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SYNTHESIS AND APPLICATIONS OF OLIGONUCLEOTIDES CONTAINING 

2ˊ-MODIFIED NUCLEOSIDES 

 
By Montserrat Shelbourne 

This thesis describes the synthesis and applications of chemically modified 

oligonucleotides, principally those containing modifications at the 2´-position of ribose. 

One application is their use in triplex-forming oligonucleotides (TFOs). DNA triplexes are 

formed by the binding of a TFO to a DNA duplex. TFOs are potential therapeutic agents 

against cancer and viral infections. TFOs containing 2´-aminoethoxy-T and 5-MeC were 

shown by UV melting studies to strongly stabilise parallel triplexes, and by incubation in 

serum to confer resistance to enzymatic degradation. Therefore these sugar modifications 

have the potential to improve the biological activity of TFOs. 2´-Modified nucleosides 

were also used to produce fluorogenic HyBeacon probes by labelling of oligonucleotides 

containing 2´-aminoethoxy and 2´-azide-modified thymidine monomers with NHS esters 

and alkyne derivatives of fluorescent dyes. The resultant HyBeacons were shown to be 

effective as genetic probes. 

The copper-catalysed alkyne-azide 1,3-dipolar cycloaddition reaction (the best 

example of click chemistry) has been used in the nucleic acid field for various applications. 

However, Cu (I) is cytotoxic so this chemistry is not suitable for use in vivo.  The ring 

strain-promoted azide-alkyne cycloaddition reaction (SPAAC) between a cyclooctyne 

derivative and an azide does not require metal catalysis. Various modified cyclooctyne 

active esters and phosphoramidite monomers were synthesised for incorporation into 

oligonucleotides. Templated DNA strand ligation and crosslinking by the SPAAC reaction 

were achieved with very fast reaction times. This methodology was used to join 

oligonucleotides containing several cyclooctynes to complementary azide/fluorophore-

labelled oligonucleotides to give covalently fixed fluorescent nanoconstructs. Orthogonal 

labelling was also achieved by simultaneously reacting oligonucleotides containing 

multiple cyclooctyne and amino groups with azide and NHS ester derivatives of 

fluorescent dyes to produce functional HyBeacon probes.  
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Chapter 1 - Introduction 

 

1.1 Genomes 

 

All organisms, including humans, have a genome that contains all the biological 

information needed to build and maintain a living example of that organism.
[1]

 The 

information contained in a genome is encoded in its deoxyribonucleic acid (DNA), which 

is found in the nucleus of eukaryotic cells, and is condensed into dense packets of DNA 

called chromosomes.  

 

The genetic information becomes useful when a segment of DNA (a gene) is expressed 

leading to the synthesis of proteins via transcription and translation. Respectively there are 

between 20 and 25 thousand protein coding genes within the human genome. DNA is not 

the direct template for protein synthesis, an intermediate carrier messenger RNA (mRNA), 

transcribes this DNA sequence.  The mRNA acts as a template, which is then carried to the 

cell’s ribosome and is translated into proteins by transfer RNA (tRNA) molecules. 

 

The genetic code links the sequence of nucleotide bases in a gene with the amino acid 

sequence in the primary structure of a protein.
[2]

 A sequence of 3 nucleotide bases (a codon) 

corresponds to one specific amino acid. tRNA molecules in the ribosome read the 

transcribed mRNA code. Each codon in the mRNA sequence is matched by an anti-codon 

on a tRNA molecule; and each tRNA molecule is attached to a specific amino acid. 

 

1.2 Structure of DNA 

 

The nucleic acids DNA and RNA are macromolecules composed of monomer subunits 

termed nucleotides, which are linked by a phosphate backbone. Each nucleotide consists of 

a heterocyclic base, a pentose sugar (2´-deoxy-D-ribofuranose), and a phosphate residue. 

