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The proper identification of DNA secondary structure is paramount for
determining possible factors that can influence rates of genomic transcription. Structures
such as DNA quadruplexes (QPX), which are found in guanine-rich regions of DNA, can
have a significant effect on an organism, due to their ability to influence transcription
rates under certain conditions. Aside from NMR and X–ray crystallography, Circular
Dichroism (CD) has been shown to be an easy and effective method to distinguish
between classical double helical A, B, and Z DNA, and other secondary structures.
However, complications have arisen from this technique, due to the similarities in B
DNA and parallel QPX spectra, because both have positive CD peaks at 260 nm, negative
at 245 nm and a positive peak around 210 nm and 205 nm, respectively. Currently, a GC rich duplex DNA oligonucleotide, G21, which contains sequences found in the
promoter region of the ChAT gene, has shown both B-DNA and parallel quadruplex
spectra. However, under different salts and salt concentrations, changes of peak
intensities were observed. This could be due to the formation of different secondary
structures that are not distinguishable under CD. To address this, a continuous wave
electron paramagnetic resonance (CW-EPR) technique was used. This technique utilizes
a pair of site-directed spin labels (SDSL) attached via phosphorothioate bonds to two
different modified nucleotides, to determine the distances between them. Variations in

the measured distance will be used to distinguish between B-DNA or parallel QPX, as
either structure could be possible from the CD spectrum alone.
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CHAPTER I
INTRODUCTION

1.1 Review of Literature
1.1.1 Choline Acetyltransferase
Acetylcholine (Ach) is an important neurotransmitter that aids in nerve cell to cell
communication.1 Its bioregulation is very dependent on the enzyme responsible for its
biosynthesis, choline acetyltransferase (ChAT).1ChAT uses the substrates choline and
acetyl-CoA, to make acetyl choline.1The source of choline can come from either choline
downstream biosynthetic pathways or from ACh that has been converted to choline by
cholinesterases in the synaptic cleft.1
Lower concentrations and activity of ChAT can cause complication and has been
associated with schizophrenia, Alzheimer’s disease, and other neurological disorders.2 An
increase in acetylcholine can also have negative effects as seen in the many acetylcholine
receptor agonist such as nicotine that have various adverse effects on the body.3 The
genetic expression of ChAT is therefore very important. Like other enzymes ChAT is
expressed from the ChAT gene.1 The ChAT gene, like all others, is composed of three
sections, promotor region, the coding region, and the transcription termination site. The
promoter site which signals the genetic machinery, such as helicases that unwind DNA
from two strands to one strand necessary to initiate transcription, is very important for
gene expression.4
1

1.1.2 DNA Quadruplexes
The secondary structure of DNA can heavily influence gene expression.4 The
most common secondary structure that DNA can have is the classical double helical
structure that was elucidated by Watson and Crick known as B-DNA. These structures
are caused by the base pairing of thymine (T) to adenosine (A), and cytosine (C) to
guanine (G). Other structures based on the classical base pairing are A and Z DNA which
vary from B- DNA based on differences between ribose ring puckering and bond
orientation for example.5 However, in rich guanine environments Hoogsten hydrogen
bonding can form between the guanine bases forming planar tetrads, figure 1.6

Figure 1. DNA Tetraplex Formed by Four Guanine Bases. Four guanine residues
come together via Hoogsten hydrogen bonds, depicted here in the dashed lines, to create
a planar tetrad. The tetrads are major components of G-QPX.
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When two or more tetrads are present, they stack on top of each other. The
structure that is created by the stacking of the guanine tetrads are known as DNA
Quadruplexes (G-QPX).6 The tetrads are held together by a monovalent cation, figure 2.7
The most common monovalent cations were found to stabilize G-QPX are K+, Na+, and
Li+, in order of most to least stable.7 There are however G-QPX in the literature that have
specificity to just one monovalent cation, as it is in Yang et al, who report a K+ specific
quadruplex used to measure potassium in human blood.8

