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ii  
 

to avoid significant changes in G4 topology. Internal cross-links were 

incorporated into DNA using modified nucleotides designed for copper(I) -

catalysed azide-alkyne cycloaddition . These cross-links  prevent G4 structures 

from unfolding , but the location of these cross-links must also be carefully 

considered to prevent disruption of the native G4 topology and blocking p rotein 

binding sites. All three  of these methods present potential  routes for stabilising 

G4s within larger DNA s tructures. Furthermore, all three modifications could 

potential ly be expanded to stabilise other non-canonical structures, such as i-

motifs or triplexes.  
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in vitro  but has also been shown to form in dehydrating conditions in vivo .12 

Formation of A -DNA is potentially a method of protecting DNA from damage 

under extreme conditions.  

 Z-DNA instead features a left-handed helix with a zigzag pattern, primarily 

found in sequences of alternating purine and pyrimidines (particularly CG). This 

structure is considerably different from both A - and B-DNA, with the negatively 

charged phosphate groups packed closer together (8 Å as opposed to 11.7 Å) than 

in the B-DNA.13 This means that the presence of cations, and therefore salt 

concentration, is an important driving factor in Z -DNA formation. The exact role 

of Z-DNA in genomic function is not fully under stood but it appears to form 

transiently in canonical duplexes during specific biological processes, such as 

transcription, and potentially plays a regulatory role in gene expression. 14, 15 

The driving forces of A- and Z-DNA formation are primarily the same as B -

DNA, i.e., hydrogen-bonding, electrostatic repulsion and the hydrophobic effect. 

However, the presence of specific nucleobases as well as salt and hydration 

conditions appear to also play a role in their formation. The regulation of these 

conditions within the cell appear s to be crucial to controlling secondary structure 

formation.  

A) B) C) 
 

Figure 1.2. X-ray crystal structures of the most common DNA duplex conformation s, showing individual  
strands in red and blue. A) B -DNA, the most commonly observed structure , featur ing a right -handed double 

helix. B) A-DNA, a more compact right -handed double helix often observed in dehydrated DNA samples. C) Z-
DNA, a left -handed helix typically observed in CG -rich DNA and at high salt concentrations due to the 

proximity of charged phosphate groups.  
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complementary 22CT sequence under identical conditions was less than -5 kcal 

mol -1.19 Additionally, the G4-forming  sequence G4T4G4 forms a duplex in the 

presence of the complementary C4A4C4 strand in 150 mM Na+ buffer but forms a 

bimolecular G4 (Figure 1.6B) in K+ buffer. These results suggest that in buffers 

used to mimic physiological conditions duplexes are often slightly favoured over 

G4s, but adjusting the conditions can encourage the formation of a different 

secondary structure. Factors such as increased molecular crowding or variations 

in salt concentration could result in G4 formation consistent with in vitro  results. 

Outside of physiological conditions G4s begin to compete with duplex 

formation. As described in Chapter 7.2.3, imino proton peaks in 1H NMR can be 

used to identify DNA secondary structure. 1H NMR analysis of 22AG and its 

complementary 22CT sequence showed only imino peaks corresponding to a 

duplex structure at pH 7.0, as expected. As pH was decreased, more peaks 

corresponding to G4 and i-motif formation were present and by pH 4.5 a mixture 

of i-motif, G4 and duplex peaks were observable.46 Similar results were obtained 

using CD spectroscopy to identify the various secondary structures.47 Lower pH 

increases the stability of the i-motif and destabilises the GC-base pair due to the 

increased protonation of the cytosine nucleobase. These effects result in a 

corresponding increase in G4 stability. Overall, this suggests that variations in 

cellular conditions could result in increased formation of G4s and other 

secondary structures. The role of this equilibrium is often not reflec ted in in vitro  

studies using buffers intended to mimic physiological conditions because 

complementary strands are not present. 

While cellular pH is relatively constant, other conditions, such as salt 

concentration, may vary throughout the cell cycle, potentially increasing G4 

formation. In Shirude et al.29, single molecular FRET experiments indicated that 

with no K + cations present solutions containing the G4-forming  c-KIT sequences 

and the complementary strand at pH 7.4 contained almost entirely canonical 

duplexes. However, with 100 mM KCl added several subpopulations 

corresponding to multiple G4 topologies were observed. While the canonical 

duplex was still the primary structure, the non -canonical G4 was also present to 

some degree, suggesting an equilibrium between both structures. Molecular 

crowding could also have a role in secondary structure formation in cells but is 
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often not considered in in vitro  experiments. Molecular crowding occurs in 

environments with high concentrations of macromolecules, such as proteins and 

DNA, and has been shown to alter the properties of molecules by reducing the 

available solvent volume, effectively increasing their concentration, and driving 

complex formation. Some studies have simulated a crowded environment by 

including high concentrations of polymers like polyethylene gly col. These results 

have indicated that G4s, and other structures formed by Hoogsteen H-bonds, 

may be more favourable under these conditions.48 Overall, this suggests that 

differences in cellular conditions could encourage the formation of a range of 

secondary structures. 

G4/i -motif interdependence studies also indicate how cellular conditions 

could affect secondary structure formation. Cui et al.49 produced DNA sequences 

containing both i -motif and G4-forming  regions. These sequences were 

incorporated into longer DNA sequences with double-stranded DNA handles 

allowing them to be attached to polystyrene (Figure 1.6C). Optical tweezers were 

then used to stretch the molecules and observe the unfolding of the secondary 

structure under strain. In  buffer conditions where only one structure was 

expected to form, single-molecule force ramp assays showed extensions expected 

to correspond to G4 and i-motif unfolding. However, similar extensions were also 

observed in buffer conditions when both G4 and i -motif structures were expected 

to be formed. This implies that the two structures are mutually exclusive even in 

sequences where formation of both structures is possible (such as in cells). Cui et 

al.49 suggested that this observation was caused by changes in the shape of 

adjacent single-stranded DNA connecting the non-canonical secondary structure 

to the canonical duplex. When one non-canonical secondary structure was 

formed, the connecting region could form a bulging shape, disrupting formation 

of the other secondary structure (Figure 1.6C). These regions on complementary 

strands could potentially interact and cause steric strain if both structures are 

formed simultaneously meaning only one structure is formed at a time. This effect 

was not observed when the two structures were completely offset. This is 

unintuit ive as the formation of one structure prevents nucleobases on the 
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opposite strand from hydrogen-bonding, which would be circumvented if both 

structures were folded simultaneously. 

These results are supplemented by observations made by King et al.50 

Immunofluorescence microscopy using antibodies directed against G4 and i-

motifs showed both secondary structures were present in proliferating MCF-7 

cells, although their distribution varied through the cell cycle. i-Motif s were 

mainly present during G1, the growth phase, where cells prepare for DNA 

replication (or S -phase), while G4s were primarily present during S-phase.  