 

There are five heterocyclic bases; the bicyclic purines, adenine (A) and guanine (G), and 

the monocyclic pyrimidines cytosine (C), thymine (T) and uracil (U) (Figure 1.1). Both 

purines and the pyrimidine cytosine are found both in DNA and RNA, while thymine is 

naturally present in DNA and uracil in RNA only. These bases are covalently bonded to 

the C1´ of the sugar moiety by a glycosidic bond; for pyrimidine bases via the N
1
-atom, 

and for the purine bases, via the N
9
-atom. 
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Figure 1.1. The structures of the purine and pyrimidine heterocyclic bases present in DNA and RNA
[2]  

 

 

Rotation around the glycosidic bond causes the nucleoside to adopt one of two principal 

orientations, either a syn or an anti conformation (Figure 1.2 A). The anti-conformation is 

favoured in DNA both on steric grounds and to enable base pairing. The bases can also lie 

on the same face of the sugar ring as the 5´-hydroxyl group to give a β-anomer or the base 

can lie on the opposite face to give an α-anomer (Figure 1.2 B). The β-configuration occurs 

in DNA (Figure 1.2 A).  

 

 

Figure 1.2. Structures of A) β-anomer of anti and syn conformers of purine nucleoside thymine B) α-anomer 

purine nucleoside (T)   

 

The structure of the double helix was deduced by a combination of ideas from Erwin 

Chargaff, Rosalind Franklin, James Watson and Francis Crick and published in Nature.
[3-5]

 

It was Rosalind Franklin using X-ray diffraction studies on DNA that identified that the 

hydrophilic phosphate backbones of the nucleotide chains of DNA are positioned on the 

outside of the molecule so as to interact with water molecules, while the hydrophobic bases 

should be packed into the core. Other studies on heterogeneous DNA fibres, allowed her to 

identify two distinct conformations for the DNA double helix. The principal form of 
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double helical DNA (B-DNA, Figure 1.3), which has a wide major groove and a narrow 

minor groove running around the helix, and at low humidity (and high salt) the favoured 

form is the highly crystalline, right-handed duplex A-DNA. In the A-form DNA, the base 

pairs are displaced off-axis towards the minor grove and are tilted.
[6]

  

 

Erwin Chargaff analysed genomic DNA and found that the molar amount of guanine 

always equals the molar amount of cytosine. The same was true for adenine and thymine.
[2]

 

This was a strong hint towards the base pair make-up of DNA. It was Watson and Crick 

who showed that the two strands are held together by hydrogen bonds between individual 

bases on opposite strands. The purine base A always pairs with the pyrimidine T and 

purine G always bind to the pyrimidine C (Figure 1.3). The two strands are complementary 

and run anti-parallel to one another with the 5´-end of one next to the 3´-end of the other.  

 

Figure 1.3. Watson-Crick base pairing and B-DNA double helix. The base pairs lie at the core of the double-

helix in a hydrophobic environment, while the sugar-phosphodiester backbone runs down the backbone of 

the helix. The DNA helix has a diameter of 22-24 Å and a helical turn of 34 Å 

 

 

 

Å 

Å 
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1.3 Solid-phase oligonucleotide synthesis 

 

In order to study nucleic acid structure and function, as well as to have access to the tools 

necessary to carry out experiments in molecular biology, molecular genetics, diagnostics 

and forensic science, it is essential to chemically synthesise small pieces of DNA or RNA, 

referred to as oligonucleotides. Solid-phase synthesis, which was invented by Bruce 

Merrifield in the 1960s,
[7]

 is the most widely used method for oligonucleotide synthesis.  

 

Solid-phase synthesis is carried out on a solid support, also called a resin. The most 

commonly used resin is controlled pore glass (CPG) which contains pores in which 

oligonucleotides synthesis takes place. The pore is usually 500 Å or 1000 Å in size; 500 Å 

resin is suitable for oligonucleotides up to ~ 50-mers, and 1000 Å resin is used for the 

synthesis of oligonucleotides up to 100 bases in length. Oligonucleotides are normally 

prepared on resin loaded with 20-30 µmoles of nucleoside per gram of resin. 