Figure 2. Parallel and Anti-parallel G-QPX. DNA G-QPX formed by the stacking of
guanine tetrads held together by a monovalent cation. The colors represent different G
runs demonstrating the contribution each G run has to the overall G-QPX structure. The
direction of the G runs relative to each other determines whether a G-QPX is parallel
(left) or anti-parallel (right).
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G-QPX are formed by four guanine repeats that contain 2 or more consecutive
guanines.9 Each guanine repeat contribute one guanine to each tetrad and are separated by
1-9 nucleotides.9 The orientation of the G runs to each other in the G-QPX determines
whether the G-QPX is parallel, antiparallel, or both.7 The number of tetrads the four
guanine repeats can make depends on the lowest number of consecutive guanine found in
any of the four repeats.7 In biological systems, the G-QPX guanine repeats have been
found in a single strand.6 However, synthetic oligonucleotides made with telomeric
repeats of d(TTAGGG) have been show in vitro using NMR and X-ray crystallography to
form quadruplexes.6
1.1.3 G-QPX in the Human Genome and Drug Targets
The number of possible G-QPX forming sequences in the human genome is
staggering. The classical estimate shows that there are around ~ 370,000 potential GQPX forming sequences.10 Recent studies however show that there can be over 700,000
G-QPX forming sequences.9,11. The studies also showed that most of the G-QPX forming
sequences were near promoter regions and many oncogenes.4,11 DNA G-QPX have been
reported to influence transcription.4 G-QPX can increase transcription by forming on one
strand increasing transcription on the complementary strand.4 The formation of G-QPX
can decrease transcription by obstructing transcription on the G-QPX forming strand.4 GQPX can also aid in the recruitment of proteins that can either increase or decrease
transcription.4
This prevalence and the ability for G-QPX to regulate gene expression makes
them a subject of research interest as potential drug targets. Although there is no drug in
4

the market that targets G-QPX, there have been some candidates.12 One of the candidates
as a G-QPX targeting drug is berberine, figure 3.13 Berberine has been found to inhibit
telomerase by stabilizing telomeric G-QPX.13 Telomerase is an enzyme that extends the
telomeric ends of DNA and has been shown to be upregulated in cancer and is associated
with cellular immortality.12,13

Figure 3. Berberine Structure and Berberine Molecules Complexed to Telomeric GQPX.13 Berberine (left) demonstrates the planar structure of most G-QPX targeting
molecules.13 A telomeric G-QPX is being stabilized by berberine that stacks above and
below the G-QPX.13

1.2 Previous Data
Due to G-QPX prevalence in the human genome, a bioinformatics study was
conducted in the Taylor group. The project looked at genes in the nervous system which
5

had not been studied for the presence of GQPX using G-QPX forming prediction and
stability programs.14 Overall three programs were used, QGRS mapper, G4 calculator,
and Quadparser.14 The programs looked at possible G-QPX forming DNA sequences
using parameters such as number of Gs in the G runs, and the number of nucleotides
between the G runs.14 These programs also determined the stability of the G-QPX by
using parameters such as evenness of number of nucleotides between G runs and the
density of G in each run.14

5’-GGG –GAT-GCC-GCC-CGG-GGG-AGC-CTG-AGG-GAC-CCG-CTC-CAGCTA-GGC-ACG-CCC-CCG-CCC-TTT-GAG-GAC-ACG-CCC-CAC-ACC-AGCCTC-AGA-GCT-CTG-A-3’
3’-CCC-CTA-CGG-CGG-GCC-CCC-TCG-GAC-TCC-TGG-GCG-AGG-TCGATC-CGT-GCG-GTC-CGG-GGC-GGG-AAA-CTC-CTG-TGC-GGG-GTG-TGGTCG-GAG-TCT-CGA-GAC-T-5’
Figure 4. 96 BP Sequence Containing Possible G-QPX Within the Active Promoter
Region of the ChAT Gene. The positive strand (top) contains one G-QPX sequence
highlighted in blue.14 The negative strand (bottom) contain three possible G-QPX
sequences.14 This active promoter sequence was found using the transcription element
search system and the PROMO database.14

This bioinformatics project also looked at G-QPX in the nervous system by
looking in the active promoter region of the ChAT gene.14 The active promoter region
was determined by looking at reported transcription factor binding sites (TFBS) using the
transcription element search system and the PROMO database.14 An active promoter
region 97 base pairs (bp), figure 4, was found to contain G-QPX forming sequences in
6

both the positive and the negative strand.14 The region was found to contain one possible
G-QPX sequence, G29, in the positive strand, and 3 possible G-QPX sequences, G17,
G17-2, and G30, in the negative strand, table 1.14 Due to the unusual overlapping G-QPX
of G30 on the negative strand and G29 on the positive strand, it was hypothesized that a
bimolecular quadruplex could form.14 This resulted in the analyzing of ChAT G21 which
consisted of G runs of both ChAT G30 and G29.14

Table 1. Possible G-QPX Sequences Found in the 96 BP of the Active Promoter
Region of the ChAT Gene. The G-GPX sequences were found using the G-QPX
predicting programs QGRS mapper, G4 calculator, and Quadparser.14
Name