Further investigation used two ligands, GQC-05 and 71795 (Figure 1.7), which 

stabilise G4s51 and i-motifs 50, respectively. These ligands were independently 

added to cells arrested during G1 and S-phase. When G4s were stabilised during 

the G1 phase almost no i-motifs were visible. A similar result was seen for G4s 

when i-motifs were stabilised in the S-phase. This result indicates that the 

mutually exclusive nature of these secondary structures, as observed by Cui et 

al.49 is consistent with the behaviour of G4s and i-motifs in cells. These findings 

support the idea that while G4 and i-motif formation occurs in cells, despite the 

preference for canonical duplex formation, these structures are rarely formed 

simultaneously.  Furthermore, formation or G4 and i -motif  structure may be 

related to the cellular functions occurring before and during DNA replication.  

Current research suggests that varying conditions such as salt concentration, 

pH or molecular crowding could significantly encourage the formation of 

different  secondary structures. The differences between cellular conditions and 

in vitro  experiments mean that obtaining completely accurate depictions of G4-

protein interactions is challenging. Most in vitro  oligonucleotide experiments use 

individual sequences that fold into the desired secondary structure. However, as 

the previously discussed studies have demonstrated, this is not how DNA exists 

within the cell. To develop a better understanding of cellular behaviour it is 

A) B)  

Figure 1.7. Ligands used to stabilise A) G4s (GQC-05) and B) i -motifs 
(71795). 
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chosen for their ability to demonstrate that modifications were po ssible and gave 

positive outcomes rather than specific interactions with proteins.  Eventually it 

would be preferable to produce sequences which can be used for experiments 

with proteins, and in some cases preliminary results have been obtained and are 

presented here. 
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This was first studied using UV-Vis absorption titrations, wherein the change in 

absorption was measured as ligand was added. However, experimental results 

were inconclusive, and the binding mode was further verified computationally 

using long-time multiscale molecular dynamics simulat ions. The specificity of 

IZFL -2 allows it to identify not only the location of G4s, but specifically the 

formation of G4s in the c-MYC promoter region, which is a known oncogene. 

Many ligands have been produced containing other fluorescent groups and these 

highly specific G4 binding ligands are useful tools in identifying G4 formation in 

cells. The use of one such G4 ligand, GQC-05 (Figure 1.7A), is illustrated in the 

experiments by King et al. discussed in Chapter 1.  

The pyridostatin (PDS) ligand ( Figure 2.1C), which we will use in our 

subsequent experiments, is an example of a ligand known to induce polymerase 

stalling. 61, 75 By stabilising G4 structures it is possible to stop the processing of 

DNA by enzymes that  specifically interact with canonical duplex structures. 

While this ligand has been shown to improve G4 stability, it is  unclear whether 

coordination of the ligand to the G4 would affect G4 topology and, as a 

consequence, block or change the shape of protein -binding sites. Our initial 

hypothesis is that ligands such as PDS will induce changes in G4 structure, which 

would therefore interfere with stud ies of protein binding  intended to mimic 

conditions in cells .  

To test this hypothesis, we performed CD and 1H NMR experiments on 

several G4-forming sequences before and after addition of PDS. These 

experiments will clarify the effect that PDS has on G4 stability in the buffer we 

use for 1H NMR and will then allow for comparison between the  widely used 

existing method of stabilising G4s with  small-molecule ligands and the new 

methods of G4 stabilisation described in this thesis. The effect of PDS binding to 

several G4 sequences will be assessed using the same techniques used for our 

modifications, both in terms of thermal stability  (see Chapter 7.2.6 for details of 

CD analysis technique) and disrupt ion of duplex formation  (see Chapter 7.2.3 for 

details of 1H NMR analysis).  

Additi onally, we present our investigation of several new, G4-targeted 

ligands developed by our collaborator, Dr. Masayuki Fujii of Kindai University, 

Osaka (Japan). These ligands are based on short peptide chains intended to 
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match the shape and distribution of charges in the backbone of G4 structures. 

However, we encountered problems with their use, primarily a significant 

decrease in the solubility of resulting G4-ligand complexes, which is described in 

Chapter 2.3. 

 2.2. Evaluation of the Effect of Pyridostati n on G4 Stability and 

Topology  

The investigation of PDS binding focused on the four natively occurring  

sequences discussed in Chapter 1.3.2, tel, c-KIT, c-MYC and Pu39 (Table 2.1). In 

the case of tel we instead use the slightly elongated Ttel sequence to allow these 

results to be compared with 1H NMR  experiments which were run simultaneously 

and is discussed in Chapter 4. Each sequence was tested in Na+ and K+-containing 

buffers, before 2 mole equivalents of PDS were added to the K+-containing stock 

solution and sequences were tested again. Literature indicated that 2 equivalents 

were sufficient to see significant changes in G4 behaviour.76 Circular dichroism 

(CD) spectroscopy was used to determine the apparent topology and stability of 

each G4, and 1H NMR spectroscopy was used to observe changes resulting from 

PDS complexation with G4s and to challenge PDS-G4 complexes with 

complementary sequences (see Chapter 7.2.3. and 6.2.6 for protocols of CD and 
1H NMR experiments in G4 studies).  

2.2.1. Topology and Stability of G4 -PDS Complexes  

 In Na+-containing buffer these sequences formed G4s with a range of 

topologies. Ttel and c-KIT appeared to be only partially folded in Na + buffer 

(Figure 2.2A and C), while c-MYC and Pu39 formed G4s with mixed topologies 

(Figure 2.2B and D). In K+-containing buffer c -MYC formed parallel G4s (Figure 

2.2B), while Ttel, c-KIT and Pu39 formed mostly parallel G4s, but each contained 

a shoulder at approximately 290 nm ( Figure 2.2A, C and D). These topologies 

were mostly preserved upon addition of PDS, except for Ttel, which instead 

formed an antiparallel G4 in the presence of PDS (Figure 2.2A). However, in all 

instances we observed a slight decrease in the intensity of the peaks 

corresponding to G4 formation. It is unclear if this is due to decreased G4 

formation or a small amount of complex aggregation and precipitation , although 

minimal precipitate was visible in solution . In most cases this meant that the 
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had the most clearly defined peaks in this region before addition of PDS, moved 

to a lower chemical shift and no longer had such clearly defined peaks (Figure 

2.3A and B, respectively). The less clearly defined peaks suggest that the addition 

of PDS induced the formation of a wider range of G4 topologies and the change 

in chemical shift may indicate aggregation of G4s into larger structures. This may 