Oligonucleotide synthesis is inefficient at higher loadings due to steric hindrance between 

growing adjacent oligonucleotide chains on the resin. Typically the resin is held together 

between two filters in columns so that during the synthetic cycles, the reagents and 

solvents pass through the solid-support. In this way, a large excess of reagents can be used 

to drive reactions quickly to completion and excess reagents and impurities easily washed 

away. Solid-phase synthesis is usually automated using computer-controlled 

oligonucleotide synthesizers making the process very convenient and efficient.
[8,9]

  

 

Solid-phase oligonucleotide synthesis normally proceeds in the 3´- to 5´- direction and one 

nucleotide is added per synthetic cycle.
[10,11]

 Each cycle consists of a series of steps which 

are outlined in Figure 1.4. The typical synthesis cycle involves detritylation, activation and 

coupling, capping, and oxidation. Each cycle is carried out under an argon atmosphere and 

with carefully dried anhydrous solvents as the phosphoramidite coupling reaction is very 

sensitive to moisture. All reagents including the phosphoramidite monomers are added in 

large excess to ensure efficient reactions. Chemically modified nucleotides can be added 

during the coupling step of the synthesis cycle. The efficiency of each cycle can be 

monitored during the detritylation step as the 4,4´-dimethoxytrityl cation (orange colour) is 

liberated. This absorbs light at 495 nm. It can also be monitored using a conductivity metre 

as the DMT cation is reasonably stable. 
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Figure 1.4. The oligonucleotide solid-phase synthesis cycle. DMT = 4,4´-dimethoxytrityl, B1, B2 = any DNA 

base, TCA = trichloroacetic acid 
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1.4 DNA triplexes 

1.4.1 Formation of DNA triplexes
 

 

The major and minor grooves of the DNA duplex are lined with potential hydrogen bond 

donors and acceptors. The major groove of B-DNA is accessible and can bind to various 

large drug molecules. It is possible for a third strand of DNA (triplex forming 

oligonucleotide; TFO), to bind inside the major groove to form a triple-helix provided that 

one of the two strands of the duplex is purine-rich. 

 

The formation of DNA and RNA triple-helices was first demonstrated by Fensenfeld and 

Rich in 1957
[12]

 by mixing polyU and polyA in the ratio of 2:1. It remained an obscure part 

of DNA chemistry until 1987 when it was realised that TFOs offered a means for 

designing DNA sequence specific agents.
[13,14]

 

 

Two types of triplexes have been characterised, which differ in the binding orientation to 

the DNA strand (Figure 1.5). A parallel triplex is where a pyrimidine rich third strand runs 

parallel to the strand it binds to. These triplexes are characterised by T-AT and C
+
-GC 

triplets (stabilised by Hoogsteen hydrogen bonds). In contrast, antiparallel triplexes have 

purine rich third strands, and are relatively unstable. They are characterised by A-AT, T-

AT and G-GC triplets, and are stabilised by reverse-Hoogsteen base pairs. In general 

parallel triplexes are more stable than the antiparallel triplexes, particularly at low pH.
[15,16]
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Figure 1.5. A) A DNA triple helix structure, the third strand oligonucleotide is shown in black B) structures 

of the parallel triplex C

-GC and T-AT. C C) structures of the antiparallel triplexes G-GC, A-AT and T-AT 

 

In recent years, intermolecular triple-helix formation has aroused considerable interest as it 

allows for selective targeting of DNA sequences. Triplexes could have important uses in 

gene therapy (antigene agents).
[17-20]

 This is because once the triplex forming 

oligonucleotide is bound to a specific region of the genome, the major groove is then 

inaccessible to proteins and it blocks unwinding of the duplex by helicases. This prevents 

transcription thereby inhibiting gene expression. Triplex DNA has the potential to control 

biological processes by inhibiting DNA transcription and replication, generating site-

specific mutations, cleaving DNA, and inducing homologous recombination.
[21]

  

 

TFOs have been widely researched; they have great potential in genetic applications but 

have several problems that limit their use in vivo. Although parallel triplexes are more 

stable than antiparallel ones, the stability of triplexes at physiological pH is too low for 

practical applications because: i) the C.GC triplet is stabilized by protonation of the third 

strand cytosine, which does not occur at physiological pH (pKa of C is ~ 4.5)
[16]

 and ii) as a 

result of electrostatic repulsion between the three negatively charged DNA strands, the 

triplex is less stable than the underlying DNA duplex. Poor cellular uptake and nuclease 