Sequence

Strand

ChAT G17

3’ GCGGGGTGTGGTCGGAG 5’

Negative

ChAT G17-2

3’-GCGGTCCGGGGCGGGAA-5’

Negative

ChAT G30

3’-GCGGGCCCCCTCGGACTCCTGGGCGAGGTC-5’

Negative

ChAT G29

5’-GGGGATGCCGCCCGGGGGAGCCTGAGGAC-3’

Positive

ChAT G21

5’-CCCGGGGGAGCCTGAGGACCC-3’

Positive

ChAT G21

3’-GGGCCCCCTCGGACTCCTGGG-5’

Negative

1.2.1 Biological Data
In order to verify the results of the bioinformatics project, biological assays were
conducted. These assays used a modified wild type GFP reporter gene plasmid that was
modified to include the active ChAT promoter region.14 This plasmid was transfected
into human neuroblastoma cell line.14 Along with growth factors, aconitine, and
5,10,15,20-tetrakis(N-methylpyridinium-4-yl)-21,23H-porphyrin (TMPyP4) were also
7

used.14 TMPyP4 was used because it is a well-known G-QPX-stabilizer drug, due to its
planar structure and its electropositivity.15
Since ChAT is essential in nerve cells which undergo an action potential that is
caused by the intake of Na+ , aconitine, a sodium gate channel opening drug, was used to
simulate an action potential.14 The reason for the simulation of the action potential was to
determine if a specificity for K+ was present in the G-QPX found in the active promoter
of the region of the ChAT gene.14 The specificity of K+ could potentially melt the G-QPX
due to the displaced K+ by the high amounts of Na+ .14 The melting of the G-QPX in the
active promoter region could cause an increase in expression of the ChAT gene
producing ACh that was depleted during the action potential.14 The biological assays
determined that when the cells introduced to TMPyP4, a decrease in the production of
GFP was seen.14 When aconitine was used however an increase in production of GFP
was seen but lower than wild type GFP.14 The biological assay showed that one or
multiple G-QPX were present in this active promoter region and also suggested that the
G-QPX were functionally inhibited under high concentrations of Na+.14
1.2.2 Physical Data
Circular dichroism (CD) analysis was also done on each individual sequence.14
CD spectroscopy works by using the difference between left and right circular polarized
light at different wavelengths to determine structural changes in chiral molecules.16 Since
DNA is a chiral biopolymer, CD can be used as well as it also allows DNA to be studied
under various conditions and solvents.16 Although this method does not elucidate the
structure of a macromolecule, it can help distinguish between secondary structures.16 The
8

CD analysis was done using 10 to 100 mM concentrations of Na+, Li+ , and K+.14 These
concentration are more than sufficient as G-QPX have been shown to form in
concentration of 0.5 mM to 10 mM K+ in a biological system.8

Figure 5. CD Spectra of ChAT G21 Sequence Using Various Concentrations of
NaCl and KCl. The CD spectra of ChAT G21 under high amounts of KCl (left) showed
a positive peak at 260 nm and negative peak at 245 nm which indicated the presence of a
parallel G-QPX. The CD spectra of ChAT G21 under high amounts of NaCl (Right)
showed several peaks between 260 nm and 280 nm and negative peak at 245 nm which
indicated the presence of a B-DNA. The X axis represents wavelength in nm and the y
axis represents the ellipticity.

The concentration range of 10 to 100 mM for the monovalent cation is also
biologically relevant as the concentration of potassium outside of the cell is
approximately 5 mM and the concentration of Na+ is approximately 145 mM.8The CD
9

analysis revealed that a G-QPX could be present in ChAT G29 and ChAT G30.14 This
was unusual due to the proximity of the sequences, as ChAT G29 belonged to the
positive strand and ChAT G30 was on the negative strand, and thus both sequences
contained complementary bases.14 Due to the proximity of the G-QPX sequences, ChAT
G21 was analyzed as a duplex containing sequences from both G29 and G30.14 ChAT
G21 CD spectra showed that a parallel G-QPX could be present, figure 5.14 Since the
spectra of parallel G-QPX and B-DNA is very similar, future studies were needed to
determine which structure was present.
1.3 Central Hypothesis and Objectives
If a G-QPX is present in this region, this would be the first time that a functional
G-QPX will be found in a nervous system gene.14 This would also be the first time that a
“biomolecular” G-QPX consisting of a DNA sequence and its complementary strand has
ever been discovered.6,10 Although there was already CD data for G21, this project hoped
to expand this data. In particular, the ambiguity between the B-DNA CD spectra and
parallel G-QPX needed to be resolved. It was hoped that the ambiguity would be resolved
by using B-DNA and parallel G-QPX controls, and by looking at wavelength ranges not
previously studied for ChAT G21 to find structure distinguishing features. This project
will also take a closer look into the K+ specificity observed in the biological assays by
testing ChAT G21 in varying concentration of Na+ and K+.
The main purpose of this project is to investigate ChAT G 21 duplex using other
physical methods aside from CD to determine its structure. This is going to be done by
using continuous wave electron paramagnetic resonance (EPR). With EPR, nucleotides
10

