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Abstract 
Fluorogenic oligonucleotide-based systems are important tools for sequence-specific 

DNA targeting. Fluorescence systems use the emission of a photon from an excited 

molecule (fluorophore) to produce a detectable signal. It is a highly sensitive process 

and its versatility has expanded its use to DNA targeting probes. The aim of the work 

herein is to investigate the design and synthesis of fluorogenic oligonucleotide-based 

systems specifically for targeting double-stranded DNA. 

 

Triplex-forming oligonucleotides can bind in the major groove of dsDNA through 

Hoogsteen hydrogen bonding to form triplexes (triple helixes). While other methods 

of dsDNA detection rely on denaturation of the double-stranded target, triplexes do 

not, and, hence, they provide a versatile approach to DNA recognition. However, the 

instability of triplexes, especially at neutral pH, limits their applications. The 

incorporation of a fluorogenic intercalator, thiazole orange, covalently attached to 

the TFO provides a triplex-stabilising moiety. The stabilising effect of thiazole orange 

is additive; multiple incorporations can produce triplexes with increased stability of 

+50 °C even at neutral pH. The extreme stability provided from the modified 

fluorogenic TFOs allows increased duplex binding affinity and can compensate for the 

limited target range of TFOs. 

 

CRISPR-Cas is a programmable biological research tool that is invaluable in gene-

editing and genomic imaging technologies. The introduction of fluorogenic moieties 
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both on the dCas9 enzyme and in guide RNA is crucial for imaging but often leads to 

high background fluorescence in biological systems. By modifying the gRNA to 

contain an ‘on/off’ fluorogenic system, genomic imaging in live cells of repetitive 

elements is improved and is cross-validated by GFP-tagged dCas9. 

 

The efficient synthesis of long, modified RNA is fundamental, particularly in CRISPR 

research. The introduction of an azide moiety into RNA to provide a means of 

‘clicking’ modified RNA strands together is an important potential approach. 

However, it is limited by the protecting groups used for RNA and, in turn, this hinders 

the length of efficient RNA synthesis. The synthesis of a clickable moiety compatible 

with 2'-O-TC RNA chemistry is investigated as it could provide a simple and cost-

effective route to modified guide RNA and could be instrumental in applications such 

as modified guide RNA library generation.  

 

Overall, the aims of this study were to synthesise and develop fluorogenic 

oligonucleotide-based systems and investigate their potential applications.  
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1.1 Basics of Nucleic Acids 

1.1.1 Nucleic acid structure 

1.1.1.1 Nucleic acid primary structure 

Nucleic acids contain hierarchical levels of complexity from primary structures to 

tertiary structures. The primary structure of nucleic acids is made up of monomeric 

subunits called nucleotides (nt). There are two forms of nucleic acid polymers in 

nature, DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) and their nucleotide 

subunits have a basic structure made up of three components: nitrogen heterocycles 

(nucleobases), a pentose sugar and a phosphate linker between the sugars. For DNA, 

the nucleobases include adenine (A) and guanine (G), which are classed as purine 

nucleobases, and cytosine (C) and thymine (T). In RNA, T is replaced by uracil (U), 

which does not contain the methyl group at the 5-position of the nucleobase and C, 

T and U are classed as pyrimidine bases (Figure 1.1 A). Other bases occur in both DNA 

and RNA, for example in DNA, derivatives of cytosine occur and these are involved in 

epigenetic control of gene expression and related processes.1–3 

 

Nucleobases combine with either a deoxyribose sugar (2'-H) to produce a DNA 

nucleoside or a ribose sugar (2'-OH) to produce an RNA nucleoside. The nucleobase 

is attached to the C1'-position of the sugar moiety through a N-glycosidic bond. The 

purine bases covalently bind to the sugar via the N9 position and pyrimidine bases 

bind via the N1 position. The nucleobase can be situated on the same side of the sugar 

as the 5'-hydroxyl group, in the β-configuration, or the opposite side, in the α-
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configuration (Figure 1.1 B). In naturally occurring DNA, all the nucleobases are in β-

configuration. The nucleobase can also rotate around the glycosidic bond to produce 

both syn- and anti-conformations (Figure 1.1 C). However, anti-conformations are 

generally more common. 

 

Figure 1.1: Basic of nucleic acid structures. A) Nucleotide and the corresponding nucleobases. A = 
adenine, G = guanine, C = cytosine, T = thymine, U = uracil, R = H or OH. B) α- and β- configurations of 
the nucleobase. C) syn- and anti-conformations of the nucleobase. 

 

A phosphodiester group links the nucleosides together to form the chain of 

nucleotides in the oligonucleotide (ODN). The phosphate moiety links the 5'-position 

of one nucleotide to the 3'-position of the next nucleotide (Figure 1.2 A) to form a 

chain. At physiological pH (~7.4), the phosphodiester group is negatively charged 

which contributes to the solubility of the oligonucleotide in aqueous media. The 
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alternating arrangement of the sugar-phosphate provides the chain with 

directionality and the sequence is conventionally written from 5'- to 3'-direction. 

 

Figure 1.2: Nucleic acid chain and sugar pucker. A) Oligonucleotide chain in the 5' – 3' direction. 
B) Sugar pucker conformations: C2'-endo pucker (S-type) and C3'-endo pucker (N-type). 

 

To obtain the most stable conformation, the sugar moiety in the chain can ‘pucker’ 

in which the ring can twist out of plane. The C2' and C3' can be displaced relative to 

the C4'–O–C1' plane. DNA adopts the S-type (Southern) conformation where there is 

C2'-endo puckering. RNA adopts a N-type (Northern) conformation where there is 

C3'-endo puckering (Figure 1.2 B). The puckering of the sugars determines the 

characteristics of the secondary structure of the chain. 

 

1.1.1.2 Nucleic acid secondary structure 

Two complementary strands of the nucleotide chain come together to produce a 

duplex (or double-stranded DNA, dsDNA). Chargaff determined that the ratio of 
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purines and pyrimidines in duplexes was always 1:1.4 This was followed by Franklin 

and Wilkins et al. with the determination, through X-ray crystallography, that dsDNA 

was helical.5,6 Finally, the duplex structure of DNA was determined by Watson and 

Crick who deduced that the two strands are held together through hydrogen bonding 

(H-bonding) and only specific bases would H-bond effectively with one another.7 The 

pattern of bonding, which became known as Watson-Crick (WC) base pairs (bp), 

requires an A base to pair with T (or U in RNA), using two inter-base H-bonds (Figure 

1.3 A), and a G base to pair with C, using three inter-base H-bonds (Figure 1.3 B). It 

was also later determined that other base pairings could occur, although less 

commonly, such as Hoogsteen H-bonding (discussed in Chapter 2) or wobble bp, 

particularly in RNA.8,9 

 

Figure 1.3: Watson-Crick base pairs. A) AT bp with two inter-base H-bonds. B) GC bp with three 
inter-base H-bonds. WC H-bonding indicated by dashed lines (---). 

 

The two complementary strands of the duplex form an anti-parallel duplex (5'—3' of 

one strand and 3'—5' of the other) and the stacking of the base pairs on top of each 

other encourages the formation of the structure by stabilisation. The helical structure 

of the duplex hides the nucleobases within the structure to produce a hydrophobic 

core and exposes the negatively charged phosphate backbone (hydrophilic exterior) 

of the strands to the aqueous environment which also encourages formation along 
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with other factors such as ionic strength, H-bonding between bases and entropy of 

formation. With the twisting of the helix structure, the formation of a major groove 

and a minor groove can be seen through the full length of the duplex. The 

characteristics of the helix classify the nucleic acid structure into right-handed A-, B- 

and more uncommonly, left-handed Z-form conformations (Figure 1.4). Several 

factors determine the conformation of the helix including sugar pucker, helical turn 

and glycosidic bond conformation. A summary and comparison of the factors can be 

seen in Figure 1.4. 

 

Figure 1.4: Comparison of helix conformations. A-RNA structure is an example of a 8-bp RNA:RNA 
duplex (red) (PDB: 1RXA).10 B-DNA structure is an example of a 12-bp DNA:DNA mixed sequence 
duplex (PDB: 1BNA).11 Z-DNA structure is an example of a 12-bp DNA:DNA (GC)n duplex (PDB: 
4OCB).12 Table adapted from previous studies.13–15 
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dsDNA is predominantly in the B-conformation with a right-handed helix, the bases 

are perpendicular to the helical axis and the sugars in C2'-endo pucker. B-form DNA 

has a large major groove which can bind to proteins and other molecules such as 

triplex-forming oligonucleotides (Chapter 2). dsRNA tends to maintain an A-form 

conformation in a right-handed helix due to the steric bulk of the 2'-OH group and 

related factors. However, these conformations are not fixed as DNA can also be in A-

form conformation under certain conditions such as high salt concentrations and low 

humidity. It is also seen in DNA:RNA heteroduplexes and is a crucial aspect of the 

Cas9-sgRNA-DNA complex (Chapter 3) or during transcription when DNA is 

converted to RNA in cells. The Z-form conformation was first discovered in 1979 with 

the analysis of a (CG)n oligonucleotide.16 It is a left-handed helix and contains both 

syn- and anti- conformations which gives it its characteristic zig-zag structure. 

Although generally unfavourable, certain conditions such as super-helical stress and 

high salt concentrations or some cations can promote the Z-conformation. 

 

While initially duplexes were thought to be rigid structures, nowadays it is 

understood that they are dynamic structures that can hybridise, anneal and denature 

which is key in their biological functions. The separation of two strands of DNA occurs 

by disruption of the H-bonds and base stacking, which can be caused by many factors 

including heat or pH. This transition can be analysed using various techniques 

including UV light absorption as a function of temperature (UV melting). The 

disruption of the base stacking in a dsDNA structure causes an increase in UV light 
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absorption, defined as hyperchromicity, and this cooperative transition from duplex 

to single-stranded DNA (ssDNA) can be conveniently monitored at 260 nm. The 

temperature at which 50% of the duplexes are completely un-hybridised is defined as 

the melting temperature (Tm), a parameter that is frequently referred to in this thesis. 

 

1.1.1.3 Other secondary structures 

The combination of WC base pairing in the duplex and Hoogsteen base pairing can 

give rise to another structure of nucleic acids called a triplex. A third strand of DNA 

(or RNA) can bind to the outer edges of the duplex to form a three-stranded structure 

made up of three-base triads called triplets (Figure 1.5 A). The concept of triplexes 

and their potential applications are discussed in more detail in Chapter 2. 

 

Hoogsteen bonding between G bases can also lead to the formation of G-quadruplexes 

which are stacks of a square planar structure made up of four G bases called a G-tetrad 

(Figure 1.5 B). G-quadruplexes can form from one (intramolecular) or more strands 

(intermolecular) of oligonucleotides and can be parallel, anti-parallel or a mixture of 

both.17 C-rich ODNs can form a non-B secondary structure called an i-motif which 

sees the formation of hemi-protonated CC+ base pairs in acidic pH (Figure 1.5 C).18 

Multiple strands containing contiguous runs of C bases can form an intercalated 

structure between two parallel-stranded duplexes using this CC+ base pair.19 
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Figure 1.5: Other base pairing structures. A) T.AT triplet seen in a three-stranded triplex structure 
(see also Chapter 2 for more details). B) G-tetrad seen in a square planar sheet to make up G-
quadruplexes. C) CC+ base pairs seen in i-motifs. WC H-bonding indicated by dashed lines (---) and 
Hoogsteen H-bonding indicated by hashed lines (||||). 

 

1.2 Chemical Synthesis of Nucleic Acids  

Oligonucleotides can be chemically synthesised using automated solid-phase 

synthesis methods. The use of a solid-phase compared to solution-based synthetic 

approach offers many advantages. Issues such as difficulties with solubility, 

purification, or incomplete reactions are more easily managed when the reactant is 

bound to a solid support (or resin). The oligonucleotide is built up stepwise from the 

solid support, from the 3'- to the 5'-end of the ODN, and a large excess of reagents 

can be washed through the solid support to push the reactions to completion, 

allowing for faster reaction time. The revolutionary process was established using 

peptides in the 1960’s by Merrifield who later won the Nobel prize in Chemistry for 

his work.20,21 Today, the oligonucleotide synthesis process is automated, computer-

controlled and a high-yielding process.22–24  
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The most common solid support used in the synthesis of oligonucleotides is an 

inorganic matrix composed of controlled pore glass (CPG) and silica gel. This solid 

support was pioneered by Caruthers et al. and its rigidity and lack of swelling in 

varying organic solvents made it desirable for oligonucleotide synthesis.25 The pore 

size used with CPG resins (500 - 3000 Å) can be adjusted depending on the length of 

ODN synthesis required, with the larger pores generally being used for longer ODN 

synthesis (but have a lower loading of nucleoside). The solid support is functionalised 

with a reactive site and the first nucleoside required for the synthesis is attached via 

a succinyl ester through an amide bond to the resin. Polystyrene (PS) is another useful 

resin that contains moisture exclusion properties and is commonly used for 

oligonucleotide synthesis (40 nmol).26 

 

While there are many different approaches to oligonucleotide synthesis such as H-

phosphonates and phosphotriester methods (discussed in Chapter 4), the current 

method of choice is the phosphoramidite approach, which is applicable to both DNA 

and RNA and was introduced in the 1980’s.24 A standard phosphoramidite monomer 

contains a nucleobase, sugar and a P(III)-group attached to the 3'-position of the 

sugar. The phosphoramidite is protected with a 2-cyanoethyl protecting group on the 

phosphite, a 4,4’-dimethoxytrityl protecting group (DMT) at the 5'-position of the 

sugar and, depending on the base being incorporated, a protecting group on any 

reactive amino groups of the nucleobase (Figure 1.6). DMT is the only acid-labile 

protecting group on the phosphoramidite and can, therefore, be removed before the 
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addition of each phosphoramidite to reveal the reactive 5'-OH group. The nucleobase 

protecting groups and phosphate protecting groups are all stable to acid and can be 

removed at the end of the synthesis using aqueous NH3. The final oligonucleotide 

product can also be cleaved from the resin using aqueous NH3 which provides a 

straight-forward, one-step deprotection procedure after ODN synthesis.  

 

Figure 1.6: An example of protected dC phosphoramidite. dC phosphoramidite 5'-position 
protected with a DMT group and 3'-P(III) species protected with a 2-cyanoethyl group. A protecting 
group is also used on the nucleobase for the exocyclic amine (See Figure 1.9). PG = protecting group. 

 

1.2.1 DNA chemical synthesis 

1.2.1.1 Synthesis cycle 

During the synthesis of an ODN, one nucleotide is added to the chain per cycle. A 

detailed summary of the cycle and the reagents used is given in Figure 1.7. To begin 

the cycle, the first step (detritylation) involves the removal of the DMT group from 

the 5'-position of the monomer attached to the resin. The presence of this group 

serves to avoid polymerisation during the functionalisation of the resin. The next step 

(activation and coupling) involves reacting an incoming excess of phosphoramidite 

(Base 2 in Figure 1.7) with an activator to convert the diisopropylamino group of the 



Chapter 1  Introduction 

 12 

phosphoramidite into a good leaving group. This is then readily displaced by the 

attack of 5'-OH group of the resin-bound monomer (Base 1 in Figure 1.7) to begin the 

chain. The next step (capping) is used to account for any unreacted 5'-OH group of 

the resin bound monomer. Unreacted 5'-OH groups could react with the 

phosphoramidite monomer in the next cycle (Base 3) and cause the incorrect 

sequence to be synthesised, so acetylation of the 5'-OH removes this possibility. This 

minimises the potential truncated sequences or ‘failure sequences’ that would 

otherwise accumulate through each successive cycle. 

 

The next step (oxidation) converts the unstable phosphite triester (P(III) species), 

formed from the resin bound Base 1 monomer and Base 2 phosphoramidite, to a stable 

P(V) species through oxidation. This produces a 2-cyanoethyl protected DNA 

backbone. The final step (detritylation) before the next cycle removes the DMT group 

from the newly formed chain to prepare it for the next phosphoramidite (Base 3). The 

cation produced from detritylation (trityl) is an orange colour and absorbs at 495 nm. 

This can be monitored to determine the efficiency of the cycle in real time. 

Mechanisms for all steps involved in the cycle are given in Appendix A1.1.27 

 

Although each phosphoramidite coupling has a high efficiency, the repeated cycles 

reduce the overall yield of the oligonucleotide, making efficient DNA synthesis 

limited by the length of the oligonucleotide. The cumulative effect of poor coupling 
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would cause a poor overall yield and increase the difficulty of purification of the full-

length product.  

 

Figure 1.7: DNA solid-phase synthesis cycle and table of reagents. Solid support is indicated by 
sphere (grey). 
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1.2.1.2 Deprotection and removal from the solid support 

As previously mentioned, the removal of the 2-cyanoethyl group and cleavage of the 

ODN from the resin occurs in aqueous NH3 (Figure 1.8). However, the cyanoethyl 

group could react with the unprotected amines of the nucleobases to give an 

acrylonitrile adduct during the deprotection. To prevent this, the solid support bound 

ODN is treated with 20% diethylamine (DEA) in MeCN prior to deprotection in 

aqueous NH3. The DEA solution is not strong enough to remove the other protecting 

groups or cleave the ODN from the resin but will remove of the 2-cyanoethyl group. 

Mechanisms for the deprotection and side reactions involved are given in Appendix 

A1.2.27 

 

Figure 1.8: DNA cleavage and deprotection. Both steps can be carried out in aqueous NH3 or the 
removal of 2-cyanoethyl (deprotection) can be carried out using 20% DEA in MeCN. 

 

1.2.1.3 Nucleobase protecting groups and deprotection 

The standard phosphoramidites for DNA synthesis contain a protecting group on each 

of the exocyclic amines of the nucleobase to avoid any unwanted side reactions. These 

include N6-benzoyl (bz) dA, N4-bz dC and N2-isobutyl (ib) dG (Figure 1.9 A) and can 

be removed using aqueous NH3. Thymine does not require base protection due to lack 

of a reactive exocyclic amine. Deprotection of N2-ib dG determines the time required 
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for deprotection for the ODNs (5 h at 55 °C) as the benzoyl groups on dA and dC are 

more readily cleaved by aqueous NH3. It is also possible to use N2-

dimethylformamidyl dG which only requires 1 h at 55 °C for deprotection (Figure 1.9 

B). However, its use can introduce other side-reactions. 

 

Figure 1.9: Standard DNA nucleobase protecting groups. A) Protecting groups for dA, dC and dG 
(N2-ib dG require 5 h in aqueous NH3 at 55 °C for removal). B) Alternative protecting group for dG 
which requires 1 h in aqueous NH3 at 55 °C for removal. 

 

1.2.2 RNA chemical synthesis 

For the synthesis of RNA, the methods are similar to DNA solid-phase synthesis 

except that the reactive 2'-OH group must be protected during synthesis. The 2'-OH 

group also increases RNA’s susceptibility to degradation during and post-synthesis, 

which is discussed in more detail in Chapter 4. Moreover, the reagents and conditions 

used for the removal of the protecting group after synthesis must not degrade the 

RNA. The coupling times of RNA are also typically longer than DNA due to the steric 
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bulk of the 2'-OH protecting group adjacent to the 3'-phosphoramidite and also 

causes RNA coupling efficiencies to be lower. 

 

1.2.2.1 2'-OH protecting groups and deprotection 

The choice of protecting group during RNA synthesis is dictated by availability of high 

quality phosphoramidites. The most common choice is 2'-O-tert-butyldimethylsilyl 

(TBDMS) (Figure 1.10 A)28 as all four phosphoramidites are readily available. The 

protecting group can be readily removed by treating the oligonucleotide with 

triethylamine trihydrofluoride (NEt3.3HF) after aqueous NH3 deprotection (Figure 

1.10 B).29,30 However, since the TBDMS group is quite bulky, longer coupling times are 

needed compared to DNA coupling times during each cycle of the synthesis. The 

lower coupling efficiency of the monomers limits the length of efficient RNA 

synthesis to ~70-mer.31 

 

Figure 1.10: 2'-O-TBDMS RNA and deprotection. A) Phosphoramidite of 2'-O-TBDMS protected 
RNA. B) Deprotection of TBDMS group from the ODN using NEt3.3HF after NH3 deprotection. 

 

Recently, another 2'-OH protecting group was introduced, 2'-O-thiomorpholine-4-

carbothioate (TC) (Figure 1.11 A) that permits faster and more efficient RNA 
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synthesis. This protecting group, unlike TBDMS, can be removed in the same step as 

the nucleobase protecting groups and cleavage from the resin, using an 

ethylenediamine (EDA) solution in toluene (Figure 1.11 B), simplifying the workflow. 

EDA deprotection for TC is also faster than TBDMS deprotection (6 h in total vs ~14 

h in total, respectively) and the coupling times for TC protected monomers are faster 

than TBDMS. All four TC phosphoramidites are commercially available and allow for 

the efficient synthesis of longer RNA (~100-mer).32 

 

Figure 1.11: 2'-O-TC RNA and deprotection. A) Phosphoramidite of 2'-O-TC protected RNA. B) 
Deprotection of TC groups from the ODN using EDA. 

 

1.2.2.2 Nucleobase protecting groups and deprotection 

Different nucleobase protecting groups are used in RNA synthesis than those used in 

DNA synthesis. When deprotecting with aqueous NH3, due to RNA’s susceptibility to 

chain cleavage or chain migration, faster deprotection times are needed. For 2'-O-

TBDMS protected phosphoramidites, a tert-butylphenoxyacetyl (tac) group is used for 

A (N6), C (N4) and G (N2) (Figure 1.12). This group can be removed in aqueous NH3 

faster (2.5 h) than the DNA nucleobase protecting groups previously mentioned. The 

use of this group also helps the solubility of the phosphoramidite in MeCN. For 2'-O-

TC protected phosphoramidites, the same protecting groups used in DNA synthesis 
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(benzoyl and isobutyl) can be used as they are readily removed by EDA in the 2'-O-TC 

deprotection. 

 

Figure 1.12: 2'-O-TBDMS RNA nucleobase protecting groups. Protecting groups for dA, dC and dG 
which require 2.5 h in aqueous NH3 at 55 °C for removal. 

 

1.3 Fluorescence 

1.3.1 Basics of fluorescence 

Nucleic acid research encompasses a wide range of analytical techniques and one such 

well-established process is fluorescence. The process of a molecule (fluorophore) 

absorbing a photon of light, at the excitation wavelength (λex), then emitting a photon 

of light of lower energy, at the emission wavelength (λem), is called fluorescence. It is 

best described using a Jablonski diagram (Figure 1.13 A).33 The phenomenon is 

initiated by the absorption of a photon (hνa) and the molecule is excited from the 

ground state (S0) to a higher vibrational energy level (excited singlet state, Sn). The 

molecule then undergoes a non-radiative relaxation to the lowest vibrational level of 

the excited singlet state (S1) using processes called internal conversion (IC) or 

vibrational relaxation (VR). The excited molecule can then return to S0 by the 

emission of a photon (hνf), which is known as fluorescence. During fluorescence, hνf 

is lower in energy than hνa and so has a longer wavelength. The difference in energy 
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is lost as thermal energy and this is known as Stokes shift. The timescale for each 

process is: absorption ~ 10-15 s, IC ~ 10-12 s and fluorescence ~ 10-8 s.33  

 

Figure 1.13: Fluorescence energy diagram and fluorescence equations. A) Adapted Jablonski 
energy level diagram illustrating the fluorescence process.33 hνa = photon absorption, hνf = photon 
emission, S0 = ground state, Sn = excited singlet states, IC = internal conversion, VR = vibrational 
relaxation. B) Equation used to determine ε (extinction coefficient) at a given λ (M-1 cm-1). A = 
absorbance at a given λ, c = concentration of the fluorophore (M) and l = path length (cm). C) Equation 
used to determine Φ (quantum yield). 

 

The brightness of a fluorophore is usually defined by its extinction coefficient (ε) and 

its quantum yield (Φ). The extinction coefficient is a measure of the fluorophores 

efficiency in absorbing light and can be determined using the equation in Figure 1.13 

B, which is derived from the Beer-Lambert Law. The quantum yield of a fluorophore 

determines the ratio of photons emitted relative to photons absorbed (Figure 1.13 C). 

 

1.3.2 Fluorescence quenching 

Fluorescence quenching is a common technique used in fluorescence systems and is 

based mainly on the energy transfer of two fluorophores or a fluorophore and 

quencher. Energy can be non-radiatively transferred between a donor (fluorophore) 

and acceptor (quencher) through quenching which is a decrease in fluorescence 
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emission. It occurs through two main mechanisms: dynamic quenching or static 

quenching and dynamic quenching can be further divided into collisional quenching 

and Förster Resonance Energy Transfer (FRET).34 

 

1.3.2.1 Static quenching 

Static quenching or contact quenching occurs when a complex is formed between the 

donor and acceptor (Figure 1.14 A). The complex then absorbs light but there is no 

photon emission on relaxation of the excited complex to ground state. This process 

is also referred to as “ground-state complex formation” and the donor does not need 

to be in an excited state.35 

 

1.3.2.2 Collisional quenching 

Collisional quenching is a dynamic form of quenching. This process occurs when 

fluorescence emission is reduced by intermolecular collisions with acceptor 

molecules and the deactivation of excited molecules without radioactive decay 

(Figure 1.14 B).34 

 

1.3.2.3 Förster Resonance Energy Transfer (FRET) 

In this non-radiative process, energy is transferred from the donor (an excited 

fluorophore) to the acceptor (quencher). The donor then returns to the ground state 

without the emission of a photon. The acceptor can then emit the absorbed energy in 

the form of fluorescence. If the acceptor is a non-fluorescent molecule, the energy is 
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lost as heat. This process is highly distance-dependent (6th power, donor-acceptor 

distance of typically 10 – 100 Å) and also requires sufficient spectral overlap of the 

donor emission spectrum and acceptor absorption spectra (Figure 1.14 C).36–38 As a 

result, the distance between donor-acceptor pairs can be measured using FRET and is 

commonly used in nucleic acid spatial and structural studies.39–41 

 

Figure 1.14: Comparison of fluorescence quenching. A) Static quenching occurs when a donor-
acceptor pair form a complex. B) Collisional quenching occurs through intermolecular collisions of the 
donor-acceptor pair. C) FRET occurs when energy is transferred from the excited donor to the acceptor. 

 

1.3.3 Fluorescence hybridisation probes 

The use of the selective hybridisation of an oligonucleotide combined with the 

principles of fluorescence has led to the use of fluorescence probes in areas such as 

DNA diagnostics, sequencing, polymerase chain reactions and genomic imaging 

(discussed in greater detail in Chapter 2 and 3).42–47 Other applications take advantage 

of the sensitivity of fluorescence probes to detect genetic variations in DNA such as a 

single nucleotide polymorphisms.46 Some commonly used fluorescence probes 

include molecular beacons and HyBeacons which are also further discussed in 

Chapter 3.48,49  
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1.4 Labelling Methods 

Fluorescence processes have been extensively used in nucleic acid studies both in vitro 

and in vivo. This is due to their high sensitivity and ease of incorporation. The 

incorporation of a fluorophore (covalently attached to an ODN) can be carried out 

during the solid-phase synthesis of the ODN or through post-synthetic labelling using 

a modified linker. Post-synthetic labelling is the more commonly used method for 

incorporation of a fluorophore as solid-phase synthesis requires the availability of a 

modified phosphoramidite that contains the dye attached to either the nucleobase, 

sugar or backbone. In addition, some fluorophores and quenchers are unstable to the 

conditions of oligonucleotide synthesis.50 Although multiple post-synthetic labelling 

methods are available,51 the method used throughout these studies included the 

reaction of an amine modified ODN (through nucleobase, sugar or phosphate 

modifications) and a succinimidyl ester derivative (NHS-ester) of the required dye 

(Figure 1.15). This method of incorporation is straight-forward and generally high 

yielding. 

 

Figure 1.15: Post-synthetic labelling. Oligonucleotide containing an amine-modified nucleobase 
reacts with an NHS-ester dye to form an amide bond and covalently attached a fluorophore to an 
oligonucleotide.  
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1.5 Overall Hypotheses and Aims 

The overall aim of the work discussed in this thesis is the incorporation of 

fluorescence moieties into DNA and RNA and the application of the fluorogenic 

probes in dsDNA detection. The specific aims of this work include; 

 

Chapter 2 – To investigate the stabilisation of triplex-forming oligonucleotides 

using an intercalating fluorophore to resolve the limitations of triplex formation and 

expand the target range of triplex-forming oligonucleotide probes. 

 

Chapter 3 – To investigate the incorporation of fluorogenic moieties into modified 

guide RNA to provide an efficient ‘on/off’ fluorescence system for imaging of genomic 

DNA in live cells with CRISPR-dCas9. 

 

Chapter 4 – To develop an efficient synthetic method to incorporate an azide moiety 

that is compatible with 2'-O-TC chemistry with the intention of increasing the 

efficiency of the ‘split and click’ technique for the generation of long modified RNA 

needed for guide RNA studies and other applications such as guide RNA library 

generation. 
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2.1 Background 

DNA is the code in which the genetic information of almost all living organisms is 

stored. The expression of this genetic information, in turn, determines an organism’s 

response to environmental stimuli and is crucial for therapeutics. The ability to 

sequence-specifically target DNA is a necessity in therapeutics and diagnostics, and 

after the discovery of the double helical structure of DNA by Watson and Crick,7 a vast 

array of new technologies were developed. The characteristics of DNA as a target 

became well understood and the concept of an oligonucleotide probe was soon born. 

Unlike other DNA recognition moieties, oligonucleotides have the advantage of 

extended recognition sites (as long as the ODN itself) and non-target site binding is 

reduced.  

 

2.1.1 Triplex-Forming Oligonucleotides (TFOs) 

In 1957, Felsenfeld et al. showed that a third strand could interact with the double 

helix of DNA to form a triple-helical structure (triplex)52 but it was another 30 years 

before the potential of triplexes would truly be developed, when oligonucleotide 

synthesis became a more practical technology.53 Triplex-forming oligonucleotides 

(TFOs) bind in the major groove of the double-stranded helix to form a triplex in a 

sequence-specific manner (Figure 2.1 A). The TFO maintains sequence specificity by 

interacting with the outer faces of the bases of the double helix using Hoogsteen or 

reverse-Hoogsteen H-bonding.8,54 A poly-pyrimidine (py) TFO can bind with a poly-

purine (pu) stretch of DNA in a parallel orientation (both 5' — 3' direction, Figure 2.1 
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B). These interactions occur through the formation of three-base triads (triplets); 

T.AT triplets or C+.GC triplets (where in X.YZ, X is a TFO base and Y is a base from the 

poly-pu duplex strand, Figure 2.1 C). Comparably, a poly-pu TFO can interact with a 

poly-pu stretch of DNA in an anti-parallel direction (3' — 5' direction of the TFO, 5' 

— 3' direction of the target strand, Figure 2.1 D) through an A.AT, T.AT or G.GC triplet 

(Figure 2.1 E).55–57 For this chapter, I will focus on parallel triplexes due to their wider 

applicability. 

 

Figure 2.1: TFO structure and triplets. A) NMR structure of a parallel triplex adapted from Lane et 
al. (PDB = 1BWG).58 TFO strand (blue) bound in the major groove of the duplex. B) Orientation of the 
TFO strand compared to the duplex in a parallel triplex. C) Triplet binding orientation in T.AT and 
C+.GC triplet for parallel triplexes. D) Orientation of the TFO strand compared to the duplex in an anti-
parallel triplex. E) Triplet binding orientation in A.AT, T.AT and G.GC triplets for anti-parallel 
triplexes. TFO strand in blue and duplex strands in grey. H-bonding is indicated by dashed lines (---) 
and Hoogsteen bonding indicated by hashed lines (||||). Bases in TFO strand in blue and bases from 
duplex in black. Protonation is indicated by a red H atom. 
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2.1.1.1 Applications of TFOs 

Triplexes have immense potential in many areas of nucleic acid research and have 

already been used for such. TFOs have been used in DNA mutagenesis,59 gene 

inhibition,60–62 inhibition of DNA-protein binding,63,64 DNA repair and 

recombination56 and nanotechnology.65 One particular application that has received 

great attention is the attachment of artificial metallo-nucleases (AMNs) to TFOs for 

the cleavage of the dsDNA target. AMNs use redox metal ions to damage nucleotides 

to initiate strand excision.66,67 The use of a TFO allows for sequence-selective target 

cleavage. An extensive amount of work has been carried out with AMNs such as Fe(II)-

EDTA complexes tethered to TFOs53,68–70 and other Fe(II) complexes.71–73 Cu(II) 

complexes have also been studied in great detail both as free cleavage agents74–76 and 

attached to a TFO.77,78  

 

2.1.1.2 Limitations of TFOs 

Since their discovery, extensive biophysical, structural and thermodynamic studies 

have been carried out on triplex formation.58,79–82 Stable triplex formation is 

determined by a number of factors.83 Firstly, to form a C+.GC triplet in parallel 

triplexes, protonation at the N3 position of the cytosine base (which has a pKa of ~4.5 

as a free nucleotide but is considered to be higher in a triplex state)84 is required to 

form the Hoogsteen H-bond (Figure 2.1 C, red H and hashed lines). This means that 

parallel triplexes require an acidic environment to form.85,86 The range of acidic pH 

required for this protonation is dependent on the position of the C base within the 
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TFO. Terminal cytosines residues have a lower pKa than internally positioned 

cytosines.87 

 

This necessity for protonation also induces another limitation on the sequence 

context of the target. The stability of the triplex is determined by the GC content of 

the target duplex, as a high ratio of G bases in the poly-pu target requires a 

corresponding number of C bases in the TFO. Contiguous runs of C bases or high 

cytosine content will destabilise the triplex, as close proximity of the positive charges 

leads to charge repulsion.88 Another limitation associated with triplexes is the 

restricted target range. Figure 2.1 C and E show the most common and stable triplets 

that can form in the triplex, which means that the target is limited to a poly-pu target 

strand that contains only A and G nucleobases. This limits the target scope of 

triplexes. Finally, triplexes tend to have a lower binding affinity (TFO binding to 

duplex) compared to duplex formation which is partly due to the repulsion of three 

negatively charged strands in close proximity.84 

 

Much research has been devoted to solving the ‘triplex stability’ problem. The 

majority of these studies involve modifying the TFO through base, sugar and 

backbone modifications or introducing an external moiety to alleviate the triplex 

instability. These strategies are discussed below, and the modifications are designed 

to improve certain aspects of triplex formation, but the challenge remains to devise a 

simple, universal approach that can tackle them all. 
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2.1.2 Tackling pH dependence of TFOs 

As previously discussed, one limitation is the need for an acidic environment for the 

formation of the C+.GC triplet, which causes triplexes to be unstable at high pH. 

Cytosine analogues, which form triplets with GC base pairs, have been studied (Figure 

2.2 A). The T.AT and C+.GC triplets are isostructural and hence, do not cause any 

major distortions in the global structure of the triplex.89 The use of a cytosine 

analogue rather than, for example, a bicyclic purine analogue maintains this 

isostructural characteristic in the modified triplet. Replacing cytosine with 5-methyl 

cytosine (MeC) (Figure 2.2 B) promotes stability.88 This is due to the contribution of the 

methyl group to the base stacking of the triplex and a slight increase in pKa of the 

nucleobase.90 However, this increase in stability is not enough for efficient triplex 

formation at higher pH. Subsequent studies used 5-bromo-substituted dC bases91 and 

other modifications used include 2-amino-pyridine (Figure 2.2 C), which has a higher 

pKa than cytosine, and improved triplex stability by ~4 °C compared to cytosine.92 

 

Other modifications investigated were designed to remove the need for nucleobase 

protonation altogether by using bases that would form the second Hoogsteen H-bond 

without protonation. However, the contribution of protonation to the stability of the 

triplet must not be overlooked. The C+.GC triplet is more stable than the T.AT triplet 

and this is most likely due to a favourable electrostatic interaction of the positive 

charge with the anionic phosphate backbones of the triplex.87,93 These modifications 

include pseudoisocytosine (Figure 2.2 D) and its derivatives which can be used to 
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target contiguous guanine bases to form stable triplexes at neutral pH,94–97 or 6-

oxocytosine (Figure 2.2 E), which is more stable at neutral pH but surprisingly, 

contiguous runs of this base are destabilising.98–101 A separate approach explored the 

use of purine analogues for GC recognition. These included 8-oxoadenine (Figure 2.2 

F),102–105 N7-glycosylated-guanine (Figure 2.2 G)106–108 and isoguanine (Figure 2.2 

H).109–112 In most cases, these modifications can contribute to the formation of 

triplexes at neutral pH but are more ideally suited to targeting contiguous runs of GC 

base pairs as the lack of isomorphism distorts the triplex structure. 