explain why we observed a decrease in signal intensity after PDS addition in CD  

experiments. The PDS control (Figure SI-1) showed no peaks in this region, 

indicating that any changes are not a result of overlapping peaks, and therefore 

the observed changes must reflect changes in G4 structure resulting from the 

formation of a G4/ligand complex. These results were also observed for c-KIT and 

Pu39, although these sequences had less clearly defined imino proton peaks in K+ 

buffer before ligand additions ( Figure 2.3C and D, respectively). While CD 

spectroscopy indicates that G4 topology is mostly conserved, 1H NMR spectra 

suggest that at least minor topological changes have occurred. Alternatively, 

broad imino proton peaks in 1H NMR can indicate increased aggregation of G4s, 

G4 G4 Duplex Duplex 
 Na

+ 

K+ 
 

+PDS 
 

Na+ 
 

K+ 
 

+PDS 
 

C) c-KIT  D) Pu39 

 A) Ttel B) c-MYC 

Na
+ 

K+ 
 

+PDS 
 

Na+ 
 

K+ 
 

+PDS 

Figure 2.3. Change in topology, as indicated by 1H NMR  spectroscopy, of G4-forming  sequences in Na+ and K+-
containing buffer , followed  by addition of PDS to K+ buffer  samples. A) Ttel. B) c-MYC. C) c-KIT . D) Pu39. 

Conditions: 200 µM  strand concentration , 400 µM PDS, 20 mM sodium phosphate, 10 mM KCl (in K +-
containing samples),  10% D2O, 1% TSP, 25 °C, pH 7.0. 
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caused by the PDS ligand, but the change in chemical shift suggests that the 

topology may also have changed. This shift may also be induced by a shielding 

effect of PDS in NMR, but the change still implies a significant diffe rence between 

G4s before and after PDS addition. Broadly, this suggests that if a parallel 

topology is more thermodynamically favoured it may be preserved, but the 

presence of a ligand such as PDS potentially leads to multiple topologies and 

aggregates.  

  PDS is reported to increase G4 stability,75 but after observing the 

significant change in topology suggested by NMR measurements, it was necessary 

to assess thermal stability of the G4s in the NMR buffer. The Tm values indicated 

results consistent with literature: addition of PDS caused a significant increase in 

thermal stability ( Table 2.1, Figure SI-2 (Na+), Figure SI-3 (K+) and Figure SI-4 

(K+ + PDS)). Control samples, without PDS, showed increased stability in K+-

containing buffer compared to Na +, which is the case for most G4-forming  

sequences. c-MYC was considerably more stable than the other sequences. After 

PDS addition c-KIT, c-MYC and Pu39 were all stable up to 90 °C when PDS was 

present. The Pu39 sample showed some change in CD spectra at close to 90 °C 

but was not completely melted. c-KIT and c-MYC showed no significant change. 

Interestingly, the Ttel spectra appeared to change from the characteristic spectra 

of an antiparallel G4 to the spectra of a parallel G4 as it was heated. By 

approximately 65 °C, a large positive peak at 265 nm is visible, and the intensity 

of the positive peak at 290 nm has decreased considerably. These spectra then 

remained unchanged at 90 °C. This suggests either a complete change in G4 

topology was induced by heating, or PDS stabilises two G4 structures with 

different thermal stabilities. This confirms that the increase in thermal stability 

caused by forming G4-PDS complexes is significant, which agrees with reported 

results that addition of PDS causes a noticeable increase in G4 stability. Even c-

KIT, the G4 with the lowest stability in K + buffer with Tm of 44 °C, was stable at 90 

°C in the presence of the ligand. 
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due to the duplexes observed without PDS present. This suggests that in the 

presence of PDS, these sequences reach an equilibrium containing a mixture of 

duplex and G4 structures, while native sequences form primarily canonical 

duplexes in the absence of PDS. 

  

K
+
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before precipitation occurr ed. A steep decrease in TERRA45 signal was observed 

at around two equivalences, with minimal change prior to that addition. The 

unimolecular, antiparallel G4, thrombin binding aptamer ( TBA, Table 2.3), did 

not exhibit significant changes. Instead, the signal decreased slowly as ligand was 

added, beginning around 0.8 eq. It appears to cause some precipitation of each 

sequence, but c-KIT in particular appears to precipitate at low er molar ratio of 

G4 to ligand. The length of sequences such as TERRA45 could mean they require 

a significant amount of ligand to increase hydrophobicity, but these results could 

also indicate a specific preference for c-KIT DNA.  

In addition to G4s, several other DNA structures were tested (Table 2.3). 

Several duplex sequences, with a range of lengths were tested, as shown in Figure 

2.8B. Some decrease in signal was observed for the DNA 1 duplex, which was the 

shortest structure tested. The c-KIT duplex also exhibited some decrease in signal 

at 267 nm, but this wavelength also corresponds to a parallel G4, which could 

indicate precipitation of a G4 present in equilibrium. This would then induce a 

shift in equilibrium towards the G4 and more precipitation.  In Figure 2.8C, 

further equivalen ts were added to the c-KIT duplex and CD signal disappeared 

entirely, suggesting that complete precipitation occurred , but at higher DNA to 

ligand ratio than with G4 structures . Herring sperm DNA is a large naturally 

occurring  duplex. I t was tested on the basis that the short DNA 1 duplex may have 

decreased in signal only because it was a short sequence, and greater quantities 

of ligand might be necessary to precipitate such large sequences. As expected, no 

significant changes were observed in CD spectra with these quantities of ligand 

added.  

Non-duplex or non-G4 structures were also tested, shown in Figure 2.8D. For 

single-stranded DNA, no significant change in signal was observed when RG4 was 

added. For the i-motif sample  of ctel45 at pH 5.5, however, the signal decreased 

considerably above one equivalent of the ligand. This decrease was not observed 

for ctel45 at pH 7.0, when i-motifs are not forme d according to CD (Figure SI-

9C). This could suggest that the ligand interacted with i -motifs as well, but less 

efficiently than with c -KIT G4. While functionally very different, G4 and i -motif  

structures are slightly simi lar in shape, so the ligands designed to target the G4 

may have some interaction with i-motifs as well in the absence of any  
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also means that results obtained in the presence of these ligands cannot be used 

as analogues for G4/protein interactions occurring in the cell. Specifically, their 

potential for blocking protein -binding  sites and influencing G4 topology means 

that other methods of modification are preferable when creating stabilised G4 

complexes for protein binding.  

Despite this, the results obtained using PDS and peptide-based ligands 

presented here provide a useful comparison for the strategies described in the 

following chapters. Small -molecule ligands are the most widely used method of 

G4 stabilisation, and in developing new strategies it is useful to compare with the 

preferred existing method.  
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3.  Effect of Lipophilic Phosphate Modifications on G4 

Stability  

3.1. Introduction  

The small-molecule ligands discussed in the previous chapter are currently a 

popular method of stabilising G4s, with new ligands being constantly designed 

and synthesised, but alternative methods have been developed simultaneously. 