A) 

minor 
groove 

 

TFO in 
major 
groove 
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instability are factors to be considered in the design and synthesis of triplex forming 

oligonucleotides. There is also a requirement for oligopurine-oligopyrimidine duplex target 

sites. To overcome all these factors, several different types of chemical modification have 

been developed to improve the in vivo properties of nucleic acids; modifications include 

alterations in the backbone chemistry,
 
2´-sugar modifications and nucleobase modifications 

(Figure 1.6).
[22]

  

 

Figure 1.6. Three analogues for application in gene-targeting experiments A) 1´-thiazolylaniline-D-2´-

deoxyribose (S base)
[23]

 B) 2´-aminoethoxy-5-propargylamino-uridine (bis-amino-U)
[24]

 C) 1´-(3-methyl-2-

aminopyridine)-D-2´-deoxyribose (MAP)
[25]

  

 

The importance of sugar modifications was established by the observation that RNA third 

strands form more stable triplexes than the corresponding DNA strands.
[26]

 This prompted 

the synthesis and characterisation of TFOs containing a number of ribose analogues.  

 

Among the 2´-modifications that have been investigated, two modifications stand out in 

terms of binding affinity to target RNA and nuclease resistance. These are the 2´-O-

methoxyethyl (2´-O-MOE) modification and the 2´-O-aminoethyl (2´-O-AE) modification. 

2´-O-methyl-oligonucleotides were shown to be significantly more nuclease resistant than 

unmodified oligonucleotides. Within 2´-O-alkyl modifications, an increase in size of the 

alkyl chain causes the binding affinity to drop from +2.0 °C to -1.0 °C relative to the 
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equivalent deoxyribose analogue, whilst the nuclease resistance increases with increased 

alkyl chain length.
[27]

 One of the most promising sugar modifications used to enhance the 

stability of triplexes is the addition of a 2´- aminoethoxy (AE) side-chain to thymidine 

introduced by Cuenoud et al.
[28-30]

 This was found to be the optimal side-chain length 

leading to an average increase in triplex stability of ca. 3.5 C per modification at pH 7.0.  

The gain in thermodynamic stability of ca. 0.5 kcal/mol is attributed to a 1000-fold 

enhanced association rate relative to a TFO containing 2´-deoxyribose sugars. The amine 

group is protonated at physiological pH (p     . ) hence it leads to partial charge-

neutralisation of the anionic sugar-phosphate backbone. The 2´-aminoethoxy residues 

contribute to the enhanced kinetics of triplex formation by reducing the overall negative 

charge of the third strand, thus reducing the charge repulsion between the third strand and 

the duplex.  

 

1.5 Studying the properties of nucleic acids by ultraviolet melting
[31,32]

 

 

DNA bases absorb UV light across the ultraviolet spectrum, with a strong absorption 

maximum (max) at 260 - 280 nm, although the intensity and exact position of max depends 

on the base composition of the nucleic acid. Double stranded DNA absorbs less UV light 

than single-stranded DNA due to -stacking interaction between the nucleobases. This 

effect is called hypochromism. In contrast to the paired strands, the single strands have 

reduced -stacking interactions and this results in an increase in UV absorbance 

(hyperchromicity).  This increase in UV absorption can be readily measured, giving an 

indication of the temperature at which the duplex denatures. The melting temperature (Tm) 

is defined as the temperature at which 50% of the DNA duplex will dissociate and become 

single stranded, and therefore indicates the duplex stability (Figure 1.7). The melting 

temperature depends on both the length of the duplex and the specific nucleotide sequence 

composition of that molecule. The changes in this value (Tm) can be used to compare the 

effects of changing the experimental conditions. Melting transitions can also be detected 

by fluorescence spectroscopy.
[33]
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Figure 1.7.  Illustration of a UV melting curve of a DNA duplex, showing the transition between double 

stranded and single stranded DNA  

 

Melting studies are widely used for determining the stability of triplexes. Heating of triple-

helical nucleic acid structures normally results in bi-phasic strand dissociation from the 

initial triplex to duplex followed by the duplex melt into single strands (Figure 1.8).  