 

Figure 2.2: Modifications that target GC base pair to tackle pH dependence of triplexes. A) GC 
base pair of duplex with possible Hoogsteen binding sites indicated with hashed lines. B) MeC C) 2-
amino-pyridine D) pseudoisocytosine E) 6-oxocytosine F) 8-oxoadenine G) N7-glycosylated guanine 
H) isoguanine. Hoogsteen binding sites indicated by hashed lines (||||). Protonation indicated with red 
H atom. 

 

2.1.3 Tackling the limited target range for TFOs 

To expand the sequence target range of TFOs, studies of triplets that form with ‘base 

inversions’ (CG base pairs (Figure 2.3 A) or TA base pairs (Figure 2.4 A)) have been 

carried out. An inversion is formed by a py base in a poly-pu strand. It is possible to 

form a triplet with these inversions using natural bases such as a T.CG triplet (Figure 
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2.3 B) but, the stability of this triplet was greatly reduced compared to the standard 

T.AT and C+.GC triplets.113 The G.TA triplet (Figure 2.4 B) showed the most promise 

when using natural bases but this triplet is still much less stable (-10 °C) than the 

other standard triplets.93,114 Other researchers investigated the use of modified bases 

in the TFO to encourage triplet formation with a TA or CG base pair.  

 

2.1.3.1 CG-recognition monomers 

Several modified bases that can recognise the CG inversion have been developed over 

the years. The rationale behind these modifications is described herein and broader 

reviews are available.115–118 

 

Cytosine analogues such as 2-aminopyrimidine (Figure 2.3 C) have been investigated 

based on the logic that the pKa of N3 in this modification is lower (~3.3) than that of 

cytosine and remains unprotonated at triplex forming pH.119 This means the modified 

base will form a much weaker triplet with a GC base pair (only one Hoogsteen H-

bond), which is desirable, as selectivity for CG over GC would be an issue when using 

C analogues. It also means that N3 becomes a much stronger H-bond acceptor for 

Hoogsteen H-bonding with the cytosine in the target strand and this is evident from 

triplex formation at neutral pH. 

 

Brown et al., have carried out a range of studies on CG-recognition monomers, 

substituted phenyl-N-methylpyrrolo dC nucleosides (XP) (Figure 2.3 D).120,121 The best 
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of these was a PhP modification since the modification, potentially, formed two bonds 

with the CG base pair, one of which is an unconventional C—H—O bond, whilst also 

contributing to base stacking due to the introduction of additional aromatic rings. 

Thymidine analogues such as 4HT have also been studied; this also forms the C—H—

O bond and has lower affinity for the competing AT base pair (Figure 2.3 E).122 

 

Figure 2.3: Modifications that target the CG base pair inversion to expand the target range of 
triplexes. A) CG base pair of duplex with possible Hoogsteen binding sites indicated B) Thymine C) 2-
aminopyrimidine D) XP E) 4HT. Hoogsteen binding sites indicated by hashed lines (||||). 

 

2.1.3.2 TA-recognition monomers 

Similarly, work has been done on forming a stable X.TA triplet but this becomes more 

difficult than X.CG triplets since the methyl group of T protrudes into the expected 

binding area. A solution to this is the use of a longer modification that extends beyond 

the area that contains the methyl group and allows binding with both T and A bases 

in the base pair. One example of this is the thiazolyl aniline monomer, S (Figure 2.4 

C).123 This recognises TA inversions and has been used to form stable triplexes. 

However, it can also bind with CG inversions which reduces its selectivity as a TA 

recognition monomer.124 
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Figure 2.4: Modifications that target the TA base pair inversion to expand the target range of 
triplexes. A) TA base pair of duplex with possible Hoogsteen binding sites indicated B) Guanine C) S. 
Hoogsteen binding sites indicated by hashed lines (||||). 

 

2.1.4 Other stabilisation techniques 

2.1.4.1 Base stacking and hydrophobic interactions 

In other approaches to improve the stability of triplexes, researchers investigated the 

contributing factors to the structural stability of the triplex. These include moieties 

that promote base stacking. Modified bases that contain extra aromatic systems such 

as the previously mentioned CG-recognition monomer, N-methylpyrrolo-dC, (Figure 

2.3 D) take advantage of this.121 Introducing thiocarbonyl groups into the T and MeC 

bases (Figure 2.5 A and B, respectively) also results in stronger stacking effects.125 As 

seen with the use of a methyl group on the base, modifications that enhance 

hydrophobic interactions can also have a stabilising effect, the most prominent being 

the use of propynyl groups in the base such as 5-propynyl deoxyuridine and its 

derivatives (Figure 2.5 C).126–128 

 

Figure 2.5: Modifications that contribute to the base stacking and hydrophobic interactions of 
the triplex. A) 2-thio T B) 2-thio MeC C) 5-propynyl U. Hoogsteen binding sites indicated by hashed 
lines (||||). Protonation indicated with red H atom. 
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2.1.4.2 Modified backbones and sugars 

The introduction of sugar modifications can also afford more stable triplexes, such as 

2'-O-Me modifications129 (Figure 2.6 A) and Locked Nucleic Acids (LNA, Figure 2.6 

B)130 as these modifications force an N-type sugar pucker in the TFO which favours 

more stable triplexes. Completely modifying the TFOs with LNA moieties was shown 

to be destabilising and a general rule of alternating the LNA modification every 2-3 

bases provides the best stabilisation.131 Other modifications to the phosphate 

backbone include the use of morpholino132 (Figure 2.6 C) or PNA133 (Figure 2.6 D) 

backbones which do not have a negative charge and, therefore, reduced inter-strand 

repulsion in triplexes. 

 

Figure 2.6: Modifications to the sugar or backbone to stabilise triplex formation. A) 2'-O-Me B) 
LNA which encourage N-type sugar pucker and C) Morpholino backbone and D) PNA backbone which 
reduce the overall negative charge of the triplex. 

 

2.1.4.3 Cationic TFOs 

Another form of stabilisation is the use of cationic moieties in triplex formation. This 

reduces the charge repulsion caused by the close proximity of the three anionic 

strands. Spermine, a polyamine found in the nuclei of cells,134 can be tethered to the 

TFO to increase triplex stability.84 Divalent cations such as Mg2+ are often used to help 

triplex formation, although the sequence context of the TFO can have an affect here. 
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There is more ionic dependence for T.AT triplets compared with C+.GC triplets due to 

the positive charge on the triplet. Monovalent cations such as Na+ are also used for 

stabilisation, however, a balance between the cationic moieties and the GC content 

of the target must be considered, as excessive positive charge could encourage 

destabilisation.135 

  

2.1.4.4 Cross-linking, binding ligands and intercalators 

The use of small molecules for triplex stabilisation has also been explored. Cross-

linking, in terms of triplex formation, is a technology that tethers a chemically 

reactive group to the TFO that will react with the target duplex to covalently attach 

the TFO to the duplex. The use of psoralen which can photo-crosslink with a TpA (T-

phosphate-A) site is widely used for triplex stabilisation.136–138 Other reagents provide 

stabilisation through intercalation. Intercalation occurs when a planar molecule 

binds in between base pairs and contributes to base stacking (Figure 2.7 A) and is very 

effective in both duplex and triplex stabilisation. Binding ligands specific to triplexes 

such as benzopyridoindole,139 BePI140 and coralyne141 (Figure 2.7 B) encourage 

stabilisation through intercalation into the triplex. These molecules contain 

extended aromatic rings which contribute to stacking and their planar shape 

encourages intercalation into the triplex. Intercalators have been used both as 

moieties free in solution or tethered to the TFO to provide stability, with the latter 

being more useful.142–147 They provide a simple and versatile approach to triplex 

stabilisation. 
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Figure 2.7: Binding ligands and intercalators. A) The intercalator, which is planar in conformation, 
can slot in between the stacks of base pairs to provide stabilisation by contributing to base stacking. 
TFO indicated in blue, duplex indicated in grey, intercalator indicated by grey box. B) Structure of 
triplex binding ligand Coralyne.  

 

2.1.5 Fluorescent TFOs  

The applications of triplexes are immense and have already been studied in great 

detail. One important example is the use of fluorescent TFOs for sequence specific 

detection and visualisation of dsDNA.42,148 This approach incorporates a fluorescent 

dye into the TFO and detects triplex formation through fluorescence analysis. 

However, these methods tend to also require a quencher to allow for a specific 

fluorescence enhancement upon hybridisation with the target (quenched system 

(TFO) to fluorescent system (triplex)). The most common approach is the use of 

molecular beacons.149,150 While triplex molecular beacons have been explored, a 

simpler approach may be more beneficial: the incorporation into the TFO of a dye 

that can be either quenched or fluorescent depending on its environment.  
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2.1.6 Thiazole orange (TO) 

Thiazole orange (TO) is an asymmetric cyanine dye that is composed of two aromatic 

ring systems that are connected through a methine bridge (Figure 2.8 A and B). The 

specific characteristics of TO means it is a “torsionally responsive fluorogenic dye”.151 

The most crucial characteristic is the environmental sensitivity of its fluorescence 

response. The fluorescence change depends on the conformation of the molecule, 

particularly the relative rotation of the heterocycles at the methine bridge.152–154 

Restricted rotation and a planar conformation cause a major increase in fluorescence 

of the dye and, because of this, TO is commonly used in the detection of DNA.155–158 

 

TO can act as an intercalator in the presence of DNA and once intercalated, its planar 

conformation is stabilised by stacking with the base pairs and results in a fluorescence 

response. For this reason, TO is a significant tool in fluorescence detection of 

dsDNA159,160 and other secondary structures such as triplexes.161,162 It removes the need 

for a quencher as TO, when not intercalated, has low fluorescence. Derivatives of the 

molecule such as the homodimeric TO dye, TOTO, have been studied in great detail. 

TOTO is a symmetrical dimer of TO (Figure 2.8 C) and selectively binds to dsDNA 

using bis-intercalation as it contains two intercalating moieties. Bis-intercalation 

provides TOTO with a strong binding affinity towards nucleic acids.163–165 



Chapter 2  Fluorogenic Triplex-Forming Oligonucleotides 

 38 

 

Figure 2.8: Structures of TO moieties. A) TO attached to DNA through the benzothiazole ring and 
B) through the quinoline ring. The arrow indicates the possible rotation around the methine bridge. n 
is number of carbons in the linker used in this study. B) Structure of TOTO homodimeric dye. n is the 
number of carbons used in the linker. 

 

2.1.7 TO and TFOs  

This intercalating fluorophore can be used as a free untethered molecule in solution 

for TFO stabilisation and detection.166,167 However, for sequence specificity, studies 

have focused on tethering TO directly to the TFOs. TO can be tethered to DNA 

through its benzothiazole moiety (TOB) (Figure 2.8 A) or its quinoline moiety (TOQ) 

(Figure 2.8 B). The fluorescence ‘light-switch’ ability of TO is adopted in many 

approaches, for example, tethering TO to a triplex-forming PNA strand168 or using TO 

as a base surrogate in a triplex-forming PNA strand for the detection of dsRNA.169,170 

 

In terms of DNA TFOs, Asseline et al. conjugated a range of TO derivatives to the 5'-

end of the TFO through a phosphothiolodiester bond and a varied-length carbon 

linker (Figure 2.9 A).171 They determined that a dye-linker length of at least 5/6 

carbons or more is needed for successful intercalation of the dye, and that conjugating 

the dye through the benzothiazole moiety compared to the quinoline moiety was 

more effective for triplex stabilisation. While stabilisation and fluorescence 
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enhancement were achieved with the LU-TFOs (Light Up-TFOs), this stabilisation was 

not enough to form triplexes at neutral pH. As well as this, only a limited range of 

target sequences was studied in this work. 

 

Filichev et al. also carried out similar work in which TO was tethered to parallel and 

anti-parallel TFOs in an analogue of TINA (Twisted Intercalating Nucleic Acid). TINA 

modifications are used to circumvent the self-aggregation of G-rich TFOs which 

hinders the formation of anti-parallel triplexes. These analogues were introduced to 

produce AFENA-TINA (Assembly Dependent Fluorescence Enhancing Nucleic Acids) 

(Figure 2.9 B).143 However, the stabilisation was not as high as expected, and at neutral 

pH, triplexes could only be formed for anti-parallel TFOs. These studies were also 

limited in the range of sequences studied, and the authors did not investigate any 

triplex inversions.  

 

Okamoto et al. explored two TO units incorporated at the 5-position of the thymine 

base in their ECHO probes (Exciton-Controlled Hybridisation-Sensitive Fluorescent 

Oligonucleotides) (Figure 2.9 C).172 The rationale behind the approach was that two 

molecules of TO would allow for suppressed fluorescence by utilising the excitonic 

interaction between them. The best example of ECHO probes provided a +17 °C 

increase in melting temperature at neutral pH and a ~67-fold increase in fluorescence 

compared to the unlabelled version. However, a second addition of the TO moiety did 

not provide an additive effect and, in fact, caused poorer fluorescence and weaker 
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stabilisation. The sequence context in this study also did not take into account base 

pair inversions, and triplexes were not observed at pH 8 (TFO applicability at this pH 

would include their use in enzymatic reactions such as polymerase chain reaction 

(PCR)). 

 

Figure 2.9: Studies of TO incorporation into TFOs. A) LU-TFOs that incorporated TO through a 
phosphothiolodiester linker at the 5'-end of the TFO. B) AFENA-TINA TFOs that use an intercalating 
twisted moiety to incorporate TO at the 5'-end. C) ECHO probes that introduce a TO dimer unit at the 
5-position of a base of the TFO. 

 

Although there have been some studies on the incorporation of TO into TFOs, there 

remains a need for a simple approach to triplex stabilisation using an intercalating 

fluorophore that can be translated across all sequence contexts and can expand the 

triplex target range to include base pair inversions at biologically relevant pH ranges.  
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2.2 Hypotheses and Aims 

As previously mentioned, triplexes have great potential for diagnostic and 

therapeutic applications, but are limited by some issues; 1) limited target range – they 

require a poly-pu target to form stable canonical triplets, 2) necessity for low pH – 

protonation of cytosine to form the C+.GC triplet limits triplex formation to an acidic 

environment and 3) low binding affinity – the polyanionic nature of the triplex 

reduces its overall binding affinity. 

 

The aim of this chapter is to investigate the stability of triplexes with the 

incorporation of a fluorogenic intercalator, TO, tethered to the TFO to produce 

TOTFOs (Thiazole Orange Triplex-Forming Oligonucleotides). The use of the 

fluorogenic intercalator would help improve the stability of the triplex and also 

provide a fluorescence detection method to indicate the formation of the triplex 

without major reduction of the selectivity of the TFOs. Inversions can be destabilising 

in triplex formation, so another aim is to counteract this destabilisation with a 

stronger binding affinity from the tethered intercalator. Increased stability could also 

allow triplex formation at neutral pH and higher. A combination of stability at 

biologically relevant pH, an expanded target range and sequence-selectivity are key 

for effective DNA targeting probes. Note, the studies described below have now been 

published173 but they are expanded on in greater detail in this chapter. 
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2.3 Triplex Design and Synthesis 

Previously studies have been carried out to incorporate TO into TFOs and evaluate 

the resultant probes, but only in a limited sequence environment. In the current work, 

to evaluate the versatility of the TOTFO probes, the TFOs were designed to target 

duplexes with varying degrees of GC content. As previously discussed, the number of 

cytosine bases in the TFO can have a substantial effect on the stability of the triplex. 

A total of five TFOs were designed to form parallel triplexes (TRIP-X, triplexes with 

the subscript “i” indicates the presence of an inversion). These comprised of 1) a T-

rich TFO to target an A-rich purine strand (TFO-T in TRIP-T), 2) a T-rich TFO to target 

a duplex containing an CG inversion in the AT-rich sequence (TFO-Ti in TRIP-Ti), 3) 

a C-rich TFO targeting a G-rich purine strand (TFO-C in TRIP-C), 4) a C-rich TFO to 

target a duplex with a CG inversion in a GC-rich duplex (TFO-Ci in TRIP-Ci) and 5) a 

mixed T:C TFO that targeted a duplex with a 47% GC content (TFO-TC in TRIP-TC). 

This would provide a comprehensive overview of the stabilisation effect of the 

TOTFOs for all possible target sequence environment. The full set of triplex 

sequences is given in Figure 2.10 A-E. 

 

As seen above, the ability of the TO stabilisation to compensate for the destabilising 

effect of a CG base inversion is investigated. Therefore, a CG-recognition monomer 

in the TFO is required to form a triplet with the base inversion. For this, 5-(1-

propynyl)-deoxycytidine (pC, Glen Research) (Figure 2.10 F), a commercially-

available C analogue was selected as the propynyl group reduces the pKa at the N3 



Chapter 2  Fluorogenic Triplex-Forming Oligonucleotides 

 43 

position of cytosine which will allow it to interact with CG and not GC to form a 

triplet, as shown in previous studies.119 Interestingly, pC has been previously 

investigated in TFOs as a GC-recognition monomer but causes destabilisation, 

suggesting it would be better suited for CG-recognition.174 The alkyne group of pC 

also contributes to base stacking and it can potentially form the unconventional C—

H—O bond seen in other CG-recognition monomers in Section 2.1.3.1. 

 

Figure 2.10: Sequences of triplexes studied. A-E) Sequences of triplexes and their corresponding 
target duplexes. TFOs are indicated in blue, T = position of TO incorporation through the linker 
modification and follow the order of 1, 2 and 3 indicated in A, M = MeC, pC = 5-(1-propynyl) dC. 
Triplexes with the subscript “i” indicates the presence of an inversion. For B) and D), site of inversion 
is denoted by —C— and in A) and C), the comparative triplet is marked similarly. F) Binding orientation 
for pC.CG triplet. Bases from TFO strand in blue, bases from duplex in black, C—H—O bond indicated 
in red. 

 

All TFOs and their corresponding duplexes were prepared using automated solid-

phase synthesis and good yields were obtained for all sequences. The modified 

nucleosides 5-(1-propargylamino)-dU (pdU, Experimental 5.1.3), 2'-aminoethoxy-T 

(AE, ATDBio Ltd), 5-amino-C6-dT (AC6, Glen Research) and pC were incorporated 

using phosphoramidite monomers and were purified according to Experimental 5.2.4. 
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All TFOs were labelled using active ester labelling of amines, and TO active esters 

were synthesised according to Experimental 5.1.4. Figure 2.11 A shows the 

experimental yields of each TFO after labelling. One (1xTO), two (2xTO) and three 

(3xTO) additions of TO were investigated. The positions of the TO incorporation were 

spaced out within the TFO sequence (as indicated by T in Figure 2.10). If the 

incorporations of TO were too close together, intercalation of the dye could be 

hindered by clustered TO units (incorporations follow the order of internal, towards 

5'-end and towards the 3'-end as indicated by the numbering in Figure 2.10 A). Purity 

of all ODNs was determined using UPLC-MS as can be seen for all three additions in 

TFO-Ci in Figure 2.11 B (Full UPLC-MS data given in Appendix A4.1). 

 

Figure 2.11: Yield and UPLC-MS for TO labelling of TFOs. A) Experimental yields of TFOs labelled 
with single/multiple TO through active ester labelling. B) UPLC chromatograms of pure 1xTO, 2xTO 
and 3xTO labelled TRIP-Ci. UPLC x-axis = time (min) and y-axis = UV absorbance at 260 nm. 
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2.4 Biophysical Studies of Triplex Formation 

2.4.1 Triplex melting temperatures at pH 5.8 

2.4.1.1 Poly-pu triplexes 

Initially, the choice of linker used to conjugate TO to the TFO was investigated. Three 

linkers were examined, based on pdU, AC6 and AE. Thermal melting analysis was 

carried out to determine the melting temperature (Tm) of the triplex. To ensure 

reproducibility and avoid human error/artefacts in the experiments, the final 

measurement was determined from two independent experiments and each 

experiment was an average of five ramps. From Figure 2.12 A and B, we can see that 

in the case of 1xTO, incorporation through pdU modification provided the best 

stabilisation (higher Tm and sharper/more intense UV transition, ΔTm = +10.6 °C 

compared to the unlabelled control). Incorporation of TO through the other linkers 

was less triplex-stabilising (1xTO AC6 ΔTm = +9.4 °C and 1xTO AE ΔTm = + 9.0 °C). 

This is most likely due to the contribution of the triple bond of pdU to base stacking. 

5-(1-Propargylamino)-dC (Experimental 5.1.2) was also investigated as a linker. This 

modification would provide a TO linkage (amino group) and CG-recognition moiety 

(propynyl group) in a single monomer, but it resulted in a less stable triplex compared 

to when the amino group and propynyl group were on separate monomers (ΔTm = -

15.4 °C compared to TRIP-Ti). pdU was used to for all further TO incorporations. 
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Figure 2.12: TO linker comparison. A) Smoothed first derivatives determined from the UV 
absorbance at 260 nm of unlabelled (left) and 1xTO pdU, 1xTO AE and 1xTO AC6 linkages for TRIP-C 
in 10 mM phosphate, 150 mM NaCl, 2 mM MgCl2 at pH 5.8. The first transition is triplex denaturation 
and the second (higher temperature) is duplex denaturation. UV absorbance spectra can be seen in 
Figure A7. C) Tm data was obtained from the maxima of the triplex transition in the first derivative 
spectrum. Final Tm values are an average of two individual measurements in which each is an average 
of 5 ramps. 

 

The triplexes were examined in two different buffers: a 10 mM MgCl2 buffer (‘high 

Mg2+ buffer’) and one closer to cellular salt conditions using Na+ ions instead of K+ 

ions: 150 mM NaCl/2 mM MgCl2 (‘low Mg2+ buffer’). Both modes of TO attachment 

were examined at pH 5.8 to determine the most triplex-stabilising linkage; TOB6 – 

linked though the benzothiazole moiety, and TOQ6 – linked through the quinoline 

moiety (Figure 2.13 A and B, respectively). Although TOQ6 conjugated to TFO-T 

provided a large increase in stabilisation of ΔTm = +14.2 °C (compared with the 

unmodified TRIP-T in high Mg2+ buffer), the second addition of TOQ6 did not afford 

any additional triplex stabilisation (Figure 2.13 C). However, one TOB6 conjugated to 

TFO-T provided a larger increase (ΔTm = +23.3 °C compared to unmodified TRIP-T in 

the same buffer) and additional increases were seen with a second and third addition 

with 3xTO TRIP-T increasing by ΔTm = +34.8 °C. Therefore, TOB6 was used for the rest 

of this study. 
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Figure 2.13: Linking TO through both moieties. A) Structure of TO linked through its benzothiazole 
moiety (TOB6). B) Structure of TO linked through its quinoline moiety (TOQ6). C) Smoothed first 
derivatives and Tm data determined from the UV absorbance at 260 nm of unlabelled (purple), 1xTOQ6 
(black) and 2xTOQ6 (red) in TRIP-T in high Mg2+ buffer at pH 5.8. UV absorbance spectra can be seen in 
Figure A8. 

 

All Tm data is given in Table 2.1. At pH 5.8, TO has an additive effect on the triplex 

stabilisation, even in low Mg2+ buffer. Three additions of TO in 3xTO TRIP-T resulted 

in an increase of ΔTm = +44.8 °C compared to the unlabelled TRIP-T in low Mg2+ buffer 

(entry 4). Similarly, for 3xTO TRIP-C, TO has a stabilising effect but not as large as 

3xTO TRIP-T (ΔTm = +26.2 °C compared to TRIP-C, entry 13). Since TRIP-C contains 

more protonation sites, the introduction of TO (also positively charged) is not as 

effective. 3xTO TRIP-TC only saw a small overall increase in stabilisation with three 

additions of TO (ΔTm = +9.7 °C compared to TRIP-TC, entry 20). 
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Entry Triplex TFO Sequence (5'—3') High Mg2+ Low Mg2+ 

   Tm (oC) 

1 TRIP-T TTT TTM TTT MTM TMT 43.2 31.9 

2 1xTO TRIP-T TTT TTM TTT MTM TMT 66.5 58.0 

3 2xTO TRIP-T TTT TTM TTT MTM TMT 76.4 65.1 

4 3xTO TRIP-T TTT TTM TTT MTM TMT 78.0 76.7 

5 TRIP-Ti Control TTT TTM TTT MTM TMT 49.0 29.6 

6 TRIP-Ti TTT TTM TpCT MTM TMT 50.3 31.2 

7 1xTO TRIP-Ti TTT TTM TpCT MTM TMT 66.3 48.7 

8 2xTO TRIP-Ti TTT TTM TpCT MTM TMT 74.6 66.9 

9 3xTO TRIP-Ti TTT TTM TpCT MTM TMT 76.1 73.2 

10 TRIP-C CTM CCM MCC MCC TMT MTC 44.0 35.6 

11 1xTO TRIP-C CTM CCM MCC MCC TMT MTC 50.6 46.2 

12 2xTO TRIP-C CTM CCM MCC MCC TMT MTC 54.3 55.1 

13 3xTO TRIP-C CTM CCM MCC MCC TMT MTC 62.5 61.8 

14 TRIP-Ci Control CTM CCT MCC MCC TMT MTC 31.5 21.0 

15 TRIP-Ci CTM CCpC MCC MCC TMT MTC 39.5 26.6 

16 1xTO TRIP-Ci CTM CCpC MCC MCC TMT MTC 42.9 29.7 

17 2xTO TRIP-Ci CTM CCpC MCC MCC TMT MTC 45.3 36.7 

18 3xTO TRIP-Ci CTM CCpC MCC MCC TMT MTC 56.4 44.7 

19 TRIP-TC MTM TMT TMT MTT MTM 77.0 72.7 

20 3xTO TRIP-TC MTM TMT TMT MTT MTM 86.7 76.3 

Table 2.1: Tm data for all triplexes at pH 5.8. Tm values were obtained from the maxima of the triplex 
transition in first derivative spectra. Values in bold are determined by fluorescence melting. 
Fluorescence melting was used when the Tm could not be determined by UV melting. High Mg2+ buffer 
=	10 mM sodium phosphate, 10 mM MgCl2 at pH 5.8. Low Mg2+ buffer =	10 mM sodium phosphate, 150 
mM NaCl, 2 mM MgCl2 at pH 5.8. Tm values are an average of two independent experiments, both of 
which are an average of 5 measurements. pC	=	5-(1-propynyl) dC, M =	MeC, T =	TO attached to pdU. Full 
triplex sequences are given in Figure 2.10. Tm of the underlying duplexes are as follows: TRIP-T =	73.1 
°C, TRIP-Ti	=	73.9 °C, TRIP-TC =	73.2 °C, TRIP-C =	74.6 °C, TRIP-Ci = 77.3 °C.  

 

2.4.1.2 Inversion triplexes 

It is obvious that TO can provide strong stabilisation for uninterrupted poly-pu 

targets, so the focus was then turned to targets that contained base inversions, which 

are known to be destabilising. The use of the commercially available pC as a CG-
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recognition monomer  removes the necessity for the multi-step synthesis required for 

other modified CG-recognition monomers. As a control in each inversion triplex, a T 

base (in the TFO) was also paired with the CG base pair inversion for comparison 

(TRIP-Xi control). pC in TRIP-Ti provided slightly increased stabilisation compared to 

T in TRIP-Ti control, (ΔTm = +1.2 °C and +1.6 °C in high and low Mg2+ buffer, 

respectively, entry 5 and 6). Interestingly, pC in TRIP-Ci provided a larger 

stabilisation compared to T in TRIP-Ci control, (ΔTm = +8.0 °C and +5.6 °C in high and 

low Mg2+ buffer, respectively, entry 14 and 15). This is most likely due to the electron-

withdrawing group (propynyl group) in the pC.CG triplet being stabilised by the 

positive charge of the C+.GC triplets surrounding it compared to pC.CG in TRIP-Ti 

(neighbouring T.AT triplets).  

 

The destabilising effect of an inversion is evident as we compare TRIP-C (entry 10) 

with TRIP-Ci which has a ΔTm = -9.0 °C (entry 15) in low Mg2+ buffer. The effect pC has 

on the stability of the triplex is highlighted by comparing TRIP-Ci control which has 

a ΔTm = -14.6 °C (entry 14). The triplet stability is as follows: C+.GC (TRIP-C) > pC.CG 

(TRIP-Ci) > T.CG (TRIP-Ci control). With the incorporation of TO, we see an increase 

of ΔTm = +18.1 °C for 3xTO TRIP-Ci (low Mg2+ buffer, entry 18) (Figure 2.14 A) but a 

much more substantial increase of ΔTm = +42.0 °C for 3xTO TRIP-Ti (entry 9) (Figure 

2.14 B). The difference in stability of both triplexes is evident by comparing the triplex 

transition intensities in Figure 2.14 A and B. This again highlights the effect of 

sequence environment on the stabilising effect of TO. 
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Figure 2.14: Derivatives of melting curves of inversion triplexes at pH 5.8. A) Smoothed first 
derivatives determined from the UV absorbance at 260 nm of unlabelled, 1xTO, 2xTO and 3xTO TRIP-
Ci in low Mg2+ buffer. B) Smoothed first derivative determined from the UV absorbance at 260 nm of 
unlabelled (left) and smoothed first derivative determined from fluorescence spectra of 1xTO, 2xTO 
and 3xTO TRIP-Ti (right) in low Mg2+ buffer. Fluorescence measured at λex = 521 nm and λem = 536 nm. 
UV absorbance spectra and fluorescence spectra can be seen in Figure A9. 

 

2.4.2 Triplex fluorescence melting 

As seen in Figure 2.14 B (right), fluorescence melting was also used to determine the 

Tm of the triplex because as the triplexes become more stable, the use of UV 

monitoring of thermal denaturation becomes less reliable. The transition of triplex 

melting becomes obscured by the transition for the duplex melting as the Tm of both 

complexes come closer together (Figure A10). Fluorescence melting analysis can help 

alleviate this problem as only the triplex melting transition would be detectable; the 

change in fluorescence from intercalated TO into freely rotating TO is measured. 

Table A1 emphasises where the differences between the thermal melting and 

fluorescence melting data for the triplexes occurs. Differences between the Tm results 

may be due to the difference in DNA concentrations used for both techniques (1 µM 

for thermal melting and 0.625 µM for fluorescence melting) or because both 

techniques analyse slightly different mechanisms of melting. Thermal melting is 
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sensitive to the dissociation of strands via the unstacking of the nucleobases whilst 

fluorescence melting monitors the intercalation of TO into the triplex.  

 

2.4.3 Triplex Surface Plasmon Resonance (SPR) 

Surface Plasmon Resonance (SPR) was used as an alternative analytical technique to 

corroborate the results from thermal and fluorescence melting. SPR can be used to 

measure real-time binding kinetics of molecular interactions. It uses a thin gold 

surface film coated with a dextran matrix to which oligonucleotides can be 

immobilised, using biotin — streptavidin interactions. The change in refractive index 

can be detected and provides quantitative binding analysis of the interactions. TRIP-

Ti was used, and the unmodified triplex produced a Ka of 1.5 µM (Figure 2.15 A and 

E). This agrees with previous studies in which the triplex equilibrium constants are 

generally in the µM range.130,135,175 1x, 2x and 3xTO TRIP-Ti were then analysed and 

the progressive increase in the Ka was measured (Figure 2.15 B, C, D and E). The 3xTO 

TRIP-Ti system gave binding in the nM range (3.9 nM) (Figure 2.15 D and E). The Ka 

of the triplex can also be calculated by measuring the Tm of the triplex at varying 

concentrations and plotting these measurements against each other in a Van’t Hoff 

plot.176 However, this was not carried out in these studies but it is evident that the 

relationship between the increasing Tm of the triplexes correlates to the increased 

binding affinities of the TOTFO probes. 
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Figure 2.15: SPR analysis of: A) TRIP-Ti B) 1xTO TRIP-Ti C) 2xTO TRIP-Ti D) 3xTO TRIP-Ti. Binding 
response of triplex plotted against concentration of TFO used (affinity curve) (left) and binding 
response plotted against time (right). Buffer contains 10 mM MOPS, 10 mM MgCl2, pH 5.8. The 
concentrations of injected TFOs ranged from 0.4 µM – 20 µM. E)  Ka values were determined using 1:1 
steady state equilibrium model of the triplex affinity. 

 

2.4.4 Triplex melting temperatures at pH 7 

2.4.4.1 Poly-pu triplexes 

The triplexes were also analysed at pH 7. The stabilisation from TO would allow the 

triplexes to form at higher pH values in all sequence contexts. As expected, the 

increase in pH causes the Tm of the triplexes to drop, but we still observe a substantial 

increase in stabilisation with the addition of TO. All Tm data at pH 7 is given in Table 

2.2 (note, data at pH 5.8 is also presented again for ease of comparison). 3xTO TRIP-
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T provides a ΔTm = +43.6 °C (entry 4) compared to TRIP-T in low Mg2+ buffer. For the 

C-rich triplexes, the effects of pH on stability are severe. The Tm of TRIP-C (entry 10) 

is not detectable by thermal melting (Tm < 18 °C). This low stability is expected, as 

protonation is needed to form the C+.GC triplet. However, with the introduction of 

3xTO, a ΔTm ~ +17 °C was reached in high Mg2+ buffer (entry 13). 

Entry Triplex 
pH 5.8 pH 7.0 
High Mg2+ Low Mg2+ High Mg2+ Low Mg2+ 

  Tm (oC) 

1 TRIP-T 43.2 31.9 39.3 28.4 

2 1xTO TRIP-T 66.5 58.0 60.0 50.6 

3 2xTO TRIP-T 76.4 65.1 65.5 58.7 

4 3xTO TRIP-T 78.0 76.7 74.0 72.0 

5 TRIP-Ti Control 49.0 29.6 - - 

6 TRIP-Ti 50.3 31.2 23.0 - 

7 1xTO TRIP-Ti 66.3 48.7 45.0 35.9 

8 2xTO TRIP-Ti 74.6 66.9 57.5 51.3 

9 3xTO TRIP-Ti 76.1 73.2 73.4 65.9 

10 TRIP-C 44.0 35.6 nt nt 

11 1xTO TRIP-C 50.6 46.2 25.7 19.9 

12 2xTO TRIP-C 54.3 55.1 30.4 26.0 

13 3xTO TRIP-C 62.5 61.8 34.6 34.8 

14 TRIP-Ci Control 31.5 21.0 - - 

15 TRIP-Ci 39.5 26.6 nt nt 

16 1xTO TRIP-Ci 42.9 29.7 nt nt 

17 2xTO TRIP-Ci 45.3 36.7 nt nt 

18 3xTO TRIP-Ci 56.4 44.7 25.4 24.7 

19 TRIP-TC 77.0 72.7 52.6 49.0 

20 3xTO TRIP-TC 86.7 76.3 73.2 73.4 

Table 2.2: Tm data for all triplexes at pH 7. Tm values were obtained from the maxima of the triplex 
transition in the first derivative curves. Values in bold are determined by fluorescence melting. High 
Mg2+ buffer =	10 mM MOPS, 10 mM MgCl2 at pH 7. Low Mg2+ buffer =	10 mM MOPS, 150 mM NaCl, 2 
mM MgCl2 at pH 7. Tm of the underlying duplexes are as follows: TRIP-T =	73.4 °C, TRIP-Ti	=	74.3 °C, 
TRIP-C =	75.1 °C, TRIP-Ci = 77.5 °C, TRIP-TC =	74.1 °C. 
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For 3xTO TRIP-TC at pH 5.8, the increase in stability was not as high as the other 

triplexes but at pH 7, this increase becomes comparable to the others (ΔTm = +24.5 °C 

in  low Mg2+ buffer, entry 20). This suggests that the stability of the underlying duplex 

contributes to the stability of the triplex. TO could only stabilise the already highly 

stable TRIP-TC at pH 5.8 by a small amount but at pH 7, where TRIP-TC became more 

unstable, the window for stabilisation expanded. The Tm of the duplex alone is 74.1 

°C which potentially sets a limit on the possible stability of the triplex. The duplex 

contribution to stability of the triplex has previously been studied by others.79 

 

2.4.4.2 Inversion triplexes 

The destabilising effect of the inversion is much more prominent at pH 7 as we 

compare TRIP-T (entry 1) to TRIP-Ti (ΔTm = -16.3 °C, entry 6) in high Mg2+ buffer. 