Phosphate modification is a method which has commonly been used to produce 

phosphorothioates, which are used to protect synthesised DNA from enzymatic 

degradation (Figure 3.1A).83, 84 Other modifications are possible using a range of 

synthetic techniques, but the Filichev group, in collaboration with Dr Dmitry 

Stetsenko of Novosibirsk State University, has focused on developing modified 

oligonucleotides using the Staudinger reaction. These modifications are intended 

A) B) C) 

D) E) 

Figure 3.1. Examples of existing phosphate modifications . A) phosphorothioates, used to protect DNA from 
enzymatic degradation . B) µ-modification . C) Tosyl-modification . Both µ- and Tosyl-modification were used  as 

controls for Staudinger modifications due to their minimal impact on DNA secondary structures . D) PG-
modification, results in a charge-neutral phosphate allowing secondary structure formation independent of salt 

concentration . E) N+ modification, resul ts in a zwitterionic  DNA sequence, giving similar properties to D).  
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formation, resulting in duplexes with high thermal stability. 87 This modification 

presented a promising new method of stabilising G -quadruplexes. The duplexes 

had been modified with lipophilic groups at the terminal ends, so that they would 

aggregate in aqueous solution and stabilise the secondary structure. We proposed 

it would be possible to stabilise other secondary structures rather than duplexes 

by incorporating lipophilic modifications at positions where only formation of a 

specific secondary structure would allow for aggregation. Using this strategy, we 

could discourage duplex formation and create thermodynamically trapped G4s. 

3.2. Methodology  

The investigation of G4s was based on two DNA sequences, dTGGGGT 

(dTG4T) and dGGGGTTTTGGGG (dG4T4G4) because both sequences have well 

reported properties. 67-71 In the presence of both Na+ and K+ cations TG4T forms a 

parallel tetramolecular G4  (this topology is shown in Figure 3.3A), while dG4T4G4 

forms an antiparallel bimolecular G4  (this topology is shown in Figure 3.3B). 

dTG4T is characterised by guanines arranged in anti -glycosidic configuration, 

while dG4T4G4 contains mixed anti  and syn glycosidic configurations. Both 

sequences are characterised by slow association kinetics, although dG4T4G4 

typically associates more quickly than dTG4T due to being bimolecular.  

Table 3.1. dTG4T and dG4T4G4 sequences synthesised and thermal stability of G4s  

All samples were stable in K+ buffer (100 mM KCl added). Conditions : 20 µM strand concentration, 10 
mM lithium cacodylate, 100 mM NaCl, pH 7.2.  (p) parallel topology. (ap) antiparallel topology. X/ X 

indicates position of phosphate modified with 4 -dodecylbenzenesulfonyl imine. (i) This  Tm is approximate 
as the sample is not completely melted at 90 °C. 

We intended to synthesise several modified sequences containing the 4-

dodecylbezenesulfonylimino modification . Three dTG4T sequences were 

synthesised, with lipophilic moieties on phosphate s between T and G at either 

end of the sequence and between the two central G residues in the sequence 

Name  Sequence  Tm (±1 °C, Na
+
 Buffer)  

TG4T TG4T 70 °C 

TG4XT TG4XT > 90 °C 

TXG4T TXG4T > 90 °C 

TG2XG2T TG2XG2T 52 °C
(ap)

 

G4T4G4 G4T4G4 64 °C(ap) 

G4T4G3XG G4T4G3XG 54 °C 
(ap)

, 74 °C 
(p) (i)

 

GXG3T4G4 GXG3T4G4 52 °C (p) 

GXG3T4G3XG GXG3T4G3XG > 90 °C (ap, p) 
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(Table 3.1, Figure 3.3A). As described below, the results of experiments with these 

sequences meant we did not synthesis dG4T4G4 with a central modification. 

Instead, we focused on dG4T4G4 sequences containing lipophilic moieties at the 

ends of the sequence, as well as a sequence containing the modification at both 

ends. (Table 3.1, Figure 3.3B and C). The modifications of each sequence had 

slightly  different goals. With  TG4T sequences we expected that aggregation of the 

hydrophobic chains would reinforce the naturally occurring  structure because the 

parallel topology would result in lipophilic modifications being arranged together 

(Figure 3.3A). In the presence of the complementary dAC4A sequence, the ability 

for lipophilic moieties to aggregate within the structures would be reduced, 

destabilising the duplex. dG4T4G4 sequence would contain modifications at 

opposite ends of the naturally occurring  G4 structure (Figure 3.3B). We expect 

A) 

B) 

C) 

Figure 3.3. Depiction of modified G4 structures: A) Modified dTG4T allows for aggregation of lipophilic moieties 
in the naturally occurring  parallel G4. B) Modified dG4T4G4 does not allow for aggregation in the naturally 

occurring  antiparallel G4. C) A suggested alternative dG 4T4G4 topology allowing for aggregation of lipophilic 
moieties. 
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this to encourage the formation of a different topology , such as a parallel G4, 

which results in lipophilic moieties arranged closer together (Figure 3.3C). The 

expected topology is unknown since a range of new topologies might allow for 

more aggregation, but the naturally occurring  antiparallel G4 topology is 

expected to be less favoured. 

Staudinger ligation was carried out using a 0.1 M solution of 4-

dodecylbenzenesulfonyl azide in dry acetonitrile (ACN)  (Scheme 3.1, Figure 3.2). 

This solution was added to the column in three 700 µL injections instead of a 

standard iodine/pyridine oxidation step during DNA synthesis  (see Chapter 7.2.1. 

for details of general DNA synthesis and 7.4.1. for details of DNA synthesis using 

4-dodecylbenzenesulfonyl azide). This solution  was passed though the column 

with evenly separated vacuum pulses over 15 minutes.  

The modified G-rich sequences were obtained as dimethoxytrityl ( DMT)-off 

sequences following cleavage with 28% aqueous ammonia (Figure 3.2 (ii)) and 

purified using reverse-phase HPLC (see Chapter 7.2.2.), which allowed the 

separation of the target products from unmodified and  trunc ated sequences due 

to high affinity of dodecyl containing sequences to the C18 phase. However, high 

hydrophobicity meant that modified sequences had retention times near the end 

of the HPLC programme (r t = approx. 24 mins).  

When multiple modifications wer e attempted (i.e., GXG3T4G3XG), this 

caused difficulty in separating fully modified sequences from partially modified 

sequences. This could be partially mitigated  by maximising the yield of the 

Staudinger reaction by increasing the concentration of sulfonyl azide solution  or 

performing reactions over longer times or at higher temperatures.  However, as 

more modifications are added, the risk of partially modified seq uences appearing 

increases. Ion-exchange HPLC does not offer a more effective purification 

method, as partially and fully modified species have identical net charges. At this 

stage it is possible to anticipate difficulties with modifying and purifying 

unim olecular G4s containing three or more modifications. For these applications 

size-exclusion HPLC or preparative dPAGE could be considered as alternative 

methods of purif ication . Alternatively, longer reverse-phase HPLC programmes 

or different buffer conditi ons could be developed to try and improve separation 

of highly hydrophobic modified DNA sequences. 
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aggregates, samples were heated at 90 °C for at least 1 hour in the folding buffer. 