could be specifically tagged with a nitroxide radical.17 The distances between two
nitroxide radicals then can be measured for up to distance of 25 Α.18 Also, how fast
ChAT G21 moves in solution, the rotational correlation time, can also be measured. Both
the changes in the rotational correlation time and distances can then be used to determine
if a G-QPX or B-DNA is present in ChAT G21.
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CHAPTER II
METHODOLOGY

2.1. Methods to Analyze DNA Structures
There are several methods to analyze G-QPX and obtain structural data. Among
them are nuclear magnetic resonance (NMR),7 X-ray crystallography,13 EPR19, and
CD5,20. There are advantages and disadvantages to each of them. To fully elucidate the
structure of a macromolecule, NMR and X-ray crystallography are used. There are
however disadvantages to both methods. NMR requires a high amount of sample due to
the large size of the oligonucleotides and can be very costly.7 This is further complicated
with the high level of purity needed to analyze the sample. In order to distinguish
between nucleotides and determine the distance between intramolecular and
intermolecular bonds, 14N and 13C, tagged nucleotides are needed adding to the
complexity.7 X-ray crystallography has its setbacks, as not all compounds can be
crystallized and also due to the need for access to X-ray crystallography facilities.
2.2. Circular Dichroism
Circular dichroism is an inexpensive method and requires as little as 20 μg / mL of
material.20 Although CD cannot elucidate the structure of DNA, it can be used to
distinguish between secondary structures.5,16 The differences between the secondary
structures come from the differences between positive and negative peaks in the 200 to
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300 nm range. The differences between the secondary structures can be attributed to
many factors. The puckering of the sugar ring between B-DNA and A-DNA causes major
structural changes.21 This leads to a drastic change in spectra since B-DNA shows a
positive peak or peaks between 260 to 280 nm, a negative peak at 245 nm and a positive
peak at 205.16 A-DNA shows a positive peak at 260 nm and a negative a 210 nm. For GQPX the major difference in the CD spectra is due to the orientation of the DNA strands
and the orientation of the glycosidic bond between the sugar and base.5 Parallel G-QPX
have a positive peak at 260 and 210 nm as well as a negative peak at 245 nm.16
Antiparallel quadruplexes share a positive peak at 290 and 210 nm and negative peaks at
260 and 245 nm.16 These features in the CD spectra allow them to be distinguished from
each other.

Table 2. Circular Dichroism Peaks of Relevant DNA Secondary Structures. The
positive peaks in the CD spectra are demonstrated as (+) and the negative peaks are (-).
The data in this table was comprised from Vorlíčková et al, and Kypr et al.5,16
G-QPX
G-QPX
B-DNA
Z-DNA
A-DNA
Antiparallel
Parallel
290 nm (+)
260 nm (+)
280-260 nm (+) (Peak, 290 nm (+)
260 nm (+)
Peaks or Stretch)
260 nm (-)
245 nm (-)
210 nm (+)

245 nm (-)
210 nm (+)

245 nm (-)
205 nm (+)

260 nm (-)
205 nm (-)

210 nm (-)

When it comes to analyzing duplex DNA, issues can arise. The positive peak or
peaks of B-DNA between 260-280 nm of B-DNA can vary greatly sometimes resembling
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a single 260 nm peak similar to those shown by parallel G-QPX.16 This leads to a great
disadvantage since the only distinguishing feature between B-DNA and a parallel G-QPX
is the negative peaks at 210 and 205 nm, which are in practice often indistinguishable.16
Therefore, for this project this range was investigated more closely as well as the use of
B-DNA and parallel G-QPX controls. This was expected to yield more evidence to the
actual structure of ChAT G21.
2.3 Electron Paramagnetic Resonance
EPR is another method that can provide important structural data. This method, just
like CD, cannot fully elucidate the structure of macromolecules, but distance
measurements between nucleotides18 and changes in mobility can be obtained22,23. Unlike
NMR that uses radiowaves in a varying magnetic field, EPR uses microwaves to
characterize unpaired electrons and the system that they are confined in. This is one of
the major advantages to EPR since only specific molecules such as organic radicals and
metals can be detected. Therefore, all other molecules do not cause unwanted
interference. Another key advantage of EPR is its higher sensitivity compared to NMR.
This and the unwanted interference from unwanted molecules results in smaller sample
concentration and the use of other none deuterated solvents and molecules.
2.3.1 Site Directed Spin Labeling
Since DNA does not have any unpaired electrons or radicals, a spin label would
have to be attached. The most common types of spin labels that are used to analyze
macromolecules are nitroxide radicals.24 Nitroxide radicals are used because of radical
stability and their ability to be modified using organic synthesis.17,24–27 The nomenclature
14