Regardless, TO is still capable of stabilising the inversion and this is strongly evident 

in TRIP-Ti (Figure 2.16) and TRIP-Ci. The Tm of TRIP-Ci, 1xTO and 2xTO are not 

detectable by thermal melting (entry 15, 16 and 17) but 3xTO TRIP-Ci forms a triplex 

with a ΔTm ~ +8 °C (entry 18). Even the most unstable triplexes can benefit from TO 

incorporation. In some sequence contexts, only one addition of TO is needed at pH 7 

to form a stable triplex (1xTO TRIP-Ti, Tm = 45.0 °C, entry 7, Figure 2.16). These results 

show that TO intercalation combined with pC as a CG-recognition monomer 

compensates for the destabilisation of an inversion in the target, even at pH 7. This 

expands the triplex target range and makes TOTFOs more versatile. Stable triplexes 



Chapter 2  Fluorogenic Triplex-Forming Oligonucleotides 

 55 

can even be formed above neutral pH, at pH 8, where 3xTO TRIP-T has a Tm = 42.6 °C 

in low Mg2+ buffer.  

 

Figure 2.16: Derivatives of melting curves of TRIP-Ti at pH 7. Smoothed first derivatives 
determined from the UV absorbance at 260 nm of unlabelled, 1xTO, 2xTO TRIP-Ti (left) and smoothed 
first derivatives determined from fluorescence melting curves of 1xTO, 2xTO and 3xTO TRIP-Ti (right) 
in high Mg2+ buffer. Fluorescence measured at λex = 521 nm and λem = 536 nm. UV absorbance spectra 
and fluorescence spectra can be seen in Figure A11. 

 

2.4.4.3 Control triplexes 

To confirm the sequence specificity of the TOTFOs, some controls were also 

investigated. As the human genome contains approximately 3x109 bases, selectivity 

is crucial to avoid off-target binding. A scrambled duplex (a duplex not 

complementary to the TFO) was used as a target with 1xTO TFO-T in low Mg2+ buffer 

at pH 7. With the correct target duplex, this triplex has a Tm = 50.6 °C. However, with 

the scrambled duplex, triplex formation was not detectable which confirms the 

necessity for efficient sequence-specific hybridisation of the TFO to the duplex target 

before TO stabilisation can be seen (Figure 2.17 A). To further investigate the base 

pair selectivity of the TOTFOs, 3xTO TFO-T was mixed with a duplex (low Mg2+ buffer, 

pH 7) containing a triplet mismatch to produce T.CG, T.TA and T.GC triplets and 

compared to the correct base pair triplet, T.AT. As expected, the mismatch causes a 



Chapter 2  Fluorogenic Triplex-Forming Oligonucleotides 

 56 

decrease of ΔTm = -9.8 °C (T.CG), -10.0 °C (T.TA) and -13.8 °C (T.GC) even with 3 

additions of TO (Figure 2.17 B). This provides evidence that TO intercalation does not 

destroy TFO selectivity even on a single triplet mismatch level. 

 

Figure 2.17: Derivative of melting curves of controls at pH 7. A) Smoothed first derivatives 
determined from the UV absorbance at 260 nm of TFO-T mixed with a scrambled duplex (red) and the 
correct target duplex (blue) in low Mg2+ buffer, pH 7. B) Smoothed first derivative and Tm data 
determined from fluorescence melting curves of 3xTO TFO-T mixed with duplexes containing triplet 
mismatches to produce T.AT, T.CG, T.TA and T.GC triplets in low Mg2+ buffer, pH 7. Fluorescence 
measured at λex = 521 nm and λem = 536 nm. UV absorbance spectra and fluorescence spectra can be 
seen in Figure A12. 

 

For the inversion triplexes, the selectivity of pC was investigated by mixing 1xTO 

TFO-Ti with duplexes containing a triplet mismatch to produce pC.GC, pC.AT and 

pC.TA triplets and compared to pC.CG at pH 5.8 (Figure 2.18 A) and pH 7 (Figure 2.18 

B). The pC.AT triplet mismatch (ΔTm = -12.3 °C at pH 7 and ΔTm = -9.4 °C at pH 5.8) 

provided a less stable triplex compared to pC.CG which highlights the superiority in 

selectivity of pC over T as a CG-recognition monomer as T could also form a triplet 

with an AT base pair. pC.TA (ΔTm = -10.5 °C at pH 7) was also less stable compared to 

pC.CG. However, at pH 5.8, pC.GC (ΔTm = +6.3 °C at pH 5.8) was more stable compared 

to pC.CG. pC.GC could form a triplet with a single H-bond but this stability is pH 

dependent. At higher pH where protonation becomes more crucial for the formation 
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of a X.GC triplet, we see this stability diminishes. pC.CG is far less pH dependent (ΔTm 

= -18.4 °C, pH 5.8 vs pH 7) compared to the pC.GC triplet (ΔTm = -24.6 °C, pH 5.8 vs 

pH 7). Overall, pC is more selective at higher pH which is advantageous for the 

practical use of TOTFOs.  

 

Figure 2.18: Derivative of melting curves of pC.XX mismatches at pH 5.8 and pH 7. Smoothed 
first derivative determined from fluorescence melting curves of 1xTO TFO-Ti mixed with duplexes 
containing triplet mismatches to produce pC.CG, pC.GC, pC.TA and pC.AT triplets in high Mg2+ buffer 
at A) pH 5.8 and B) pH 7. Fluorescence measured at λex = 521 nm and λem = 536 nm. Fluorescence melting 
curves can be seen in Figure A13. 

 

2.4.5 Triplex steady state fluorescence and quantum yield 

To quantify the enhancement of fluorescence once triplex formation occurred, steady 

state fluorescence measurements were taken. The fluorescence of the TFO, in the 

absence and then in the presence of the target duplex, was measured and the 

intensities compared to determine the fold-increase of fluorescence between free 

TFO and triplex states. In general, TFOs, excited at 484 nm, showed reduced 

fluorescence intensities and with the introduction of the duplex (with sufficient time 

allowed for complex formation), an increase in the fluorescence intensity was 

observed. All fluorescence intensity data and ratios are given in Table 2.3. 
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Triplex 
pH = 5.8 pH = 7.0 
Fss @ lem

T FT @ lem
T FT/Fss Fss @ lem

T FT @ lem
T FT/Fss 

 a.u. 

1xTO TRIP-T 10.7 249 23.2 7.5 197 26.3 

2xTO TRIP-T 72.2 606 8.4 52.4 524 10.0 

3xTO TRIP-T 120 579 4.8 67.5 548 8.1 

1xTO TRIP-Ti 87.7 705 8.0 51.5 643 12.5 

2xTO TRIP-Ti 52.1 348 6.7 29.5 321 10.9 

1xTO TRIP-C 62.9 485 7.7 100 668 6.7 

2xTO TRIP-C 32.9 640 19.5 38.4 875 22.8 

3xTO TRIP-C 18.7 468 25.1 19.9 711 35.7 

1xTO TRIP-Ci 98.2 463 4.7 — — — 

2xTO TRIP-Ci 80.8 400 5.0 — — — 

3xTO TRIP-Ci 100 289 2.9 52.2 315 6.0 

Table 2.3: Fluorescence intensity measurement of TOTFOs. Buffer = 10 mM sodium phosphate, 10 
mM MgCl2 at pH 5.8 and 10 mM MOPS, 10 mM MgCl2 at pH 7. Fluorescence values are averages of two 
independent measurements. Fss @ lem

T = fluorescence intensity of TFO at the maximum emission 
wavelength of formed triplex, FT @ lem

T = fluorescence intensity of triplex at the maximum emission 
wavelength of formed triplex, FT/Fss = ratio of fluorescence intensity calculated by comparison of the 
TFO fluorescence intensity and the formed triplex fluorescence intensity at lem

T. 

 

A fluorescence enhancement of 23-fold from TFO to triplex is evident for 1xTO TRIP-

T at pH 5.8 (Figure 2.19 A). At pH 7, this increases to a 26-fold increase in intensity 

(Figure 2.19 B). The rest of the triplexes follow the same trend in that the fluorescence 

intensity ratios are generally higher at pH 7 compared to pH 5.8. With the second and 

third addition of TO, the fold-increase is reduced although the 2xTO TRIP-T and 

3xTO TRIP-T fluorescence intensities are brighter. This is due to the single-stranded 

TFO containing multiple TO units. The ratios were determined using the fluorescence 

intensity at lmax of the formed triplex. The area under the fluorescence intensity curve 

(Table A2) was also used to calculate the ratios, and these follow similar trends as 

those seen in Table 2.3. Quantum Yield (QY) analysis at pH 7 was also carried out for 
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TRIP-T. The QY ranged from 0.3 – 0.5% for the free TFOs and 5.4 – 23% for the 

triplexes, which is as expected. QY values and the ratios are given in Figure 2.19 C. 

 

Figure 2.19: Fluorescence intensities and QY measurements of TRIP-T. Fluorescence intensity of 
1xTO, 2xTO and 3xTO TRIP-T in high Mg2+ buffer at A) pH 5.8 and B) pH 7. 1xTO, 2xTO and 3xTO TFO-
T measured in the absence (dashed line) and presence (solid line) of the duplex. C) QY data of 1xTO, 
2xTO and 3xTO TRIP-T determined using an integrated sphere. Values are an average of two 
independent measurements. Buffer = 10 mM MOPS, 10 mM MgCl2 at pH 7. Φss = quantum yield of 
single-stranded TFO, ΦT = quantum yield of TFO and duplex, ΦT/Φss = quantum yield upon triplex 
formation. 

 

2.4.6 Triplex PAGE at pH 7 

Another biophysical technique used to evaluate the triplexes was native 

polyacrylamide gel-electrophoresis (PAGE). The triplex is separated out on the gel 

based on charge and size and the bands can be visualised using both TO fluorescence 

and SYBR Gold staining. In Figure 2.20 A, Gel A shows two bands formed in the lanes 

containing 1x, 2x and 3xTO TRIP-Ti (construct 2, 3 and 4, respectively). The inherent 

effects of TO stabilisation are evident by comparing construct 1 (unlabelled TRIP-Ti) 

and construct 2. Since the gel is run at pH 7, construct 1 (Tm = 23.0 °C) will not form a 

triplex but with construct 2, 3 and 4, all containing TO, the formation of a triplex band 

is seen (the slower moving band).  
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Figure 2.20: Native PAGE analysis of triplex formation. A) 15% non-denaturing PAGE showing 
TRIP-Ti triplex formation. Buffer = 40 mM MOPS containing 10 mM NaOAc and 10 mM MgCl2 at pH 7. 
Construct 1 = TRIP-Ti, construct 2 = 1xTO TRIP-Ti, construct 3 = 2xTO TRIP-Ti, construct 4 = 3xTO 
TRIP-Ti. Gel A captured using TO filter and Gel B stained using SYBR Gold. DNA lane contains target 
duplex for TFO-Ti. [10:1] TFO:duplex ratio used for all constructs. Additional [2.5:1] and [5:1] ratio 
used for construct 4. B) MS of gel-extracted 2xTO TRIP-Ti triplex band (construct 3). Expected mass of 
purine strand of duplex = 10522, actual mass = 10522.6. Expected mass of pyrimidine strand of duplex 
= 9746, actual mass = 9747.2 and expected mass of 2xTO TFO- Ti = 5372, actual mass = 5371.4.  

 

An excess of TFO (10:1 TFO:duplex) was used for constructs 1-3 to ensure triplex 

formation. In construct 4, increasing the ratio of the TFO:duplex (2.5:1, 5:1 and 10:1) 

resulted in an increase in the intensity of the top band, which provides evidence that 

this is the triplex band. In the TO fluorescence channel (Figure 2.20 A, Gel B), only 
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the top band is visible indicating further that this band contains the triplex. To 

confirm this, this band for construct 3 was extracted from the gel and analysed by 

UPLC-MS. Analysis of the peaks indicated three peaks that corresponded to the 

masses of the TFO and both duplex strands (Figure 2.20 B).  
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2.5 Conclusion and Future Work 

The aim of this work is to enhance the stability of triplexes by incorporation of an 

intercalating fluorophore thiazole orange into the TFO in multiple sequence contexts 

and to expand the target range of TFOs to include base pair inversions. In conclusion, 

triplex stability is greatly enhanced by incorporation of TO attached to pdU through 

the benzothiazole moiety of TO in triplex-forming oligonucleotides (TOTFOs) in all 

sequence contexts. This straightforward post-synthetic labelling method can provide 

very stable triplexes at (and above) neutral pH. The stabilising effects of TO are 

additive, with the most stable triplex at neutral pH being 3x TO TRIP-T whose 

stabilisation was evidenced by a ΔTm = +45 °C (compared to TRIP-T). Importantly, 

there is no major disruption to the selectivity of the TOTFOs which is evident from 

the probes capability to discriminate triplet mismatches. 

 

This stability seen with TOTFOs is supported by a large enhancement in fluorescence 

upon triplex formation, TRIP-T has a 26-fold increase in fluorescence at pH 7. SPR 

analysis and native gel corroborated the results seen from thermal melting and 

fluorescence. 3xTO TRIP-Ti has a Ka of 3.9 nM (compared to a Ka of TRIP-Ti = 1.5 µM) 

so it can be deduced that the substantial increase in Tm relates to the increased 

binding affinity of the triplex. Triplex formation was not detected in PAGE without 

the incorporation of TO with TRIP-Ti. 

 



Chapter 2  Fluorogenic Triplex-Forming Oligonucleotides 

 63 

Previous studies also encounter stabilisation from TO tethered to the TFO, but this 

was not as substantial as the stabilisation evident in the TOTFO. In the work carried 

out by Asseline et al., the LU-TFOs did not pertain enough stabilisation to form 

triplexes at neutral pH171 while this was not an issue for TRIP-Ti with just one 

incorporation of TO. Previous work was also limited by a selective target range, but 

we have shown TOTFOs can be effective in all sequence contexts without reduced 

selectivity. The ECHO probes172 previously discussed provided better fluorescence 

enhancements than the TOTFOs but again, this was within a very limited target 

range. TOTFOs provide an efficient and straight-forward system for the stabilisation 

of triplexes without reduced selectivity or limitations on the target range. 

 

Some developments that could enhance the system even further would be the 

introduction of a second fluorophore along with TO at the modified site of the TFO. 

This would provide a system that was quenched substantially more when not bound 

to the triplex due to collisional quenching between the two dyes. Then, once triplex 

formation occurs and TO intercalates into the triplex, the second fluorophore would 

provide a greater increase in fluorescence and quantum yield. Once the system was 

optimised, the probes could be developed for detection of DNA in cells. The sequence-

specificity of the TOTFO probe would be an advantage against the large genome 

target and the enhanced fluorescence would allow for visualisation. 
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3.1 Background 

We have seen in Chapter 2 that fluorescence probes provide great advances in 

detection of dsDNA. The organisation of DNA within an organism is a fundamental 

element to its functionality. Therefore, it is crucial to understand the spatiotemporal 

organisation of the genome, which plays an important role in the development of 

cells, differentiation and transcription factors.177 Genomic loci mis-localisation or 

defects in the global organisation of the genome is commonly associated with 

disease178,179 and so, much research has been developed with the aim of understanding 

genomic dynamics and requires direct visualisation of the chromosomal loci in situ.  

 

3.1.1 Fluorescence imaging of the genome 

Non-fluorescent methods such as autoradiography180,181 and chromosome 

conformation capture (3C)182 help to provide an understanding of the genome but 

fluorescence imaging has been at the forefront of visualisation with just some of the 

many examples described herein. Over the years, chromatin in bacteria183 to 

mammals184 have been imaged using fluorescence imaging techniques and have 

opened the understanding of cell dynamics. These methods rely on illuminating the 

chromatin with fluorescence markers.  

 

3.1.1.1 Fluorescently modified deoxynucleosides 

One example of these methods is fluorescently modified deoxynucleosides. This 

technique incorporates modified 5-ethylene-2'-deoxyuridine (EdU) into dividing cells 
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and uses a copper-catalysed cycloaddition reaction between an azide-modified dye 

and the alkyne modified-EdU to stain the cells.185 The stain highlights the 

incorporation of EdU into DNA in the cell. However, this method does not provide 

sequence specificity and works best in ‘fixed cells’ – the cell activity is stopped but 

the overall cell structures remains paused in place, including DNA and protein 

structures. 

 

3.1.1.2 Fluorescence In Situ Hybridisation (FISH) 

DNA Fluorescence In Situ Hybridisation (DNA FISH) is a sequence-specific technique 

that uses fluorescent oligonucleotide probes that are complementary to the target 

sequence (Figure 3.1 A).186,187 This technique also requires the cell to be ‘fixed’. The 

genomic DNA is then denatured partially, the probes can bind to the specific target 

and any unbound probes can be washed away. While DNA FISH has provided insights 

into genomic studies and is continuously being improved,188–190 it has some 

limitations.191 Fixed cells remove the ability for real-time dynamic studies and the 

harsh conditions (formamide and heat) run the risk of destroying the structural 

integrity of the cell structures, questioning the technique’s reliability. 

 

3.1.2 Live cell imaging 

Whilst DNA FISH techniques provide fixed spatial distances within cells, a need for a 

more versatile technique that incorporates live cell dynamics is required. Some 

methods used chromatin binding proteins to image chromosomes by tagging them 
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with fluorescent proteins (FP).179,192–195 However, chromatin binding proteins tend not 

to have any sequence-specificity.191  

 

Other techniques with a similar approach include modules fused to fluorescent 

proteins such as zinc fingers (ZF) (Figure 3.1 C).196 These artificial DNA- binding 

proteins allow for a more sequence specific approach. ZF recognise specific 

trinucleotides and so, by fusing ZF together they can be used to recognise longer 

sequences.197 However, all possible trinucleotide combinations are not recognised 

with ZF, limiting their applications. 

 

Transcription activator-like effectors (TALEs) (Figure 3.1 D) provided the next 

generation of DNA binding proteins. TALEs are an amino-acid chain that specifically 

bind to DNA sequences in living cells198,199 and provided a basis for dynamic imaging 

in live cells. However, the building-block assembly needed for these techniques 

provides a limitation for detection of varying sequences. With the discovery of 

bacterial clustered regularly interspaced short palindromic repeats (CRISPR) gene 

and its Cas (CRISPR-associated) proteins, a solution of the use a single protein, for 

both repetitive and non-repetitive sequences, became available. 
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Figure 3.1: Schematics of live cell imaging techniques. A) Fluorescently stained DNA that contains 
incorporated EdU B) DNA Fluorescence In Situ Hybridisation probes bound to DNA in fixed cells C) 
Zinc Finger Proteins fused with a fluorophore that specifically bind to DNA sequences D) Transcription 
activator-like effectors fused with a fluorophore that specifically bind to DNA sequences. 

 

3.1.3 CRISPR-Cas9 

3.1.3.1 Discovery of CRISPR-Cas systems 

CRISPR-Cas systems are derived from bacterial organisms that have developed them 

as a viral immune response.200–202 The first reports of CRISPR were made in the 1980s 

by Nakata et al.203 and from there, immense development of the system eventually led 

to its use in human cells in 2013.204–206 From there, a game-changing class of genome-

editing proteins was born.206–210 It is a site-specific protein with nuclease activity that 

binds to a single-guide RNA (sgRNA), made up of CRISPR RNA (crRNA) and trans-

activating CRISPR RNA (tracrRNA). The protein can specifically cut dsDNA 

complementary to the crRNA segment of the sgRNA (Figure 3.2). Its development has 

led to extensive biophysical, structural and biochemical studies of the system.201,202,211–

216 These studies will only focus on Streptococcus pyogenes Cas9 protein which is 

classified as a type II protein in class 2.207 
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Figure 3.2: Schematics of CRISPR-Cas9. CRISPR-Cas9 complexed with sgRNA and opened dsDNA 
target (left). Cas9 cleaves a blunt-end double-stranded break in the target DNA between the 3rd and 4th 
base adjacent to the PAM region. crRNA = 20 nt section of sgRNA used to guide the Cas9 to its target, 
tracrRNA = secondary-structured segment of sgRNA that binds to Cas9 protein. More detailed 
schematic of sgRNA and its components (right). 

 

Cas9 cleavage of DNA is a multi-step process.201 1) Cas9 protein binds to its sgRNA; 

crystal structures of the protein showed a disordered PAM (Protospacer-Adjacent 

Motif) recognition domain within the protein when sgRNA is not bound which 

inhibits non-specific DNA cleavage.214,215 2) The ribonucleoprotein recognises the 

PAM region of the DNA target; the now-ordered PAM recognition domain will search 

for a 5'–NGG–3' motif in the non-target strand of the dsDNA target. DNA that does 

not contain this PAM region (even if it is complementary to the crRNA region) will 

disassociate immediately.216 3) Strand invasion and sgRNA–DNA duplex formation; 

following recognition of the PAM site, the DNA duplex is unwound by the protein 

which allows the sgRNA to strand invade and hybridise with the target strand of DNA. 

This forms a RNA–DNA heteroduplex which takes an A-form structure.211 It is the A-

form structure of the RNA–DNA duplex that Cas9 recognises in the complex rather 

than its sequence, allowing the sgRNA sequence to be adjusted according to its needs. 

4) Cleavage of both DNA strands; once the DNA is bound, the nuclease domain of the 
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protein aligns both strands into cleavage positions and cuts both strands 

simultaneously between the 3rd and 4th base from the PAM region (Figure 3.2). The 

HNH nuclease domain of the enzyme, responsible for cleavage of the target strand of 

the DNA, is suggested to employ a one-metal ion cleavage mechanism whereas the 

RuvC nuclease domain, responsible for the cleavage of the non-target strand, is likely 

to use a two-metal-ion mechanism. Both domains use a histidine and aspartate 

residue to carry out nucleic acid cleavage.201,217 This forms a blunt-end double-

stranded break (DSB).214,218 Kinetic studies of Cas9 shows the release of the cleaved 

DNA product is extremely slow, essentially making it a single-turnover enzyme.219 

 

The cell machinery decides on whether this DSB will be repaired by non-homologous 

end joining (NHEJ) or homology-directed repair (HDR), two competing DNA repair 

pathways. NHEJ is an error-prone repair pathway that ligates both ends of the DNA 

without a homologous DNA template and the repair errors usually results in loss of 

gene function. HDR can introduce donor DNA into the damaged DNA or repair the 

cleavage to the correct sequence.220 With such a robust and easy-to-use system, it was 

not long before the Cas9 protein was used for genomic imaging. 

 

3.1.3.2 Fluorescence imaging with CRISPR-dCas systems 

Studies of the cleavage mechanisms of the Cas9 protein identified that by mutating 

the amino acids responsible for the cleavage in both the HNH nuclease domain and 

the RuvC nuclease domain, a catalytically deactivated version of the protein (dCas9) 
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resulted. The dCas9 enzyme could still bind to sgRNA and target DNA without causing 

cleavage.201,221,222 This was advantageous and necessary for imaging as nuclease 

activity would interfere with the cell’s natural behaviour. The protein was then fused 

with a green fluorescent protein (dCas9-GFP) as well as a nuclear localisation 

sequence (NLS) and used sgRNA to target specific loci of the genome in human cells, 

both repetitive and non-repetitive regions, for the first imaging studies using 

dCas9.223 Repetitive regions of the genome act as an ideal target in imaging as it 

means the use of one sgRNA can provide multiple fluorescent moieties that 

concentrate to one locus and provide an intense fluorescent punctum. However, for 

non-repetitive regions, more elaborate techniques are required. 

 

Figure 3.3: dCas9 modifications for imaging. A) dCas9 fused with 3xGFP B) Multi-colour labelling 
of genome using orthogonal dCas9 species fused to fluorescent proteins C) Suntag, a repeating peptide 
array fused to dCas9 to recruit fluorescent antibodies D) Quantum Dots fused to dCas9. 
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Further development of dCas9-GFP sought to increase the fluorescence intensity by 

fusing 3xGFP to the protein (Figure 3.3 A). Multi-colour imaging of different loci in 

the same cell was also established by fusing other FPs, such as red or blue, to 

orthogonal variants of dCas9 from different bacterial species (Figure 3.3 B).224 

Nonetheless, this method is limited to the number of bacterial dCas9 variants. It is 

important for efficient imaging to achieve maximum target signal while minimising 

background noise and is estimated that 150–200 FP per genome loci are needed to 

provide detectable puncta (50–70 for dCas9-3xGFP).224 With this in mind, another 

approach focused on fusing a repeating peptide array (SunTag) that could recruit 

GFP-tagged antibodies to the dCas9 protein (Figure 3.3 C).225 However, this method 

was later shown to exhibit high background fluorescence.226 A solution to this was the 

bimolecular fluorescence complementation (BiFC) assay which split Venus, a FP, and 

fused the subunits to dCas9 and sgRNA. This means fluorescence can only occur once 

the two split segments were close in proximity. The versatility of this technique is 

limited by the need of a FP that can be split, however.226 

 

Quantum dots (QDs) provided promise as they are luminescent nanoparticles that are 

much brighter and much more photostable than FP. In a recent study, QDs were 

conjugated to dCas9 proteins using a lipoic acid ligase-based method or a biotin-

streptavidin based method in the nucleus of the cell and were capable of imaging 

Human Immunodeficiency Virus (HIV)-1 proviral DNA (Figure 3.3 D).227 However, 
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QDs are limited by problems such as cell delivery due to their large size and are also 

partial to aggregates and entrapment in lysosomes and endosomes.228 

 

3.1.3.3 Fluorescence imaging with modified sgRNA 

While modified dCas9-based methods have provided much insight into genomic 

imaging, alternative research focused on modifications to the sgRNA. To modify the 

sgRNA, it is important to maintain the sgRNA-dCas9 binding activity, which will be 

discussed further in Section 3.4.1 – 3.4.2. Previous studies on modified sgRNA showed 

the tetraloop (Figure 3.2) can be extensively altered without losing dCas9 activity.229 

 

Modifying the sgRNA to include an aptamer sequence became a popular method. 

CRISPRainbow incorporates MS2, PP7 and boxB aptamers in various combinations to 

the stem loops or 3'-end of the sgRNA.230 This then recruits combinations of FP fused 

to RNA hairpin binding domains and the resultant array of FP provides a multi-colour 

spectrum for genomic imaging not limited to just blue, green and red (Figure 3.4 A). 

Another aptamer based-method includes extending the sgRNA to include a “Broccoli” 

aptamer231 which becomes fluorescent upon binding to a specific small molecule that 

is added to the medium (Figure 3.4 B).232 Other techniques, such as CRISPR-Sirius,233 

used aptamers to enhance fluorescence by introducing multiple aptamer sites (Figure 

3.4 C). This multiple-aptamer technique was also used in other studies.234–236  
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Figure 3.4: sgRNA modifications for imaging. A) CRISPRainbow uses aptamers that recruit FP and 
combines red, blue and green FPs to increase the number of colours B) Broccoli aptamer uses an 
aptamer to bind a fluorescent small molecule C) CRISPR-Sirius uses multiple aptamers for a brighter 
fluorescence intensity D) Molecular Beacon probe that remains quenched until it binds to the sgRNA 
and increases fluorescence when the fluorophore and quencher separate from one another E) LiveFISH 
that uses a fluorescent sgRNA in combination with dCas9-EGFP. 

 

While these approaches are encouraging, their limitations cannot be ignored. The 

heavily modified dCas9 fusion constructs require delivery of very large plasmids (~10 
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kilobases) into the cell which can be an issue. sgRNAs that are modified to recruit 

multiple FP have a tendency to aggregate and exhibit non-specific puncta,226 and 

these sgRNA with aptamer-recruiting sequences are usually very long (~400 nt in 

length) which impedes their production in cells and, potentially, their delivery 

efficiency. 

 

The use of FP provides a good foundation for genomic DNA imaging, but the use of 

organic dyes is another alternative as they tend to generally be brighter, smaller in 

size and more photostable than FP.237 Wu et al. uses a molecular beacon (MB) design 

which incorporates a fluorophore and quencher on either end of a hairpin loop 

probe.238 This allows the probe to be a quenched system (since the fluorophore and 

the quencher are in close proximity) until the probe reaches the sgRNA, which 

hybridises to the MB’s complementary sequence (Figure 3.4 D). When the MB 

hybridises, the fluorophore and quencher separate causing an increase in 

fluorescence. This approach could ensure a high signal-to-noise ratio. However, the 

dCas9 and sgRNA were introduced into cells together using an expression vector 

delivery method which requires excessive work if this approach was required for non-

repetitive genome targeting (requires many sgRNAs). An alternative delivery method 

would provide a more robust methodology, but the use of electroporation or 

transfection would require synthesis of the sgRNA construct (~170 nt) in vitro, which 

could be challenging. To avoid false positive results in this assay, the MB and sgRNA 

would need guaranteed separation until reaching the genomic loci. Very recently, the 
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same group carried out a follow-up study in which they used two MBs and FRET 

between these MBs to image non-repetitive genomic targets but the issue of keeping 

the MB and sgRNA separated until they reach the target DNA still remains.239 

 

LiveFISH, a study published during the work for this chapter, uses a dye attached 

directly to the gRNA and delivers the construct as a ribonucleoprotein (RNP) by 

electroporation to the cell (Figure 3.4 E).240 However, the versatility of RNP delivery 

is limited. Electroporation tends to be a harsh shock to cells which could change the 

morphology and levels of RNP will vary widely on a single cell level.202  
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3.2 Hypotheses and Aims 

The most dominant issue in live cell imaging is finding the balance between 

maximum signal at the genomic loci while minimising background noise in the cell. 

While dCas9-3xGFP is a simple approach, the protein tends to localise into the 

nucleolus in live cells, providing a strong background noise. To tackle the signal-to-

noise issue, a combination of a fluorescently labelled gRNA with dCas9-3xGFP could 

provide a solution. The issue of background fluorescence could be addressed with an 

‘on/off’ fluorescent gRNA (F-gRNA) construct and the dCas9-3xGFP can be used for 

multi-colour co-localisation. This provides confirmation for on-target binding. This 

chapter discusses the development of a versatile gRNA construct that is bright, short 

in length and easy to synthesise and would allow for maximal fluorescence signal in 

cells whilst having reduced background signal from unbound probes. 

 

3.3 Hairpin F-Q-gRNA – Design I 

3.3.1 Design strategy of the construct 

The design of the hairpin fluorophore-quencher gRNA (F-Q-gRNA) construct was 

based on a MB concept built into the gRNA itself. A quencher is placed in close 

proximity to the fluorophore by modifying the 5' end of the gRNA to carry a 2'-O-Me 

RNA:RNA hairpin, providing a quenched system (Figure 3.5). Once the gRNA binds to 

its DNA target, the hairpin, having a lower thermal stability due to its short length, 

would open, moving the quencher away from the fluorophore and allowing an 

increase in the fluorescence. 



Chapter 3  Live Cell Imaging using CRISPR-dCas9 and Fluorogenic gRNA 

 78 

 

Figure 3.5: Hairpin F-Q-gRNA construct (Design I). Schematics showing the closed hairpin 
(quenched system, left) when the probe has not formed a complex with the dCas9 and the open hairpin 
(fluorescent system, right) when the gRNA–dCas9 complex encounters its correct DNA target. 

 

The hairpin was made up of 2'-O-Me RNA bases to avoid degradation of the 5' end of 

the construct. It also was chosen to provide stability to the 8-mer hairpin. The hairpin 

linker was made up of 4x hexaethylene glycol (HEG) linkers (approximately ~10 Å in 

length) to allow easy hairpin formation, and more importantly, greater separation 

between the fluorophore and quencher upon target binding. The crRNA was slightly 

extended by 2 bases (22-nt targeting sequence) to allow the fluorophore to be 

attached to the 21st base. This was to avoid the fluorophore interfering with the 

gRNA–dCas9 interactions during the gRNA–dCas9–target DNA complex formation. 

Modifications within the non-seed region (11–20 bp region) are further explored in 

Section 3.4.1, but for initial studies, this was avoided.  

 

Repetitive DNA sequences such as telomeres, centromeres and some genes (e.g. 

MUC4) are commonly used as a target in live cell imaging as the repetitive targets 

allow for additional fluorophores to collect at one genomic locus with only one gRNA 

sequence required.224 For the initial studies, the target chosen was the human mucin 
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gene, MUC4. This protein-coding gene has a 48-bp repeat region that occurs 

approximately 400 times on chromosome 3q29.223,241 For the hairpin F-Q-gRNA 

construct, MUC4 was a more suitable target than a more repetitive target as the longer 

repeats provide greater spacing between each gRNA–dCas9 complex. When the 

hairpin is open, upon binding to the DNA target, the quencher from one complex will 

not quench the fluorescent signal from the neighbouring complex as illustrated in 

Figure 3.6.  

 

Figure 3.6: Hairpin F-Q-gRNA and dCas9 complexes bound to MUC4 target. The 48-bp repeat 
allows sufficient spacing between each complex to avoid quenching of the fluorophore on the 
neighbour complex. 

 

3.3.2 Synthesis of the construct 

The synthesis of the hairpin F-Q-gRNA was divided up into two segments: a 44-mer 

crRNA, which contains the complementary target sequence, the fluorophore and the 

2'-O-Me RNA hairpin carrying the quencher, and a constant 68-mer tracrRNA (Figure 

3.7). By dividing the gRNA into fragments, the RNA synthesis becomes more efficient 

and higher yielding as the synthesis of short RNA is not hindered by its low coupling 

efficiencies compared to longer RNA. In addition, only crRNA will be made for each 

new DNA target as the tracrRNA sequence does not change. Note, reference to gRNA 

herein includes the crRNA construct and tracrRNA hybridised together. 
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Figure 3.7: Sequences used in synthesis of Hairpin F-Q-gRNA. A) DNA target used. Bases in red 
are complementary to the DNA-targeting sequence of the gRNA, bases in black indicate the PAM 
region, NH2 = 5'-Amino modification. B) Hairpin F-Q-gRNA construct. Bases in purple are 2'-O-Me 
RNA bases. T conjugated with Q = BHQ-2-deoxythymidine. Bases in red are complementary to target 
DNA, T conjugated with F = amino-C6-deoxythymidine labelled with a fluorophore, bases in black are 
the tracrRNA region. UPLC-MS data found in Appendix A4.1. 

 

The crRNA was synthesised using solid-phase TBDMS synthesis with Black Hole 

Quencher® (BHQ-2) added to the construct via a commercially available modified T 

base phosphoramidite. The crRNA also contained an amino-C6-dT for Cyanine-3 

(Cy3) labelling. 4x HEG modifications were also incorporated using a commercially 

available phosphoramidite. The crRNA was purified using reverse-phase (RP) HPLC 

and was subsequently labelled with Cy3 through NHS ester labelling (Figure 3.8 A). 

As a control, the crRNA without the HEG linker and the quencher-containing hairpin 

(F-crRNA) was also synthesised and labelled with Cy3. In vitro transcription (IVT) was 

used to synthesise the tracrRNA as this was unmodified RNA and gave sufficient 

yields for these studies (Figure 3.8 B). UPLC-MS data can be seen in Appendix A4.1. 
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Figure 3.8: UPLC of Hairpin F-Q-gRNA construct. A) UPLC of Hairpin F-Q-crRNA labelled with Cy3. 
B) UPLC of IVT tracrRNA. Expected mass for A = 17224. Masses observed for A = 17224.0. Expected 
mass for B (+ 3x Mg2+) = 23217. Masses observed for B = 23215.4. 

 

Cy3 and BHQ-2 were chosen as the fluorophore-quencher pair for this construct 

because Cy3 has previously been used in live cell imaging and shown to provide bright 

fluorescence.14 In addition, since the construct will be used in combination with a 

GFP-fused dCas9, it is important to choose a dye that is spectrally distant from GFP 

to minimise fluorescence overlap. BHQ-2 quenches in the range of 560–670 nm which 

should provide sufficient quenching of the Cy3 fluorophore. 

 

3.3.3 In vitro analysis 

3.3.3.1 Fluorescence analysis 

Once the F-Q-gRNA and control F-gRNA were prepared, the efficiency of the MB 

concept was investigated by fluorescence intensity. From Figure 3.9 A, the 

effectiveness of the quenching system is evident with a ~50-fold increase in 

fluorescence for quencher-free F-gRNA compared F-Q-gRNA. Theoretically, when 

the F-Q-gRNA binds with the target and Cas9, the hairpin would open, and the 



Chapter 3  Live Cell Imaging using CRISPR-dCas9 and Fluorogenic gRNA 

 82 

fluorescence change should be similar to the F-gRNA. However, when the Cas9-F-Q-

gRNA complex was formed and incubated with the target DNA, the construct remains 

in its quenched state. This suggests that the hairpin has not opened. To evaluate this, 

UV melting studies were carried out to determine the melting temperature required 

to open the hairpin (Figure 3.9 B). The Tm of the hairpin F-Q-gRNA construct alone 

was 60 °C while the Tm of the construct and the ssDNA target strand was 78 °C. Since 

the fluorescence experiment was performed at 37 °C to mimic cellular conditions, it 

is possible that the hairpin has not opened, even though the formation of the 

crRNA:DNA duplex should be more favourable. The construct was labelled with 

another dye, TAMRA, to confirm the fluorophore used did not affect the results. The 

increase in fluorescence was only ~4 fold for the quencher-free F-gRNA compared F-

Q-gRNA so Cy3 was used for further studies (Figure A14). Note that Cas9 is used 

instead of dCas9 for all studies in vitro due to its commercial availability. 