Formation of the expected G4 structures was then detected by CD (Figure 3.4B) 

after slow cooling (100 µM strand concentration, 1 °C/min from 90 to 4 °C). 

Initial CD samples were retested after several months at 4 °C and formation of 

the G4 was also observed. This suggests that the hydrophobic aggregates are 

kinetic product s, but the G4 is the thermodynamic product.  

B) C) 

A) 

Aggregated 
 

G4 

Figure 3.4. Unique structures of  modified  dTG4T. A) Initial dPAGE shows multiple bands. When  dTG2XG2T was 
extracted, each band gives the same result on a subsequent dPAGE, suggesting that this is the result of an 
equilibrium of multiple structures rather than impurities in the solution. B) CD profile of dTG4XT. Initial 

formation shows primarily non -G4 secondary structure. After heating for approximately 1 hour, formation of 
G4 structure is observed. C) 1H NMR spectra of structures shown in CD spectroscopy.  Conditions: 10 µM 

strand concentration, 10 mM lithium cacodylate, 100 mM NaCl, pH 7.2. dPAGE: 20% acryla mide, 7 M urea, 1x 
TBE running buffer.  NMR: 200 µM strand concentration, 20 mM sodium phosphate, 10 mM KCl, 10% D2O, 1% 

TSP, pH 7.0. X = 4-dodecylbenzenesulfonyl imino phosphor ane. 
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steric hindrance at the ends of sequences due to the bulky carbon chains being 

forced into close proximity by the shape of the G4 structure. This may result in 

some strands adopting the opposite orientation and explains the overall mixed 

G4 topology.  

Figure 3.5. dTG4T and modified sequences in A) Na+ buffer and B) K + buffer. (C) Proposed 
structure of dTG 2XG2T G4. (D) Structure of twisted intercalating nucleic acid (TINA) moiety 

Conditions: 10 µM st rand concentration, 10 mM lithium cacodylate, 100 mM NaCl or KCl, pH 
7.2. 

B) K+ 

C) D) 

A) Na+ 
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TG2XG2T, with a dodecyl moiety in the middle of the G-tract, showed an 

almost complete change in topology. In the presence of K+, it showed a similar 

mixed topology to the other modified TG 4T sequences, with positive peaks at 265 

and 295 nm, suggesting the presence of both syn- and anti -guanosines. However, 

in the presence of Na+ an almost complete switch to a positive peak at 295 nm 

was observed (Figure 3.5A). This indicates the presence of syn-guanosines and 

resembles the CD profile of an antiparallel G4. We proposed that this indicated 

the formation of a bimolecular antiparallel dimer ( Figure 3.5C). Similar CD 

results were obtained previously for comparable sequences containing twisted 

intercalating nucleic acid ( TINA ) modification  (Figure 3.5D),88 which is even 

more hydrophobic.  These sequences, when analysed using 1H NMR spectroscopy, 

were determined to fold into G4 structures as shown in Figure 3.5C. The central 

hydrophobic groups meant that this topology was more favourable than the 

expected native tetramolecular parallel structure, as it better allows for the 

hydrophobic groups to aggregate. CD spectra obtained of modified TG4T 

sequences did not show the expected increased favourability for  the parallel G4, 

but they do demonstrate that  this type of hydrophobic modification is capable of 

inducing  a significant change in G4 topology.  

The outcome observed for G4T4G4 modifications was closer to expectations, 

with some sequences shifting towards a parallel topology. Native G4T4G4 forms a 

characteristic antiparallel G4 as indicated by CD with positive peaks at 295 and 

240 nm and a negative peak at 260 nm. In Na+ buffer the CD spectrum of 

GXG3T4G4 closely resembles this native topology (Figure 3.6A), but when K+ was 

present, a new positive peak at 265 nm appeared (Figure 3.6B), indicating 

B) K+ A) Na+ 

Figure 3.6. dG4T4G4 and modified sequences in A) Na+ buffer and B) K + buffer. Conditions: 10 µM strand 
concentration, 10 mM lithium cacodylate, 100 mM NaCl or KCl, pH 7.2.  
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expected topologies. Specifically, it appears that unfavourable interactions of the 

lipophilic chains may induce some change in guanosine conformation and 

potentially G4 topology. While this did not support our initial expectations of 

these modifications, it does suggest that hydrophobic moieties could be an 

effective strategy for controlling G4 topology in some sequences. In particular, 

modification of dG 4T4G4 seemed to encourage formation of the parallel topology, 

with G4T4G3XG in particular forming a mostly parallel G4 in K + buffer.  

3.3.3. Assessment of G4 Thermal Stability  

The thermal stability of DNA secondary structures is a useful metric for 

determining their overall stability. Increased thermal stability of G4 structures 

could indicate a corresponding reduction in formation of the canonical duplex 

when complementary DNA is added. Our expectation was that hydrophobic 

modifications would increase G4 thermodynamic stability by providing 

additional support for the structure through the hydrophobic effect.  

No change in CD signal was observed for any of the modified G4-forming 

sequences in K+ buffer, even at 90 °C. The thermal stability of T XG4T and TG4XT 

increased significantly in Na +-containing buffer, both giving Tm values in excess 

of 90 °C (Table 3.1, Figure SI-11B and C). The uniquely structured TG2XG2T was 

an exception, with a significant decrease in Tm. This is likely due to a change from 

four G-tetrads per G4 to just two. While the structure was changed by these 

modification s, CD melting profiles showed the peaks decreasing simultaneously 

(Figure SI-11D).  This suggested that we were observing a single mixed topology, 

rather than distinct structures with purely parallel and antiparallel topologies. 

This agrees with our previous conclusion that the dodecyl monomer in the middle 

of a dTG4T sequence converts a predominantly parallel tetramolecular G -

quadruplex into an assembly composed of two identical antiparallel G-

quadruplex subunits stacked via dodecyl-dodecyl interfaces (Figure 3.5C). 

Overall, these results suggested that addition of large hydrophobic moieties has 

the expected effect on TXG4T and TG4XT G-quadruplex stability.  