 

Figure 1.8. Illustration of a triplex UV melting curve showing the biphasic transitions 
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1.6 Click chemistry 

1.6.1 Discovery and development of click chemistry 

 

Click chemistry is a term coined by Sharpless to describe a highly selective and efficient 

set of reactions that can be used to generate products quickly, in high yield under mild 

conditions in the presence of a diverse range of functional groups.
[34]

  The most popular 

reaction within click chemistry is the copper-catalysed azide-alkyne 1,3-dipolar 

cycloaddition (CuAAC), discovered by two groups independently, Fokin and Sharpless et 

al.
[35]

 and Meldal et al.
[36]

 The reaction takes place between terminal alkynes and azides at 

room temperature with short reaction times to form the 1,4-disubstituted 1,2,3-triazole 

product exclusively (Figure 1.9).
[37]

  

 

Figure 1.9. The CuAAC reaction for DNA strand ligation 

 

The reaction between azides and internal alkynes is also possible but requires high 

temperatures (60 – 120 C)
[38]

 and long reaction times. The best catalyst for the reaction 

between azides and alkyne is copper (I), often prepared in situ by the reduction of copper 

(II) salts, such as copper (II) sulfate pentahydrate (CuSO4 5 H2O), or copper (II) acetate,
[39]

 

which are readily available. The reducing reagent mainly used is sodium ascorbate. Cu (I) 

stabilizing ligands play an important role in copper-catalysed reactions, binding to Cu (I), 

stabilizing the +1 oxidation state, and helping to minimize degradation of biological 

molecules. The most common ligands used are either water-soluble tris-hydroxypropyl 

triazolylamine (HPTA) or tris-(benzyltriazolylmethyl)amine (TBTA) (Figure 1.10).
[39]

 

Degassed solvents and an inert atmosphere (to remove oxygen) are necessary conditions 

due to the thermodynamic instability of Cu (I), which is easily oxidised to Cu (II), along 

with disproportionation
[40]

 of Cu (I) to Cu (0) and Cu (II).  
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Figure 1.10. Polytriazole ligands for the CuAAC reaction A) tris-hydroxypropyltriazolylmethylamine 

(HPTA), B) tris-benzyltriazolylmethylamine (TBTA) 

 

Fokin et al. have proposed a mechanism for the CuAAC reaction (Figure 1.11).
[41]

 The 

catalytic cycle begins with the formation of a Cu (I) acetylide (B) between the terminal 

alkyne (A) and Cu (I), most likely occurring through the coordination of the copper 

catalyst to the acetylene -electrons. The azide then coordinates to the copper by ligand 

exchange, which is followed by the formation of a 6-membered copper-intermediate (D). 

The ring contraction of D leads to the copper-triazole complex E, which then releases the 

free product (F), a 1,4-disubstituted 1,2,3-triazole, regenerating the catalyst. The 

regiospecificity can be explained by the fact that both azide and alkyne are linked to the 

copper prior to the formation of the C-C bonds.  

 

Figure 1.11. The proposed CuAAC catalytic cycle proposed by Folkin et al.
[41]
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Due to its high selectivity, efficiency and speed, the CuAAC reaction has proven to be of 

remarkable utility and broad scope in many areas of chemistry and biology.
[42]

 Azides and 

alkynes can be easily introduced into organic molecules via different strategies, they are 

inert towards functional groups present in biological systems and they are stable under a 

variety of conditions. Additionally, the resulting triazole moiety is small, stable and non-

toxic, therefore suitable for in vivo applications. These favourable characteristics have 

contributed to the use of the CuAAC reaction in the nucleic acids field, which has been the 

subject of recent reviews.
[41,42]

 It has been utilised as a method of cyclising single- and 

double-stranded DNA,
[43-45]

 to label oligonucleotides with a variety of reporter groups
[42,46]

 

including carbohydrate, peptides, and fluorescent dyes, immobilising DNA on surfaces,
[47]

 

producing analogues of DNA with modified nucleobases,
[48,49]

 and many more 

applications. This is a large and rapidly growing field. Although useful, the CuAAC 

reaction has one significant disadvantage, it is incompatible with in vivo applications due 

to toxicity of the copper catalyst.  