 

Figure 3.9: In vitro hairpin-opening study of F-Q-gRNA. A) Fluorescence measurements of hairpin 
Cy3-Q-gRNA in the presence and absence of Cas9 and DNA targets in Cas9 buffer at 37 °C over 15 min. 
Concentration of the construct is 0.4 µM in 20 µL and an equimolar ratio was used for all additional 
elements. Fluorescence measured at λex = 538 nm and λem = 554 nm. B) First derivative of UV absorbance 
at 260 nm of Cy3-Q-gRNA (red) and Cy3-Q-gRNA bound to the ssDNA target (blue) (UV absorbance 
spectra given in Figure A15) in Cas9 buffer. Concentration of the construct is 1 µM in 1000 µL and a 
1:1 ratio was used for all additional elements. 
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3.3.3.2 DNA cleavage 

To investigate if the presence of the hairpin prevents the binding of modified gRNA 

to Cas9 or inhibits Cas9-mediated unwinding of the DNA target (hence, hairpin 

opening), DNA cleavage was performed. For Cas9 to cut the target, binding between 

the protein and the construct must occur. However, this may be a short-lived binding. 

Therefore, cutting would not determine efficient binding for imaging but it would 

provide a useful indication of whether the modifications could be tolerated. The 

target strand of the dsDNA target was labelled with ATTO 647N dye to help 

visualisation of the cut product. Since the cut DNA is shorter than the uncut DNA, it 

should migrate faster on the gel.  

 

From the gel in Figure 3.10, the gRNA with no dye, HEG linker or hairpin (Construct 

1) was used as a comparison for the efficiency of DNA cleavage by Cas9 (39% cutting 

could be seen after 1 h, potentially due to the modified base). When a fluorophore is 

introduced, it is evident that it reduces the Cas9 cutting ability. The introduction of 

Cy3 (Construct 3) reduces the cutting ability to 14% compared with Construct 1 (39%). 

To see the effects of different dye, gRNA was labelled with TO instead of Cy3 

(Construct 2) and it also reduces the cutting ability (8%). Even though the fluorophore 

was placed outside of the non-seed region (at 21th base), crystal structures have shown 

that the 2'-OH moiety at the 20th base in the crRNA has a H-bonding interaction with 

the Cas9 (Figure 3.11).211 This suggests that the presence of the fluorophore close to 

this region could interfere with Cas9 binding. When the quencher-containing hairpin 
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was included in the gRNA with no fluorophore (Construct 4), DNA cleavage seemed 

to be similar efficiency as Construct 2 (5%). With the combination of the hairpin and 

Cy3 (Construct 5), DNA cutting is abolished. Collectively, having a Cy3 fluorophore 

reduces the efficiency from 39% to 14% and having a hairpin only reduces it from 39% 

to 5%. With both modifications, the cutting efficiency is non-detectable. From this, 

we can deduce the presence of the fluorophore and hairpin hinders the binding of 

Cas9. 

 

Figure 3.10: DNA cleavage assay of Hairpin F-Q-gRNA. Schematics of construct 1–5 are shown on 
the left. Construct 1 = Unlabelled gRNA, construct 2 = TO-gRNA, construct 3 = Cy3-gRNA, construct 4 
= Unlabelled Q-gRNA, construct 5 = Cy3-Q-gRNA. 20% denaturing PAGE gel of DNA cleavage captured 
using ATTO-647N filter is shown on the right. DNA lane contains uncut ATTO 647N-labelled dsDNA 
target, all other lanes contain dsDNA target, gRNA, and Cas9 (1:1:1 ratio, 0.5 µM in 20 µL) incubated 
in Cas9 buffer at 37 °C for 1 h. % of cutting was calculated via ImageJ. 

 

Therefore, from the gel and the fluorescence data, it can be concluded that: 1) the 

position of the fluorophore is not optimal and potentially interferes with Cas9 

binding to the DNA target, 2) the hairpin is too stable and may not open efficiently, 

and/or 3) the hairpin may extend too far into the DNA-targeting region. It has been 

demonstrated that a hairpin which is fully complementary to the DNA-targeting 

region (a 20-mer hairpin) will block Cas9 activity.242 However, in this case, 

approximately 8 bases appear to be sufficient to inhibit Cas9 activity. 
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3.4 HyBeacon FF-gRNA – Design II 

For the second design, a HyBeacon approach was explored. A HyBeacon™ is a single-

stranded, fluorophore-containing probe with no secondary structures. In a single-

stranded state, the probe has a low fluorescence intensity as the flexible structure 

allows quenching of the fluorophore. However, when the probe hybridises with its 

target and forms a rigid duplex structure, there is a significant increase in 

fluorescence.49 Based on this concept, other improved HyBeacons were developed 

which contained two fluorophores. Collisional interactions between the two 

fluorophores in the single-stranded state would help quench each other. Once the 

rigid double-stranded structure is formed, these interactions could no longer occur, 

allowing the quenched dyes to become fluorescent.243,244 

 

In comparison with the previous hairpin F-Q-gRNA design, the HyBeacon FF-gRNA 

was simpler to synthesise as the long HEG-linked 2'-O-Me hairpin was replaced by 

two nucleotide modifications. Having demonstrated that the position of the 

fluorophore on the crRNA has an effect on the Cas9’s DNA cleavage activity, two 

questions were asked before designing the construct: 1) where in the DNA-targeting 

region of the crRNA could be modified with a fluorophore and 2) could the 5' end of 

the gRNA be extended and how long could this extension be so that the modifications 

would not interfere with Cas9 interactions? 
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3.4.1 Modifying the DNA-targeting region of crRNA 

The crystal structure of the Cas9–sgRNA complex provided insight into mandatory  

Cas9–gRNA interactions which cannot be disrupted.211 This enabled a more rational 

chemical modification of the gRNA. Cas9 tolerates many modifications such as 2'-

fluoro-RNA and phosphorothioate-modified backbones in the DNA-targeting region 

of crRNA.245 2'-O-Me modifications are also used in modified gRNA and previous 

studies provided some insight on where to place the modifications for the 

fluorophores. Completely replacing the seed region (position 1–10) or the entire 

DNA-targeting region (position 1–20) with 2'-O-Me residues induces a total loss of 

gRNA activity.246 These results supports the crystallographic data that shows the 2'-

OH RNA residues in the seed region are required for Cas9 binding and function (Figure 

3.11 A). 

 

A summary of some studies that modified the DNA-targeting region with 2'-O-Me 

and only cause a maximum of a 10% decrease in gRNA activity can be seen in Figure 

3.11 B.211,245–250 Using 2'-O-Me modifications as an indicator would provide insight as 

to where a 2'-amino-modified nucleotide could be incorporated for fluorophore 

incorporation. Collectively, it is evident that positions 18–19 or 11–14 have potential 

to be modified with a fluorophore and still maintain sufficient gRNA activity. 
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Figure 3.11: Interactions and modifications to the DNA-targeting region of crRNA. A) Schematic 
detailing the interactions of Cas9 within the DNA-targeting region (position 1–20) of sgRNA (red) and 
target DNA (grey) determined by crystal structures. Image adapted from Nishimasu, et al.211 B) Table 
summarising the various combinations of positions for 2'-O-Me. Only combinations that did not 
reduce the activity of the sgRNA lower than 10% compared to the unmodified control are shown. 
*Modifications that increase gRNA activity. DNA-targeting sequence is shown in red with N = 
nucleotide. 2'-O-Me modifications are indicated by a blue dot.  
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3.4.2 Extending the 5' end of crRNA 

The other alternative is to place the modifications outside the DNA-targeting region 

to completely avoid interfering with Cas9–gRNA interactions. Previous studies have 

demonstrated that extending the 5' with DNA or RNA did not have an effect on Cas9 

activity.229,251 Ferry et al., has shown that the gRNA with up to a 25-nt 5'-extension of 

the DNA-targeting region has comparable activity to the non-extended gRNA.242 

From this, we could design a construct that contains a HyBeacon extending from the 

5'-end of the DNA-hybridising region. However, with an extended gRNA, duplex 

formation beyond the 20-nt DNA-binding region will need to be investigated. 

 

3.4.3 Design strategy of construct 

Considering the literature, two new constructs were investigated; HyBeacon FF-gRNA 

(Hy FF-gRNA) and extended HyBeacon FF-gRNA (Ext Hy FF-gRNA). These gRNA 

constructs contain two fluorophores that will quench each other when the gRNA is in 

a single-stranded state. Once the gRNA forms a complex with Cas9 and subsequently 

hybridises to its DNA target, the rigid duplex structure in Cas9 will hinder the 

quenching interactions from occurring, resulting in an increase in fluorescence 

(Figure 3.12). The two constructs will be directly compared to assess whether 

introducing the HyBeacon concept within the DNA-targeting region or outside this 

region is more favourable. 
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Figure 3.12: HyBeacon FF-gRNA Constructs (Design II). A) HyBeacon FF-gRNA and B) Extended 
HyBeacon FF-gRNA showing the quenched system (top) in the single-stranded state and the 
fluorescent system (bottom) when it forms the complex with dCas9 and the target DNA. 

 

3.4.4 Synthesis of the construct 

The same gRNA target, MUC4, was used in the analysis. Since the tracrRNA strand of 

the gRNA is identical to previous designs, only the 34-mer crRNA containing a 

HyBeacon moiety was synthesised using solid-phase TBDMS synthesis. For the Hy FF-

gRNA construct (Figure 3.13 A), RNA nucleotides at position 12 and 18 were modified 

for fluorophore incorporation, giving a 6-base separation when the rigid duplex was 

formed. For the Ext FF-gRNA construct, a 10-base extension was added to the 5'-end 

of the crRNA, resulting in a 44-mer in length. Positions 24 and 29 were chosen for the 

fluorophore incorporation, providing a 5-base separation between two dyes (Figure 

3.13 B). The extension was made up of 2'-O-Me RNA to avoid degradation of the gRNA 

and also to facilitate hybridisation with the DNA beyond the canonical 20-bp 

RNA:target DNA duplex. 
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Figure 3.13: Sequences used in synthesis of HyBeacon FF-gRNA. A) HyBeacon FF-crRNA B) 
Extended HyBeacon FF-crRNA. Bases in red are complementary to DNA target. Bases in blue are 2'-O-
Me RNA bases. C conjugated with F = 2'-aminoethoxy MeC labelled with a fluorophore (Cy3). DNA target 
and tracrRNA are the same as in Figure 3.7. UPLC-MS data found in Appendix A4.1. 

 

For the incorporation of the fluorophore, a 2'-modified nucleotide, 2'-aminoethoxy 

MeC, was chosen following the results of previous studies discussed in Section 3.4.1 

which used 2'-OMe modifications. Both constructs were purified using the standard 

methods. Once purified, the construct was labelled with Cy3-NHS ester labelling, 

similar to previous methods, and pure products were confirmed by UPLC-MS (Figure 

3.14 A and B). 

 

Figure 3.14: UPLC of HyBeacon FF-gRNA constructs. A) UPLC of Hy FF-crRNA labelled with 2 x Cy3 
B) UPLC of Ext Hy FF-crRNA labelled with 2 x Cy3. Expected mass for A = 11981. Mass observed for A 
= 11981.0. Expected mass for B = 15291. Mass observed for B = 15292.0. Note, UPLC-MS gradient 
optimised for hydrophobic ODNs was used for B. 
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3.4.5 In vitro analysis 

3.4.5.1 DNA cleavage assay 

Although it has been shown that Cas9 tolerates 2'-O-Me groups at position 12 and 18 

of crRNA, 2'-aminoethoxy MeC is slightly larger than 2'-O-Me and may affect Cas9 

binding. Therefore, before labelling the construct with the fluorophores, the 

unlabelled constructs with 2'-aminoethoxy MeC were tested as a control in a Cas9-

mediated DNA cleavage assay. In Figure 3.15 Gel A, a reduction of the uncut band and 

increase of a cut band confirms 42% cutting for Construct 2 and 58% cutting for 

Construct 4 has occurred after 1 h. The reaction was also carried out for 16 h and, as 

expected, DNA cleavage improved from 42% to 73% for Construct 2 and from 58% to 

92% for Construct 4. Construct 4 (extended construct) is more efficient in DNA 

cleavage than Construct 2 which is expected as the modifications lie outside the Cas9 

binding region. 

 

Given that the gRNA construct allowed Cas9 to cut its DNA target, the constructs were 

labelled with Cy3 and the experiment was repeated (Figure 3.15, Gel B). With two 

bulky fluorophores now incorporated into the constructs, there is no major change to 

the DNA cleavage efficiency. Comparing construct 2 and 3, we see that both bands are 

similar (40% vs 42%). They are less efficient than construct 1 but this is expected as 

we move from unmodified to modified gRNAs. Similarly, the same phenomenon 

occurs for the extended constructs (4 and 5). DNA cleavage occurs for all constructs, 

denotating that binding does occur. 
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Figure 3.15: DNA cleavage assay for Hy FF-gRNA and Ext Hy FF-gRNA. Schematics of construct 
1-5 are shown on the left. Construct 1 = unmodified gRNA, construct 2 = unlabelled Hy gRNA, construct 
3 = Hy Cy3-Cy3-gRNA, construct 4 = unlabelled Ext Hy gRNA, construct 5 = Ext Hy Cy3-Cy3-gRNA. 
20% denaturing PAGE gels of DNA cleavage captured using ATTO-647N filter are shown on the right. 
DNA lane contains uncut ATTO 647N-labelled dsDNA target, all other lanes contain dsDNA target, 
gRNA, and Cas9 (1:1:1 ratio, 0.5 µM in 20 µL) incubated in Cas9 buffer at 37 ºC. Gel A contains the 
unlabelled versions of the construct with incubation times of 1 h and 16 h. Gel B contains all constructs 
including the unmodified control incubated for 1 h.  

 

3.4.5.2 Fluorescence analysis 

Next, fluorescence change was evaluated to investigate the feasibility of the 

HyBeacon approach; gRNA alone should provide low fluorescence and in the presence 

of Cas9 and the target DNA, a fluorescence increase should be seen. In Figure 3.16 A 

and B, there is a fluorescence increase from the single-stranded state of the gRNA to 

Cas9 complex formation with the dsDNA target. For the Hy FF-gRNA construct, this 

is a 2.7-fold increase in fluorescence and for the Ext Hy FF-gRNA, it is a 1.5-fold 

increase. When the gRNA construct meets dsDNA without the Cas9, the change in 

fluorescence is minimal confirming the theory that the gRNA construct will not open 

the dsDNA without the help of Cas9 which is beneficial for imaging. This is further 

seen in the controls in Figure A16. 
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Interestingly, when the complex between the gRNA and the Cas9 is formed (no 

dsDNA), there is an increase in fluorescence of 2.2-fold for Hy FF-gRNA (Figure 3.16 

A). This could be attributed to Cas9 forming a rigid complex structure with the gRNA 

and separating the two fluorophores to allow an increase in fluorescence. This 

suggests that the turn-on response of the HyBeacon in the presence of DNA would 

not be very effective. Also, Cas9 induces a ‘bubble’ opening in the dsDNA but it is not 

established whether the bubble can be extended out of the Cas9 binding region so 

that the target strand can form a duplex with the extended section of the gRNA. The 

minimal change in fluorescence for the Ext Hy FF-gRNA construct does not help to 

confirm that duplex formation outside of the bubble is occurring. 

 

Figure 3.16: Fluorescence measurements of Hy FF-gRNA and Ext Hy-gRNA. Fluorescence data of 
A) Hy FF-gRNA and B) Ext Hy FF-gRNA labelled with Cy3 in Cas9 buffer at 37 °C over 60 min. 
Concentrations of the construct is 0.5 µM in 20 µL and a 1:1:1 ratio of gRNA:Cas9:DNA target was used 
for all additional elements. Fluorescence measured at λex = 538 nm and λem = 554 nm. Controls can be 
found in Figure A16. 

 

The HyBeacon systems have benefits, however, some issues with the system need to 

be considered. Although there is a change in fluorescence, the fold increase is not 

very large. The increase in fluorescence when the gRNA forms a complex with the 
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Cas9 alone could introduce some issue when imaging. There is potential for a false 

positive result as the initial change in fluorescence might not necessarily mean that 

the gRNA has bound to its target as seen in Figure 3.16 B where the change in 

fluorescence between Ext FF-gRNA and Ext FF-gRNA + Cas9 + dsDNA is minimal. A 

system that would require all three components (gRNA, Cas9 and dsDNA) of the 

complex to be together before a change in fluorescence was detected could provide 

an even more effective imaging system.  

 

3.5 RNase H QxF-gRNA – Design III 

Whilst the previous results showed some promise, the fluorescence change would 

need to be much more distinct to be effective in cell imaging, so the use of a quencher 

system was re-visited. Previous work has been carried out using a cleavable moiety to 

activate a sgRNA-dCas9 complex by nucleases242 and the use of a selective 

ribonuclease, available in the cellular environment, is an interesting concept. RNase 

H1 is a ribonuclease that will selectively hydrolyse RNA in a RNA:DNA 

heteroduplex.252,253 Thus, providing the gRNA with a segment that could be cleaved by 

RNase H1 in the cell could provide a solution for a detachable quencher system. 

Studies have been previously carried out with this concept and this new design is 

based on those results.14  
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3.5.1 Design strategy of the construct 

 

Figure 3.17: Design of RNase QxF-gRNA (Design III). Schematics showing QxF-gRNA (quenched 
system) in a cell setting and the RNase H-cleaved xF-gRNA (the fluorescent system) that is generated 
only when all three components are present: gRNA, dCas9 and DNA target. 

 

As with the first design, the gRNA contains a quencher to provide an initially 

quenched fluorescent state. Once the dCas9–gRNA recognises its DNA target and an 

RNA:DNA heteroduplex is formed, RNase H1 could then cleave the segment of RNA 

that contains a quencher, resulting in an increase in fluorescence (Figure 3.17). From 

our previous studies, we can deduce that extending the 5'-end is tolerated by dCas9. 

Therefore, this RNase H-cleavable section could lie outside the dCas9 binding region. 

There is some debate about the location of RNase H in the cell; while most believe it 

is mainly found in the nucleus of the cell,254 others have found that it can also be found 

in the cytoplasm.255 Therefore, the system would need to be cleavable only when it is 

at the genomic loci and would not be cleavable if it binds with RNase H outside of the 

nucleus. By designing a system that requires binding to the target DNA before it can 
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be cleaved, the system would only be effective when all three components of the 

complex have formed (gRNA, dCas9 and dsDNA target). This RNase H-activated 

system provides an ‘on/off’ imaging approach. 

 

For this design, various aspects would need to be considered. 1) The heteroduplex 

needs to be accessible to the RNase H enzyme; the cleavable segment needs to be 

further away from the dCas9 binding region to allow the RNase H to bind. 2) The 

cleavable RNA section cannot be too long otherwise, once the RNA is cut, it is stable 

enough to remain hybridised in the duplex. 3) The distance between the fluorophore 

and the quencher needs to be taken into account and the fluorophore must not be in 

a section of the construct that could be cleaved by RNase H. 

 

A lot of studies have characterised the activity of RNase H, providing guidelines to 

the design of the new construct. Generally, RNase H needs a minimum of 4 viable 

bases in a RNA:DNA duplex to cleave256,257 although cleavage with only 3 bases have 

been observed in some studies.258,259 Mechanistically, RNase H is considered not to be 

sequence-selective, but instead recognises the mixture of A- and B-form 

conformations of the heteroduplex. RNase H binds along the minor groove of the 

heteroduplex and interacts with the 2'-OH group of 4 consecutive RNA nucleotides 

that are in C3'-endo sugar pucker for cleavage. It also interacts with 7 bases of the 

DNA strand which is mainly in C2'-endo sugar puckers.253,260 
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Modifications to the 2' of the DNA strand in the DNA:RNA heteroduplex such as 2'-

O-Me diminishes RNase H activity261 but introducing these modifications into the 

RNA strand is also shown to stop cleavage at these sites.256,259 E. Coli RNase H is 

standardly used in vitro as it is readily available and its preferences for RNA targets is 

practically identical to human RNase H.256 The catalytic domains of both RNase H 

show a strong similarity262 and so, for these studies, E. Coli RNase H was used for in 

vitro analysis. 

 

From the literature, we concluded that the extension needs to be at least 7 bases long 

to allow the RNase H to bind with a minimum of 4 sites for potential cleavage. 2'-O-

Me can be used to direct the cleavage towards the region where the quencher is 

attached and also used to protect the region where the fluorophore is attached. 

 

3.5.2 Synthesis of the construct 

With these requirements, three versions of the RNase H constructs were synthesised 

to test the viability of a number of factors: 1) RNase H binding site – the constructs 

contain an 8-base binding region or a 15-base binding region (denoted by Y in the 

construct name X:Y, Figure 3.18) to compare how much RNA is needed to bind and 

cut; 2) RNase H cutting sites – the constructs contained 4, 5 and 6 possible RNase H 

cutting sites (denoted by X in the construct name X:Y) to allow maximum cutting but 

also to allow the segments to be short enough that once cut, they are not stable 

enough to remain hybridised in the heteroduplex; 3) Position of the fluorophore – the 
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fluorophore is either attached to a nucleotide within the DNA-targeting region 

(Figure 3.18 B) or attached to a nucleotide in the extension (Figure 3.18 A and C). 

 

Figure 3.18: Sequences used for the RNase QxF-gRNA design. A) RNase 4:8 QxF-gRNA construct 
(where possible cleavage sites = 4 bases and RNase H binding site = 8 bases) B) RNase 6:8 QxF-gRNA 
construct (where possible cleavage sites = 6 bases and RNase H binding site = 8 bases) C) RNase 5:15 
QxF-gRNA construct (where possible cleavage sites = 5 bases and RNase H binding site = 15 bases). 
Bases in red are complementary to DNA target. Bases in blue are 2'-O-Me RNA bases. C conjugated 
with F = 2'-aminoethoxy MeC labelled with a fluorophore (Cy3). DNA target and tracrRNA are the same 
as in Figure 3.7. UPLC-MS data found in Appendix A4.1. 

 

The constructs were synthesised using solid-phase synthesis and TC chemistry. BHQ-

2 and Cy3 were chosen as the detachable quencher–fluorophore pair again (QxF 

where ‘Qx’ denotes a cleavable quencher). BHQ-2 was incorporated as a 5'-BHQ-2 

phosphoramidite and 2'-aminoethoxy MeC was used for the fluorophore incorporation. 

The 4:8 QxF-gRNA construct was a 42-mer that contains a fluorophore at position 24 

and has a QxF distance of 4 bases (Figure 3.18 A). The 6:8 QxF-gRNA construct was 

also a 42-mer that contains a fluorophore at position 18 and has a QxF distance of 10 

bases (Figure 3.18 B). The 5:15 QxF-gRNA construct was a 49-mer that contains a 

fluorophore at position 29 and has a QxF distance of 6 bases (Figure 3.18 C). 2'-O-Me 

bases are used to direct the RNase H cleavage and also, to protect the fluorophore 
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when it lies outside the DNA-targeting region. As controls, the constructs without the 

5'-BHQ-2 quencher were also synthesised. Once purified, all constructs were labelled 

with Cy3-NHS ester (Figure 3.19 A-C). 

 

Figure 3.19: UPLC of RNase QxF-gRNA constructs (Design III). A) UPLC of 4:8 QxF-crRNA labelled 
with Cy3 B) UPLC of 6:8 QxF-crRNA labelled with Cy3 C) UPLC of 5:15 QxF-crRNA labelled with Cy3. 
Expected mass for A = 14585. Mass observed for A = 14586.0. Expected mass for B = 14571. Mass 
observed for B = 14572.0. Expected mass for C = 16990. Mass observed for C = 16990.0. 

 

3.5.3 In vitro analysis 

3.5.3.1 RNase H cleavage 

To confirm whether the binding region for RNase H was sufficient when the Cas9 

protein was present in the complex, an RNase H cleavage assay was performed. From 

the gels in Figure 3.20 A-C, we can see cleavage of the gRNA is occurring for all three 

QxF-gRNAs. The construct with a quencher was used to provide the most accurate 

determination of cutting but since the quencher is present, the band of the construct 

alone is faint in the fluorescence channel. The distance between the uncut and cut 

bands is larger than expected but this could be due to the larger size and/or 

hydrophobic nature of the quencher which could retard the QxF-gRNA complex 

compared to the cut xF-gRNA. 
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Figure 3.20: RNase H cleavage assay of the all QxF-gRNA construct. 20% denaturing PAGE gel was 
used. gRNA lane contains 0.5 µM in 20 µL of A) 4:8 QxF-gRNA, B) 6:8 QxF-gRNA C) 5:15 QxF-gRNA 
construct. All other lanes contain 1x (0.5 µM), 2x and 10x gRNA–Cas9–dsDNA complex and 1x (10 U) 
RNase H incubated in RNase H buffer at 37 °C for 1 h. Cas9 was added to the gRNA and incubated for 
15 min for complex formation before RNase H was added. Gel image captured using a Cy3 Filter. 

 

3.5.3.2 Fluorescence 

Each construct was investigated using fluorescence by comparing 1) QxF-gRNA (the 

quenched system), 2) xF-gRNA (the maximum potential fluorescence); fluorescence 

increase if no quencher is present and 3) QxF-gRNA–Cas9–dsDNA complex and 

RNase H (the experimental fluorescence); fluorescence increase once the quencher is 

removed by RNase H with Cas9 present. The QxF-gRNA with ssDNA target and RNase 

H (the maximum RNase fluorescence) was also measured to compare how much of 

the experimental fluorescence is hindered by the presence of Cas9.  

 

For all QxF-gRNA (Figure 3.21 A-C), quenching was effective as the gRNA construct 

alone has very low fluorescence. As expected, we can conclude that more RNA sites 
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available for RNase H cleavage encourages a better increase in fluorescence; 6 sites > 

5 sites > 4 sites (Figure 3.21 D). This can be seen by comparing the maximum RNase 

fluorescence (solid lines) of all three gRNA. While the experimental fluorescence 

(dotted lines) follows the same trend, the presence of Cas9 hinders all three gRNA as 

their fluorescence does not fully reach its maximum RNase fluorescence (solid line vs 

dotted line). 

 

4:8 QxF-gRNA was closest to its maximum RNase fluorescence (77% of RNase 

fluorescence) compared to 6:8 QxF-gRNA (55% of RNase fluorescence) although both 

have the same binding space (8 bases) and 6:8 QxF-gRNA has more cutting options. 

One hypothesis for this is that the 5th and 6th option in 6:8 QxF-gRNA are too close to 

the Cas9 binding region and become less viable options. This suggests accessibility is 

key for effective cutting. The position of the fluorophore could also contribute to the 

low fluorescence as it is within the DNA-targeting region of the gRNA. This could 

reduce the binding ability of Cas9 and hence, the formation of the DNA:RNA duplex. 

This position of the fluorophore is also an issue for fluorescence of xF-gRNA. 4:8 xF-

gRNA and 5:15 xF-gRNA (fluorophore outside of the DNA-targeting region) have a 

generally higher fluorescence compared to 6:8 xF-gRNA. The fluorescence 

measurement was also carried out for a further 4 h and the experimental cutting 

continues to increase over this 4 h period (Figure A17 (left)). In cellular conditions, 

however, it is difficult to know how long the RNase H will be bound to the complex. 
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Figure 3.21: Fluorescence of RNase constructs (Design III). Fluorescence data of A) RNase 4:8 QxF-
gRNA construct, B) RNase 6:8 QxF-gRNA construct and C) RNase 5:15 QxF-gRNA construct labelled 
with Cy3 in Cas9 buffer at 37 °C over 60 min. Concentrations of the construct is 0.25 µM in 20 µL and 
a 1:1 ratio was used for all additional elements except for Cas9 which was used in excess (5 eq, 1.25 µM 
in 20 µL). Cas9 was added to the sample and allowed 15 min to form the complex before RNase H (5U) 
was added. D) A comparison of the maximum RNase fluorescence (solid line) and the experimental 
fluorescence (dashed line) of each construct. Fluorescence measured at λex = 538 nm and λem = 554 nm. 
Controls can be found in Figure A17.  

 

A combination of the maximum number of cutting sites (6 sites), distance from the 

DNA-targeting region (10 bases) and fluorophore position (outside the DNA-binding 

region) would lead to the generation of an optimised gRNA which is discussed in 

Section 3.7. 
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3.5.3.3 Electrophoretic Mobility Shift Assay (EMSA) 

Electrophoretic mobility shift assay (EMSA) was employed to investigate the binding 

of the RNase H QxF-gRNA construct to Cas9. Here, a non-denaturing PAGE was used 

to detect the ribonucleoprotein complex formation. Since the complex is larger than 

the pore of the gel and the net charge of gRNA is reduced when shielded by Cas9, the 

bound gRNA will remain in the well whereas the unbound species will migrate into 

the gel. The binding of the gRNA is assessed by increasing the equivalence (eq) of 

Cas9 to see where the gRNA band disappears. The binding specificity is further 

investigated by introducing a competing IVT sgRNA, known to bind efficiently with a 

Cas9 protein. If displacement occurs with 1 eq of the competitor, the binding is not 

very efficient. This is the case for the 5:15 QxF-gRNA construct (Figure 3.22, right 

gel). At least 2 eq of Cas9 is needed to bind to 5:15 QxF-gRNA. The reasoning for this 

inefficient binding is explored in Section 3.6.2. 

 

Figure 3.22: EMSA of the 5:15 QxF-gRNA construct. 10% native PAGE gel was used. gRNA lane 
contains 5:15 QxF-gRNA construct (1 µM in 10 µL), Cas9 lanes contain gRNA (1 µM) and Cas9 (1 µM, 
2 µM and 4 µM). Competitor lanes contain gRNA (1 µM), Cas9 (1 µM) and IVT sgRNA as a competitor 
(1 µM, 10 µM and 25 µM) in Cas9 buffer supplemented with (0.01 µg) BSA. Complex formation 
proceeded for 15 min at 37 °C before adding a competitor and further incubated for 5 min at 37 ºC. Gel 
image captured using a Cy3 Filter. 
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3.6 Live Cell Imaging 

3.6.1 Cell delivery 

For the delivery of the modified system into live cells, lipid-based transfection was 

explored for this study as an electroporation system was not readily available. Lipid-

based transfection does, however, have drawbacks. Labelled gRNA can get trapped in 

the endosomes or lysosomes after transfection which would cause increased 

background fluorescence in the study. However, the design of the new quenched 

construct aims to directly address this issue. 

 

The constructs and a plasmid encoding for dCas9-3xGFP were transfected using 

Lipofectamine reagents which are cationic lipids that facilitate delivery of 

oligonucleotides into the cells.263,264 A complex between the lipid and oligonucleotide 

is formed and the complex can enter the cell in vesicles called endosomes using 

endocytosis. These lipoplexes (cationic) electrostatically interact with the lipid 

bilayer of the endosomal membrane (anionic) and allows for the release of the 

oligonucleotide into the cytoplasm of the cell.265,266 This process must occur before 

the endosomes fuse with lysosomes in the cell where the oligonucleotides are 

degraded.264,267 The plasmid for dCas9-3xGFP is transfected prior to the construct to 

allow time for the plasmid to enter into the cell, be transcribed into mRNA and be 

translated at the ribosome into the dCas9 protein. The protein will then bind with the 

transfected gRNA construct and the NLS component of protein should direct it 

towards the nucleus where it can bind with the target DNA. 
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3.6.2 Controls 

 

Figure 3.23: Schematic of live cell imaging using dCas9-3xGFP and QxF-gRNA constructs. 
dCas9-3xGFP and the construct are delivered into U2OS cells. They form a complex with the target 
DNA in the genome and RNase H removes the quencher (Q) from the construct. Unbound constructs 
remained quenched. This provides fluorescent puncta in the nucleus of the cell which can be imaged 
using confocal fluorescence microscopy.  

 

Telomeres are a common target in live cell imaging as the highly repetitive regions of 

the genome facilitate imaging. Telomeres contain multiple TTAGGG repeats and so a 

large number of dCas9-gRNA complexes would be recruited to the same region 

providing a detectable signal. The cells used in this study were U2OS cells (human 

bone osteosarcoma cells) which contain ~65 chromosomes268 to even further facilitate 

genomic imaging. Since the dCas9 protein is fused with GFP, imaging the cells in both 
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the GFP channel and the Cy3 channel would provide evidence of co-localisation of 

the two components of the complex (Figure 3.23). It also can be used to determine 

binding efficiencies of constructs that do not contain a fluorophore. 

 

These studies were carried out in tandem with the in vitro analysis from design III. 

Initially, the delivery method was confirmed using a standard unmodified sgRNA 

construct, synthesised using IVT, that is known to bind to dCas9. The bright puncta 

in the nucleus of Figure 3.24 shows the successful transfection of both components 

of the complex (dCas9 and IVT sgRNA) and the binding to genomic DNA. For every 

transfection carried here after, IVT sgRNA was also transfected as a positive control. 

 

Figure 3.24: Live cell imaging of dCas9-3xGFP and IVT sgRNA. Images were taken using confocal 
fluorescence microscopy of U2OS cells transfected with IVT sgRNA (quantities indicated) and a dCas9-
3xGFP plasmid. Identical excitation and emission settings were used for each image. Laser used to 
visualise GFP (green) is described in Section 5.6.4. Scale bar = 10 µm. 

 

Next, the separation of the crRNA and tracrRNA was investigated by transfecting a 

native, split version of the gRNA (Figure 3.25). This construct did not generate clear 

puncta suggesting the dCas9–gRNA–DNA complex kinetic stability is insufficient 

even at higher quantities (up to 100 pmol). The reasoning for this is most likely due 

to the limited hybridisation of the gRNA components; 9 WC bp and 1 wobble bp may 
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not be sufficient. The images in Figure 3.25 also highlight the issue involved with 

using dCas9-3xGFP alone as an imaging method as it accumulates in the nucleolus.  

 

Figure 3.25: Live cell imaging of dCas9-3xGFP and split gRNA. Images were taken using the GFP 
channel (green) as previously described. Scale bar = 10 µm. 

 

To eliminate this problem, an extension of the 3'-end of the crRNA was investigated 

so that a total of 32 bases hybridise to a 5'-extended tracrRNA (31 WC bp and 1 wobble 

bp), extending the construct by 22 bases. This should enable stronger hybridisation 

of the crRNA and tracrRNA to enable stable binding. Firstly, the construct was tested 

in vitro (Figure 3.26) and no major difference was seen by comparing DNA cleavage of 

the non-extended 3'-version (left) with the 3'-extended version (right). 

 

Figure 3.26: DNA cleavage of gRNA vs Ext gRNA control. 10% denaturing PAGE gel was used. DNA 
lane contains uncut dsDNA, all other lanes contain dsDNA (0.25 µM in 20 µL) with 1x, 2x, 5x and 10x 
construct and Cas9 enzyme incubated at 37 °C for 1 h in Cas9 buffer. Gel image captured using an 
ATTO Filter. DNA = dsDNA target with target strand labelled with ATTO 647N. 
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Following this, the construct was examined in cells. Bright puncta can be seen in 

Figure 3.27, confirming efficient binding, even at quantities similar to what is needed 

for the IVT sgRNA. This 3'-extension was incorporated into the final design of the 

construct. 

 

Figure 3.27: Live cell imaging of dCas9-3xGFP and extended gRNA. Images were taken using the 
GFP channel (green) as previously described. Scale bar = 10 µm. 

