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Abstract

There have been many speculations for the environment in which life originated
but it has still yet to be determined what environmental chemical and physical
conditions were necessary for the evolution of self-replicating chemical systems.
While it has been determined that DNA, RNA and their components are chemically
unstable at high temperatures, there has currently been only a small number of

studies into the role of high pressures on the chemical and physical stabilities.

High-pressure NMR spectroscopy has been used here to study the effects of high
temperatures/pressures on the chemical stability of DNA and its components. This
has been done with the use of a specialised commercial high-pressure NMR cell
capable of withstanding pressures up to 250 MPa. In addition to this, a custom safe

handling apparatus and pump system was developed for the operation of this cell.

Studies into the effects of high pressures on the rate of hydrolysis of cytosine and
cytidine at 100 °C were performed by measuring the rates of hydrolysis with time
under various pressure conditions. These results have shown that the rates of

hydrolysis of cytosine and cytidine increase considerably with pressure.

The effects of high pressure on the physical stability of DNA were determined by
performing dissociation (melting) experiments on several different DNA sequences
under multiple pressure conditions. It was found that the melting point of a small
DNA hexamer decreased slightly with pressure whereas the melting points of
larger dodecamers increased overall with pressure. It was also found that the

melting point of an i-motif structure decreased with increasing pressure.

The effects of high pressure on the chemical stability of cytosine were again
studied, this time for cytosine residues within both single- and double-stranded
DNA. DNA samples for bacteriophage ®X174 were incubated under various
temperature and pressure conditions. Results for these studies have yet to be

determined as the incubated DNA is yet to be sequenced.

It has been discovered that high pressures have a negative effect on the chemical
stability of DNA constituents while having an overall small positive effect on the

physical stability of DNA.
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increase the sample volume within the RF field. it is then placed within a standard NMR tube
for protection. Image adapted from Conradi . ...t 14

Figure 2.2: Metallic Pressure Vessel. This cell is constructed from a metal pressure vessel (1)
containing the sample tube (2) which is placed inside the RF coil (3). The vessel is sealed from
the bottom with a plug (4) and pressure is provided from an external pressure source
connected to the top of the cell (5). Image adapted from Conradi “Y. ..........coovvvievierrieen. 15

Figure 2.3: Diamond Anvil Cell. The sample is placed in the sample region (1) between the two
diamonds (2). A metallic gasket (3) holds the sample in place. The RF coil is situated around
this middle region of the cell. Pressure is applied by tightening the screws (4) which connect
the backing plates (5). Image adapted from Conradi ™............couoveeeeeeeeeeeeee e 16

Figure 2.4: High-Pressure NMR Tube. The sample is placed in the tube (1) which is connected
to a manifold (2). The cell is pressurised by a pump connected to the high-pressure connection
point (3). Image adapted from Daedalus INNovations ™. ..........coiereeeeeeee e, 17

Figure 2.5: The Daedalus Innovations Cell. (a) A schematic of the Daedalus cell. The ceramic
tube is secured in the cell manifold by the manifold base. A nitrile O-ring (TS01) provides the
seal while the metallic tube seat (TCSN-M) ensures correct seating of the tube. Pressure is
provided via a high-pressure connection at the top of the cell. Image adapted from Daedalus
Innovations. (b) The cell manifold and the completed cell. Image obtained from
http://www.daedalusinnovations.com /apparatus/high-pressure.html........c..ccooeeveveieninennnen. 19
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Figure 2.6: Safe-Handling Apparatus for the High-Pressure NMR Cell. This schematic outlines
the important features of the safe-handling apparatus. Further information on these features
is given in the text. (1) The high-pressure cell. (2) Aluminium shaft. (3) Shaft sleeve. (4)
Alignment bracket. (5) Main arm. (6) Secondary arm. (7) High-pressure pump. (8) Wall-
mounting bracket. (9) Locking arm. (10) High-pressure tether........ccccccoevvieiicciiec e, 22

Figure 2.7: Schematic of High-Pressure Pump. The high-pressure NMR cell is connected to the
cell outlet valve via the high-pressure tether connected at the cell outlet. .........cccveveeeennne. 24

Figure 2.8: High-Pressure Connection. A collar is screwed onto the end of the high-pressure
tubing. A gland nut is then threaded over the collar and screwed into the component. This
forces the coned end of the tubing in the orifice of the component creating a seal. This
connection may be disassembled and reassembled indefinitely. The threads of the gland are
right-hand while the threads of the collar and tubing are left-hand to prevent rotation of the
collar during assembly. Image adapted from HiP e res e s reeres s e e r s e e sneanaeens 24