of nitroxide radical spin labels is very broad, but the moiety seen in all of them is the ditert-butyl nitroxide moiety that is housed either in a six or five-member ring.24 For this
project the nitroxide radical 3-(iodomethyl)-2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy.

Figure 6. Phosphorothioate Modified Oligonucleotide Spin Labeling Using a
Nitroxide Radical. In a simple substitution reaction, the nitroxide radical (red) can be
added to the phosphorothioate modification (orange) in the oligonucleotides.17 The
phosphorothioate modification is amongst the least intrusive since the intermolecular
interactions occur in the bases.

DNA has no radicals and unpaired electrons but a radical or spin label can be
attached at desired sites via structurally modified nucleotides. Although there are many
different modifications that can be done on nucleotides, the least intrusive and most
common modification to nucleotides in which a spin label can be easily attached is the
phosphorothioate modification.17 The phosphorothioate modification is the modification
that involves the replacement of a nonbonding oxygen in the phosphate DNA backbone
to a sulfur atom. In the presence of a strong electrophile, the sulfur atom could act as a
15

nucleophile, joining the spin label to the DNA molecule. In the presence of a
phosphorothioate modified nucleotide the nitroxide radical used for this project, 3(iodomethyl)-2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy, has a labeling efficiency of nearly
100%, figure 6.17 The only subsequent step before analysis in the EPR spectrophotometer
is the purification of the tagged oligonucleotide to ensure no untagged spin labels are
present.17 The purification could either be done via high performance liquid
chromatography or SDS-PAGE.17
2.3.2 Mobility Measurements
How fast a molecule is moving in solution can be determined using EPR
spectroscopy. When a molecule is moving very slowly the EPR spectra is anisotropic.
However when the molecule is moving fast the EPR signal are averaged out across all the
x,y, and z axis. 22 Most mobility analysis of macromolecules are done in the fast isotropic
region. For nitroxide radicals three peaks are produced by the lone electron in the oxygen
atom and by the nuclear splitting of 14N, in the isotropic region. Most mobility analysis
for macromolecules has been done in this region and it has been observed that faster the
radical moves, the narrower the three EPR spectra peaks becomes.22 When the molecule
slows down in this region the three EPR spectra peaks becomes broader.22 In an
oligonucleotide with a nitroxide radical firmly attached to it, the interspin vector
rotational correlation time of the radical equals the rotational correlation time (τ) of the
DNA molecule.23
Once the EPR spectrum of the DNA molecule is obtained, the rotational
correlation time obtained using the EPR spectra simulation program Easyspin.22 Easyspin
16

can simulate the nitroxide radical spin system with specific parameters such as the
rotational correlation time.22 Once the spectrum is generated, the theoretical spectrum can
be compared with the experimental spectrum to approximate the correlation rotational
time. The changes in rotational correlation time have been seen between G-QPX and
single stranded form of DNA. In Okamoto et al, it was reported that a G-QPX with a
nitroxide radical had a rotational correlation time of 0.32 ns and the non G-QPX single
stranded form had a rotational correlation time of 1.56 ns.23 The changes in rotational
correlation time was attributed to the compact structure of G-QPX allowing for more
movement in solution compared to the non-compact structures seen in a non G-QPX
single stranded form molecule.23
2.3.3 Distance Measurements
When two spin labels are attached to different phosphorothioate modified
nucleotides in an oligonucleotide, distance measurements for up to distances of up to 25
A can be obtained.18,29–31 Although there are two methods to determine the distances
between the nitroxide radical, the most convenient method is the high mobility
method.30,31 This method can be used for the study of ChAT G21 because of its molecular
mass is less than 20 kDa.30,31 The low molecular mass of the oligonucleotide allows for a
high rotation correlation with the anisotropic EPR spectra of the nitroxide radical to be
averaged out.30,31The high mobility distance measurement method requires the rotational
correlation time of the molecule.30,31 For the high mobility method, once the rotational
correlation time is acquired, three EPR spectra are needed.30,31
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The first two spectra are those of each phosphorothioate modified nucleotide with
the nitroxide radical attached to it.30,31 The third spectrum is that of the DNA molecule
with both nitroxide radicals attached to the phosphorothioate modified nucleotides.30,31
The distances between the nitroxide radical (Rdd) can be obtained using equation 1.30,31
Equation 1 uses γ as the gyromagnetic ratio of the electron, ν is the microwave frequency,
and g is the electronic g-factor.30,31 The spectral line broadening ΔHdd is obtained from
the average of the two single labeled DNA spectrum and the double labeled DNA
spectra.30,31 This spectral line broadening is measured by using the line width at the half
height of each peak.30,31
3 𝛾4 𝜏