 

3.7 RNase H QxF-gRNA – Design IV 

3.7.1 Design and synthesis of the construct 

For the final design of the RNase H construct, the results from the constructs of design 

III and the results of the live cell imaging controls were all considered. Firstly, the 

binding of the construct was addressed. EMSA gel (Figure 3.22) and live cell imaging 

(Figure 3.25) confirm that the previous constructs would not form stable dCas9–

gRNA–DNA complexes, but extending the crRNA at the 3'-end and the tracrRNA at 

the 5'-end is sufficient to overcome this problem for the unmodified control (Figure 

3.27). This was incorporated into the new design. 
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Figure 3.28: Sequences used in RNase 6:16 QxF-gRNA construct. A) DNA target used. Bases in red 
are complementary to the DNA-targeting region of the gRNA, bases in black indicate the PAM region 
B) RNase 6:16 QxF-gRNA construct. Bases in blue are 2'-O-Me RNA bases. Bases in purple are cleavable 
RNA bases. Q = 5'-BHQ-2. Bases in red are complementary to target DNA, U conjugated with F = amino-
C6-deoxyuridine labelled with a fluorophore, bases in black are the tracrRNA region. UPLC-MS data 
found in Appendix A4.1. 

 

The target for the construct was changed to a telomeric target as the quencher is no 

longer covalently attached to the gRNA, as in Design I, if RNase H cleavage occurs. 

Therefore, the spacing between different dCas9–gRNA–DNA complexes is no longer 

important. Therefore, a new DNA target was synthesised (Figure 3.28 A). A 

combination of the constructs from design III were used in design IV. The optimum 

number of cutting sites of 6 was used and a longer distance from the DNA-targeting 

region was also used. The fluorophore was kept outside the DNA-targeting region and 

a 10-base QxF distance was used (incorporated at 26th base) (Figure 3.28 B). 

 

The 70-mer crRNA and its controls were synthesised and labelled using the same 

methods as the previous constructs (Figure 3.29 A). For the fluorophore 

incorporation, an amino-C6-deoxyuridine modification was used since in the 
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telomeric target, C was no longer in the sequence. An extended tracrRNA was also 

synthesised (Figure 3.29 B). 

 

Figure 3.29: UPLC of RNase 6:16 QxF-gRNA construct (Design IV). A) UPLC of 6:16 QxF-crRNA 
labelled with Cy3 B) UPLC of Ext tracrRNA. Expected mass for A = 23908. Mass observed for A = 
23907.0. Expected mass for B = 27842. Mass observed for B = 27843.0. 

 

3.7.2 In vitro analysis 

3.7.2.1 EMSA 

An EMSA PAGE gel was carried out to confirm that the construct could form a stable 

Cas9–gRNA complex. The quencher-free 6:16 xF-gRNA control was used for the 

binding assay to facilitate visualisation. From Figure 3.30, we can see that the 

complex is forming in the well and only 1 eq of Cas9 protein is needed for complete 

binding. The binding is also specific as 10 eq of the competitor was required before 

the xF-gRNA construct could be displaced. Note, in the gRNA lane, a faint band can 

be seen where the complex band should be. This is due to some sample diffusing from 

the neighbouring lane. 
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Figure 3.30: EMSA PAGE gel of RNase 6:16 construct. 10% native PAGE gel was used. gRNA lane 
contains 6:16 xF-gRNA construct (1 µM in 10 µL), Cas9 lanes contain gRNA (1 µM) and Cas9 (1 µM, 2 
µM and 4 µM). Competitor lanes contain gRNA (1 µM), Cas9 (1 µM) and IVT sgRNA as a competitor (1 
µM, 10 µM and 25 µM) in Cas9 buffer supplemented with (0.01 µg) BSA. Complex formation proceeded 
for 15 min at 37 °C before adding a competitor and further incubated for 5 min at 37 ºC. Gel image 
captured using a Cy3 Filter.  

 

3.7.3 Live cell imaging 

Next, the construct was investigated in live cells. The construct was transfected and 

was compared to the control, which did not contain the quencher, to investigate the 

‘on/off’ applicability of the system. At a wide-field level, as shown in Figure 3.31, 

there is a substantial difference in background fluorescence between the two 

constructs (6:16 xF-gRNA (top) vs 6:16 QxF-gRNA (bottom)) when using the same 

microscope excitation and emission settings for all images. Although background 

fluorescence is evident in both xF-gRNA images and QxF-gRNA images, in the cells 

that contain a quencher, it is greatly reduced. The residual background fluorescence 

could be caused by unsuccessful endosomal escape of the construct which could lead 

to degradation of the gRNA. This could be optimised further by introducing a 

modified backbone or nucleotides known to be resistant to degradation. 
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Figure 3.31: Wide-field live cell imaging of dCas9-3xGFP and 6:16 QxF-gRNA vs 6:16 xF-gRNA. 
Images were taken using confocal fluorescence microscopy of U2OS cells transfected with the gRNA 
constructs (quantities indicated) and a dCas9-3xGFP plasmid. Identical excitation and emission 
settings were used for each image. Laser used to visualise Cy3 (pink) is described in Section 5.6.4. Scale 
bar = 10 µm. 

 

At a single-cell level (Figure 3.32 - Figure 3.33), in the GFP channel, the green puncta 

highlight the dCas9-3xGFP binding with the genomic DNA. In the Cy3 channel, 6:16 

QxF-gRNA bound to the target provides bright pink puncta in the nucleus. In the 

merge channel, the co-localisation of the GFP signal and the Cy3 signal produce the 

yellow/off-white puncta indicating that the QxF-gRNA, complexed with the dCas9-

3xGFP, binds to the DNA target. Comparing 6:16 QxF-gRNA (bottom) to 6:16 xF-

gRNA (top), the overall background fluorescence is reduced indicating the presence 

of the quencher but once the QxF-gRNA construct reaches the DNA target, the 

quencher is removed. This is indicated by the puncta of both systems being of 

comparable intensity. The ‘on/off’ fluorescence system is effective providing reduced 

fluorescence until the Cas9-gRNA-DNA complex is formed. This agrees with the in 
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vitro results. The system is effective at higher quantities (50–30 pmol, Figure 3.32 A 

and B). At lower quantities (10 pmol, Figure 3.33 B), the background is minimal, but 

the intensity of the puncta is also reduced for both xF and QxF constructs. This is 

expected as lower quantities of the gRNA would not provide as strong an intensity. 

 

 

Figure 3.32: Live cell imaging of dCas9-3xGFP and 6:16 QxF-gRNA vs 6:16 xF-gRNA. Images were 
taken using confocal fluorescence microscopy of U2OS cells transfected with A) 50 pmols and B) 30 
pmols of gRNA constructs and a dCas9-3xGFP plasmid. Identical excitation and emission settings were 
used for each image. Laser used to visualise GFP (green) and Cy3 (pink) (described in Section 5.6.4) as 
indicated. The co-localisation of both dyes can be seen by off-white/yellow spots in the merged images. 
Scale bar = 10 µm. 
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Figure 3.33: Live cell imaging of dCas9-3xGFP and 6:16 QxF-gRNA vs 6:16 xF-gRNA. Cells 
transfected with A) 20 pmols and B) 10 pmols of gRNA constructs. Images were captured and analysed 
as described in Figure 3.32. The co-localisation of both dyes can be seen by off-white/yellow spots in 
the merged images. Scale bar = 10 µm. 

 

The optimum quantity is 20 pmol (Figure 3.33 A); the 6:16 xF-gRNA construct has 

background fluorescence in both the nucleus and in the cytoplasm whereas with the 

QxF-gRNA construct, the background fluorescence is reduced in the nucleus. This 

highlights the need for the quencher in the construct. The puncta in both constructs 

are of similar intensity. While it is clear from Figure 3.32 - Figure 3.33 that the 
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quencher is cleaved from the QxF-gRNA, one experiment that could provide more 

evidence for RNase H activation is the use of a scrambled 5'-extension in the QxF-

gRNA. This would ensure the RNA:DNA heteroduplex could not form and the 

recognition site for RNase H would not be available for cleavage. Another option is 

the use of DNA or 2'-O-Me modifications which should disrupt the RNA:DNA 

heteroduplex and help provide confirmation that RNase H is responsible for the 

removal of the quencher.  
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3.8 Conclusion and Future Work 

The overall aim of this work was to develop an ‘on/off’ fluorescence system using 

modified gRNA that could allow for effective imaging of genomic DNA in live cells. 

To conclude, a fluorophore-quencher gRNA construct can be used for live cell 

imaging that reduces background fluorescence signal and retains on-target signals. 

The use of an ‘on/off’ system in the RNase H activated gRNAs provides an alternative 

approach to studies that use modified sgRNAs to recruit multiple FPs as these systems 

tend to aggregate and provide non-specific puncta.226,233 Since the RNase H activated 

system requires all components of the complex (gRNA, Cas9 enzyme and target DNA) 

before fluorescence enhancement is observed, this ensures the puncta evident in the 

nucleus are positive results. Other studies such as the use of a MB and a modified 

sgRNA by Wu et al., contain a risk of false positive results as the MB and sgRNA can 

bind and cause fluorescence enhancement before meeting the target.238 

 

In the course of these studies, the development of the design of the gRNA constructs 

provided insight into modifying the gRNA systems. It was determined that the DNA-

targeting region of the crRNA can be modified and sufficiently maintain the DNA 

cleavage activity of Cas9 in vitro. A fluorophore can also be incorporated through 

these modifications without major disruption to the DNA cleavage activity of Cas9. 

The gRNA can also be extended through the 5'-end and mediated slightly better Cas9 

DNA cleavage in vitro than a gRNA modified in the DNA-binding region. 
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More importantly, the 5'-extension gRNA can be further developed to contain a 

fluorophore and detachable quencher and can successfully bind with Cas9 in vitro and 

in cells. It can be used to image genomic DNA with reduced background fluorescence 

compared to gRNA containing no quencher. The detachable quencher can be 

successfully cleaved in vitro, however, further studies are needed to determine if 

RNase H is responsible for the removal of the quencher in the cell. As discussed 

previously, the use of modifications and/or a scrambled sequence in the 5'-extension 

of QxF-gRNA that would disrupt the RNA:DNA heteroduplex would provide more 

evidence for the RNase H activation of the QxF-gRNA. Further studies could also be 

carried out with the 5'-extension to understand if mismatches are tolerated or other 

modifications which would improve the synthesis of the gRNA. 

 

Another development of QxF-gRNA could include tackling the cytoplasmic 

background seen in the cell images. This fluorescence background could be caused by 

degradation of unbound gRNA in the cell. The introduction of more quenchers into 

the system would provide an interesting study. Two quenchers would provide more 

steric hindrance at the 5'-end of the gRNA which could reduce the amount of 

degradation. It would also provide even more quenching to the gRNA. Since 

lysosome-trapping is a potential issue and one of the causes could be from lipid-

transfection, a comparison with other delivery methods such as electroporation could 

provide more insight. Once the construct is fully developed, it could be investigated 

with non-telomeric targets such as MUC4 and non-repetitive genome targets.   
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4.1 Background 

RNA plays a fundamental role in many cellular processes, ranging from DNA 

transcription to cell differentiation and so, the biological functions of RNA and their 

potential applications has been studied in great detail. The field of molecular biology 

relies heavily on the efficient production of high-yielding, long oligonucleotides. This 

is not such an issue for DNA synthesis as optimisation of the automated solid-phase 

phosphoramidite method (described in Chapter 1) allows for the assembly of DNA 

ODNs up to ~150 bases in length.269 RNA synthesis, however, has an upper limitation 

of 70-100 bases in length with the standard chemical RNA synthesis methods.31,32,270 

This can be an issue for CRISPR-Cas9 research as the synthesis of chemically modified 

sgRNA (usually 100+ nt in length) is central and non-chemical methods such as IVT 

cannot facilitate the incorporations of modifications. 

 

4.1.1 RNA synthesis 

The most common methods of RNA synthesis are in vitro transcription (IVT) and 

automated solid-phase synthesis. Whilst these methods are conventionally used in 

modern research labs, both methods come with their own limitations, which will be 

discussed in further detail below. 

 

4.1.1.1 In vitro transcription (IVT) 

In a biological system, RNA is made through a process called transcription. DNA acts 

as a template for the complementary RNA and enzymes called RNA polymerases carry 
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out the generation of new RNA. This system has been mimicked for in vitro 

applications which use T7, SP6 or T3 RNA polymerase, purified from bacteriophage, 

to produce RNA from a linear DNA template.271 The template contains a DNA 

promoter sequence which forms a duplex with the complement T7 promotor and the 

polymerase specifically binds to this duplex to begin transcription. It reads from the 

DNA template to synthesise RNA using NTPs added to the mixture (Figure 4.1). 

Studies have shown that a ssDNA template is sufficient for successful transcription 

and the transcription process will terminate when the polymerase reaches the end of 

the DNA template (“run-off” transcription).272 The product can be purified using 

commercially available kits and confirmation of the correct product must be carried 

out (via sequencing or mass spectrometry). 

 

Figure 4.1: Mechanism of in vitro transcription. RNA polymerase binds to dsDNA duplex containing 
the T7 promoter and its complement in the DNA template. Transcription begins at position +1. RNA is 
transcribed from the ssDNA template by incorporating NTPs (A/U/G/C). Transcription finishes when 
the promoter reaches the end of the ssDNA template. 

 

IVT can be used to synthesis RNA from as small as 30 nt to 104 nt but has clear 

limitations. The method requires the use of enzymes which can be expensive, and it 
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is difficult to scale up. It also requires a complete DNA template which requires 

additional synthesis prior to RNA synthesis and can also lead to issues when 

preparing long RNA (>150 nt). IVT requires the incorporation of the T7 promoter into 

the DNA template, extending the length of the template. Additionally, there is not 

complete freedom in the choice of the 5'-position of the RNA as the polymerase 

requires a specific nucleotide at the 5' of the RNA to initiate transcription. For 

example, T7 polymerase, class III, requires G in the +1, +2 and +3 position for efficient 

transcriptional yield. IVT can result in errors at both the 5'- and 3'-end of the RNA. 

Considering that the application of the modified RNA synthesis discussed in this 

chapter is for sgRNA for CRISPR-Cas9, errors to the 5'-end can lead to off-target 

binding, since this is the region of DNA hybridisation in the Cas9-gRNA complex. 

Finally, while studies have shown incorporation of modifications during IVT using 

chemically modified triphosphates is possible,273 the efficiencies tend to be lower and 

dependent on the polymerase ability to incorporate the dNTP into the growing RNA 

strand. There is also limited positional selectivity to add these modifications when 

the natural base is to be incorporated as well. 

 

4.1.1.2 Solid-phase synthesis of RNA 

RNA can also be prepared using automated solid-phase synthesis, as described in 

Chapter 1.24 However, the yield and efficiency of RNA synthesis via this method does 

not correspond to that available for DNA. This is due to the presence of the reactive 

2'-OH group. It requires an additional selective protecting group step in the synthesis 
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of the phosphoramidites, making them more expensive. The hydroxy group also 

increases RNAs susceptibility to degradation during synthesis. Migration of the 

phosphate backbone from the 3'-position to the available 2'-position (chain 

migration) or chain cleavage all lead to by-products, reducing the yield of the RNA 

synthesis and complicating its final purification (Figure 4.2). The coupling 

efficiencies between consecutive monomers are reduced in chemical synthesis and in 

RNA synthesis, the presence of the bulky protected 2'-OH group contributes to this. 

This results in more “failed sequences” and also limits the synthesis of RNA to ~70-

100 nt in length, depending on what protecting group chemistry is used.31,32,270 

Moreover, the choice of protecting group for RNA controls the chemistry used in the 

synthesis and some modifications are not compatible with certain reagents. 

 

Figure 4.2: RNA degradation. Degradation of RNA chain through A) chain migration and B) chain 
cleavage in basic conditions. 

 

Nonetheless, solid-phase synthesis has several advantages over IVT as it can be 

performed on larger scale, does not require a template or enzymes, and modifications 

can be easily incorporated at precise positions within the RNA or at the 3'- or 5'-end. 

However, the restriction on length and coupling efficiencies poses a problem. One 
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solution to the problem of length is to use a chemical linkage to ligate RNA covalently. 

Shorter RNA containing this reactive group can be produced with high efficiency and 

yields and ligated together to produce a larger construct needed for sgRNA. 

 

4.1.2 Copper-catalysed Azide Alkyne Cyclo-addition (CuAAC) 

The ligation of oligonucleotides has previously been studied using a triazole linkage 

between ODNs for bioconjugation.274,275 The cyclo-addition of an alkyne and azide 

(Copper-catalysed Azide Alkyne Cyclo-addition, CuAAC) to produce a triazole linkage 

is a common example of click chemistry. The reaction is catalysed by Cu(I) and is 

robust and high yielding. Originally, the cyclo-addition reaction produced two 

isomers and required high temperature276 but in the presence of Cu(I), the reaction 

can be directed to produce the 1,4-triazole isomer.277 The click mechanism is shown 

in Figure 4.3 A. 

 

Figure 4.3: Mechanism of CuAAC and comparison of triazole linkage. A) Mechanism of CuAAC 
reaction to produce a 1,4-traizole isomer. B) Comparison of the natural phosphate backbone (5 bonds 
in grey) and 1,4-triazole linkage (7 bonds in red). 
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Pioneered by our group, extensive studies have been carried out using various 

versions of the triazole linkage as a substitute for the phosphate backbone.278–283 Our 

group particularly focused on the biocompatibility of a 7-bond triazole linker (Figure 

4.3 B compares it with the phosphate backbone) which is tolerated in biological 

systems and can be read through by DNA and RNA polymerases in vitro.275,284–287 

 

Other ligation methods such as enzymatic ligation288 and condensation289 exist and 

have made sufficient progress but are restricted by the enzymes’ compatibility with 

buffer, pH and salt concentrations. The efficiency and scalability of click chemistry is 

a desirable advantage of this linker. 

 

4.1.3 CuAAC for CRISPR-Cas9 systems 

The introduction of a triazole linkage into sgRNA has previously been explored by 

Taemaitree et. al.,290 who divided the sgRNA into two sections: the spacer region and 

the rest of the crRNA and tracrRNA. Their ‘split and click’ methodology then used a 

click linkage (a chemical triazole linkage) between the spacer region and the rest of 

the sgRNA to provide a high throughput method for synthesising, in high yields, 

multiple sgRNAs (Figure 4.4). The focus of the work was to provide efficient synthesis 

of multiple spacer RNAs and the production of only one crRNA/tracrRNA section. This 

could be used to produce the library of sgRNAs required to target non-repetitive 

genome sequences.  
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Figure 4.4: Split and Click concept. Taemaitree et al.290 used CuAAC to ligate alkyne functionalised 
spacer RNA (multi-coloured) with azide modified crRNA/tracrRNA (black) resulting in a triazole 
linkage (pentagon). This was used to produce a library of sgRNA in high efficiently and purity with 
applications in non-repetitive genome targeting.  

 

We know from Dr. Taemaitree’s study that the 1,4-triazole linkage is well tolerated 

by the CRISPR-Cas9 system and provides a suitable linkage between the sections of 

the sgRNA. However, the major limitation of this high-throughput methodology is 

the production of 5'-azide ODNs. 

 

4.1.4 Azide incorporation 

The incorporation of an azide into an ODN can be achieved using many methods. 

Enzymatic incorporation of azide-modified triphosphates has successfully been 

studied but difficulty to control the site of incorporation limits this method.291 Azide-

modified linkers can be successfully incorporated using post-synthetic labelling and 

modified nucleosides functionalised to the resin292 all provide azide-modified ODNs 

but not at the 5'-position. However, to maintain the biocompatibility and minor 

changes to the phosphate backbone structure, the azide preferentially requires 

incorporation at the 5'-position of the ODN.293 
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While a phosphoramidite approach would provide a straight-forward method to 

incorporate an azide into an ODN at the 5'-position, it faces a major obstacle. Azides 

readily reacts with P(III) species, referred to as a Staudinger reaction (Figure 4.5),294,295 

and so difficulty arises during the phosphitylation step, where a P(III) reagent is used 

to  synthesise  the phosphoramidite. Alternative methods to incorporate azides in 

solid-phase synthesis use a P(V) species in the nucleoside such as H-

phosphonates296,297 or phosphotriesters.279,298–302 These methods provide an alternative 

to the phosphoramidite method by coupling the P(V)-nucleotide to the ODN. 

 

Figure 4.5: Staudinger reaction. Mechanism of Staudinger reaction between a P(III) species from the 
phosphitylating reagent and 2-azide-adenisone nucleoside. Adapted from Wada et al.295 

 

In the “split and click” study, the 5'-OH was converted to the 5'-azide RNA on the 

solid support.275,290 Before the RNA is deprotected, the ODN, bound to the resin, is 

reacted with methyltriphenoxy-phosphonium iodide ([(CH3P(OPh)3]+I-) to convert the 

5'-OH to 5'-I. This 5'-I RNA was then converted to 5'-N3 using NaN3 (Figure 4.6 A). 

This is followed by standard deprotection methods. However, this method has some 
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drawbacks. The conversion worked relatively efficiently with a 66-mer RNA 

synthesised using 2'-O-TBDMS chemistry.14 The conversion was also tried on RNA 

synthesised using 2'-O-TC chemistry. As previously discussed in Section 1.2.2, the 

use of 2'-O-TC chemistry for RNA synthesis provides better overall yields and is a 

preferred method for RNA synthesis, especially for the generation of longer RNA. 

However, it is reported by Sigma-Aldrich that the 2'-O-TC protecting group is liable 

to oxidation and can produce a carbamate protecting group that cannot be removed 

during deprotection (Figure 4.6 B).303 To perform the conversion of 5'-OH to 5'-I, 0.5 

M of iodine is needed and, although this does not cause major degradation when the 

RNA is shorter (10-mer), it causes complete degradation and incomplete deprotection 

of the RNA when attempted on a longer RNA (66-mer). For this reason, a new 

approach to incorporate a 5'-azide moiety into RNA that is compatible with 2'-O-TC 

RNA is needed. 

 

Figure 4.6: Conversion of 5'-OH RNA to 5'-azide RNA using different 2'-protecting groups. A) 
Azide conversion reaction conditions with 2'-O-TBDMS RNA and B) Unwanted oxidation of 2'-O-TC 
group to a carbamate group (red) during iodo-conversion of 2'-O-TC RNA. Azide conversion not 
completed as the carbamate protecting group cannot be removed during deprotection. 
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4.2 Hypotheses and Aims 

The efficient synthesis of long, modified RNA is fundamental, particularly in CRISPR 

research. The introduction of an azide moiety into RNA to provide a means of 

‘clicking’ modified RNA strands together is a desired approach. However, this 

approach is limited by the protecting groups used for RNA which, in turn, hinders the 

length of efficient RNA synthesis. The aim of this chapter is to develop an efficient 

synthesis of an azide RNA monomer that is compatible with 2'-O-TC RNA synthesis. 

This could provide a simple and cost-effective route to modified gRNA synthesis. We 

have already seen a potential application of this approach in the ‘split and click’ 

studies and this could be extended to many other bioconjugation applications or 

ligation applications since the triazole ligation linker is biocompatible.  

 

To produce the 5'-azide RNA, a variety of different approaches will be undertaken: a 

phosphotriester method, a “reverse phosphitylation” method and a phosphoramidite 

method. The H-phosphonate approach was not undertaken as this reaction entails an 

oxidation step. To incorporate the H-phosphonate into an ODN, an oxidation step is 

required after the coupling step to produce the [PO4]- backbone between the ODN and 

the monomer. As we have seen from the 5'-OH to 5'-I conversion, this oxidation 

causes difficulties when using 2'-O-TC RNA chemistry and, therefore, was not 

attempted. 
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4.3 Results 

4.3.1 Phosphotriester nucleosides 

Phosphotriesters provide an alternative approach for the synthesis of modified 

ODNs23,304 where the modification cannot be incorporated using the standard 

phosphoramidite method. Many previous studies have taken advantage of this 

alternative approach to incorporate an azide at the 2'-position299,300,302 and 3'-

position279 of DNA and RNA. Another study has also incorporated an azide at the 5'-

position of the sugar in DNA.293 Based on this article, a 5'-azido RNA monomer 

protected with 2'-O-TC was envisioned. 

 

Since the aim is to introduce just one azide at the 5'-end of the RNA, the ODN can be 

synthesised using standard 5'-DMT-phosphoramidites (since the solid-phase 

synthesis builds the ODN from the 3' to the 5'). Here, the final step of the assembly 

would be the addition of the azide-containing phosphotriester via a phosphotriester 

coupling. This takes advantage of the automation and speed of the solid-phase 

synthesis for the rest of the RNA synthesis. 

 

4.3.1.1 5'-Azido DNA phosphotriester 

The synthesis of the phosphotriester was initially tested on a DNA monomer to 

confirm effective coupling before considering RNA. 5'-azido-deoxythymidine (12) 

phosphotriester was synthesised from 5'-azido-deoxythymidine (11) following a 

published protocol (Figure 4.7).279,293 The reaction provided 82% of the pure product. 



Chapter 4  Incorporation of Azides for RNA Synthesis 

 130 

 

Figure 4.7: Synthesis of 5'-azido dT phosphotriester, 12. Reaction was carried out for 1 h in 
anhydrous THF. i) 1,2,4-triazole (5.5 eq), NEt3 (5 eq) and 2-chlorophenyl phosphorodichloridate (2.5 
eq) were reacted for 30 min before compound 11 was reacted with 1-methylimidazole (4 eq) and added 
to the solution to give 82% of compound 12. 

 

The DNA phosphotriester 12 was then coupled to a fully protected 10-mer DNA and 

11-mer RNA immobilised on CPG resin (Figure 4.8). Initially, 1 eq of compound 12 

was used, similar to the conditions used in the paper. An excess of pyridine was used 

to ensure the entire resin was immersed in the reacting solution. This resulted in no 

effective coupling, so the reaction conditions were altered. 

 

Figure 4.8: Phosphotriester coupling. i) The phosphotriester triethylamine salt (12) is reacted with 
an ODN attached to the resin in the presence of MSNT (5 eq) and 1-methyl-imidazole (8.4 eq). 
Following steps include standard deprotection of the ODN to remove nucleobase protecting groups 
and cleave the ODN from the resin for analysis. 
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Next, 2 eq of the phosphotriester 12 was added to the column and left for 2 h. This 

also showed no coupling, so 4 eq of compound 12 was reacted. The reaction time was 

also increased to overnight. This resulted in coupling of the phosphotriester to the 

10-mer DNA (Figure 4.9 A), confirmed by UPLC-MS. However, the presence of the 

starting material (SM: 10-mer DNA) highlights the low efficiency of the coupling. No 

coupling of the monomer could be seen to the 11-mer RNA ODN (Figure 4.9 B) and 

only SM was observed. For analysis purposes, the protecting group of the 

phosphotriester was not removed but we anticipate that this could be done following 

reported protocol.293 

 

Figure 4.9: UPLC analysis of 5'-azide dT phosphotriester coupled to DNA/RNA taken from 
UPLC-MS. A) UPLC of DNA (10-mer) coupled with 5'-azide dT phosphotriester. B) UPLC of RNA (11-
mer) coupled with 5'-azide dT phosphotriester. Expected masses for A: starting material = 2980, 
product + protecting group = 3420. Masses observed for A: 2979.5 (SM), 3419.5 (P + PG). Expected 
masses for B: SM = 3328, P + PG = 3768. Masses observed for B: 3328.2 (SM). 
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4.3.1.2 5'-DMT DNA phosphotriester 

To confirm that the azide moiety was not an issue during the coupling, a standard 5'-

DMT-deoxythymidine phosphotriester, was synthesised (similar to Figure 4.7). 

Successful synthesis of the compound provided 62% of the pure product. To ensure 

moisture did not affect the coupling reaction, the resin and all the reagents were dried 

overnight at 0.1 mbar. The reaction was also attempted in an Eppendorf allowing a 

smaller reaction volume thereby increasing the concentration of the reacting 

phosphotriester.  

 

2 eq of 5'-DMT-deoxythymidine phosphotriester was used (0.27 M compared to 0.15 

M used in the article). The reaction was left for 1 h with a DNA (10-mer) resin, similar 

to previous reactions. This reaction was unsuccessful and only the SM peak was seen 

in the UPLC-MS (Figure 4.10 A). Two more reactions using 0.14 M of 5'-DMT-

deoxythymidine phosphotriester were also carried out (on a column) for 2 h and 

overnight, respectively. However, none of the reactions successfully incorporated the 

phosphotriester and only led to the production of an impurity with a mass of SM +67 

(Figure 4.10 B and C). 
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Figure 4.10: UPLC analysis of 5'-DMT dT phosphotriester coupled to DNA taken from UPLC-MS. 
UPLC of DNA (10-mer) coupled with 5'-DMT dT phosphotriester for A) 1 h, B) 2 h and C) overnight. 
Expected masses for A/B/C: starting material = 2954, product + protecting group = 3369. Masses 
observed: 2952.5 (SM), 3019.5 (impurity). 

 

Since the phosphotriester approach was unsuccessful for most reactions and only 

produced a low coupling efficiency for one reaction, another approach to the 

synthesis of a 5'-azide RNA ODN was attempted. 

 

4.3.2 Reverse phosphitylation 

Since the Staudinger reaction causes issue with incorporating an azide into a 

phosphoramidite directly, an alternative approach was investigated in which the 

phosphitylation was attempted on the ODN on solid support. This would mean the 

5'-position of the ODN would be phosphitylated to produce an ODN with a 5'-P(III) 

reactive species that could then be reacted with a 5'-azide-3'-OH monomer to form a 

phospho-linkage between the 5'-azide monomer and the ODN (Figure 4.11). 
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Separating the azide and P(III) species until the reaction should reduce the amount 

of side reactions caused from both intra- and intermolecular Staudinger reaction.  

 

Figure 4.11: Schematic of “reverse phosphitylation” of an ODN on the resin. i) The free 5'-OH on 
the resin bound-ODN is reacted with a phosphitylating reagent and base to produce a reactive 5'-
postiton. ii) This is then reacted with the free 3'-OH of the 5'-azide nucleoside (11) and tetrazole to 
couple the monomer to the ODN. Following steps include standard oxidation and deprotection of the 
ODN to remove nucleobase protecting groups and cleave the ODN from the resin for analysis. 

 

Many conditions for ‘reverse phosphitylation’ exist.146,305–309 In this study, different 

variables were tested which include reaction flask, reaction solvent, equivalents, 

concentration, phosphitylating reagent, reaction time and coupling reagents. For 

simplicity, each reaction is defined with a letter-number system (e.g. A1).  

 

To start, a model system using a commercially available 5'-DMT-protected thymidine 

monomer and an immobilised DNA ODN (10-mer) was used to identify the best 

reaction time and solvent for the reaction (Table 4.1). The reactions were carried out 

on a column containing the CPG resin which was dried in a desiccator overnight prior 

to the reaction. The solvents and reagents used in the reaction were dried over 3 Å 

molecular sieves and bubbled with Argon prior to use. Reactions A1 and A2 were 
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carried out in DMF and reactions B1 – B4 were carried out in MeCN. The reactions 

were left for varying times according to the table and 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite (Cl-CEP) was used as a phosphitylating reagent. 

The reacted ODNs were deprotected using standard methods and analysed by UPLC-

MS (Appendix A4.1). However, the results showed no coupling of the monomer. 

Table 4.1: Reaction conditions for “reverse phosphitylation” for reaction time and solvent. 
Reactions A1, A2 and B1 – B4. Cl-CEP = 2-cyanoethyl N,N-diisopropylchlorophosphoramidite, o/n = 
overnight, Prod = successful incorporation of the monomer (Y/N = Yes/No). 

 

For reactions B1, B2, B3 and B4 (Figure 4.12 A-D), the starting material (SM) mass 

was 2954. The expected coupled product would have a mass of 3258. However, the 

products formed from these reactions had masses of SM +80, +64 and +164. The 

expected product structures of these impurities are theorised in Figure 4.12 E and are 

suspected to be incomplete reaction intermediates or oxidised products. A major 

impurity, with a molecular weight of 3034 (which corresponds to the SM +80), was 

observed for all the reactions. We hypothesise that this is the oxidised, 

phosphitylated ODN which cannot react with the monomer (Figure 4.12 E). The other 

impurities could also form from oxidation (+64) and/or incomplete protonation 

(+164) of the phosphitylated ODN. However, these results did suggest that a reaction 

time of at least 45 min was required for a substantial conversion of the starting 

material.  

 Flask Solvent Base CEP 
Conc 
(M) 

Vol 
(uL) Time Monomer Solvent 

Conc 
(M) 

Vol 
(uL) Time Prod 

A1 
Column DMF DIPEA 

Cl-
CEP 

0.1 
500 45 min 

DMT-T MeCN 
DMF 

0.1 
500 

30 min N 

A2 0.1 DMT-T 0.1 o/n N 

B1 

Column MeCN DIPEA 
Cl-
CEP 

0.1 

500 

15 min DMT-T 

MeCN 

0.1 

500 

o/n N 

B2 0.1 45 min DMT-T 0.1 30 min N 

B3 0.1 45 min DMT-T 0.1 o/n N 

B4 0.1 2 h DMT-T 0.1 o/n N 
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Figure 4.12: UPLC analysis of “reverse phosphitylation” of DNA (10-mer) and 5'-DMT-dT taken 
from UPLC-MS and structures of impurities. A) B1: phosphitylation reaction time = 15 min, B) B2: 
phosphitylation reaction time = 45 min, C) B3: phosphitylation reaction time = 45 min and D) B4: 
phosphitylation reaction time = 2 h. Expected masses for B1 - B4: starting material = 2954, product = 
3258. Masses observed: 2953.7 (SM), 3017.7 (+64), 3033.7 (+80), 31117.7 (+164). E) Potential structures 
of other peaks seen in UPLC corresponding to the SM mass + value. 

 

Next, a more concentrated reaction was attempted to help encourage both steps of 

the reactions and it was carried out in a vial to ensure a sealed argon system (Table 

4.2). For reactions C1-C3, the SM mass was 3283. The expected coupled product 

would have a mass of 3586. We can see, in Figure 4.13, the production of some of the 

product.  
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Table 4.2: Reaction conditions for “reverse phosphitylation” for reaction concentration. 
Reactions C1 – C3. Cl-CEP = 2-cyanoethyl N,N-diisopropylchlorophosphoramidite, Bis-CEP =  2-
cyanoethoxy-bis(N,N-diisopropylamino)-phosphine, o/n = overnight, Prod = successful incorporation 
of the monomer (Y/N = Yes/No). 

 

In C1 (Figure 4.13 A), using DCM as a solvent provided more impurities whereas in 

C2, less impurities along with the product can be seen (Figure 4.13 B). Another 

phosphitylating reagent was also used, 2-cyanoethoxy-bis(N,N-diisopropylamino)-

phosphine (bis-CEP) in C3, but this did not provide a product peak. Therefore, C2 

reaction conditions were used as a basis for the following reactions.  

 

Figure 4.13: UPLC analysis of “reverse phosphitylation” of DNA (11-mer) and 5'-DMT-dT taken 
from UPLC-MS. A) C1: phosphitylation solvent = DCM, B) C2: phosphitylation solvent = MeCN. 
Expected masses for C1 – C2: starting material = 3283, product = 3586. Masses observed: 3283.0 (SM), 
3587.0 (P), 3363.0 (SM + 80). 

 

 Flask Solvent Base CEP 
Conc 
(M) 

Vol 
(uL) 

Time Monomer Solvent 
Conc 
(M) 

Vol 
(uL) 

Time Prod 

C1 

Vial 

DCM NMM Cl-
CEP 

1 200 45 
min 

DMT-T 

MeCN 

0.5 200 

o/n 

Y 

C2 MeCN NMM 
Cl-
CEP 1 200 

45 
min DMT-T 0.5 200 Y 

C3 MeCN Tetrazole 
Bis-
CEP 0.5 500 3 h DMT-T 0.5 500 N 
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Although product formation was seen in reaction C2, it was not very efficient so the 

use of a different monomer for the reaction was attempted (Table 4.3). However, the 

use of 5'-DMT-deoxycytidine in D1, provided a decrease in product formation 

(product mass = 3571) (Figure 4.14 B) compared to C2 which used 5'-DMT-dT (Figure 

4.14 A). 

Table 4.3: Reaction conditions for “reverse phosphitylation” for 5'-DMT dC. Reactions D1 – D5. 
Cl-CEP = 2-cyanoethyl N,N-diisopropylchlorophosphoramidite, o/n = overnight, Prod = successful 
incorporation of the monomer (Y/N = Yes/No). 

 

 

Figure 4.14: UPLC analysis of “reverse phosphitylation” of DNA (11-mer) and 5'-DMT-dT or 5'-
DMT-dC taken from UPLC-MS. A) C2: monomer = 5'-DMT-dT, B) D1: monomer = 5'-DMT-dC. 
Expected mass for C2: starting material = 3283, product = 3586. Masses observed for C2: 3283.0 (SM), 
3587.0 (P), 3363.0 (+80). Expected mass for D1: SM = 3283, P = 3571. Masses observed for D1: 3282.5 
(SM), 3571.2 (P), 3362.5 (+80). 