The Tm value for G4T4G3XG was determined using the peaks in CD spectra 

corresponding to both antiparallel  and parallel topologies, because each topology 

had different properties. Both GXG 3T4G4 and G4T4G3XG showed decreased 

thermal stability in Na + buffer for the peaks corresponding to an antiparallel  G4 
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3.3.4. Effect of Lipophilic Modification on Duplex Formati on  

While lipophilic chains had a significant effect on G4 topology, I  also 

hypothesised that increasing the thermal stability of G4s would reduce the 

formation of WC duplexes in the presence of the complementary strand. Native 

PAGE was used to compare the mobility of native G 4T4G4 and the modified G4s 

in the presence of the unmodified C4A4C4 strand (Figure 3.7). Native G4T4G4 (lane 

2) migrates as a single band below the T10 component of the ladder in both Na + 

and K+ buffers. Upon addition of the complementary stand C 4A4C4 a new retarded 

band was observed at around the T15 component of the ladder suggesting some 

formation of the duplex (lane 3 and 4). The single-stranded complementary 

sequence, C4A4C4, can be seen in lane 8, with a similar mobility to the G4T4G4 G4. 

When the sample was heated, an equilibrium was established between G4 and 

duplex structures, as seen in lane 3. The modified G4s in the absence of 

complementary strand can be seen in lanes 5, 11 and 14, but these sequences are 

far less mobile on the gel, with considerable aggregation in the well. However, 

some duplex formation can be observed in Na+ buffer, with new bands appearing 

around the T20 ladder component in lanes 6, 7, 9, 10, 12 and 13 (Figure 3.7A). 

However, in K+ buffer this effect is significantly reduced. While the native 

sequence forms a similar equilibrium after heating in the presence of the 

B) A) 

Figure 3.7. Native PAGE of dG4T4G4 sequences challenged with complementary DNA. A) Na+ buffer . B) K+ 
buffer. Formation of duplex is observed for unmodified sequence, but only minimal duplex formation is observed 

for modified sequences. However, modified sequences, particularly GXG 3T4G3XG, show considerable 
aggregation in wells due to their hydrophobicity. Conditions: 100 µM strand concentration, 10 mM lithium 

cacodylate, 100 mM NaCl or KCl, pH 7.2, 20% acrylamide gel.  
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stabilising selected DNA secondary structures or topologies. However, we 

encountered two significant problems with these modifications for achieving our 

aims, and these problems prevented further experimentation .  

Firstly, we encountered issues purifying highly hydrophobic modified 

sequences using HPLC. While  TG4T is a useful model for studying these 

interactions , because it is easy to synthesise and data on its properties are readily 

available, many of the proteins that these strategies are intended to study target 

unimolecular G4s. Synthesising unimolecular G4 -forming sequences, such as the 

Pu39, c-MYC or c-KIT , would require at least two modifications  in each sequence. 

For sequences such as Pu39 (39 nucleotides) or TERRA45 (45 nucleotides) even 

more modifications could be necessary. Further optimisation of Staudinger 

ligation conditions could overcome this issue, but it also presents challenges for 

purification. Purification of DNA is, in part, necessary to remo ve short sequences 

which result from failed coupling reactions. Sequences containing fewer 

nucleotides have different mobility in both reverse -phase and ion-exchange 

HPLC due to their difference in length and therefore hydrophobicity and charge. 

However, inclusion of hydrophobic modifications meant that these sequences 

were not separable using standard HPLC purification conditions. Both TG 4T and 

G4T4G4 are short enough that the number of incomplete sequences is low, but this 

becomes a greater concern with sequences such as Pu39 or TERRA45. Ultimately, 

these issues can be overcome with careful consideration of Staudinger ligation 

reaction protocol and purification conditions but expanding modifications with 

4-dodecylbenzenesulfonyl azide to more complex sequences will require 

extensive testing. 

Secondly, lipophilic moieties  did not afford the level of topological control 

that we had anticipated. We did observe a shift towards parallel topologies for 

G4T4G4 modifications,  but antiparallel topologies were still present . TG4T 

modification s were intended to  reinforc e the parallel G4, but CD spectrometry 

indicated the presence of syn-guanosine, possibly the result of partial antiparallel 

G4 formation . We suggested that these issues were caused by steric hindrance, as 

the formation of some G4 topologies necessitated dense packing of the 

hydrophobic groups. These issues could be addressed for unimolecular G4s by 

adjusting the number of hydrophobic groups added, but the results of G4T4G4 
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(Scheme 5.1).115, 116 Copper(I)  ions are provided by a CuSO4 solution, with Cu(II) 

reduced by the addition of freshly prepared sodium ascorbate. Tris((1-hydroxy-

propyl -1H-1,2,3-triazol -4-yl)methyl)amine (THPTA) is used as a water-soluble 

ligand for Cu(I) which stabilises Cu(I) in aerobic conditions. THPTA was used in 

place of the previously used tris(benzyltriazolylmethyl)amine (TBTA) to avoid the 

necessity of adding DMSO to the reaction mixture as TBTA is insoluble in water. 

2 M Triethylammonium acetate (TEAA) is also added as a buffer. 

This reaction is ideal for DNA modification because the functional groups it 

utilises are compatible with DNA synthesis. Both the azide and alkyne are stable 

in the conditions through all steps of DNA synthesis. Click reactions have high 

yields with few side products, simplifying purification of the final product. The 

reaction also has no effect on the structure of native nucleotides.117-120 This 

hopefully contrasts with some of the strategies discussed previously, which were 

shown to result in differences in G4 topology, potentially as a result of changes to 

native nucleotides.  However, azides can react with trivalent phosphorus, as 

discussed in Chapter 3. Phosphoramidites synthesised previously tended to 

cyclise if stored for extended duration, meaning they were usually prepared 

immediately prior to DNA synthesis.  To avoid this problem, we synthesised an 

azide modified H-phosphonate, which contains a pentavalent phosphorus, and is 

therefore unreactive with the azide. Additionally, modified nucleotides we re 

cleaved from the solid support and deprotected at 30 °C for 24 hours and freeze-

H+ 
 

+ 
 

+R2N3 

Cu(I)  

Cu(I)  

Scheme 5.1. Mechanism of copper(I) -catalysed azide-alkyne cycloaddition (CuAAC)  
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min, Figure 5.7A, Figure SI-30A) and a new peak was observed at a shorter 

retention time (e.g. r t = 14.69 min, Figure 5.7B, Figure SI-30B). This peak was 

isolated using RP-HPLC and characterised by mass spectrometry, giving the 

same mass as the starting oligonucleotide, which is expected for the click-

product.   

Success of cross-link formation was determined primarily by RP -HPLC 

because no change in mass was observed, as expected (see Chapter 7.2.2). 