Figure 2.9: Schematic of High-Pressure Pump Upgrade. The external outlet valve connects to
the high pressure reaction vessel via a high-pressure tether........cccocceevvviiiiiiviie i, 25

Figure 2.10: High-Pressure Reaction Vessel. (a) A cross section of the reaction vessel showing
the cap (1), body (2), vent hole (3), O-ring (4) and backup ring (5). (b) The reaction vessel in its
frame. This shows the high-pressure tether connection (6), the isolation valve (7) tubing to
connect the valve to the underside of the reaction vessel (8) and the high-pressure plug (9).. 28

Figure 2.11: Cross Section of Cell Manifold Base as Seen From Below. The dashed lines indicate
the flattened surfaces which allow for a spanner to grip this section for cell assembly............ 31

Figure 2.12: Broken High-Pressure Tube. Base of tube, 0 mm. The highest point of the
breakage, 46 mm. Oil level when immersed, 70 mm. Top of tube, 92 mm. ......ccccccevecnriveeeennn. 32

Figure 3.1: DNA/RNA Bases. Adenine (A), cytosine (C), guanine (G), thymine (T) and uracil (U).
The alternate bases xanthine, hypoxanthine, diaminopyrimidine, isocytosine, isoguanine and
diaminopuring are also SNOWN. ....cccii i e e e e s e e e e e e e e aeraneees 34

Figure 3.2: High-Pressure NMR Cell in Oil Bath. This figure shows the depth to which the high-
pressure NMR cell was placed in the oil bath. It can be seen that the entire sample (red) within
the cell is beloW the Oil IEVEL.......oc.viiiiee e e aee e s e s 41

Figure 3.3: Cytosine/Cytidine Hydrolysis. a) Cytosine to uracil and b) cytidine to uridine
indicating hydrogens 5H and 6H. c) An example spectrum of cytosine during hydrolysis. The
peaks from hydrogens 5H and 6H from both cytosine and uracil have been labelled: for
cytosine, C5 and C6, and for uracil, U5 and U6. These peaks were used to determine the rate of
1Yo 1o Y2 PR 42

Figure 3.4: Mechanism of Cytosine Deamination. This figure outlines the mechanism by which
cytosine or cytidine undergoes deamination. A resonance shift leaves a positive charge on C4
making it susceptible to attack from a water molecule. The amino group then leaves as an



NH;.The N3 then takes the proton from the neighbouring OH. A final resonance shift restores
the molecule to its final state as uracil. Alternative mechanisms have been proposed including
catalytic activity from the buffer *®. However, these mechanisms have not been confirmed
and still share the same rate-limiting step. As such, the mechanism outlined in this figure will
suffice for understanding the rate relationship. .......ccceeeeciiiiiicii e 44

Figure 3.5: In Nyversus Time for Cytosine Hydrolysis at pH 7. The results of each pressure
oo YaTe FTuToT I T ¢ =T o 1Y o PO PSR 46

Figure 3.6: ks versus pH. k,,s values at pH 6.0, 7.0 and 8.0 for both 0.1 MPa and 150 MPa.
Connecting lines are as a visual reference only. ... 47

Figure 3.7: In k,,s versus Pressure for Cytosine. From the gradient of this plot, the reaction
volume has been calculated to be -11.7 + 1.2 cm> Mol™. ..o 47

Figure 3.8: In Nyversus Time for Cytidine Hydrolysis at pH 7.........ccccoviiiininiiiniiiiiie, 48

Figure 3.9: Overlapping Peaks. An example of overlapping proton peaks where the midpoint of
the proton signal was estimated. In this instance the uracil signal could possibly be offset by
10 T o 1V T o - ' PSSR 51

Figure 4.1: Nucleobase Labelling. Proton assignment diagram for all bases including labelling
for the deoxyribose sugar. n’ refers to a proton on the 2-deoxyribose group while n” refers to
the second of two hydrogens attached to the same carbon. ........cccccveeiiiiiiiiii e, 63