 

 Flask Solvent Base CEP 
Conc 
(M) 

Vol 
(uL) Time Monomer Solvent 

Conc 
(M) 

Vol 
(uL) Time Prod 

D1 

Vial MeCN NMM 
Cl-
CEP 

1 

200 

45 min DMT-C 

MeCN 

0.5 

200 

o/n Y 

D2 1 15 min DMT-C 0.5 1 h Y 

D3 1 15 min DMT-C 0.5 30 min Y 

D4 1 5 min DMT-C 0.5 1 h Y 

D5 1 5 min DMT-C 0.5 10 min Y 
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These results were interesting because both monomers have the same accessibility to 

the 3'-OH and therefore, would be expected to couple with similar efficiencies. The 

solubility of both monomers may cause an effect on the coupling efficiency. To 

further investigate this, varying the reaction times was also investigated (Table 4.3) 

but this seemed to be ineffective to the product peak with 5'-DMT dC in D2 – D5 

(Figure 4.15 A-D).  

 

Figure 4.15: UPLC analysis of “reverse phosphitylation” of mixed DNA (11-mer) and 5'-DMT-
dC taken from UPLC-MS. A) D2: phosphitylation reaction time = 15 min, coupling reaction time = 1 
h, B) D3: phosphitylation reaction time = 15 min, coupling reaction time = 30 min, C) D4: 
phosphitylation reaction time = 5 min, coupling reaction time = 1 h and D) D5: phosphitylation 
reaction time = 5 min, coupling reaction time = 10 min. Expected masses for D2 - D5: starting material 
= 3283, product = 3571. Masses observed: 3282.5 (SM), 3571.0 (P), 3362.5 (+80). 
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Since the reaction seemed to be dependent on the monomer and potentially, the 

solubility of the monomer, 5'-azido-deoxythymidine (11) was also attempted (E - G 

reactions, Table 4.4). However, all the reaction conditions resulted in no product 

formation for 5'-azido-deoxythymidine (11). The monomer was not very soluble in 

the tetrazole solution and so larger volumes of reaction solution needed to be used. 

Next, a mixture of MeCN and DMF (2:1) as a solvent was attempted as well as heating 

the reaction (F reactions, Table 4.4). Bis-CEP was also attempted (G reactions, Table 

4.4) but all conditions were unsuccessful. The conditions were also attempted on 5'-

DMT dT to encourage more product formation compared to previous reactions but no 

increase in product was seen for these reactions. 

Table 4.4: Reaction conditions for “reverse phosphitylation” for reaction concentration. 
Reactions E – G. Cl-CEP = 2-cyanoethyl N,N-diisopropylchlorophosphoramidite, Bis-CEP =  2-
cyanoethoxy-bis(N,N-diisopropylamino)-phosphine, o/n = overnight, Prod = successful incorporation 
of the monomer (Y/N = Yes/No). 

 

The solubility of the monomer is a determining factor for the efficiency of the 

coupling and a balance between solubility and low reaction volume is needed for 

efficiency of the reaction. 5'-azide dT (11) is the most difficult to dissolve of the 

monomers used and results in no product formation. After the lack of success of the 

reverse phosphitylation approach, a final approach towards incorporating azide into 

 Flask Solvent Base CEP Conc 
(M) 

Vol 
(uL) 

Time Monomer Solvent Conc 
(M) 

Vol 
(uL) 

Time Prod 

E1 
Vial MeCN NMM 

Cl-
CEP 

1 
200 45 min 

DMT-T 
MeCN 

0.2 600 
2 h 

Y 

E2 1 Azido-T 0.2 700 N 

F1 

Vial MeCN NMM Cl-
CEP 

0.5 
300 45 min 

DMT-T 

MeCN 
DMF 

0.4 

300 
2:1 

o/n 

Y 

F2 0.5 Azido-T 0.4 N 

F3 1 
200 

45 min 
40 oC 

DMT-T 0.4 Y 

F4 1 DMT-T 0.4 Y 

G1 
Column MeCN Tetrazole Bis-

CEP 

3.1 
200 2 h 

Azido-T MeCN 
DMF 

0.1 250 
1.5:1 

2 h N 

G2 3.1 Azido-T 0.4 o/n N 
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ODNs was attempted. However, if more time was available, the use of another 

tetrazole solution or a wider use of solvent mixtures could help increase the coupling 

efficiency. 

 

4.3.3 Azide phosphoramidite 

As previously discussed, the incorporation of an azide into a phosphoramidite is 

rarely studied due to concerns relating to an undesired Staudinger reaction between 

the phosphitylating reagent and the nucleoside containing the azide (See Figure 4.5). 

However, recent studies have provided a solution to this issue. Shmanai et al. 

incorporated an azide into a phosphoramidite using hydroxypyrrolidines.310 Whilst 

this modification did not contain a nucleobase, the pyrrolidine moiety mimics a 

ribose unit. Following this study, Lingala et. al. also incorporated an azide into a 

phosphoramidite (modifying the nucleobase to contain the azide) by following similar 

reaction conditions to the previous work.311 

 

The phosphoramidite method would provide the most straight-forward method of 

azide incorporation so this approach was attempted next. Some keys conditions were 

determined for the synthesis of azido-phosphoramidites from the previous 

studies.310,311 Concentrating or evaporating the compound during the reaction always 

led to decomposition and because of this, the phosphoramidite would also need to be 

stored in solution after the reaction or used immediately. The use of certain solvents 

such as MeCN also encouraged decomposition so the optimum solvent used for 
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storage was determined to be benzene. This provided a premise for the next attempt 

for azide incorporation. 

 

4.3.3.1 5'-Azido deoxythymidine phosphoramidite 

To confirm 5'-azide nucleosides could be incorporated using the methods described 

by Lingala et al.,311 the synthesis of the azide phosphoramidite was initially tried with 

5'-azide-deoxythymidine (11, Figure 4.16). The reaction was carried out in CHCl3 as 

compound 11 was not soluble in benzene. Excess equivalents of the phosphitylating 

reagent (2 eq) were used to support a faster reaction time. Once the reaction was 

complete, as judged by TLC, the reaction mixture was washed with KCl, and the 

organic layer was directly loaded onto the column without solvent evaporation. 

Following column chromatography, the solution was concentrated at low 

temperatures (25 ºC) and re-dissolved in benzene (10 x 5 mL), taking care not to 

evaporate the product to dryness, to produce product (13). 

 

Figure 4.16: Synthesis of 5'-azido-deoxythymidine phosphoramidite, 13. Reaction was carried out 
for 1 h in anhydrous CHCl3. i) Compound 11 was reacted with 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (2 eq) and DIPEA (5 eq). CHCl3 was replaced with C6H6 for use on 
the synthesiser and for storage. NMR analysis was not performed as the compound decomposed when 
concentrated, as determined by TLC. Purity was confirmed by UPLC-MS after successful incorporation 
into oligonucleotides. See Appendix A4.1. 
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Next, we evaluated the stability of phosphoramidite 13. To do this, 13 was used to 

incorporate an azide at the 5'-end of an ODN straight after column chromatography 

(0 h) and this was compared to phosphoramidite 13 used for the same synthesis after 

being left for 5 h at RT (5 h). Both a 11-mer DNA (5'-azide-T11) and 11-mer DNA (5'-

azide-A/G/C/T) were synthesised. Successful incorporation of the azide 

phosphoramidite 13 was confirmed by UPLC-MS (Figure 4.17 A and B) for both ODNs. 

Very minimal amounts of the undesired products were seen, and incorporation was 

greater than 90%. 

 

As shown in Figure 4.17 A, 13 is not very stable at RT for prolonged periods of time. 

A number of reactions can occur during this time to produce more of the impurities 

seen in 5 h compared to 0 h. The P(III) species in the phosphoramidite can react with 

an azide, inter- or intramolecularly, and therefore, will not react with the tetrazole to 

incorporate the nucleoside into the ODN. The increase in the amount of the 10-mer 

SM (mass = 2980) highlights this side reaction. The azide-phosphoramidite can be 

successfully incorporated into the ODN but the azide can then react with other P(III) 

species and form the amine product (mass = 3283) which is also seen (NH2-DNA). Both 

impurities elute together in UPLC, so it is difficult to determine which is the major 

impurity. 
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Figure 4.17: UPLC analysis of DNA synthesis using 5'-azide dT phosphoramidite (13). A) 
Synthesis of 5'-azide T11 DNA (11-mer) using 5'-azide dT phosphoramidite (13) left at RT for 0 h and 
5h. Expected masses for A: starting material = 2980, product = 3309. Masses observed for A: 2980.0 
(SM), 3309.0 (P), 3283.0 (NH2-DNA). B) Synthesis of 5'-azide mixed DNA (11-mer) using 5'-azide dT 
phosphoramidite (13) left at RT for 0 h. Expected masses for B: SM = 2954, P = 3283. Masses observed 
for B: 2954.0 (SM), 3284.0 (P), 3257.0 (NH2-DNA). NH2-DNA = incorporation of 5'-azide dT 
phosphoramidite followed by reduction of azide to amine. 

 

4.3.3.2 5'-Azido-2'-O-TC-uridine phosphoramidite 

Having successfully incorporated the 5'-azide dT phosphoramidite (13), we focused 

on the synthesis of a 2'-O-TC U phosphoramidite (20). The synthetic route 

investigated is shown in Figure 4.18 and Figure 4.19. The 5'-OH is first converted to a 

5'-N3 and the resulting azido compound 16 is then protected with a TC group to give 

a mixture of the 2' and 3' protected compounds (18 and 19, respectively), that we 

anticipated would be separable by column chromatography. Other synthetic routes 

such as the use of 3',5'-O-(tetraisopropyldisiloxane-1,3-diyl) protecting group can be 

used to protect the 3'- and 5'-position of the monomer and to allow for selective 

protection of the 2'-position when synthesising RNA monomers.32 However, since the 
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desired monomer also requires the conversion of 5'-OH to 5'-N3, this route was not 

chosen. 

 

Figure 4.18: Synthesis of 5'-azide-uridine, 16. Compound 15: Reaction was carried out for 3 h in 
anhydrous pyridine. i) Compound 14 was reacted with methanesulfonyl chloride (1.05 eq) to give 51% 
of compound 15. Compound 16: Reaction was carried out for 12 h in DMF. ii) Compound 15 was reacted 
with lithium azide (5.7 eq) to give 63% of compound 16. 

 

The synthesis started from uridine (14) and was carried out according to literature 

(Figure 4.18).293 The reaction provided 51% of compound 15 followed by a 63% yield 

for compound 16. For the protection of the 5'-azide-uridine (16), a thiocarbonyl-

diimidazole compound (17) was synthesised first without isolation then the group 

was converted to a thiomorpholine-dioxide as a mixture of 2' and 3' isomers (18 and 

19) (Figure 4.19).  

 

Figure 4.19: 2'-O-TC protection of 5'-azide-uridine (16) to produce 5'-azide-2'-O-TC-uridine 
isomers 18 and 19. Compound 17: Reaction was carried out for 16 h in DMF. i) Compound 16 was 
reacted with 1,1'-thiocarbonyldiimidazole (1.1 eq) and DMAP (0.1 eq) and was not isolated. Compound 
18/19: Reaction was carried out for 2 h in DMF. ii) Compound 17 was reacted with thiomorpholine 1,1-
dioxide (1.2 eq) to provide 41% of compound 18 and 19 in a mixture ratio of 77:23. 
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The separation of the two isomers proved more challenging than anticipated. On TLC, 

the isomer spots ran close together and multiple attempts at column 

chromatography, using various solvent systems, were needed to separate the isomers. 

Eventually, the final compound contained a mixture of isomer 18:19 in a ratio of 

77:23 and this mixture provided a 41% yield for the reaction. 

 

Whilst a pure sample was not obtained, isomer 18 was carried through to the next 

step of the synthesis. Since this was only a test reaction, the production of an ODN 

with a mixture of the 2'-chain extension or 3'-chain extension was not relevant. 

Phosphitylation was carried similarly to Section 4.3.3.1. However, the reaction time 

was much longer for compound 20 (5 h) and more equivalents of phosphitylating 

reagent were needed (3 eq) (Figure 4.20). This is most likely due to the 3'-position of 

an RNA monomer being more sterically hindered than in DNA and so reacts slower. 

 

Figure 4.20: Synthesis of 5'-azido-2'-O-TC uridine phosphoramidite, 20. Reaction was carried out 
for 5 h in anhydrous CHCl3. i) Compound 18 was reacted with 2-cyanoethyl N,N-
diisopropylchlorophosphoramidite (3 eq) and NMM (5 eq). CHCl3 was replaced with C6H6 for use on the 
synthesiser and for storage. NMR analysis was not performed as the compound decomposed when 
concentrated, as determined by TLC. Purity was confirmed by UPLC-MS after successful incorporation 
into oligonucleotides. See Appendix A4.1. 
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Once synthesised, compound 20 was used on the synthesiser to produce a 12-mer 2'-

O-TC RNA and a 21-mer 2'-O-TC RNA. From Figure 4.21 A and B, overall, the 

incorporation was not as successful as the DNA monomer with only approx. 20-25% 

incorporation in the shortest RNA. There is a greater mixture of the side products in 

the synthesis of RNA making it difficult to determine accurately how much product is 

produced as the peaks all elute together in the UPLC. 

 

Figure 4.21: UPLC analysis of RNA synthesis using 5'-azide U phosphoramidite (20). A) Synthesis 
of 5'-azide RNA (12-mer) using 5'-azide U phosphoramidite (20). Expected masses for A: starting 
material = 3344, product = 3673. Masses observed for A: 3344.2 (SM), 3673.0 (P), 3648.0 (NH2-RNA). B) 
Synthesis of 5'-azide RNA (21-mer) using 5'-azide U phosphoramidite (20). Expected masses for B: SM 
= 6468, P = 6797. Masses observed for B: 6468.1 (SM), 6793.0 (P), 6770.1 (NH2-RNA), 6576.0 (SM + PG). 
NH2-RNA = incorporation of 5'-azide dT phosphoramidite followed by reduction of azide to amine, SM 
+ PG = starting material with unsuccessful deprotection. 

 

The limited success of the azide-RNA monomer 20 when compared to the azide-DNA 

monomer 13 as judged by the reaction time and purity of the final products was likely 

due to the lower coupling efficiencies of RNA monomers compared to DNA 

monomers. Although not completely successful, the production of the 5'-azide RNA 

could be optimised if more time permitted. The efficiency of the synthesis could 
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potentially be increased by reducing the reaction time with the use of more 

phosphitylating reagent. However, a balance between the two would need to be 

determined because too much reagent can also lead to unwanted side reactions.  
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4.4 Conclusion and Future Work 

The overall aim of this study is to develop an efficient method for the synthesis of an 

azide moiety in RNA that is compatible with 2’-O-TC RNA chemistry. This would 

enhance the ‘clickable’ system used in the ‘split and click’ technique for the 

generation of long, modified RNA which could have applications in CRISPR gRNA 

library generation. Overall, three different approaches were investigated in an 

attempt to incorporate a 5'-azide into an RNA ODN: the phosphotriester method, the 

‘reverse phosphitylation’ method and the phosphoramidite method. In all cases, 

incorporation of a 5'-azide DNA monomer was more successful than the 

corresponding 5'-azide RNA monomer. Many conditions were tested for all three 

approaches providing some useful information on what is not favourable for these 

reactions. 

 

For the phosphotriester, conditions were not completely successful even for the 

standard couplings. For the future of this work, attempts could be made on a small 

molecular level. Attempts could be made to couple a 5'-azide phosphotriester with a 

5'-OH monomer and this could help pinpoint where in the reaction is the difficulty. 

For the reverse phosphitylation system, the solubility of the monomer was the 

limiting factor so the use of an alternative tetrazole solution in a more polar solvent 

could help to produce more effective coupling and may also help to reduce the 

impurities formed. 
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The phosphoramidite method provided the most promise for the incorporation of a 

5'-azide RNA. The phosphitylation of the 5'-azide RNA monomer requires 

optimisation by reducing the reaction time and, potentially, with low heat or more 

phosphitylating reagent. Carrying out a study on some other solvents for the reaction 

that may be more suitable for RNA monomers would also provide some interesting 

information. 

 

Another approach that could be investigated is a H-phosphonate approach. As 

discussed previously, H-phosphonates were not attempted here due the oxidation 

step required during the coupling. However, determining the minimum concentration 

required to oxidise the phosphate backbone after coupling of the H-phosphonate 

without oxidising the 2'-O-TC protecting group to the unwanted carbamate could 

allow for another approach to incorporate a 5'-azide into RNA. 
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Conclusion 
The aim of the research undertaken here was to synthesis and develop fluorogenic 

oligonucleotide-based systems to target dsDNA. 

 

In Chapter 2, the aim of the work was to stabilise TFOs in all sequence contexts using 

an intercalating fluorophore and expand the target range of TFOs. With the 

incorporation of thiazole orange (TOTFOs), triplex stability is greatly enhanced. A 

straightforward, post-synthetic labelling method can provide ease of synthesis and 

very stable triplexes at (and above) neutral pH in all sequence contexts. The 

stabilising effects are additive and extends the range of target duplexes to contain a 

base inversion. There is no major disruption to the sequence selectivity of the 

TOTFOs even with three additions of TO. This stability is corroborated by native gel, 

and there is an evident relationship between increased stability of the TOTFOs, a 

large enhancement in fluorescence upon triplex formation and increased binding 

affinity.  

 

In Chapter 3, the aim of the work was to develop an ‘on/off’ fluorescence system using 

modified gRNA that could allow for effective imaging of genomic DNA in live cells. 

Whilst modifying the gRNA, a range of characteristics were determined. 

Modifications to the DNA-targeting region of the crRNA can be carried out and still 

sufficiently maintain the DNA cleavage activity of Cas9 in vitro but, more importantly, 
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tthe gRNA can be extended and modified through the 5'-end to contain a fluorophore 

and detachable quencher (QxF-gRNA). This design can successfully bind with Cas9 in 

vitro and in cells and the system can be used to reduce background fluorescence signal 

compared to gRNA containing no quencher. The ‘on/off’ system retains strong on-

target signals while imaging genomic DNA. Since the system requires all components 

of the complex (gRNA, Cas9 enzyme and target DNA) before fluorescence 

enhancement is observed, this can help alleviate misleading results seen in other 

studies. 

 

In Chapter 4, the aim of this work is to develop a simple and cost-efficient method for 

azide incorporation in RNA synthesis that is compatible with 2'-O-TC RNA protecting 

groups. This approach would enhance the current ‘split and click’ technique for the 

generation of long modified RNA. Three different approaches were investigated in an 

attempt to incorporate a 5'-azide: the phosphotriester method, the ‘reverse 

phosphitylation’ method and the phosphoramidite method. Incorporation of a 5'-

azide DNA monomer was more successful than the corresponding 5'-azide RNA 

monomer. For the phosphotriester and the ‘reverse phosphitylation’ method, 

reactions were not completely successful even for the standard couplings. More 

extensive studies would be required for these approaches. The phosphoramidite 

method provided the most promise. The phosphitylation of the 5'-azide RNA 

monomer requires optimisation but it is evident that there is potential with this 
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approach. Many conditions were tested for all three approaches providing some 

useful information on what is not favourable for these reactions. 

 

In summary, the work described here shows modified oligonucleotide-based probes 

that contain a fluorogenic aspect that have potential in many applications and 

provides concrete foundations for future work to be carried out.
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5.1 Synthesis of phosphoramidites 

5.1.1 General  

All reagents were purchased from Sigma-Aldrich, Acros Organics, Fluka, Alfa Aesar, 

Fisher Scientific and were used without purification. The following solvents, CH2Cl2, 

DMF, NEt3, and DIPEA were of analytical grade and were used without purification. 

Dry solvents were obtained using the MBraun SPS bench top solvent purification 

system.  

 

Thin layer Chromatography (TLC) was performed using Merck TLC silica gel 60 F254 

plates (0.22 mm thickness, aluminium coated). Compounds were visualised using UV 

irradiation (254 nm and 365 nm) and also stained with the following solutions: p-

anisaldehyde (used for alcohols, sugars and DMT-protected compounds) or 

potassium permanganate (KMnO4) (used for compounds with an oxidisable group). 

Column chromatography was carried out under pressure (air/argon) using Merck 

Geduran® 60Å (40-63 µm) silica-gel.  

 

1H NMR spectra were measured at 400 MHz on a Bruker DPX400 (AVIIIHD 400) 

spectrometer. 13C NMR spectra were measured at 101 MHz on a Bruker DPX400 

spectrometer. 31P NMR spectra were recorded on a Bruker AVIIIHD 400 spectrometer 

at 162 MHz. Chemical shifts are given in ppm and J coupling values are quoted in Hz. 

1H and 13C NMR spectra were internally referenced to the residual undeuterated 
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solvent signal.312 Assignment of the compounds was aided by COSY (1H - 1H) and 

HSQC (1H - 13C) experiments. Spectra were reprocessed using Mestre Nova software.  

 

Low-resolution mass spectra (LRMS) were recorded using electrospray ionisation 

(ESI+ or ESI-) on a Waters ZMD quadrupole mass spectrometer in HPLC grade 

methanol or acetonitrile. High-resolution mass spectra (HRMS) were recorded in 

HPLC grade methanol/acetonitrile using electrospray ionisation (ESI) on a Bruker 

APEX III FT-ICR mass spectrometer. 

 

Infrared spectra (IR) were recorded using a Bruker Tensor 27 FT-IR spectrometer. All 

absorptions are measured in cm-1 and are described as broad (br), weak (w), medium 

(m) or strong (s).  
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5.1.2 Synthesis of 5-(1-propargylamino)-2'-deoxycytidine-3'-2-cyanoethyl 

N,N-diisopropyl phosphoramidite (O-CEP) (5) 

5.1.2.1 2'-Deoxy-N4-[(di-n-butylamino)methylidene]-5-iodo-cytidine (2) 

 

2'-Deoxy-N4-[(di-n-butylamino)methylidene]-5-iodo-cytidine (2) was synthesised 

following published procedures.313 Compound 1 (0.69 g, 1.96 mmol, 1 eq) was 

dissolved in anhydrous DMF (7.5 ml). N,N-di-n-butylformamide dimethyl acetal (0.82 

g, 4.04 mmol, 2 eq) was added and the reaction was stirred for 16 h at RT. The solution 

was evaporated to give an orange oily solid and purified using flash silica gel column 

chromatography eluting with 10% MeOH in CH2Cl2. This gave 2 as an off-white solid 

(0.806 g, 1.64 mmol, 84%). 

 

Rf: 0.39 (MeOH:CH2Cl2; 10:90) 

LRMS (ESI+) m/z (%): 493.2 [M+H] + (100), (Calculated mass = 493.36) 

1H NMR (400 MHz, CDCl3): δ 8.61 (s, 1H, H7), 8.23 (s, 1H, H6), 6.02 (t, J = 6.0 Hz, 1H, 

H1'), 4.51 (q, J = 5.5 Hz, 1H, H3'), 4.01 – 3.93 (m, 2H, OH3', H4'), 3.91 – 3.75 (m, 3H, OH5', 

H5'), 3.53 (t, J = 7.4 Hz, 2H, H8), 3.29 (t, J = 7.4 Hz, 4H, H8), 2.45 – 2.28 (m, 2H, H2'), 

1.56 (dq, J = 7.4 Hz, 4H, H9), 1.28 (dq, J = 7.4 Hz, 4H, H10), 0.88 (dt, J = 9.8, 7.4 Hz, 6H, 

H11). 
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13C NMR (101 MHz, CDCl3): δ 168.8 (C4), 158.4 (C7), 155.8 (C2), 148.0 (C6), 88.4 (C1'), 

87.5 (C4'), 70.3 (C3') 69.9 (C5), 61.7 (C5'), 52.7 (C8), 46.5 (C8), 40.8 (C2'), 31.0 (C9), 29.0 

(C9), 20.3 (C10), 19.8 (C10), 13.9 (C11), 13.7 (C11). 
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5.1.2.2 2'-Deoxy-5'-O-(4,4'-diethoxytrityl)-N4-[(di-n-butylamino) methylidene]-5-

iodo-cytidine (3) 

 

2'-Deoxy-5'-O-(4,4'-diethoxytrityl)-N4-[(di-n-butylamino) methylidene]-5-iodo-

cytidine (3) was synthesised following published procedures.313 Compound 2 (2.70 g, 

5.49 mmol, 1 eq) was dissolved in dry pyridine (30 mL). 4,4’-Dimethoxytrityl chloride 

(2.23 g, 6.59 mmol, 1.2 eq) was added in small portions over a 10 min period and the 

reaction was allowed stir for 16 h at RT. Once completed, the reaction was quenched 

with MeOH (15 mL). The solvent was removed by evaporation and the residue was 

dissolved in CH2Cl2 (80 mL). The reaction mixture was washed with a 10% aqueous 

NaHCO3 solution (2 x 50 mL) and sat. aqueous KCl solution (2 x 50 mL). The organic 

layer was dried over Na2SO4 and evaporated to dryness. It was purified using flash 

silica gel column chromatography using a gradient of 0-7% MeOH in CH2Cl2 with 0.1% 

NEt3. This gave 3 as a white foam (2.72 g, 3.42 mmol, 62%). 

 

Rf: 0.39 (MeOH:CH2Cl2:NEt3; 7:92:1) 

LRMS (ESI+) m/z (%): 795.1 [M+H] + (100), (Calculated mass = 795.73) 

3' 2'

O
4'

5'
O

1'

5

6N1

2
N

3
4

N

O

7

N

8

9

10

11

1213

18

20
21

1415

16

19

O

O

17

I

OHO

N

N

N

O

N

I
DMTrCl

Pyridine
16 h, 62%

(3)
(2)

OH OH



Chapter 5  Experimental 
 

 160 

1H NMR (400 MHz, CDCl3): δ 8.68 (s, 1H, H7), 8.14 (s, 1H, H6), 7.41 – 7.32 (m, 2H, 

H19), 7.32 – 7.10 (m, 7H, H14, H20 and H21), 6.83 – 6.74 (m, 4H, H15), 6.25 (dd, J = 7.0, 

6.1 Hz, 1H, H1'), 4.41 – 4.34 (m, 1H, H3'), 4.03 (q, J = 3.7 Hz, 1H, H4'), 3.72 (s, 6H, H17), 

3.57 – 3.48 (m, 2H, H8), 3.38 – 3.17 (m, 4H, H8, 5'), 2.58 (ddd, J = 13.6, 6.1, 3.7 Hz, 1H, 

H2'), 2.14 (dt, J = 13.6, 6.1 Hz, 1H, H2'), 1.64 – 1.49 (m, 4H, H9), 1.36 – 1.17 (m, 4H, H10), 

0.93 – 0.83 (m, 6H, H11). 

13C NMR (101 MHz, CDCl3-d): δ 168.8 (C4), 158.6 (C7), 158.3 (C16), 155.7 (C2), 146.2 

(C6), 144.5 (C18), 135.7 (C13), 130.1 (C20), 130.0 (C19), 128.1 (C14), 126.9 (C21), 113.4 (C15), 

86.8 (C12), 86.2 (C4'), 86.0 (C1'),  72.5 (C3'), 70.0 (C5), 63.6 (C5'), 55.3 (C17), 52.6 (C8), 46.4 

(C8), 42.2 (C2'), 31.0 (C9), 29.0 (C9), 20.2 (C10), 19.8 (C10), 13.9 (C11), 13.7 (C11).  
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5.1.2.3 2'-Deoxy-5'-O-(4,4’-diethoxytrityl)-N4-[(di-n-butylamino) methylidene]-5-

[ N-trifluoroacetylpropargylamine]-cytidine (4) 

 

2'-Deoxy-5'-O-(4,4’-diethoxytrityl)-N4-[(di-n-butylamino) methylidene]-5-[ N-

trifluoroacetylpropargylamine]-cytidine (4) was synthesised following published 

procedures.313 Compound 3 (2.50 g, 3.15 mmol, 1 eq) was dissolved in anhydrous DMF 

(36 mL). CuI (0.12 g, 0.63 mmol, 0.2 eq) was added and then NEt3 (1.2 mL, 15.7 mmol, 

5 eq) followed by N-trifluoroacetylpropargylamine (720 µL, 3.5 mmol, 1.1 eq). The 

reaction was stirred for 10 min in the dark before adding Pd(PPh3)4 (0.36 g, 0.32 mmol, 

0.1 eq). The yellow reaction mixture was stirred in the dark for 14 h. Once completed, 

the solvent was evaporated to produce a brown oil which was dissolved in CH2Cl2 (100 

mL). The reaction mixture was washed with a 5% aqueous EDTA solution (1 x 100 

mL), 5% aqueous NaHCO3 solution (1 x 100 mL) and sat. aqueous KCl solution (1 x 

100 mL). The organic layer was dried over Na2SO4 and evaporated to dryness. It was 

purified using flash silica gel column chromatography eluting with 4% MeOH and 

0.1% pyridine in CH2Cl2. This gave 4 as a yellow foam (1.76 g, 2.15 mmol, 69%). 

 

Rf: 0.28 (MeOH:CH2Cl2:Py; 4:95:1) 
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LRMS (ESI+) m/z (%): 818.6 [M+H] + (100), (Calculated mass = 818.91) 

1H NMR (400 MHz, CDCl3): δ 8.75 (s, 1H, H7), 8.30 (s, 1H, H6), 7.44 – 7.32 (m, 2H, 

H19), 7.32 – 7.10 (m, 7H, H20, H21 and H14), 6.82 – 6.73 (m, 4H, H15), 6.29 (t and broad 

s, J = 6.3 Hz, 2H, NH, H1'), 4.45 (dt, J = 6.3, 3.9 Hz, 1H, H3'), 4.11 – 4.00 (m, 2H, OH, 

H4'), 4.00 – 3.81 (m, 2H, H24), 3.72 (s, 6H, H17), 3.52 (td, J = 6.9, 1.5 Hz, 2H, H8), 3.36 

(dd, J = 10.7, 2.8 Hz, 1H, H5'), 3.32 – 3.19 (m, 3H, H5' and H8), 2.61 (ddd, J = 13.7, 6.3, 

3.9 Hz, 1H, H2'), 2.19 (dt, J = 13.7, 6.3 Hz, 1H, H2'), 1.54 (tt, J = 9.0, 6.9 Hz, 4H, H9), 1.34 

– 1.15 (m, 4H, H10), 0.87 (t, J = 7.3 Hz, 6H, H11). 

13C NMR (101 MHz, CDCl3): δ 170.6 (C4), 158.4 (C7), 158.3 (C16), 154.7 (C2), 145.4 (C6), 

144.7 (C18), 135.9 (C25), 135.7 (C13), 130.1 (C20), 130.0 (C19), 128.0 (C14), 126.9 (C21), 

113.3 (C15), 98.3 (C5), 86.8 (C12), 86.8 (C4'), 86.3 (C1'), 85.2 (C22), 78.8 (C23), 71.8 (C3'), 

63.5 (C5'), 55.3 (C17), 52.4 (C8), 45.8 (C8), 42.5 (C2'), 31.0 (C9), 30.6 (C24), 29.0 (C9), 20.0 

(C10), 19.8 (C10), 13.7 (C11), 13.6 (C11).  
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5.1.2.4 5-(1-Propargylamino)-2'-deoxycytidine-3'-O-CEP (5) 

 

5-(1-Propargylamino)-2'-deoxycytidine-3'-O-CEP (5) was synthesised following 

published procedures.313 Compound 4 (923 mg, 1.13 mmol, 1 eq) was dissolved in 

anhydrous CH2Cl2 (10 mL). DIPEA (491 µL, 2.82 mmol, 2.5 eq) was added to the 

reaction mixture followed by 2-cyanoethyl N,N-diisopropylchlorophosphoramidite 

(302 µL, 1.35 mmol, 1.2 eq). The reaction was allowed stir under argon at RT for 1 h 

and monitored by TLC. Once completed, anhydrous CH2Cl2 (10 mL) was added and the 

reaction mixture was washed with degassed sat. KCl (10 mL). The organic layer was 

dried over Na2SO4 and evaporated to dryness under reduced pressure, taking care to 

keep the product under argon when removing from the büchi. The resulting yellow 

foam was purified using flash silica gel column chromatography eluting with 90% 

EtOAc and 0.05% NEt3 in hexane and under argon. This gave 5 as a pale-yellow foam 

(837 mg, 0.82 mmol, 73%). 

 

Rf: 0.40, 0.53 (EtOAc:hexane:NEt3; 89:10:1), Product has two isomers. 

LRMS (ESI+) m/z (%): 1019.1 [M+H] + (100), (Calculated mass = 1019.13) 
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1H NMR (400 MHz, CD2Cl2): δ 8.68 (s, 1H, H7), 8.17 (s, 1H, H6), 7.44 – 7.34 (m, 2H, 

H19), 7.29 (ddd, J = 8.5, 5.0, 2.8 Hz, 4H, H20), 7.23 (tdd, J = 8.5, 5.0, 2.8 Hz, 2H, H14), 7.20 

– 7.10 (m, 1H, H21), 6.78 (ddd, J = 8.5, 5.0, 2.8 Hz, 4H, H15), 6.36 (br s, 1H, NH), 6.15 

(dt, J = 9.0, 6.3 Hz, 1H, H1'), 4.48 (tdd, J = 10.5, 7.9, 4.1 Hz, 1H, H3'), 4.11 (dt, J = 10.5, 

3.4 Hz, 1H, H4'), 4.05 – 3.85 (m, 2H, H24), 3.80 – 3.62 (m, 7H, H17 and H27), 3.62 – 3.54 

(m, 1H, H27), 3.54 – 3.39 (m, 4H, H29 and H8), 3.37 – 3.18 (m, 4H, H8 and H5'), 2.69 – 

2.52 (m, 2H, H2' and H30), 2.36 (t, J = 6.3 Hz, 1H, H30), 2.18 (ddt, J = 15.3, 7.9, 6.3 Hz, 

1H, H2'), 1.60 – 1.49 (m, 4H, H9), 1.26 (m, 4H, H10), 1.08 (dd, J = 6.8, 3.3 Hz, 9H, H28), 

0.98 (d, J = 6.8 Hz, 3H, H28), 0.87 (t, J = 7.3 Hz, 6H, H11).  
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5.1.3 Synthesis of 5-(1-propargylamino)-2'-deoxyuridine-3'-O-CEP (7) 

5.1.3.1 5-(1-Propargylamino)-2'-deoxyuridine-3'-O-CEP (7) 

 

5-(1-Propargylamino)-2'-deoxyuridine-3'-O-CEP (7) was synthesised following 

published procedures.313,314 Compound 6315 (1.50 g, 2.20 mmol, 1 eq) was dissolved in 

anhydrous CH2Cl2 (15 mL). DIPEA (958 µL, 5.50 mmol, 2.5 eq) was added to the 

reaction mixture followed by 2-cyanoethyl N,N-diisopropylchlorophosphoramidite 

(689 µL, 3.09 mmol, 1.4 eq). The reaction was allowed stir under argon at RT for 1 h 

and monitored by TLC. Once completed, anhydrous CH2Cl2 (10 mL) was added and the 

reaction mixture was washed with degassed sat. KCl (10 mL). The organic layer was 

dried over Na2SO4 and evaporated to dryness under reduced pressure, taking care to 

keep the product under argon when removing from the büchi. The resulting foam was 

purified using flash silica gel column chromatography eluting with 60% EtOAc and 

0.05% NEt3 in hexane and under argon. This gave 7 as a white solid (1.57 g, 1.78 mmol, 

81%). 

 

Rf: 0.53, 0.66 (EtOAc:hexane:NEt3; 59:40:1), Product has two isomers. 

LRMS (ESI+) m/z (%): 881.0 [M+H] + (100), (Calculated mass = 880.87) 
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1H NMR (400 MHz, CDCl3): δ 8.23 (d, J = 15.4 Hz, 1H, H6), 7.37 (dt, J = 8.1, 1.6 Hz, 2H, 

H14), 7.31 – 7.13 (m, 7H, H15, H16 and H19), 6.78 (ddd, J = 9.0, 3.6, 1.6 Hz, 4H, H18), 6.23 

(q, J = 6.1 Hz, 1H, H1'), 4.59 (dq, J = 9.8, 3.1 Hz, 1H, H3'), 4.12 (dd, J = 14.4, 3.1 Hz, 1H, 

H4'), 3.89 – 3.75 (m, 2H, H24 and H5'), 3.72 – 3.26 (m, 12H, H24, H5', H9, H21 and H22), 

2.63 – 2.46 (m, 2H, H2' and H25), 2.34 (dt, J = 9.8, 6.1 Hz, 2H, H2' and H25), 1.27 – 0.93 

(m, 12H, CH23). 

