± 1.21
22.48 ± 1.00
37.88 ± 6.68
22.30 ± 2.20
24.21 ± 2.78

0.031 ± 0.005
ND
0.236 ± 0.050
0.098 ± 0.015
0.130 ± 0.020
0.049 ± 0.012
0.045 ± 0.011

23.23 ± 2.62 0.382 ± 0.023
163.9 ± 156.1 0.4772 ± 0.07
136.5 ± 89.93 0.5527 ± 0.02

R2
0.9507
0.9488
0.9790
0.9372
0.9370
0.8304
0.9961
0.9883
0.9954
0.9928
0.9958
0.9783
0.9925
0.9804
0.9528
0.9784
0.9897
0.9866
0.9944
0.9909
0.9948
0.9973
0.9970
0.9964
0.9507
0.8946
0.9824
0.8107
0.8921
0.7926
0.7903
0.9728
0.9859
0.9642
0.9869
0.9717
0.8032
0.9038
0.7018

Figure D- 12 N1H pKa determination over a pH range of 7 to 11 with isosbestic points for PhdG (A),
CN
PhdG (B), AcPhdG (C), and AcThdG (D).
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Figure D- 13 SS versus ETN for the series of push-pull adducts.
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