 

1.6.2 The CuAAC reaction for oligonucleotide labelling  

 

Fluorescent labelling of oligonucleotides is of major importance for DNA diagnostics, 

sequencing and related applications.
[50,51]

 A number of labelling strategies have been 

developed and these can be divided into two main routes, addition of the fluorophore 

during the solid-phase synthesis and post-synthetic labelling. The incorporation of 

fluorophores during solid-phase synthesis requires the availability of the phosphoramidite 

monomers, where the dye is attached to a nucleobase, sugar, or an artificial backbone. This 

method is usually high yielding, but many of the fluorophores are labile, and therefore 

unsuitable for direct insertion. In such cases, a second approach is to introduce 

fluorophores post-synthetically by the use of amino-modified monomer and active ester of 

the fluorophore to produce an amide bond.
[52,53]

 There is a wide range of commercially 

available monomers and fluorophore NHS esters for the use in post-synthetic labelling, but 

this method suffers from several limitations, such as lack of selectivity and low yields for 

multiple additions, they are also sensitive to moisture and susceptible to decomposition on 

storage.  

 

In recent years click chemistry has become an important alternative; it provides the highest 

conjugation efficiency and uses very stable, robust alkynes and azides.
[46,54]

 The strategies 
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for introducing alkyne and azide groups vary accordingly, the most common approach 

being the reaction between alkyne-modified oligonucleotides and azide-derivatives of 

various molecules. The alkyne group has been introduced synthetically by attachment to 

the nucleobase at the 5-position of pyrimidines, the 7-position of 7-deazapurines
[55-57]

 and 

on the ribose sugar
[58]

 (Figure 1.12). These modified nucleotides were then converted into 

phosphoramidites for incorporation into oligonucleotides during solid-phase synthesis. 

Post-synthetic labelling by click chemistry has been investigated by a number of workers. 

Carell et al.
[46,59,60]

  studied the efficiency of the click labelling on oligonucleotides and 

PCR products containing multiple additions of alkyne-modified 5-deoxyuridines (Figure 

1.12 A and B) with azide-labelled fluorescein and coumarin (Figure 1.12 G and I). 

Wagenknecht et al. reported an alternative approach, carrying out post-synthetic labelling 

of 2´- alkyne substituted oligonucleotide with fluorescent dyes that are unstable to the 

conditions of oligonucleotide deprotection, as well as using a non-nucleosidic alkyne-

modified acyclic linker between phosphodiesters (Figure 1.12 E and F).
[58]

  

 

Figure 1.12. A-E) alkyne-modified nucleosides for the incorporation to oligonucleotides by solid-phase 

synthesis G-I) azide labells that have been used in click labelling of oligonucleotides by the CuAAC 

reaction,
[46,58-60]

 F) a non-nucleosidic alkyne phosphoramidite (DMT  = 4,4´-dimethoxytrityl) 

 

The click labelling reaction can be carried out in reverse i.e. conjugation of alkyne-

modified dyes to azide-labelled oligonucleotides. However this is less convenient because 

azides react with P (III) (Staudinger reaction, see later in section 1.6.4)
[61-63]

 thus azide 
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monomers are incompatible with the conditions for solid-phase oligonucleotide synthesis. 