31P NMR (162 MHz, CDCl3): δ 149.00, 148.74.  
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5.1.4 Synthesis of thiazole orange B6 (TOB6) (10) 

5.1.4.1 3-(5-Carboxypentyl)-2-((1-methylquinolin-4(1H)ylidene) methyl) benzo-

[d]-thiazol-3-ium hexafluorophosphate (TOB6) (10) 

 

TOB6 (10) was synthesised following published procedures.316 Compound 8316 (0.93 g, 

2.7 mmol, 1.0 eq) was mixed with compound 9316 (1.05 g, 3.2 mmol, 1.2 eq) in a 

solution of anhydrous MeOH (34 mL) and anhydrous CH2Cl2 (34 mL) under argon. 

Anhydrous Et3N (0.94 mL, 6.75 mmol, 2.5 eq) was added and the solution was stirred 

for 16 h at RT. Once completed, the reaction was precipitated with Et2O (400 mL), 

followed by filtration and washed with Et2O (2 x 20 mL). The solvent was evaporated 

and the reaction re-dissolved in a mixture of THF (26 mL) and H2O (24 mL). LiOH (207 

mg, 8.4 mmol, 2.5 eq) was added and the solution was stirred for an additional 8 h. 

The reaction was washed with a 37% aqueous HCl solution (1 x 15 mL), the aqueous 

layer was extracted with 25% 2-propanol in CH2Cl2 (5 x 80 mL). The organic layers 

were combined and dried over Na2SO4, filtered and evaporated to dryness. The crude 

product was dissolved in a mixture of 2-propanol (25 mL) and CH2Cl2 (75 mL) and 

NaPF6 (0.8 g, 2.1 eq) was added. The precipitate was filtered, washed with 25% 2-

propanol in CH2Cl2 (2 x 10 mL) and H2O (2 x 15 mL) to give the product (10) as a red 

solid (0.59 g, 1.07 mmol, 93%). 
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Rf: 0.37 (MeOH:CH2Cl2; 15:85) 

LRMS (ESI+) m/z (%): 405.1 [M-PF6] + (100), (Calculated mass = 405.54) 

1H NMR (400 MHz, d6-DMSO): δ 8.74 (dd, J = 8.7, 1.2 Hz, 1H, H22), 8.62 (d, J = 7.2 Hz, 

1H, H19), 8.11 – 7.95 (m, 3H, H24, H25 and H3), 7.85 – 7.73 (m, 2H, H23 and H6), 7.70 – 

7.57 (m, 1H, H1), 7.43 (dd, J = 8.7, 7.2, 2H, H2 and H18), 6.94 (s, 1H, H10), 4.63 (t, J = 7.4 

Hz, 2H, H11), 4.19 (s, 3H, H27), 2.21 (t, J = 7.2 Hz, 2H, H15), 1.82 (m, 2H, H12), 1.61 (m, 

2H, H14), 1.49 (m, 2H, H13). 

13C NMR (101 MHz, d6-DMSO): δ 174.8 (C16), 159.1 (C8), 148.6 (C17), 145.0 (C19), 139.9 

(C4), 138.0 (C21), 133.2 (C24 or C25 or C3), 128.2 (C1), 127.1 (C23), 125.3 (C22), 124.5 (C2), 

124.0 (C26 or C5), 123.8 (C26 or C5), 122.9 (C24 or C25 or C3), 118.2 (C24 or C25 or C3), 112.9 

(C6), 107.9 (C18), 87.4 (C10), 45.6 (C11), 42.4 (C27), 34.6 (C15), 26.7 (C12), 25.8 (C14), 24.6 

(C13).  
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5.1.5 Synthesis of 5'-azido-2'-deoxythymidine-3'-phosphotriester (12) 

5.1.5.1 5'-Azido-2'-deoxythymidine-3'-O-(2-chlorophenyl)monophosphate (12) 

 

5'-Azido-2'-deoxythymidine-3'-O-(2-chlorophenyl)monophosphate (12) was 

synthesised following published procedures.279,317 1,2,4-Triazole (142 mg, 2.06 mmol, 

5.5 eq) and NEt3 (260 µL, 1.87 mmol, 5 eq) were dissolved in anhydrous THF (5 mL). 

2-Chlorophenyl phosphorodichloridate (154 µL, 0.94 mmol, 2.5 eq) was added to the 

reaction mixture and allowed stir for 15 min at RT. Compound 11 (100 mg, 0.37 mmol, 

1 eq) and 1-methylimidazole (120 µL, 1.50 mmol, 4 eq) were dissolved in anhydrous 

THF (2 mL) added to the reaction mixture. The reaction was stirred under argon at RT 

for 1 h and monitored by TLC. Once completed, the reaction mixture was quenched 

with H2O (80 µL) followed by NEt3 (300 µL). The solvent was evaporated and re-

dissolved in CH2Cl2 (10 mL) and sat. NaHCO3 solution (10 mL). The reaction mixture 

was washed with CH2Cl2 (3 x 20 mL), and the combined organic layers were washed 

with brine solution (1 x 20 mL) and dried over Na2SO4 before being evaporated. The 

compound was purified using flash silica gel column chromatography eluting with a 

gradient of 10-25% MeOH:CH2Cl2 and 0.05% NEt3. This gave 12 as a white solid (140 

mg, 0.30 mmol, 82%). 
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Rf: 0.3 (MeOH:CH2Cl2:NEt3; 20:79:1) 

LRMS (ESI+) m/z (%): 458.0 [M+H] + (100), (Calculated mass = 457.76) 

1H NMR (400 MHz, d6-DMSO): δ 11.35 (s, 1H, NH), 7.63 – 7.53 (m, 1H, H10), 7.55 – 

7.49 (m, 1H, H6), 7.37 (dddd, J = 11.7, 7.9, 1.6, 0.9 Hz, 1H, H12), 7.29 – 7.15 (m, 1H, 

H11), 7.06 – 6.93 (m, 1H, H13), 6.17 (dd, J = 8.1, 6.1 Hz, 1H, H1'), 4.68 (ddt, J = 9.4, 6.7, 

3.5 Hz, 1H, H3'), 4.06 (dt, J = 6.7, 3.5 Hz, 1H, H4'), 3.62 – 3.50 (m, 2H, H5'), 3.02 (q, J = 

7.3 Hz, 6H, H14), 2.38 – 2.19 (m, 2H, H2'), 1.79 (d, J = 1.2 Hz, 3H, H7), 1.16 (t, J = 7.3 Hz, 

9H, H15). 

13C NMR (101 MHz, d6-DMSO): δ 164.1 (C4), 150.9 (C2), 150.1 (C8), 136.4 (C6), 130.1 

(C10), 130.0 (C12), 128.0 (C11), 123.2 (C9), 121.6 (C13), 110.3 (C5), 84.4 (C1'), 84.0 (C4'), 

75.3 (C3'), 52.3 (C5'), 46.1 (C14), 37.3 (C2'), 12.5 (C7), 9.3 (C15). 

31P NMR (162 MHz, d6-DMSO): δ -6.9. 
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5.1.6 Synthesis of 5'-Azido-2'-deoxythymidine-3'-O-CEP (13) 

5.1.6.1 5'-Azido-2'-deoxythymidine-3'-O-CEP (13) 

 

Synthesis of 5'-azido 2'-deoxythymidine-3'-O-CEP (13) was adapted from previously 

published procedures.310,311,313 Compound 11 (150 mg, 0.56 mmol, 1 eq) was dissolved 

in anhydrous CHCl3 (5 mL). DIPEA (489 µL, 2.81 mmol, 5 eq) was added to the reaction 

mixture followed by 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (250 µL, 

1.12 mmol, 2 eq). The reaction was allowed stir under argon at RT for 1 h and 

monitored by TLC. Once completed, the reaction mixture was washed with degassed 

sat. KCl (10 mL). The organic layer was dried over Na2SO4 and added to a silica column 

without concentration. The compound was purified by flash silica gel column 

chromatography eluting with 50% acetone:hexane. The isomeric mixture of products 

was confirmed by TLC. The solution was concentrated at low temperature and re-

dissolved in benzene (10 x 5 mL) taking care not to evaporate the product to dryness. 

The product (13) was stored at -20 °C in solution to avoid Staudinger by-product 

formation.  

 

Rf: 0.29 (acetone:hexane; 50:50) 

LRMS (ESI+) m/z (%): 466.3 [M+H]+ (100), (Calculated mass = 466.51) 
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NMR analysis was not performed as the compound decomposed when concentrated, 

as determined by TLC. Purity was confirmed by UPLC-MS after successful 

incorporation into oligonucleotides. See Appendix A4.1.  
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5.1.7 Synthesis of 2'-O-TC-5'-azido-uridine-3'-O-CEP (20) 

5.1.7.1 5'-O-methanesulfonyluridine (15) 

 

Synthesis of 5'-O-methanesulfonyluridine (15) was adapted from previously 

published procedures.318 Compound 14 (2.0 g, 8.19 mmol, 1 eq) was co-evaporated 

with anhydrous pyridine (3 x 5 mL) and dissolved in anhydrous pyridine (50 mL). 

Methanesulfonyl chloride (668 µL, 8.60 mmol, 1.05 eq) was dissolved in CH2Cl2 (10 

mL) and added, dropwise, to the reaction over 1 h. The reaction mixture was allowed 

stir for an additional 2 h at RT and monitored by TLC. Once completed, the reaction 

mixture was quenched with MeOH (5 mL) and evaporated. The compound was 

purified using flash silica gel column chromatography eluting with a gradient of 0-

10% MeOH:CH2Cl2. This gave 15 as a white foam (1.32 g, 4.10 mmol, 50%). 

 

Rf: 0.31 (MeOH:CH2Cl2; 10:90) 

LRMS (ESI+) m/z (%): 323.0 [M+H] + (100), (Calculated mass = 323.29) 

1H NMR (400 MHz, d6-DMSO): δ 11.44 – 11.37 (m, 1H, NH3), 7.64 (d, J = 8.1 Hz, 1H, 

H6), 5.79 (d, J = 5.4 Hz, 1H, H1'), 5.66 (dd, J = 8.1, 1.9 Hz, 1H, H5), 4.47 – 4.32 (m, 2H, 

H5'), 4.11 (qd, J = 5.4, 1.1 Hz, 1H, H2'), 4.07 – 4.02 (m, 1H, H4'), 3.97 (q, J = 5.4 Hz, 1H, 

H3'), 3.23 (s, 3H, H7). 
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13C NMR (101 MHz, d6-DMSO): δ 163.5 (C4), 151.2 (C2), 141.3 (C6), 102.6 (C5), 89.0 

(C1'), 81.5 (C4'), 72.7 (C2'), 70.1 (C5'), 70.0 (C3'), 37.3 (C7).  
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5.1.7.2 5'-Azido-uridine (16) 

 

Synthesis of 5'-azido-uridine (16) was adapted from previously published 

procedures.317,319 Compound 15 (1.3 g, 4.03 mmol, 1 eq) was dissolved in DMF (15 mL). 

LiN3 (20% wt. in H2O) (5.65 mL, 23.0 mmol, 5.7 eq) was added and the reaction was 

stirred for 12 h at 60 °C and monitored by TLC. Once completed, the reaction mixture 

was evaporated and re-dissolved in MeOH (15 mL), then vacuum filtered over Celite 

to remove excess LiN3. The compound was purified using flash silica gel column 

chromatography eluting with a gradient of 0-10% MeOH:CH2Cl2. This gave 16 (724 

mg, 2.69 mmol, 63%) as a white foam. 

 

Rf: 0.38 (MeOH:CH2Cl2; 10:90) 

LRMS (ESI+) m/z (%): 270.0 [M+H] + (100), (Calculated mass = 270.22) 

1H NMR (400 MHz, d6-DMSO): δ 11.37 (s, 1H, NH3), 7.69 (d, J = 8.0 Hz, 1H, CH6), 5.77 

(d, J = 5.3 Hz, 1H, H1'), 5.67 (d, J = 8.0 Hz, 1H, H5), 4.14 (m, 1H, H2'), 3.93 (t, J = 3.8 Hz, 

1H, H4'), 3.63 – 3.57 (m, 2H, H5'), 3.51 (m, 1H, H3'). 

13C NMR (101 MHz, d6-DMSO): δ 163.5 (C4), 151.2 (C2), 141.6 (C6), 102.6 (C5), 89.2 

(C1'), 82.6 (C4'), 72.8 (C2'), 70.8 (C3'), 52.1 (C5'). 

IR: 3370.5 (m, O-H), 2105.0 (s, N3), 1659.2 (s, C=O) cm-1.  
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5.1.7.3 5'-Azido-2'-O-(1,1-dioxo-1λ6-thiomorpholine-4-carbothioate)-uridine (18) 

 

Compound 16 (470 mg, 1.75 mmol, 1 eq) was dissolved in DMF (15 mL). 1,1'-

Thiocarbonyldiimidazole (342 mg, 1.92 mmol, 1.1 eq) was added along with 4-

dimethylaminopyridine (DMAP) (21 mg, 0.175 mmol, 0.1 eq). The reaction was stirred 

overnight at RT and monitored by TLC to produce 17. 

 

Once completed, thiomorpholine 1,1-dioxide (283 mg, 2.10 mmol, 1.2 eq) was added 

to the crude reaction mixture (17) and left to stir for 2 h. The reaction was analysed 

by TLC and the solvent evaporated. The oil was co-evaporated with toluene (3 x 5 mL) 

to remove excess DMF. The compound was purified using flash silica gel column 

chromatography eluting with a gradient of 0-4% 2-propanol:CH2Cl2. The mixture now 

contained a mixture of 2'-O-TC (18) and 3'-O-TC (19) isomers. Two more columns 

eluting with a gradient of 50-80% hexane:EtOAc were carried out to produce an 

enriched mixture of isomer 18 (327 mg, 0.73 mmol, 41%, 77:23 of 18:19). 
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Rf 17: 0.62 (2-propanol:CH2Cl2; 5:95), Rf 18: 0.48 (2-propanol:CH2Cl2; 5:95), Rf 19: 

0.29 (2-propanol:CH2Cl2; 5:95). 

LRMS (ESI+) m/z (%): 448.0 [M+H]+ (100), (Calculated mass = 447.85) 

HRMS (ESI+, MeOH) m/z: 469.0570 [M+Na]+, (Calculated mass: 469.0576 for 

C14H18N6O7NaS2) 

IR: 2104.5 (m, N3), 1683.8 (s, C=O), 1380.6 (w, S=O), 1120.1 (s, C-O) cm-1. 

1H NMR Isomer 18 (400 MHz, MeOD): δ 7.60 (d, J = 8.1 Hz, 1H, H6), 5.94 (d, J = 5.3 

Hz, 1H, H1') 5.80 – 5.75 (m, 1H, H2'), 5.67 (d, J = 8.1 Hz, 1H, H5), 4.43 (t, J = 6.1, 4.9 Hz, 

1H, H3'), 4.36 – 4.25 (m, 2H, H8 or H9), 4.12 – 4.06 (m, 2H, H8 or H9), 4.04 (app. td, J = 

4.9, 3.3 Hz, 1H, H4'), 3.69 – 3.59 (m, 2H, H5'), 3.22 – 3.05 (m, 4H, H8 or H9). 

13C NMR Isomer 18 (101 MHz, MeOD): δ 187.3 (C7), 164.6 (C4), 150.7 (C2), 141.5 (C6), 

102.1 (C5), 88.4 (C1'), 83.4 (C4'), 81.0 (C2'), 69.5 (C3'), 51.7 (C5'), 51.0 (C8 or C9), 50.5 (C8 

or C9), 48.4 (C8 or C9), 43.6 (C8 or C9). 

1H NMR Isomer 19 (400 MHz, MeOD): δ 7.63 (d, J = 8.1 Hz, 1H, H6), 5.83 (d, J = 6.3 

Hz, 1H, H1'), 5.69 (d, J = 8.1 Hz, 1H, H5), 5.64 (app. dd, J = 6.3, 3.7 Hz, 1H, H3'), 4.49 (t, 

J = 6.3 Hz, 1H, H2'), 4.28 (app. dt, J = 4.4, 3.7 Hz, 3H, H4', H8 or H9), 4.11 – 4.02 (m, 2H, 

H8 or H9), 3.75 – 3.59 (m, 2H, H5'), 3.21 – 3.08 (m, 4H, H8 or H9). 

13C NMR Isomer 19 (101 MHz, MeOD): δ 187.5 (C7), 164.4 (C4), 140.9 (C6), 102.2 (C5), 

89.4 (C1'), 80.7 (C4'), 79.1 (C3'), 71.7 (C2'), 51.8 (C5'), 50.5 (C8 or C9), 50.4 (C8 or C9), 49.3 

(C8 or C9), 43.6 (C8 or C9). 

 

Spectra available in Appendix A4.2.  
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5.1.7.4 5'-Azido-2'-O-(1,1-dioxo-1λ6-thiomorpholine-4-carbothioate)-uridine-3'-

O-CEP (20) 

 

Compound 18 (100 mg, 0.22 mmol, 1 eq, 77:33 of isomers 18:19 as determined by 

NMR) was dissolved in anhydrous CHCl3 (6 mL). NMM (123 µL, 1.12 mmol, 5 eq) was 

added to the reaction mixture followed by 2-cyanoethyl N,N-

diisopropylchlorophosphoramidite (100 µL, 0.45 mmol, 2 eq). The reaction was 

allowed stir under argon at RT for 5 h and monitored by TLC. Once complete, the 

reaction mixture was washed with degassed sat. KCl (10 mL). The organic layer was 

dried over Na2SO4 and added to a silica column without concentration. The compound 

was purified by flash silica gel column chromatography eluting with 50% 

acetone:hexane. The isomeric mixture of product 20 was confirmed by TLC. The 

solution was concentrated at low temperature and re-dissolved in benzene (10 x 5mL) 

taking care not to evaporate the product to dryness. 

 

Rf: 0.58, 0.64 (acetone:hexane; 50:50) 

LRMS (ESI+) m/z (%): 648.0 [M+H]+ (100), (Calculated mass = 648.7) 
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NMR analysis was not performed as the compound decomposed when concentrated, 

as determined by TLC. Purity was confirmed by UPLC-MS after successful 

incorporation into oligonucleotides. See Appendix A4.1. 
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5.2 Oligonucleotide Synthesis and Purification 

5.2.1 General 

Solid supports, standard DNA/RNA phosphoramidite and all other reagents used in 

the synthesis were purchased from Link Technologies, Glen Research and Applied 

Biosystems Ltd. Modified phosphoramidites such as 5-Methyl deoxycytidine 

phosphoramidite (MeC), 5-(1-propynyl)-deoxycytidine phosphoramidite (pC), amino 

C6 deoxythymidine phosphoramidite (AC6), 2'-O-Me A/G/C/U phosphoramidites, 5'-

BHQ-2 phosphoramidite, BHQ-2-deoxythymidine phosphoramidite, 5'-amino-

modifier phosphoramidite, 5'-alkyne-modfier phosphoramidite, 5'-biotynylated TEG 

phosphoramidite and HEG phosphoramidite were purchased from Glen Research, 

Link Technologies and Berry and Associates. NAP Sephadex gel-filtration columns 

were purchased from GE Healthcare and used according to the manufacturer’s 

instructions. 

 

5.2.2 Oligonucleotide synthesis 

All oligonucleotides (ODNs) were synthesised using an Applied Biosystems 394 

automated DNA/RNA synthesiser using the standard 1.0 µmol phosphoramidite cycle 

of detritylation, coupling, capping and oxidation. Stepwise coupling efficiencies and 

overall yields were monitored using the automated trityl cation conductivity 

monitoring facility and for all ODNs were >98.0%. Standard dA-bz, dG-ib, dC-bz and 

dT monomers were coupled for 35 s for DNA synthesis, A-tac, G-tac, C-tac and U 

monomers were coupled for 6 min for 2'-O-TBDMS RNA synthesis and A-bz, G-ib, C-
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bz and U monomers were coupled for 3 mins for 2'-O-TC RNA synthesis. Non-

standard monomers were coupled for 7 min. 

 

5.2.3  Selective β-cyanoethyl removal 

ODNs that contained a primary amine were treated with 20% diethylamine solution 

in MeCN (20 min at RT) to avoid unwanted reactions with between cyanoethyl and 

the amine during the ammonia cleavage. 

 

5.2.4  Deprotection and purification 

DNA ODNs were deprotected and cleaved from the solid support using concentrated 

aqueous NH3 solution (1 h, RT) followed by heating in sealed tubes (5 h at 55 °C). 

ODNs that contained pC phosphoramidite monomers were deprotected for 12 h at 55 

°C. 

 

RNA ODNs protected with 2'-O-TBDMS were cleaved from the resin using a 

concentrated aqueous NH3:EtOH solution (3:1) by heating in sealed tubes (2.5 h at 55 

°C). NH3 was removed in vacuo and the solution was lyophilised before being re-

dissolved in a solution of DMSO (300 µL) and triethylamine trihydrofluoride (300 µL) 

and heated (2.5 h at 65 °C). The solution was allowed to cool to room temperature 

before butanol (3 mL) and 3M sodium acetate (50 µL, pH = 5.2) was added. The 

solution was cooled (30 min at -80 °C) and then pelleted by centrifugation (30 min at 

4 °C, 12,000 x g). The supernatant was removed, and the pellet washed with 70% 
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ethanol twice. The pellet was lyophilised and re-dissolved in nuclease-free water 

before purification. 

 

RNA ODNs protected with 2'-O-TC were deprotected and cleaved from the resin using 

a solution of anhydrous ethylenediamine:toluene (1:1) (6 h at RT). The resin was 

carefully washed with MeCN before the cleaved ODN was eluted using 1 mL of 

nuclease-free water, ready for purification. 

 

ODNs were purified using reverse-phase HPLC on a Gilson system using a Luna® 10 

µm C8 100 Å 250 x 10 mm column. For unmodified ODNs, the purification gradient 

used was 10% - 40% buffer B in buffer A over 20 min, flow rate of 4 mL/min (buffer A: 

0.1 M triethylammonium bicarbonate (TEAB); buffer B: 0.1 M TEAB with 50% 

acetonitrile). ODNs with multiple modifications and those that were labelled with 

fluorescent dyes were purified with a gradient of 20 - 65% of buffer B in buffer A over 

30 mins or with hexylammonium acetate (HAA) buffer with a gradient of 60% - 80% 

buffer B in buffer A over 30 min, flow rate of 4 mL/min (buffer A: 0.1 M HAA; buffer 

B: 0.1 M HAA with 50% acetonitrile). Fractions were desalted using two NAP-10 gel 

filtration columns according to the manufacturer’s instructions. 

 

For RNA ODNs, the column was heated to 40 °C to disrupt any secondary structures. 

Elution of ODNs was monitored by ultraviolet absorption at a suitable wavelength in 

the range 260 – 300 nm. Negative ion electrospray mass spectra were recorded using 
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UPLC-MS Xevo G2-QTOF (Waters) mass spectrometer with an ACQUITY UPLC 

system and an Oligonucleotide BEH C18 reversed-phase column (130Å, 1.7 µm, 2.1 

mm x 50 mm). The gradient used was 0 – 70% buffer B in buffer A over 7.5 min, flow 

rate of 0.2 mL/min (buffer A: 8.6 mM NEt3, 200 mM HFIP, 5 % methanol; buffer B: 

20% buffer A in methanol). Raw data was processed using deconvolution software 

Mass Lynx v4.1 and is given in Appendix A4.1. 

 

5.3 Oligonucleotide Labelling 

5.3.1 Labelling oligonucleotides with NHS Ester 

Freeze-dried ODN (100 nmol, 1 eq) was dissolved in 0.5 M NaHCO3 labelling buffer 

(30 µL, pH 8.6) and an NHS active ester of the dye (2 µmol, 20 eq) was dissolved in 

DMSO (20 µL) and both solutions added together. The final solution was shaken for 4 

h at 40 °C. The solution was desalted to remove excess dye using NAP-10 gel filtration 

columns and purified according to Experimental 5.2.4. 

 

5.3.2 Labelling oligonucleotides with click chemistry (CuAAC) 

A solution of click catalyst was prepared from tris(3-hydroxypropyltriazolylmethyl) 

amine ligand (THPTA, 10.5 µmol, 70 eq in H2O) and CuSO4·5H2O (1.5 µmol, 10 eq in 

H2O). The solution was mixed with an azide modified dye (0.5 µmol, 3.3 eq) in 100 µL 

of DMSO. The mixture was added to the ODN (150 nmol, 1 eq) dissolved in 10 µL of 

H2O and sodium ascorbate (15 µmol, 100 eq in H2O) was added last to begin the 

reaction. The final solution was shaken for 3 h at 30 °C (850 rpm). The solution was 
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desalted to remove excess dye using a NAP-10 followed by a NAP-25 gel filtration 

column and purified according to Experimental 5.2.4. 

 

5.4 On-Resin Coupling of Monomers to Oligonucleotides  

5.4.1 Azide-phosphotriester coupling 

 

Compound 12 was co-evaporated in anhydrous pyridine (3 x 5 mL) and dried using 

high vacuum. 1-(2-Mesitylenesulfonyl)-3-nitro-1H-1,2,4-triazole (MSNT, 104 mg, 

350 µmol, 5 eq) was added to 12 (40 mg, 70 µmol, 1 eq) in anhydrous pyridine (500 

µL) to mix for 15 min. N-methyl-imidazole (49 µL, 588 µmol, 8.4 eq) was added and 

the solution transferred to a column containing ODN on solid support (CPG resin). 

The resin and solution were mixed and allowed to react (overnight, RT). The reaction 

mix was removed from the column and the resin was washed with anhydrous pyridine 

(3 x 1 mL) and anhydrous MeCN (3 x 1 mL). For analysis, the phosphate protecting 

group was not removed but could be done so using published protocols.293 
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5.4.2 Reverse phosphitylation and coupling 

 

ODNs on solid support (CPG resin) were dried in a desiccator overnight along with 

the nucleoside and N-methylmorpholine (NMM) and the solvent was dried over 

molecular sieves and degassed before use. Conditions used were varied according to 

Section 4.3.2. MeCN (200 µL) was added to the resin followed by NMM (55 µL, 2.5 M) 

and the solution mixed. Phosphitylating reagent (45 µL, 1 M) was added to the 

solution and allowed to react under argon for 45 min – overnight. The reaction 

solution was removed, and the resin washed with DMF (1 x 1 mL) and MeCN (3 x 1 

mL). 

 

5'-DMT-dT or DMT-dC(Bz) (0.5 M) were dissolved in 0.5 M tetrazole in MeCN 

(Thermo Fisher Scientific) and compound 11 was dissolved in a mix of 0.5 M tetrazole 

in MeCN and DMF and reacted overnight under argon. The resin was washed with 
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MeCN (3 x 1 mL) and reacted with a solution of 0.02 M I2 in H2O:Pyridine:THF (0.6 in 

12:22:66) (Thermo Fisher Scientific) for 10 min. After oxidation, the resin was washed 

with MeCN (3 x 1 mL) and for nucleosides containing 5'-DMT protection, the resin 

was treated with trichloroacetic acid (3% TCA solution) for acid removal of the 

protecting group before being fully deprotected in aqueous NH3. Effective coupling 

was confirmed using UPLC-MS (Appendix A4.1). 

 

5.5 Biophysical Studies 

5.5.1 Thermal melting analysis 

Thermal denaturation studies were carried out on a Cary 4000 UV-Visible 

Spectrophotometer from Varian in Hellma® SUPRASIL synthetic quartz cuvettes of 

10 mm path-length and 1 mL sample volume. The measurements were monitored at 

260 nm using Cary WinUV thermal application software. For triplex studies, the TFO 

and duplex were combined in a concentration/ratio of 2.5:1 µM and dissolved in the 

appropriate filtered buffer. The first ramp equilibrated the samples by initial 

denaturation by heating to 85 °C at 10 °C/min. The samples were held at this 

temperature for 2 min before annealing was carried out by cooling to 20 °C at a rate 

of 0.5 °C/min and holding for 20 min. Heating was at a rate of 0.5 °C/min and samples 

were held at 85 °C for 2 min. A total of six ramps are carried out but the first (fast) 

ramp was excluded to ensure uniform results. No evidence of hysteresis (greater than 

±1 °C) was observed. Hysteresis can occur in triplex melting analysis as the rate of 

annealing is generally slow. An average Tm was determined from the first derivatives 
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of the melting curves. Final Tm values are an average of two individual measurements 

in which each is an average of 5 ramps and produced errors within ±0.6 °C (calculated 

using standard deviation).  

 

5.5.2 Fluorescence melting analysis using a CFX96™ Real Time PCR Detection 

System 

Fluorescence melting experiments were conducted on a CFX96™ Real-Time PCR 

Detection System (Bio-Rad Laboratories Inc.) using Bio-Rad CFX Manager 3.0 

software. For triplex studies, samples of 0.25 µM of the duplex in 20 µL filtered buffer 

were used with TFO concentration of 0.625 µM to provide a ratio of [2.5:1]. The 

samples were pre-incubated at 25 °C for 1 min. They were denatured by heating to 95 

°C at a rate of 0.1 °C/s then held at 95 °C for 5 min before cooling to 25 °C at the same 

rate. They were held at 25 °C for 5 min then denatured by heating to 95 °C at a rate of 

0.6 °C/min before holding at 95 °C for 5 min. The samples were then cooled to 25 °C 

at the same rate. The fluorescence melting curve data was converted to the first 

derivatives to give the melting temperatures (-d(F)/dT where F is the fluorescence and 

T is temperature in °C). Step 3 (slow melting steps) and step 4 (slow annealing steps) 

were used for data analysis. The excitation and emission channel used on the CFX96™ 

Real-Time PCR Detection System for fluorophores are below. All melting experiments 

were carried out in duplicates and the average values used. 
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Fluorophore 
λex 

(nm) 
λem 

(nm) 
Dye Chanel 

λex 

(nm) 
λem 

(nm) 
TO 480 530 TET™ 521 536 
Cy3 550 570 VIC 538 554 
TAMRA 557 583 ROX 575 602 

 

5.5.3 Fluorescence steady state analysis 

5.5.3.1 Fluorescence steady state analysis using CFX96TM 

For CRISPR-Cas9 studies, steady state fluorescence studies were carried out also 

using a CFX96™ Real-Time PCR Detection System and Bio-Rad CFX Manager 3.0 

software. Samples contained 0.5 µM of construct (gRNA and tracrRNA), target DNA 

and enzyme in 20 µL of Cas9 buffer (New England BioLab) were used unless otherwise 

stated. For RNase H fluorescence studies, samples contained 0.25 µM of construct 

(gRNA and tracrRNA, 1 eq), 1 eq of target DNA, 5 eq of Cas9 enzyme and 5 Units (1 

µL) of RNase H (5000 U/mL stock) enzyme in 20 µL of RNase H buffer (New England 

BioLab) unless otherwise stated. Cas9 enzyme was added 15 min prior to RNase H to 

allow time for the complex to form. These studies measured fluorescence intensities 

in the dye channels indicated in Experimental 5.5.2 at a set temperature of 37 °C for 

60 min using 60 cycles, unless otherwise stated. An average of all cycles was taken, 

and background fluorescence of the buffer was subtracted to give a final fluorescence 

intensity in arbitrary units.  
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5.5.3.2 Fluorescence scan analysis 

For triplex analysis, fluorescence studies were performed on a Perkin Elmer LS50B 

Luminescence Spectrometer fitted with Perkin Elmer PTP-1 Peltier temperature 

controller. FLWinlabTempScan software was used with 400 nm/s scan speed. For 

ODNs containing TO, the emission was recorded from 510 nm to 700 nm, excitation 

wavelength = 484 nm, gain = high (900V), excitation slit width = 7 nm and emission 

slit width = 7 nm. Final concentrations of the samples were 1.8 µM of the duplex in 

250 µL buffer and 1 µM of TFO. Duplex samples were pre-annealed at 95 °C for 5 min 

before being allowed to cool to RT overnight. On addition of the duplex to the TFO, 

samples were left for 400 s to allow complete formation of the triplex (Surface 

Plasmon Resonance analysis provided the formation time of the triplex). Spectra were 

recorded for the single-stranded TFO and then titrated with 1.8 eq of the target duplex 

and recorded again at 20 °C. Fluorescence intensity ratios were calculated by 

comparison of the fluorescence intensity at the maximum emission wavelength of the 

formed triplex (λem
T). Final fluorescence values were calculated from an average of two 

individual measurements in which both the ssTFO and formed triplex were measured 

and produced errors within ±5.4%.  

 

5.5.4 Quantum yield measurements using integrated sphere 

The absolute fluorescence quantum yields were measured using a SC-30 integrating 

sphere module (Edinburgh Instruments) and the re-absorption effect was corrected 

when possible. For all TFOs and formed triplex complexes, the excitation wavelength 
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was 488 nm, the wavelength step size 0.1 nm and integration dwell time 0.2 s. All 

fluorescence samples were prepared with optical densities under 0.1 under ambient 

conditions (1 µM of TFO in 3000 µL of buffer). Sample spectra were recorded for the 

single-stranded TFO and then titrated with 1.8 eq of the target duplex, allowed anneal 

for 400 s and recorded again at 20 °C. Three scans were repeated for both the TFO and 

triplex sample solutions as well as the buffer. The scattering region between 483 nm 

and 593 nm, and emission region between 500 and 700 nm were chosen for the 

calculation of the observed quantum yields.  

 

5.5.5 Surface Plasmon Resonance (SPR) 

SPR measurements were carried out on a BIACore X100 instrument (GE Healthcare). 

Biosensor chips, pre-coated with streptavidin (GE Healthcare), were used throughout 

the experiment and the running buffer was 10 mM MOPS, 10 mM MgCl2 (pH 5.8). The 

sensor chip surface was pre-treated prior to immobilisation with 3 serial injections of 

1 M NaCl in 50 mM NaOH followed by a prime with running buffer at 25 °C. The 3'-

biotinylated py strand of the duplex was passed over the surface at 10 µL/min until 

the target immobilisation response (Imm RU) was achieved, corresponding to 700 

response units (RU). A solution of the pu strand of the duplex (10 µM for 240 s contact 

time) was passed over the chip surface at 5 µL/min to form a duplex on the surface 

and allowing a 360 s stabilisation period. Solutions containing 0.4, 0.5, 0.6, 0.7, 0.8, 

0.9, 1.0, 2.5, 5, 10 or 20 µM of the TFO (for 420 s contact time) were then injected over 

the immobilized duplex at a flow rate of 5 µL/min to generate the triplex. 1800 s were 
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allowed for dissociation of the triplex. The surface was regenerated using NaOH at a 

flow rate of 10 µL/min (10 mM for 240 s contact time) and re-equilibrated with 

running buffer (360 s) before the next cycle was begun. Equilibrium constants (Ka) 

were determined for the triplexes using the BIACore X100 Evaluation Software 2.0.1 

Plus Package. The model used assumes 1:1 binding and that the kinetics are first-

order, and not limited by mass transport effects.58 Accurate kdiss could not be directly 

calculated from the disassociation curves as disassociation of the triplex was very 

slow so, they were calculated using the association data according to literature.130  

 

5.5.6 Polyacrylamide gel electrophoresis (PAGE) 

Native reagents 8% 
(10 mL) 

15% 
(70 mL) 

40% acrylamide:bis-acrylamide (29:1) 2 mL 26.25 mL 

10x Tris-borate-EDTA (TBE) 0.5 mL - 

10x MOPS-acetate - 7 mL 

Milli-Q water 7.45 mL 36.15 mL 

10% ammonium persulfate (APS) 80 µL 560 µL 

Tetramethylethylenediamine (TEMED) 8 µL 56 µL 

 

Denaturing reagents 
10% 

(60 mL) 
20% 

(60 mL) 

40% acrylamide:bis-acrylamide (29:1) 15 mL 30 mL 

10x TBE 6 mL 6 mL 

Milli-Q water 14 mL 5 mL 

7M Urea 25.2 g 25.2 g 

10% APS 560 µL 560 µL 

TEMED 56 µL 56 µL 
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15% Native PAGE and 10-20% denaturing PAGE (W x D x H = 180 mm x 1.5 mm x 240 

mm) were run in 1x buffer and 8% native PAGE (W x D x H = 80 mm x 1 mm x 75 mm) 

was run in 0.5x buffer and all gels were visualised using Syngene G:Box imager. 

Unlabelled samples were stained using 1x SYBR Gold. 