Figure 4.2: Observed Proton Spectral Ranges. The spectral ranges over which specific proton
signals occur as observed over the course of this study. Conveniently, C-6H signals can be
identified as doubles while A-2H exhibit no NOE’s with 2'H/2"H protons in a NOESY spectrum.
This allows for the clear identification of the A-8H, G-8H, T-6H and T-5CHj; signals. These results
compare well with results seen by Nielsen et al. et esreeresereessseseaesseenneseesreasneenaees 64

Figure 4.3: Intraresidue (i) and Sequential (s) Connectivities Between Adjacent Nucleotides.
The 'H — connectivities d;(6H/8H->1'H) and d,(1'H->6H/8H) (red arrows),
di(6H/8H->2H')/di(6H/8H->2H") and ds(2'H->6H/8H)/ds(2"H->6H/8H) (blue arrows) and
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B-DNA. Image adapted from WUhrich 781 ...t 65

Figure 4.4: Example of Cross Peaks and Their Links. Examples of the NOE cross peaks and their
links in the anomeric (6.5 to 5.5 ppm)/base proton (8.5 to 7.0 ppm) region. Horizontal lines
indicate i — s links and vertical lines indicate s — i liNKS. .....ccooviiiiiiiiiiii e 66

Figure 4.5: Examples of Partial Sequence Determination. a) Identification of terminal bases.
The 5’-terminal base (green circle) and the 3'-terminal deoxyribose (red circle) exhibit only
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Nucleic Acids

e DNA - Deoxyribonucleic acid. Each DNA nucleotide is comprised of a
nucleobase, a phosphate and a 2-deoxyribose sugar. The phosphate and
sugar form the backbone of DNA. The nucleobases are attached to the

anomeric carbon of the sugar unit.

o DNA nucleotide

Base

e RNA - Ribonucleic acid. Each RNA nucleotide is comprised of a nucleobase, a
phosphate and a ribose sugar. The phosphate and sugar form the backbone
of RNA. The nucleobases are attached to the anomeric carbon of the sugar

unit.

o RNA nucleotide
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O OH

e Nucleic acid structure. A series of nucleotides joined to form a

oligonucleotide chain. Watson-Crick base pairing between two
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complementary oligonucleotides under standard biological conditions
results in the DNA structure as show below. Three dimensionally this is a

right-handed double helix with approximately 10.5 bases per turn.

o

Other DNA structures

Triplexes. A triplex is formed when a C/T rich segment of a DNA sequence
folds back along a A/G rich segment. This results in a triplex comprised of a
pair of strands bonded by Watson-Crick pairings with a third strand bound
via Hoogsteen pairings to the A/G rich strand involved in the Watson-Crick

pairing.
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o Triplex Structure

—T-CT.CT-CIC

[
GGG
11

T

R T-C-T-C—T-C-T-CX
A

/

A-G-A-G-A-G-A-G

G-Quadruplexes. G-quadruplexes are a tetrad structure formed by four, G-rich
sequences. Four guanine bases undergo Hoogsteen type bonding to form a G

tetrad. These tetrads stack to form a quadruplex with multiple topologies.

o G-quadruplex tetrad

o G-quadruplex Topologies

XXiv



i-Motifs. i-Motifs are a tetrad structure formed by four, C-rich, DNA sequences. The
structure is formed from two sets of antiparallel stranded duplexes connected by
C-C* Hoogsteen pairings. These pairings are intercalated between the two duplexes

resulting in the four stranded structures.

o i-Motif pairing
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Abbreviations

CD spectroscopy - Circular Dichroism spectroscopy
COSY -Correlation Spectroscopy

dNTPs - deoxyribonucleotide Triphosphates
HiP - High Pressure Equipment Company

NMR spectroscopy - Nuclear Magnetic Resonance spectroscopy

NOESY -Nuclear Overhauser Effect Spectroscopy

RF - Radio Frequency

SBS - Sequencing By Synthesis

Sequence 121 - DNA sequence 5'-CAT TTA TAA ATG-3'. 16.7 % G-C

Sequence 122 - DNA sequence 5'-CAT TCT AGA ATG-3'.33.3 % G-C

Sequence 123 - DNA sequence 5'-CAA GTC GAC TTG-3". 50 % G-C

Sequence 124 - DNA sequence 5'-CAG GTC GAC CTG-3'. 66.7 % G-C

Sequence 125 - DNA sequence 5'-CAC CCG CGG GTG-3".83.3 % G-C

T - Melting temperature

TMSP-d - 3-(trimethylsilyl)-2,2',3,3"-tetradeuteropropionic acid (NMR
reference)
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