𝛥𝐻𝑑𝑑 = 10

𝑔

6
𝑅𝑑𝑑

5

2

(3 + 1+𝑣2 𝜏2 + 1+4𝑣2 𝜏2 )
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CHAPTER III
EXPERIMENTAL

3.1. Circular Dichroism
The oligonucleotides used for this project were purchased from IDT DNA and
purified using reverse phase HPLC. For the CD assays, 5 μM ChAT G21 samples were
measured using different concentrations of NaCl and KCl. The high KCl samples using a
20 mM potassium phosphate buffer and with varying concentrations of KCl. The high
NaCl samples were made using TEA buffer consisting of 30 mM Tris HCl and 10 mM
EDTA. The samples were heated up to 90 ℃ for 5 minutes and allowed to cool gradually
overnight. The prepared CD samples were analyzed using a 1 mm path, 300 microliter
CD cuvette in an Olis DSM 17 CD spectrophotometer. All samples were analyzed under
25 ℃. The samples were scanned from 200 nm to 300 nm at a rate of 100 nm/min with a
response time of 1 s and bandwidth of 2 nm. All sample spectra were baseline corrected
using their corresponding buffers.
3.2 Synthesis of Nitroxide Radical
All solvents and reagents were acquired from commercial sources and were used
without additional purification. Anhydrous solvents required for some reactions were
dried using the standard methods. All reactions were monitored using thin layer
chromatography (TLC) using silica G F254 precoated glass-backed plates. Flash column
chromatography was done using flash grade silica gel (partical size: 40-63 μm, 230 x 400
19

mesh). High resolution mass spectra (HRMS) were acquired on an Orbitrap XL MS
system.

Figure 7. Compound 2.

To an aqueous solution of 10% volume per weight of NaOH, 200 mg of
compound 6 was added. The reaction was allowed to reflux for 24 hours at 100 ℃ in an
oil bath. The reaction was quenched to pH 2 using HCl and was extracted using
dichloromethane (DCM). The organic layer was kept and dried using magnesium sulfate.
This reaction resulted in 90% yield. Compound 2 retained the yellow color of compound
1 and was not purified to optimize yield. HRMS ( C9H14NO3•, ESI): Calculated 185.1052
[M+H]+1 , 183.0895 [M-H]-1, found: 183.09007.

Figure 8. Compound 3.
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Compound 2 was the dissolved using anhydrous toluene in a flame dried round
bottom flask under argon. The reaction was cooled to -10 ℃ using a 1 to 1 ratio of ice
and acetone. Once cooled 1.5 equivalents of ethyl chloroformate and 2 equivalents of dry
triethylamine were added dropwise. The reaction was then allowed to sit 50 min at -10
℃. The product was concentrated using rotary evaporation. The concentrated product was
then then dissolved in diethyl ether (Et2O). A white precipitate formed which was filtered
off, washed with Et2O and discarded. The product compound 3 was then recrystallized
using hexane overnight. This reaction produced yellow crystals and resulted in 57%
yield. HRMS (C12H18NO5•, ESI): Calculated: 256.1185 [M ̇]+1 , 257.1263 [M+1H]+1 ,
258.1341 [M+2H]+1, found: 256.11780, 257.12571, 258.13346.

Figure 9. Compound 4.

Compound 3 was dissolved in 100% ethanol in a flame dried round bottom flask
under argon. The reaction was cooled to 0 ℃ using an ice bath and 2.5 equivalents of
NaBH4 was added. The reduced product was recovered by concentrating the sample
under high vacuum. The concentrated produced was resuspended in water. The product
was then extracted using Et2O. The product was purified using column chromatography
using 9:1 Et2O and petroleum ether. This reaction produced a white crystal as the product
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and resulted in a 45% yield. An NMR analysis of the product was attempted by using
Chloroform-D and adding 1:1 ratio of phenylhydrazine to quench the radical. This was
unsuccessfully since compound 4 became insoluble once protonated and also due to small
amounts of material. HRMS(C9H16NO2•, ESI): 170.1181 [M ̇]+1, found: 170.1175.