Previously reported click-chemistry in DNA showed a decrease in retention time 

of approximately one minute following successful coupling. 130 A similar shift in 

retention time was observed for both tel-G3A8 and tel-G5A8 after two hours of 

(a) 

(b)  

Scheme 5.5. Suggested mechanism for H-phosphonate coupling during DNA synthesis. (a) complex with 
pivaloyl chloride formed too quickly for any other possible intermediates to be observed. (b) A range of 

possible pyridine adducts have been proposed. This appeared to be the most likely according to literature.  
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In K + buffer a distinctly parallel topology was observed, and more clearly 

defined peaks were visible in the imino proton region of the 1H NMR spectra 

(Figure 5.8D). The presence of a shoulder at approximately 290 nm in CD and 

the number of peaks visible in NMR suggests that multiple G4 topologies are 

present in the tel-G3A8 sample. As expected, tel-G3A8-X forms a parallel G4 in 

both Na+- and K+-containing buffers according to CD spectra (Figure 5.8A and 

B). In Na+ buffer the peak at 260 nm was more clearly defined and had higher 

intensity than either of the controls. 1H NMR also showed undefined peaks 

similar to tel-G3A8 in Na+ buffer. In K + buffer the intensity of CD peaks 

corresponding to the parallel G4 topology was comparable to the controls in CD, 

but the shoulder at around 290 nm is not present. 1H NMR  peaks were also more 

clearly defined (Figure 5.8C and D). Integration of imino proton peaks indicated 

that six imino protons of guanosine were involved in hydrogen -bonding (twelve 

if we assume diagonally opposed nucleotides are chemically equivalent). This 

suggests that a single parallel topology is formed rather than a mixture of 

topologies present in the non-cross-linked sample. As anticipated, the 

introduction of the cross -link encouraged the formation of a parallel G4. 

Increased intensity of peaks corr esponding to parallel G4 formation in t he CD 

spectrum indicates that the cross-linked sequence was significantly more 

structured in Na+ buffer,  compared to non-crosslinked sequences, suggesting that 

the presence of the cross-link encouraged G4 formation independent of the 

cations used, although these signals increased in intensity considerably in K+ 

buffer. Both tel and tel -G3A8 had minimal G4 formation in Na + buffer, meaning 

the increase in G4 formation is attributable to t he cross-link.  

Results obtained for tel-G5A8-X were drastically different than for tel -G3A8-

X. In Na+-containing buffers, tel -G5A8 and tel-G5A8-X are both unfolded like the 

tel control ( Figure 5.9A and C). The cross-link between G5 and A8 did not appear 

to encourage formation of the expected antiparallel G4 in Na+ and K+-containing 

buffers. The only noticeable difference is the decrease in intensity of the peak at 

approximately 300 nm after the cross -link was introduced. In K + buffer tel -G5A8 

forms a G4 with a similar topology to the unmodified sequence (Figure 5.9B). 

However, the CD profile of tel-G5A8-X indicates that it remains unfolded in K + 

buffer, rather than forming an antiparallel G4 ( Figure 5.9B). These results were 
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melting experiments is interesting because this suggests that an increase in 

thermal stability is not necessary to disrupt duplex formation. By preventing the 

G4 structure from unfolding through the introduction of a chemical  cross-link we 

were able to reinforce the G4 structure. This did not necessarily improve the G4 

stability, but it did prevent the formation of the duplex. 

The tel-G5A8 sequence behaved similarly to the tel control. Upon addition of 

complementary DNA, we observed the immediate appearance of peaks 

corresponding to the duplex (Figure 5.11). However, similar to tel -G3A8 the 

structure was not completely converted to duplex until the sample was heated 

and cooled to obtain the thermodynamic product. This suggests that this 

modification  also results in kinetically trapped G4s, independently of the 

modification sites. However, as mentioned previously, tel -G5A8-X did not form 

a G-quadruplex structure according to NMR or CD  (Figure 5.9). The initial 1H 

NMR spectra after addition of the complementary strand suggests that some G4 

formation might have occurred  more slowly, but this is not a significant amount 

of G4 folding. With the complementary sequence present, we did not observe 

formation of a duplex either, indicating that this modification was sufficient to 

disrupt duplex formation in addition to G4 formation  (Figure 5.11). Overall, this 

supports our hypothesis that G4s containing this type of cross-link will disrupt 

duplex formation , but it does suggest that selection of appropriate modification 

sites is crucial for success. 
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A) 

B) 

C) 

Figure 5.10. 1H NMR of t elomeric G4 sequences containing G3 to A8 CuAAC cross-link s 
challenged with complementary DNA. A) Unmodified tel sequence + c -tel. B) tel-G3A8 + c-tel. 
C) tel-G3A8-X + c-tel. Conditions: 200 µM strand concentration, 20 mM sodium phosphate, 

10 mM KCl, 10% D2O, 1% TSP, pH 7.0. 



Chemical Cross-linking of G4s using Copper(I) -Catalysed Azide-Alkyne 
Cycloaddition  

  

129 
 

 

 

A) 

B) 

Figure 5.11.  1H NMR of t elomeric G4 sequences containing G5 to A8 CuAAC cross-link s 
challenged with complementary DNA.  A) tel-G5A8 + c-tel. B) tel-G5A8-X + c-tel. Conditions: 
200 µM strand concentration, 20 mM sodium phosphate, 10 mM KCl, 10% D2O, 1% TSP, pH 

7.0. 
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particularly small -molecule G4 ligands, these methods were designed with the 

intended therapeutic application of disrupting the function of protein s which process 

duplex DNA by stabilising G-quadruplexes.61 In other cases, they were able to create 

kinetically trapped, but not thermodynamically stable, G4s  through minor 

modifications of nucleotides .64, 65 Other strategies were also developed more recently 

for G4 stabilisation. Monsen et al.133 created a thermodynamically trapped G4 by 

replacing the c-rich region on the complementary strand with a polyT DNA sequence. 

This resulted in a G4 embedded within a duplex, which was characterised by electron 

microscopy, small-angle X-ray scattering and molecular dynamics. This is similar to 

the strategy discussed in Chapter 4. However, the complementary C-rich strand is 

often capable of forming i-motif structures  and proteins may interact differently with 

G4s when C-rich DNA or i -motifs are nearby. For thi s reason, the strategies described 

in this thesis, which stabilise G4s even when unmodified complementary sequences 

are present, provide a significant improvement over the use of polyT sequences for 

duplex disruption.  The concurrent development of stable G4s using this strategy, 

among others, does indicate that there remains interest in effective methods of 

creating thermodynamically stable G4s. 

We investigated the effectiveness of small-molecule ligands using both the PDS 

ligand and several new, peptide-based ligands provided by Dr. Masayuki Fujii of 

Kindai University (Osaka, Japan). While we did find that these ligands typically induce 

an increase in thermal stability, they also caused a significant change in the imino 

proton chemical shifts of G4s in 1H NMR (Figure 6.1A). PDS was also shown to 

partially disrupting duplex formation . Peptide-based ligands resulted in increased 

hydrophobicity and precipit ation of G4s, most likely indicating that a complex was 

formed, but making further testing impractical.  