 

5.5.6.1 Native PAGE 

Triplex formation was analysed by 15% native PAGE. Gels were run according to the 

recipe in the table in Experimental 5.5.6 at RT at 125 V for 18 h using 1x MOPS-acetate 

buffer (40 mM MOPS buffer containing 10 mM NaOAc and 10 mM MgCl2, pH 7). 

Samples were heated (90 °C for 5 min) and slowly cooled to RT overnight before 

loading. The concentration of each duplex strands was 1 µM in 25 µL (25 pmol) with 

varying ratios of TFO strand. Samples were loaded in 5% glycerol and the same MOPS 

running buffer. 

 

5.5.6.2 Electrophoretic Mobility Shift Assay (EMSA) native PAGE 

Cas9 binding was analysed using 8% electrophoretic mobility shift assay (EMSA) 

native PAGE. Gels were run according to the recipe in the table in Experimental 5.5.6 

at 4 °C at 200 V for 1 h using 0.5x TBE. Samples contained 1 µM in 10 µL (10 pmol) of 

gRNA/tracrRNA, 1x Cas9 buffer and 1 µL BSA (10 mg/mL stock) with increasing eq of 

Cas9 (1 eq = 1 µM, 2 eq and 4 eq) for lanes that did not contain a competitor and 1 µM 

of Cas9 when a competitor was added. The competitor used was IVT sgRNA in 

increasing eq (1 eq, 10 eq and 25 eq). Sample were incubated (37 °C for 15 min) before 
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being loaded onto the gel with 5% glycerol and in 0.5x TBE running buffer with 5 mM 

MgCl2.  

 

5.5.6.3 Denaturing PAGE 

Cleavage efficiencies were analysed by constant watts denaturing PAGE. 10-20% gels 

were run according to the recipe in the table in Experimental 5.5.6 at RT at 20 W for 

2-3 h using 1x TBE. Samples contained 0.5 µM in 20 µL (10 pmol) of dsDNA target, 

gRNA/tracrRNA and Cas9 in a 1:1 ratio in 1x Cas9 buffer unless otherwise stated. Gels 

analysing RNase H cutting efficiencies contained 0.25 µM in 20 µL (5 pmol) of dsDNA 

with 1x, 2x, 5x and 10x gRNA/tracrRNA, Cas9 enzyme and RNase H enzyme (1x = 5U) 

in 1x RNase H buffer. Cas9 was added to the sample and allowed 15 min to form the 

complex before adding RNase H enzyme. All samples were incubated (37 °C for 1 h) 

followed by incubation (37 °C for 1 h) with Proteinase K (1 µL, 20 µM). Samples were 

then mixed with formamide (50% v/v) and the same 1x TBE running buffer and loaded 

onto the gel. Quantifications of the bands in the gel was performed using ImageJ. 

 

5.6 Cell Studies 

5.6.1 Cell culture 

U2OS (human osteosarcoma cell line) were cultured in DMEM (no phenol red, HEPES-

buffered, with glutamine, high glucose) (Thermo Fisher Scientific) supplemented 

with 10% FBS (Thermo Fisher Scientific) in a humidified incubator (5% CO2 at 37 °C). 
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5.6.2 In Vitro Transcription (IVT) 

TracrRNA was synthesised using IVT. A dsDNA template was formed from adding a 

single-stranded DNA template (5 µM, 1 eq) to a single-stranded DNA complementary 

to the T7 promoter sequence (5 µM, 1 eq) followed by H2O to make a final 

concentration of 5 µM. The MEGAScript™ T7 in vitro-transcription kit (Thermo Fisher 

Scientific) was used for the transcription reaction and contained ATP (75 mM, 2 µL), 

CTP (75 mM, 2 µL), GTP (75 mM, 2 µL), UTP (75 mM, 2 µL), T7 enzyme mix (2 µL), 

hybridisation buffer (2 µL, 10x: 100 mM Tris-HCl pH 8.5, 500 mM NaCl and 10 mM 

EDTA), dsDNA template-T7 mix (0.25 µM, 1 µL) and H2O (7 µL) to make a total volume 

of 20 µL. The reaction was then left for 16 h at 37 °C and purified using the 

MEGAClear™ transcription Clean-up kit (Thermo Fisher Scientific). The reaction was 

mixed with Elution Solution (100 µL), Binding Solution (350 µL) and EtOH (100%, 250 

µL) and then transferred to the filter cartridge. After centrifugation (14,000 x g for 1 

min), the filtrate was discarded, and the filter cartridge was washed and centrifuged 

twice more with Wash Solution (500 µL). Elution Solution (50 µL) was applied to the 

filter cartridge and heated (10 min at 70 °C). After centrifugation (14,000 x g for 1 

min), the eluted IVT RNA was collected and analysed by UPLC-MS (Appendix A4.1).  

 

5.6.3 Transfection 

4 x 104 U2OS cells were seeded on a Nunc™ Lab-Tek™ II 8-well chambered plates. After 

24 h, the cells were washed with DPBS and the media was replaced with fresh Opti-

MEM® medium. Lipofectamine® 2000 reagent (Invitrogen) (1 µL) was diluted in Opti-



Chapter 5  Experimental 
 

 195 

MEM® medium (25 µL). The dCas9-encoded DNA plasmid (0.5 µg, 0.5 µL from 1 µg/µL 

stock, gifted from Dr. Taemaitree) was diluted in Opti-MEM® medium (25 µL). The 

DNA solution was added to the lipid solution (1:1) and incubated (5 min at RT) before 

being added to the cells. After 8 h, the cells were washed again with DPBS and the 

media was replaced with fresh Opti-MEM® medium. Lipofectamine® RNAiMAX 

Reagent (Invitrogen) (1.5 µL) was diluted in Opti-MEM® medium (25 µL). The 

appropriate gRNA (10-100 pmols, 1-10 µL of 10 µM stock) was diluted in Opti-MEM® 

medium (25 µL). The RNA solution was added to the lipid solution (1:1) and incubated 

(5 min at RT) before being added to the cells. Cells were then allowed to recover and 

grow for 24 - 48 h with media replacement when necessary. 

 

5.6.4 Confocal microscopy 

Live-cell imaging was carried out on a Zeiss LSM 780 confocal microscope with a 63x 

1.4 Numerical Aperture (NA) oil immersion objective at 37 °C with 5% CO2 (Zeiss Ltd). 

The cells were excited using internal lasers and emission detected as follows; for 

dCas9-3xGFP, GFP was excited at 488 nm and the emission recorded from 493–542 

nm. For Cy3-gRNA, Cy3 was excited at 543 nm and the emission recorded from 548–

604 nm. Images were processed using ImageJ software and scale bar are set to 10 µm. 
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Appendix 
A1 Appendix for Chapter 1 

A1.1 Mechanisms of DNA synthesis steps 

 

Figure A1: Detritylation. The removal of the DMT group from the 5'-position of one nucleotide using 
TCA to produce a free OH group for reaction with the next nucleotide. Reaction supported by 
production of DMT cation.  

 

Figure A2: Activation and Coupling. Activation of the phosphoramidite using an activator by 
protonation of the diisopropylamino group before reaction with tetrazole to provide a good leaving 
group for the incoming nucleotide. Coupling of the activated nucleotide with the incoming nucleotide. 

 

Figure A3: Capping. Capping of any free 5'-OH groups with an acetyl group produced from the 
reaction of acetic anhydride and N-methyl imidazole to avoid the production of truncated sequences.  
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Figure A4: Oxidation. Oxidising the reactive P(III) species into a stable P(V) species using I2, pyridine 
and water to produce the protected DNA backbone. 

 

A1.2 Mechanisms of DNA deprotection steps 

 

Figure A5: 2-Cyanoethyl deprotection. Removal of 2-cyanoethyl in basic conditions (NH3 or 20% 
DEA) to produce the DNA backbone. Reaction is supported by production of anion through E1CB 
mechanism. 

 

Figure A6: Formation of cyanoethyl adduct. Potential side reactions of cyanoethyl deprotection by-
product reacting with bases in the ODN. This can be avoided by using less basic deprotection 
conditions (20% DEA). 
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A2 Appendix for Chapter 2 

A2.1 UV absorbance and fluorescence spectra 

 

Figure A7: UV absorbance of linker comparison. Smoothed UV absorbance at 260 nm of unlabelled 
(left) and 1xTO pdU, 1xTO AE and 1xTO AC6 linkages (right) for TRIP-C in low Mg2+ buffer at pH 5.8. 
The first transition is triplex denaturation and the second (higher temperature) is duplex denaturation. 
Derivatives can be seen in Figure 2.12. Final Tm values are an average of two individual measurements 
in which each is an average of 5 ramps. 

 

Figure A8: UV absorbance of TOQ6. Smoothed UV absorbance at 260 nm of unlabelled (purple), 
1xTOQ6 (black) and 2xTOQ6 (red) in TRIP-T in high Mg2+ buffer at pH 5.8. Derivatives can be seen in 
Figure 2.13. 
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Figure A9: UV absorbance of TRIP-Ci and TRIP-Ti and fluorescence melting of TRIP-Ti at pH 
5.8. Smoothed UV absorbance at 260 nm of unlabelled, 1xTO, 2xTO and 3xTO TRIP-Ci (left) and TRIP-
Ti (centre) and smoothed fluorescence melting curve of 1xTO, 2xTO and 3xTO TRIP-Ti (right) in low 
Mg2+ buffer at pH 5.8. Fluorescence measured at λex = 521 nm and λem = 536 nm. Derivatives can be seen 
in Figure 2.14. 

 

 

Figure A10: UV absorbance compared to fluorescence melting of 3xTO TRIP-Ti. Top: broad 
smoothed UV absorbance at 260 nm (left) and smoothed derivative (right) of 3xTO TRIP-Ti in high Mg2+ 
buffer at pH 7. Bottom: smoothed fluorescence melting curves (left) and smoothed derivative (right) 
of 3xTO TRIP-Ti in high Mg2+ buffer at pH 7. Fluorescence measured at λex = 521 nm and λem = 536 nm. 
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Triplex 

pH 5.8 pH 7 

UV Fluorescence UV Fluorescence 

High 
Mg2+ 

Low 
Mg2+ 

High 
Mg2+ 

Low 
Mg2+ 

High 
Mg2+ 

Low 
Mg2+ 

High 
Mg2+ 

Low 
Mg2+ 

 Tm (°C) Tm (°C) 

TRIP-T 43.2 31.9 - - 39.3 28.4 - - 

1xTO TRIP-T 66.5 58.0 72.2 53.9 60.0 50.6 51.6 42.6 

2xTO TRIP-T n.d. 65.1 76.4 71.7 65.5 58.7 71.9 61.2 

3xTO TRIP-T n.d. n.d. 78.0 76.7 n.d. n.d. 74.0 72.0 

TRIP-Ti Control 49.0a 29.6a - - - - - - 

TRIP-Ti 50.3 31.2 - - 23.0 - - - 

1xTO TRIP-Ti 66.3 48.7 66.0 47.0 45.0 35.9 47.6 32.3 

2xTO TRIP-Ti n.d. 66.9 74.6 65.1 57.5 51.3 61.8 50.0 

3xTO TRIP-Ti n.d. n.d. 76.1 73.2 n.d. n.d. 73.4 65.9 

TRIP-C 44.0 35.6 - - nt nt - - 

1xTO TRIP-C 50.6 46.2 49.1 44.1 25.7 19.9 n.d. n.d. 

2xTO TRIP-C n.d. 55.1 54.3 52.4 30.4 26.0 n.d. n.d. 

3xTO TRIP-C n.d. 61.8 62.5 64.0 34.6 34.8 n.d. n.d. 

TRIP-Ci Control 31.5a 21.0a - - - - - - 

TRIP-Ci 39.5 26.6 - - nt nt - - 

1xTO TRIP-Ci 42.9 29.7 48.0 30.5 nt nt nt nt 

2xTO TRIP-Ci 45.3 36.7 n.d. 42.4 nt nt nt nt 

3xTO TRIP-Ci 56.4 44.7 n.d. 48.1 25.4 24.7 n.d. n.d. 

TRIP-TC 77.0 72.7 - - 52.6 49.0 - - 

3xTO TRIP-TC 80+ 80+ 86.7 76.3 75.3 80+ 73.2 73.4 

Table A1: UV Tm data compared to fluorescence Tm data. Tm data were obtained from the maxima 
of the first derivatives of the UV or fluorescence (bold) melting curves. Final Tm values for UV melting 
are an average of two individual measurements in which each is an average of 5 ramps. Final Tm values 
for fluorescence melting are an average of two individual measurements. n.d. = not determined. nt = 
no triplex formation observed. 
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Figure A11: UV absorbance and fluorescence melting of TRIP-Ti in pH 7. Smoothed UV 
absorbance at 260 nm of unlabelled, 1xTO, 2xTO and 3xTO TRIP-Ti (left) and smoothed fluorescence 
melting curve of 1xTO, 2xTO and 3xTO TRIP-Ti (right) in high Mg2+ buffer at pH 7. Fluorescence 
measured at λex = 521 nm and λem = 536 nm. Derivatives can be seen in Figure 2.16. 

 

Figure A12: UV absorbance and fluorescence melting of controls at pH 7. Smoothed UV 
absorbance at 260 nm (left) of TFO-T mixed with a scrambled duplex (red) and the correct target duplex 
(blue) in low Mg2+ buffer, pH 7. Smoothed fluorescence melting curves (right) of 3xTO TFO-T mixed 
with duplexes containing mismatches to produce T.AT, T.CG, T.TA and T.GC triplets in low Mg2+ 
buffer, pH 7. Fluorescence measured at λex = 521 nm and λem = 536 nm. Derivatives can be seen in Figure 
2.17. 

 

Figure A13: Fluorescence melting curves of pC.XX mismatches at pH 5.8 and pH 7. Smoothed 
fluorescence melting curves of 1xTO TFO-Ti mixed with duplexes containing triplet mismatches to 
produce pC.CG, pC.GC, pC.TA and pC.AT triplets in high Mg2+ buffer at pH 5.8 (left) and pH 7 (right). 
Fluorescence measured at λex = 521 nm and λem = 536 nm. Derivatives can be seen in Figure 2.18. 
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Table A2: Fluorescence intensities measured via area under graph. Data from fluorescence 
intensity measurements calculated by integrating the total area under the fluorescence curve from 510 
nm to 700 nm. lem

ss = maximum emission wavelength of ssTFO, lem
T = maximum emission wavelength 

of formed triplex, Fss Area = fluorescence curve area of the ssTFO, FT Area = fluorescence curve area of 
the triplex, FT/Fss = fluorescence intensity ratio calculated by comparison of the ssTFO and the formed 
triplex area. (See also Table 2.3). 

  

Triplex 
pH = 5.8 pH = 7.0 
lem

ss lem
T Fss Area FT Area FT/Fss lem

ss lem
T Fss Area FT Area FT/Fss 

 nm a.u.  nm a.u.  

1xTO TRIP-T 534 533 757 15213 20.1 536 533 539 11977 22.2 

2xTO TRIP-T 532 535 5420 37068 6.8 533 535 4002 32602 8.1 

3xTO TRIP-T 532 535 8285 35821 4.3 531 535 4917 34086 6.9 

1xTO TRIP-Ti 532 535 5922 42691 7.2 530 532 3467 38824 11.2 

2xTO TRIP-Ti 535 535 4000 21601 5.4 532 535 2517 20097 8.0 

1xTO TRIP-C 538 536 6011 30493 5.1 532 532 6695 41322 6.2 

2xTO TRIP-C 564 538 4949 41512 8.4 533 535 5913 57494 9.7 

3xTO TRIP-C 585 539 3845 33505 8.7 534 535 4438 49113 11.1 

1xTO TRIP-Ci 533 535 7470 28682 3.8 — — — — — 

2xTO TRIP-Ci 536 536 6550 25213 3.8 — — — — — 

3xTO TRIP-Ci 533 536 7171 18004 2.5 583 538 4118 19425 4.7 
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A3 Appendix for Chapter 3 

A3.1 UV absorbance and fluorescence spectra 

 

Figure A14: Fluorescence of the hairpin TAMRA-Q-gRNA (Design I). Fluorescence data of hairpin 
F-Q-gRNA labelled with TAMRA in Cas9 buffer at 37 °C over 15 min. Concentrations of the construct 
is 0.4 µM in 20 µL and an equimolar ratio was used for all additional elements. Fluorescence measured 
at λex = 575 nm and λem = 602 nm. 

 

Figure A15: UV absorbance of the hairpin Cy3-Q-gRNA (Design I). UV absorbance measured at 
260 nm. The measurements were performed in Cas9 buffer. Concentrations of the construct is 1 µM in 
1000 µL and a 1:1 ratio was used for all additional elements. Derivatives can be seen in Figure 3.9 B. 
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Figure A16: Fluorescence Controls for Hy and Ext Hy FF-gRNA (Design II). Fluorescence data of 
Hy FF-gRNA (left) and Ext Hy FF-gRNA (right) labelled with Cy3 in Cas9 buffer at 37 °C over 60 min. 
Concentrations of the construct is 0.5 µM in 20 µL and an equimolar ratio was used for all additional 
elements. Fluorescence measured at λex = 538 nm and λem = 554 nm. (See also Figure 3.16). 

 

Figure A17: Fluorescence of RNase H QxF-gRNA constructs (Design III). Fluorescence data 
comparing maximum RNase fluorescence (solid line) and the experimental fluorescence (dashed line) 
of each construct in 4 h reaction time (left) and controls for RNase 5:15 construct labelled with Cy3 in 
Cas9 buffer at 37 °C over 60 min (right). Concentrations of the construct is 0.25 µM in 20 µL and an 
equimolar ratio was used for all additional elements except for Cas9 (5 eq, 1.25 µM in 20 µL). Cas9 was 
added to the gRNA and allowed 15 min to form the complex before RNase H (5U) was added. 
Fluorescence measured at λex = 538 nm and λem = 554 nm. (See also Figure 3.21). 
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A4 Appendix for Chapter 5 

A4.1 Mass Spectrometry data for synthesised oligonucleotides 

ODN Modification Sequence (5' – 3') 
Cal. 

Mass 
Found 
Mass 

TRIP-T 

Unlabeled TTTTTMTTTMTMTMT 4497 4497.1 

1x pdU TTTTTMTTPUMTMTMT 4536 4538.0 

1x TO TTTTTMTTTOTMTMTMT 4923 4923.7 

2x pdU TTPUTTMTTPUMTMTMT 4575 4576.1 

2x TO TTTOTTTMTTTOTMTMTMT 5349 5349.0 

3x pdU TTPUTTMTTPUMTMPUMT 4614 4615.2 

3x TO TTTOTTTMTTTOTMTMTOTMT 5772 5773.2 

Pu Target 
GGAAGGGGGAAAAAGAAAGAGAGAGGA

GAGAGG 10546 10547.0 

Py Target 
CCTCTCTCCTCTCTCTTTCTTTTTCCCCC

TTCC 9721 9722.2 

TRIP-Ti 

Control TTTTTMTTTMTMTMT 4193 4192.1 

Unlabeled TTTTTMTPCTMTMTMT 4698 4699.3 

1x pdU TTTTTMTPCPUMTMTMT 4559 4561.1 

1x TO TTTTTMTPCTOTMTMTMT 4946 4947.0 

2x pdU TTPUTTMTPCPUMTMTMT 4598 4600.2 

2x TO TTTOTTTMTPCTOTMTMTMT 5372 5372.0 

3x pdU TTPUTTMTPCPUMTMPUMT 4637 4638.4 

3x TO TTTOTTTMTPCTOTMTMTOTMT 5798 5799.5 

Pu Target 
GGAAGGGGGAAAAAGACAGAGAGAGGA

GAGAGG 10522 10522.1 

Py Target 
CCTCTCTCCTCTCTCTGTCTTTTTCCCCC

TTCC 9746 9746.4 

TRIP-C 

Unlabeled CTMCCMMCCMCCTMTMTC 5287 5288.2 

1x pdU CTMCCMMCCMCCPUMTMTC 5326 5327.0 

1x TO CTMCCMMCCMCCTOTMTMTC 5711 5712.4 

2x pdU CPUMCCMMCCMCCPUMTMTC 5366 5363.5 

2x TO CTOTMCCMMCCMCCTOTMTMTC 6138 6137.0 

3x pdU CPUMCCMMCCMCCPUMTMPUC 5405 5405.0 

3x TO CTOTMCCMMCCMCCTOTMTMTOTC 6564 6562.6 

Pu Target 
GGAAAAAAGGAGGGGGGGGGGAGAGA

GAAGAGAAGG 11549 11550.0 
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Py Target 
CCTTCTCTTCTCTCTCCCCCCCCCCTCC

TTTTTTCC 10574 10574.1 

TRIP-Ci 

Control CTMCCTMCCMCCTMTMTC 5530 5530.5 

Unlabelled CTMCCPCMCCMCCTMTMTC 5328 5328.4 

1x pdU CTMCCPCMCCMCCPUMTMTC 5351 5352.0 

1x TO CTMCCPCMCCMCCTOTMTMTC 5738 5739.0 

2x pdU CPUMCCPCMCCMCCPUMTMTC 5390 5391.0 

2x TO CTOTMCCPCMCCMCCTOTMTMTC 6164 6165.0 

3x pdU CPUMCCPCMCCMCCPUMTMPUC 5429 5429.9 

3x TO CTOTMCCPCMCCMCCTOTMTMTOTC 6590 6591.4 

Pu Target 
GGAAAAAAGGAGGGCGGGGGGAGAGA

GAAGAGAAGG 11484 11485.3 

Py Target 
CCTTCTCTTCTCTCTCCCCCCGCCCTCC

TTTTTTCC 10638 10637.5 

TRIP-TC 

3x pdU MPUMTMTTMPUMTTMPUM 4611 4611.0 

3x TO MTOTMTMTTMTOTMTTMTOTM 5770 5770.3 

Pu Target 
GGAAGGGAAGAGAGAAGAGAAGAGGGA

GAGAGG 10562 10563.5 

Py Target 
CCTCTCTCCCTCTTCTCTTCTCTCTTCCC

TTCC 9706 9707.5 

TRIP-C 
Varied 
Linker 

1x AE CTMCCMMCCMCCaeTMTMTC 5347 5345.6 

1x TO CTMCCMMCCMCCTOTMTMTC 5734 5732.6 

1x AC6 CTMCCMMCCMCCacTMTMTC 5442 5442.6 

1x TO CTMCCMMCCMCCTOTMTMTC 5829 5828.4 

Mismatch 
Duplexes 

Pu-T 
GGAAGGGGGAAAAAGATAGAGAGAGGA

GAGAGG 10537 10538.5 

Py-A 
CCTCTCTCCTCTCTCTATCTTTTTCCCCC

TTCC 9730 9731.7 

Pu-G 
GGAAGGGGGAAAAAGAGAGAGAGAGGA

GAGAGG 10562 10563.0 

Py-C 
CCTCTCTCCTCTCTCTCTCTTTTTCCCCC

TTCC 9706 9707.8 

ATTO-
TOTFO 
TRIP-Ti 

5’-alkyne 
1x pdU 

alk-TTTTTMTPCPUMTMTMT 4719 4720.0 

5’-ATTO 
1x TO 

atto-TTTTTMTPCTOTMTMTMT 5952 5950.6 

3’-alkyne 
1x pdU 

TTTTTMTPCPUMTMTMT-alk 4894 4894.0 

3’-ATTO 
1x TO 

TTTTTMTPCTOTMTMTMT-atto 6126 6127.0 

TRIP-Ti 
Biotinylated 
Py 

Bio-
CCTCTCTCCTCTCTCTGTCTTTTTCCCCC

TTCC 
10315 10317.1 
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Scrambled 
Duplex 

Pu 
GGAAGGGGGAGAAGAAGAAGAGAAGGA

GAAAGG 10546 10547.0 

Py 
CCTTTCTCCTTCTCTTCTTCTTCTCCCCC

TTCC 9721 9722.0 

 
Table A3: Mass spectrometry data for Chapter 2. A/G/C/T = DNA nucleotide, Pu = polypurine duplex 
strand, Py = polypyrimidine duplex strand, PU = 5-(1-propargylamino)-2'-deoxyuridine (pdU), pC = 5-
(1-propynyl)-2'-deoxycytidine (pC), TOT = Thiazole orange attached, aeT = 2'-aminoethoxy-thymidine, 
acT = Amino-C6-deoxythymidine, M = 5-methyl deoxycytidine, alk = 5'-alkyne linker, atto = ATTO647N, 
Bio = Biotin TEG, A/G/C/T = Triplex binding site, A/G/C/T = Mismatch site. 
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ODN Modification Sequence (5' – 3') 
Cal. 

Mass 
Found 
Mass 

IVT 
Templates 

IVT DNA 
Template 
(sgRNA-
telomere) 

AAAAGCACCGACTCGGTGCCACTTTTTC
AAGTTGATAACGGACTAGCCTTATTTTAA
CTTGCTATTTCTAGCTCTAAAACTAACCC
TAACCCTAACCCTACCCTATAGTGAGTC

GTATTAGA 

37318 37324.0 

T7 Promoter TCTAATACGACTCACTATAG 6060 6059.0 

IVT DNA 
template 
(tracrRNA) 

AAAAGCACCGACTCGGTGCCACTTTTTC
AAGTTGATAACGGACTAGCCTTATTTTAA
CTTGCTATGCTCCCTATAGTGAGTCGTA

TTAGA 

27656 27657.0 

Telomere 

IVT sgRNA 

pppGGGUAGGGUUAGGGUUAGGGUUAG
UUUUAGAGCUAGAAAUAGCAAGUUAAA
AUAAGGCUAGUCCGUUAUCAACUUGAA
AAAGUGGCACCGAGUCGGUGCUUUU 

33677 
(+3xMg) 

33663.0 

Native gRNA GGGUAGGGUUAGGGUUAGGGUUAGUU
UUAGAGCUAGA 

12072 12074.0 

IVT tracrRNA 
pppGGGAGCAUAGCAAGUUAAAAUAAGG
CUAGUCCGUUAUCAACUUGAAAAAGUG

GCACCGAGUCGGUGCUUUU 

23217 
(+3xMg) 

23215.4 

Extended 
gRNA 

GGGUAGGGUUAGGGUUAGGGUUAGUU
UUAGAGCUAUGCUGUUUUUAAUCGACU

GGCA-alk 
18752 18753.0 

Extended 
tracrRNA 

NH2-
UGCCAGUCGAUUAAAAACAGCAUAGCA
AGUUAAAAUAAGGCUAGUCCGUUAUCA
ACUUGAAAAAGUGGCACCGAGUCGGUG

CUUUU 

27842 27843.0 

MUC4 

Native gRNA 
GGCGUGACCUGUGGAUGCUGGUUUUA

GAGCUAGA 
10987 10989.1 

Extended 
gRNA 

GGCGUGACCUGUGGAUGCUGGUUUUA
GAGCUAUGCUGUUUUUAAUCGACUGGC

A-alk 
17667 17668.0 

DNA Target 

NH2-
GCCACTTCGGGCTCATGAGCCTCAGCA
TCCACAGGTCACGCCACTGGCAGGCCC

CGTGGC 

18523 18524.0 

ATTO647N 
DNA Target 

atto-
GCCACTTCGGGCTCATGAGCCTCAGCA
TCCACAGGTCACGCCACTGGCAGGCCC

CGTGGC 

19152 19153.2 

DNA PAM 
Strand 

GCCACGGGGCCTGCCAGTGGCGTGACC
TGTGGATGCTGAGGCTCATGAGCCCGA

AGTGGC 
18616 18616.0 

 
 
 
 

Hairpin Q-
crRNA 

acgccacQT-HHHH-
GacTGGCGUGACCUGUGGAUGCUGGUU

UUAGAGCUAGA 
16785 16787.0 

crRNA 
GacTGGCGUGACCUGUGGAUGCUGGUU

UUAGAGCUAGA 12125 12126.0 
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MUC4 

Hairpin F-Q 

Hairpin Cy3-
Q-crRNA 

acgccacQT-HHHH-
GCy3TGGCGUGACCUGUGGAUGCUGGU

UUUAGAGCUAGA 
17224 17224.0 

Cy3-crRNA 
GCy3TGGCGUGACCUGUGGAUGCUGGU

UUUAGAGCUAGA 12564 12564.0 

Hairpin 
TAMRA-Q-
crRNA 

acgccacQT-HHHH-
GTAMTGGCGUGACCUGUGGAUGCUGGU

UUUAGAGCUAGA 
17199 17198.0 

TAMRA-
crRNA 

GTAMTGGCGUGACCUGUGGAUGCUGGU
UUUAGAGCUAGA 12538 12538.0 

TO-crRNA 
GTOTGGCGUGACCUGUGGAUGCUGGUU

UUAGAGCUAGA 12512 12513.0 

MUC4 
HyBeacon 

Hy crRNA 
GGaeCGUGACaeCUGUGGAUGCUGGUUU

UAGAGCUAGA 
11103 11102.3 

Hy FF-crRNA 
GGCy3CGUGACCy3CUGUGGAUGCUGGUU

UUAGAGCUAGA 11981 11981.0 

Extended Hy 
crRNA 

gaeCcugcaeCaguGGCGUGACCUGUGGAU
GCUGGUUUUAGAGCUAGA 

14413 14413.4 

Extended 
Hy FF-crRNA 

gCy3CcugcCy3CaguGGCGUGACCUGUGGA
UGCUGGUUUUAGAGCUAGA 15291 15292.0 

MUC4 
RNase H 

4:8 crRNA 
CUGCaeCaguGGCGUGACCUGUGGAUGC

UGGUUUUAGAGCUAGA 13634 13635.0 

4:8 xF- 
crRNA 

CUGCCy3CaguGGCGUGACCUGUGGAUG
CUGGUUUUAGAGCUAGA 14073 14074.0 

4:8 QxF- 
crRNA 

Q-
CUGCCy3CaguGGCGUGACCUGUGGAUG

CUGGUUUUAGAGCUAGA 
14585 14586.0 

6:8 crRNA 
CUGCCAguGGaeCGUGACCUGUGGAUGC

UGGUUUUAGAGCUAGA 
13620 13621.0 

6:8 xF- 
crRNA 

CUGCCAguGGCy3CGUGACCUGUGGAUG
CUGGUUUUAGAGCUAGA 

14059 14060.0 

6:8 QxF-
crRNA 

Q-
CUGCCAguGGCy3CGUGACCUGUGGAUG

CUGGUUUUAGAGCUAGA 
14571 14572.0 

5:15 crRNA 
ACGGGgaeCcugccaguGGCGUGACCUGU

GGAUGCUGGUUUUAGAGCUAGA 
16039 16040.0 

5:15 xF- 
crRNA 

ACGGGgCy3CcugccaguGGCGUGACCUGU
GGAUGCUGGUUUUAGAGCUAGA 

16477 16479.0 

5:15 QxF-
crRNA 

Q-
ACGGGgCy3CcugccaguGGCGUGACCUGU

GGAUGCUGGUUUUAGAGCUAGA 
16990 16990.0 

 
 
 
 
 

6:16 crRNA 
GGGUUAggguacTaggguUAGGGUUAGGG
UUAGGGUUAGUUUUAGAGCUAUGCUG

UUUUUAAUCGACUGGCA 
22954 22959.0 

6:16 xF- 
crRNA 

GGGUUAggguCy3TaggguUAGGGUUAGGG
UUAGGGUUAGUUUUAGAGCUAUGCUG

UUUUUAAUCGACUGGCA 
23398 23396.0 
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Telomere 
RNase H 6:16 QxF- 

crRNA 

Q-
GGGUUAggguCy3TaggguUAGGGUUAGGG
UUAGGGUUAGUUUUAGAGCUAUGCUG

UUUUUAAUCGACUGGCA 

23908 23907.0 

DNA Target 
GCCACTTCGGGCTCATGAGCCTTAACCC
TAACCCTAACCCTAACCCTAACCCTAAC

CCCGCGTGGCCATCAGCGAGGT 
23697 23697.0 

DNA PAM 
Strand 

ACCTCGCTGATGGCCACGCGGGGTTAG
GGTTAGGGTTAGGGTTAGGGTTAGGGT

TAAGGCTCATGAGCCCGAAGTGGC 
24381 24382.0 

 
Table A4: Mass spectrometry data for Chapter 3. A/G/C/T = DNA nucleotide, A/G/C/U = RNA 
nucleotide, a/g/c/u = 2'-O-Me nucleotide, alk = 5’-alkyne linker, NH2 = 5'-amino linker, atto = 
ATTO647N, ppp = triphosphate, H = HEG, aeC = 2'-aminoethoxy methyl cytosine, acT = Amino-C6-
deoxythymidine, Q = 5'-BHQ-2, QT = 5-BHQ2-deoxythymidine, Cy3T/C = Cy3 attached, TOT = Thiazole 
orange attached, A/G/C/T = crRNA binding site, AGG = PAM region.  
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ODN Modification Sequence (5' – 3') 
Cal. 

Mass 
Found 
Mass 

Azido dT-
Triester 

10-mer DNA 
Crude 

TTTTTTTTTT 2980 2979.5 

11-mer RNA 
(TC) Crude 

UUUUUAUUUUU 3328 3328.2 

10-mer DNA + 
Az dT 

N-TTTTTTTTTTT 
3420 
(+PG) 

3419.5 

11-mer RNA + 
Az dT 

N-TUUUUUAUUUUU 
3768 
(+PG) 

3328.0 

DMT dT-
Triester 

Mixed 10-mer 
DNA Crude 

CGTCTACTCT 2954 2952.5 

Mixed 10-mer 
DNA + DMT dT 

TCGTCTACTCT 
3369 
(+PG) 

2954.6 

Reverse 
Phos. 

10-mer DNA 
Crude 

CGTCTACTCT 2954 2953.7 

11-mer DNA 
Crude 

CGTCTACTGCT 3283 3282.5 

Azido dT-
CEP 

T-rich DNA + 
Az dT 

N-TTTTTTTTTTT 3309 3309.0 

Mixed DNA + 
Az dT 

N-TCGTCTACTCT 3283 3284.0 

Azido U-CEP 

U-rich RNA 
(TC) Crude 

UUUUUGUUUUU 3344 3344.2 

Mixed RNA 
(TC) + Az U 

CUGAGCAAGAGCGAGCAGCU 6468 6468.0 

U-rich RNA + 
Az U 

N-UUUUUUGUUUUU 3673 See 
Section 
4.3.3.2 

Mixed RNA 
(TC) + Az U 

N-UCUGAGCAAGAGCGAGCAGCU 6797 

 
Table A5: Mass spectrometry data for Chapter 4. A/G/C/T = DNA nucleotide, A/G/C/U = RNA 
nucleotide, N-T or Az dT= 5¢-N3-deoxythymidine, N-U or Az U = 5¢-N3-uridine, +PG = Mass including 
phosphotriester protecting group. 
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Reaction Sequence (5' – 3') Monomer 
SM 

Mass 
Prod 
Mass 

A1 CGTCTACTCT DMT-T 
2954 3258 

A2 CGTCTACTCT DMT-T 

B1 CGTCTACTCT DMT-T 

2954 3258 
B2 CGTCTACTCT DMT-T 

B3 CGTCTACTCT DMT-T 

B4 CGTCTACTCT DMT-T 

C1 CGTCTACTGCT DMT-T 

3283 3586 C2 CGTCTACTGCT DMT-T 

C3 CGTCTACTGCT DMT-T 

D1 CGTCTACTGCT DMT-C 

3283 3571 

D2 CGTCTACTGCT DMT-C 

D3 CGTCTACTGCT DMT-C 

D4 CGTCTACTGCT DMT-C 

D5 CGTCTACTGCT DMT-C 

E1 CGTCTACTGCT DMT-T 
3283 

3586 

E2 CGTCTACTGCT Azido-T 3613 

F1 CGTCTACTGCT DMT-T 

3283 

3586 

F2 CGTCTACTGCT Azido-T 3613 

F3 CGTCTACTGCT DMT-T 3586 

F4 CGTCTACTGCT DMT-T 3586 

G1 CGTCTACTGCT Azido-T 
3283 3613 

G2 CGTCTACTGCT Azido-T 

 
Table A6: Mass spectrometry data for Chapter 4 (reverse phosphitylation). For observed mass, 
see Section 4.3.2. A/G/C/T = DNA nucleotide. SM Mass = calculated mass of DNA without reaction. Prod 
Mass = calculated mass of DNA reacted with corresponding monomer. 
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A4.2 NMR Spectra of Novel Compounds 
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A4.2.2 1H NMR spectra and 13C NMR spectra of 19 
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