Figure 10. Compound 5.

Compound 4 was added to a flame dried round bottom flask under argon and
dissolved in dry DCM. The dissolved starting material was cooled to 0 ℃ using an ice
bath. Once cooled 1.2 equivalents of dry triethylamine and methylsulfonyl chloride were
added dropwise. After the addition of the reagents the reaction was then brought to room
temperature and allowed to react for 3 hours. The reaction was then diluted with DCM
and quenched with 5% NaHCO3. The organic layer was kept and dried with magnesium
sulfate. This reaction was purified using column chromatography using 3:1 Et2O and
petroleum ether. This reaction resulted in 74% yield and produced a yellow product.
HRMS(C10H18NO4S•, ESI): 248.0951[M ̇]+1, found 248.095
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 Circular Dichroism
As previously mentioned, both parallel quadruplexes and B-DNA have positive
peaks at 210 nm and 205 nm, respectively. From the data generated, the determination of
the 210 nm and 205 nm peak is not easy to determine due to their proximity, figures 11
and 12. A trend that can be easily determined is the negative peak at 245 nm. As the
concentration of K+ is increased, this peak is shown to become more negative. Also, a
trend could not be determined for the 260 nm peak. This lack of trend in the 260 nm peak
and the negative trend at 245 nm were both seen in the previous study.14
The CD data for G21 under varying Na+ concentrations was also reexamined with
greater emphasis at the below 230 nm range in the CD spectra, figure 12. The NaCl CD
data provides also very little evidence towards structural differences at the different
concentrations. However, the G21 spectrum in 100 mM NaCl is unique. This spectrum
shows a clear deviation from all the other spectra. It shows a significant drop in the
height of the 260 nm peak and also a huge increase in the 240 nm negative peak. This
could entail a structural change in the DNA from a parallel quadruplex to B-DNA. The
high amounts of Na+ could have displaced monovalent cations that were present in the
oligonucleotide that were left over from its synthesis.

23

CD Data of ChAT G21 in High KCl
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Figure 11. CD Data of ChAT G21 in High KCl. The CD data of G21 from 200 nm to
320 nm is shown here. The data in this graph rules out other DNA structures but not BDNA and parallel quadruplexes.

CD Data of G21 DNA Duplex in High NaCl
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Figure 12. CD Data of ChAT G21 in High NaCl. The CD data of G21 from 200 nm to
310 nm at different concentrations of NaCl are shown here. The results from this graph
are inconclusive and need to be repeated as the samples could have contained residual
K+.
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4.2 Future CD work
Although the CD spectra of ChAT G21 in high Na+ and K+ were inconclusive,
there is further work that can be done. Controls could be run for both B-DNA and parallel
quadruplexes. For the B-DNA control G21m can be used, table 3. G21m has the same
G:C:T:A ratio as ChAT G21 but in a different sequence. The randomization of ChAT
G21 will allow for the G runs to be separated and for a G-QPX to form. The spectra can
then be compared to the high NaCl and KCl ChAT G21 CD spectra.

Table 3. G21m Sequence. This sequence was made from ChAT G21m and contains the
same G:C:T:A ratio.
G21m 5’-GCCGACGAGTGCACGCGCGCG-3’
3’-CGGCTGCTCACGTGCGCGCGC-5’

For the parallel G-QPX control, a DNA sequence with its structure elucidated via
NMR or X-Ray crystallography and with a CD spectrum can be used. One of the DNA
sequences that meets these requirements is Pu30 ( 5’ - AGG GGC GGG CGC GGG AGG
AAG GGG GCG GGA-3’).32 Pu30 is ideal due to its length of 30 nucleotides resembling
ChAT G21 even further. The Pu30 CD spectrum also has a positive peak at 260 nm and a
negative peak at 245 nm, there is however no data in the 200 to 230 nm range.32 The 210
nm positive peak is missing since the CD spectra that was reported was from 230 nm to
320 nm.32 Just like G21m, Pu30 could be compared to the ChAT G21 to determine which
structure is present.
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4.3 Nitroxide Radical Synthesis

Figure 13. Synthesis of Nitroxide Spin Label.