In the context that these ligands are often developed (i.e., disrupting the function 

of proteins which process only duplex DNA), a change in G4 topology or increased 

aggregation is not necessarily problematic. However, when studying the types of 

interactions between proteins and G4s that  occur in cells we require G4s that  closely 

mimic the native G4 topologies. Additionally, while peaks corresponding to G 4 

formation were still present in 1H NMR after the thermodynamic product was formed, 

we still observed some duplex formation, making this strategy less reliable for long-

term stability of G4s. Finally, the binding of ligands to G4s has the potential to block 
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protein -binding entirely, meaning their application is dependent on the binding 

modes of the ligand and the protein. For this reason, the alternative strategies 

developed within this thesis  are recommended alternative for studying G4-protein 

complexes.  

6.2. G4s Containing H ydrophobic M odifications  

Introduction of t he lipophilic 4 -dodecylbenzenesulfonyl imine phosphorus 

modification  instead of a native phosphate, discussed in Chapter 3, showed significant 

increases in G4 thermal stability , comparable to small-molecule ligands, while also 

disrupting duplex formation ( Figure 6.1B). The increased aggregation of strands due 

to the hydrophobic effect encouraged G4 formation. It is unclear if some changes 

observed in CD spectra of modified sequences are a result of the increased aggregation 

of G4s or changes in G4 topology, but the low mobility of modified sequences in native 

PAGE experiments suggested modified G4 structures may aggregate more than 

unmodified DNA. This was also supported by the initial issues encountered with G4 

formation. To completely break down lipophilic aggregates heating at 90 °C for 1 hour 

was required, rather than appr ox. 5 mins for unmodified G4s .  

However, the biggest issue encountered with this type of modification was during 

purification. While attempting synthesis of GXG3T3G3XG a significant amount of DNA 

containing only a single phosphate modification  was obtained. Normally this could be 

removed during HPLC purification, but the hydrophobicity of these sequences meant 

they had similar retention times in both reverse -phase and ion-exchange HPLC. While 

this modification provided promising results using t he tetra- and bi-molecular 

sequences we tested, single modifications in these sequences corresponds to two or 

four modifications in the resulting G4.  

Increased G4 stability and disruption of duplexes in the presence of 

complementary strands suggests that these modifications could provide useful models 

of G4-protein complexes, provided the hydrophobic modifications do not dis rupt 

protein inte ractions. However, testing interactions with proteins would require 

unimolecular G4s, such as Ttel, c-KIT, c-MYC or Pu39, which could be challenging to 

obtain. It may be possible to stabilise G4s with only two modifications, similar to 

G4T4G4 modified sequences. At this stage of our investigation, other strategies 

presented more effective methods of building models of G4s in cells, and they 

therefore received greater focus. 
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experiments described in Chapter 4 were based on those initial size exclusion-

HPLC experiments and produced nearly identical results. Additionally, gravity -

fed Nap-5 size exclusion columns were used to remove TEAA salts from 

oligonucleotide samples following RP-HPLC purification. This is not an HPLC 

technique, but the principle is otherwise identical.  

7.2.3. Nuclear Magnetic Resonance (NMR)  Spect r oscopy  

NMR spectroscopy observes the spin relaxation time of protons and neutrons 

(nucleons) when they are excited within  a magnetic field. Atoms will only be 

observable if they have net spin greater than zero, ideally resulting from an odd 

number of total nucleons. The chemical shift of each atom is determined by how 

shielded it is from the magnetic field, which reflects its proximity to electron -

withdrawing groups. Atoms that  are close to electron-withdrawing groups will be 

less shielded and consequently have higher chemical shift in an NMR spectrum. 

2D NMR can show correlation between peaks in multiple spectra, indicating 

atoms which are bonded to each other or close together in space. 

NMR spectroscopy is a common method of identifying small molecules and 

is used throughout this chapter to identify products of reactions. When possible, 

these results are also confirmed by mass spectrometry. 1H and 13C are used to 

identify the proton and carbon atoms in each molecule (both have spin s = ½) . 

These results are confirmed most often by 2D techniques such as correlation 

spectroscopy (COSY), which identifies correlation between protons on adjacent 

carbon atoms and heteronuclear single-quantum correlation spectroscopy 

(HSQC) which identifies single bond correlations between protons and carbon 

atoms (i.e., C-H bonds). When necessary, heteronuclear multiple -bond 

correlation spectroscopy (HMBC) is also used to identify coupling between atoms 

three bonds apart. 

NMR spectroscopy can also be useful for analysing oligonucleotides and the 

complexes formed. However, oligonucleotides have a significant number of 

overlapping peaks in 1H NMR (for example, all thymine methyl groups appear at 

similar chemical shift) so fully characterising sequences using 1D NMR is 

difficult . It is possible with 2D  NMR, but high resolution is required to distinguish 

peaks and observe low intensity peaks.  
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More often, we used 1H NMR in the context of oligonucleotides to identify  

secondary structures. Different H -bonding arrangements in each secondary 

structure cause significant changes in the chemical shifts of imino protons in 1H 

NMR. G4 imino -protons have chemical shifts of approximately 11 ppm, duplexes 

have shifts of 13-14 ppm and i-motifs have shifts of 15 ppm.102 While full 

characterisation of these oligonucleotides is challenging, identifying formation of 

specific secondary structures is straightforward. This is the primary way NMR 

spectroscopy is employed for oligonucleotide analysis in this thesis. 

2D NMR techniques can be used to fully assign DNA complexes. Correlations 

shown in nuclear Overhauser effect spectroscopy (NOESY), which identif ies 

correlation between prot ons close together in space, can indicate protons of 

adjacent nucleobases (e.g., H-8 of guanosine or the methyl group of thymine). 

NOESY has also been used to identify which nucleobases are interacting through 

hydrogen-bonding, which can be used to determine overall structure more 

clearly.138, 139 Our experiments focus on the 1D NMR techniques used to 

differentiate various secondary structures, but reported NMR structures of G4s 

using 2D NMR data were evaluated when developing strategies. 

7.2.4. Mass Spectrometry  

In mass spectrometry an analyte is ionised and passed through an electric 

field. This allows molecules to be separated based on mass and charge, and 

ultimately obtain the molecular weight of the analyte. When possible, this 

technique was used to confirm the composition of products of small molecule 

reactions in addition to NMR spectroscopy. It was also used to identify the 

composition of DNA sequences obtained after synthesis and purification.  

Oligonucleotides often give high charges in mass spectrometry and often 

contain large quantities of Na+ and K+ adducts. As mentioned above, Nap-5 size 

exclusion columns were used to desalt DNA samples prior to mass spectrometry, 

which minimises formation of adducts. Typical oligonucleotide mass 

spectrometry profiles will include num erous low m/z peaks with higher charges, 

which can be used to confirm the mass. This can often be challenging without 

deconvolution software due to the large number of peaks associated with Na+ and 

K+ adducts. However, this is the most accurate method of obtaining 

oligonucleotide mass and determining if the target sequence was obtained. It is 




































































































































































































