For the analysis of ChAT G21 using EPR, the alkyl iodide nitroxide radical,
compound 6, had to first be synthesized which can be seen in figure 13. Compound 1 was
chosen as a starting point due to its commercial availability. The carbamide of compound
1 was hydrolyzed to produce the carboxylic acid, compound 2.27 Compound 2 could have
been reduced to compound 4 using LiAlBH4 but this approach was not taken as it was
reported in the literature that it resulted in low yield and a lack of reproducibility.24
Ethylchloroformate was then added to compound 2 to create the anhydride compound
3.24 The anhydride was then reduced to produce compound 4.24 The methylsulfonyl
moiety was added to compound 4 creating compound 5.26
The synthesis of compound 6 was unsuccessful but there was much learned that
could help future studies. One of the problems observed with the synthesis was the
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instability of the methylsulfonyl moiety of compound 5. The moiety made the
compounds sensitive to light and also to heat resulting in its rapid decomposition.
Compound 6 was reported as being even more unstable than compound 5 by Qin et al.
Therefore, the synthesis of compound 6 was not performed due to insufficient amounts of
purified compound 5. Compound 5 needed to be purified since the purification of
compound 6 was not advised. This would ultimately reduce the amount of untagged DNA
molecules for the EPR assays. Future experiments are needed to scale up compound 4 so
that compound 5 could be produced as needed. Despite the harsh synthesis conditions,
the protonation of the nitroxide radical was not observed. This was supported by the
NMR radical shifting observed in synthesized compounds. This was further supported by
comparing compound 4 to compound 1 using the EPR spectrophotometer. When
analyzed in the EPR spectrophotometer no reduction in signal intensity was observed.
4.4 Future EPR Work
For EPR analysis of ChAT G21, more of compound 4 is needed to produce
compound 6. The spin labels can then be added as described in Qin, et al. To distinguish
which structure is present the tagged nucleotides will have to be chosen carefully. In
figure 14, two nucleotides, on opposite strands of a B-DNA simulated ChAT G-21, are
separated by 22.329 angstroms. The 25 nm max effective range of the CW-EPR distance
measurement, is almost reached when the tagged nucleotides are within +/- 3 nucleotides
of the nucleotide that is complementary to the spin label. In the parallel Q-GPX form the
distances would be decreased due to its compact form and the distances separated the G
runs would become less significant. In table 4, several ChAT G21 individual sequences
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can be seen with phosphorothioate modifications. These sequences should allow for
several combinations for analysis.

Figure 14. Simulated ChAT G21 B-DNA Structure with Nitroxide Radicals. A DNA
structure was built using the biopolymer build tool of SybylX, a computational chemistry
program. The positive strand contains the two nitroxide radicals while the negative strand
contains the one nitroxide radical seen on the top left corner. The nitroxide radical seen in
grey was built using Maestro a computational chemistry program. The attachment of the
nitroxide radical to DNA ChAT G21 structure built on SybylX was done on Maestro, as
well as the distance measurements. Nucleotides are depicted as such: guanine, green;
cytosine, yellow; adenosine, red; and thymine, blue.
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Table 4. Combination of ChAT G21 Single Strands with Phosphorothioate
Modifications. This table demonstrates the phosphorothioate modification as *. The +
and - signs refers to which strand of ChAT G21 the sequence belongs to.
Name

Sequence

ChAT G21+ mod 7

5’-CCCGGGG*GAGCCTGAGGACCC-3’

ChAT G21- mod 20

3’-GG*GCCCCCTCGGACTCCTGGG-5’

ChAT G21+ mod 7,17

5’-CCCGGGG*GAGCCTGAGG*ACCC-3’

ChAT G21-

3’-GGGCCCCCTCGGACTCCTGGG-5’

ChAT G21+ mod 2

3’-GGGCCCCCTCGGACTCCTG*GG-5’

Once the distances are taken, the distances can be compared using a molecular
mechanics program. A possible template that can be used is the crystal structure of a
telomeric bimolecular parallel G-QPX as a starting point for model building using
SybylX or Maestro. The structure can then be built in a way that agrees with the distance
measurements obtained from the EPR analysis. The models can also be further refined
via energy minimization and molecular dynamics using the YASARA program.
4.5 Conclusion
Although the EPR distance measurement or mobility experiments could not be
completed due to the nitroxide radical synthesis, the methodology for this experiment can
be used in future studies. This work compiles the synthesis of compound 5 from
commercially available and inexpensive reagents that can be found in a standard
synthesis laboratory. Although there are several methods that use EPR to analyze G29

QPX, this work is the first in providing an EPR method that can potentially distinguish
G-QPX structures from non-G-QPX structures.
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