The simplest approach for azide introduction is the post-synthetic labelling of amino 

modified oligonucleotides with azidoalkyl or azidoaryl carboxylic acid NHS esters (Figure 

1.13 A).
[44,64]

 Alternative strategies involve the introduction of functional groups such as 

alkyl bromides, iodides or mesylates into oligonucleotides during solid-phase synthesis, 

which can then be converted to azides by treatment with NaN3, which is a good 

nucleophile.
[65,66]

 It is possible to introduce azides to the 3´-end of oligonucleotides by 

functionalising a solid support with an azide-modified nucleoside.
[67]

 Azide-modified 

nucleosides can also be added to RNA using phosphotriester chemistry,
[68]

 which has 

recently been reported by Micura et al.
[69]

 or incorporation by using H-phosphonate 

chemistry.
[70]

 These strategies use phosphoramidite chemistry for the assembly of the 

oligonucleotide during solid-phase synthesis. Any azide groups already attached to the 

oligonucleotide (e.g. at the 3´-end are stable because the phosphoramidite group on the 

monomer being added is protonated by the mildly acidic coupling reagent (e.g. tetrazole), 

therefore it behaves as an electrophile, not a nucleophile.  

 

Figure 1.13. Examples of azides that can be incorporated into oligonucleotides: A) Azidobutyric acid NHS 

active ester
[44,64]

 B) 6-bromohexanol phosphoramidite
[65]

 and C) 3´-azido-3´-adenosine-functionalised solid 

support
[67]

 

 

1.6.3 Metal-free click chemistry and bioorthogonality  

 

At a time when the CuAAC reaction was rapidly gaining popularity, it also became 

apparent that it is largely incompatible with in vivo applications due to the toxicity of Cu 

(I).
[71]

 Unfortunately the copper-free Huisgen [3+2] azide-alkyne reaction (AAC) is usually 

very slow and requires strong heating over prolonged periods of time. For carbohydrates 
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and other biomolecules these issues have been resolved by the development of metal-free 

click chemistry. The key criteria for this chemistry are high reactivity and bioorthogonality. 

A bioorthogonal system requires the reactants to be non-toxic, have full selectivity and be 

inert towards the natural functional groups in living systems. The Staudinger ligation and 

ring-strain promoted [3+2] azide-alkyne cycloaddition (SPAAC) reaction developed by 

Bertozzi’s group are the two most thoroughly explored methods.
[71]

 

 

1.6.4 Staudinger ligation 

 

The Staudinger ligation was the first reported mild and highly selective reaction involving 

azides, which is applicable in vivo.
[72]

 It is a modification of the Staudinger reduction 

reaction with phosphines, where instead of a reduction to an amine, the azide-ylide 

intermediate reacts with an ester to form an amide linkage (Figure 1.14).
[73,74]

 The leaving 

group (-OR
3
) can be as simple as a methoxyl group. More complicated leaving groups 

have been reported, examples include fluorescence resonance energy transfer (FRET) 

quenchers and luciferin, which have been tethered on the phosphine to achieve 

“fluorogenic” labelling
[75]

 and real-time bioluminescence imaging in transgenic cells.
[76]

 

Although the Staudinger ligation possesses favourable kinetic properties, a major 

disadvantage is that the phosphine is prone to oxidation in air, which increases the 

background signal in labelling experiments.
[75]

 

 

Figure 1.14. Comparison of the Staudiger reduction and Staudiger ligation 
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1.6.5 Ring-strain promoted azide-alkyne [3+2] cycloaddition reaction (SPAAC) 

 

The SPAAC
[77-79]

 reaction is the Huisgen 1,3-dipolar cycloaddition reaction between an 

azide and a strained internal alkyne. This was developed by Bertozzis group
[72]

 as a 

substitute for the Staudinger ligation, as the reaction also possesses excellent 

bioorthogonality. The alkyne is normally a cyclooctyne derivative, the smallest stable 

cycloalkyne, exhibiting the greatest reactivity among cycloalkynes towards phenyl azide. 

The bond angle of the sp-hybridized carbons in cyclooctynes is around 160, significantly 

different from the preferred 180 angle (Figure 1.15 A and B). This distortion causes the 

reaction to be driven towards the transition state of the cycloaddition reaction. One minor 

disadvantage is that unlike the CuAAC reaction, which produces exclusively 1,4-

substituted triazoles, the SPAAC reaction retains the stereochemical properties of the AAC 

reaction giving rise to 1,2,3-triazole products as a mixture of regioisomers (Figure 1.15 B 

and C), with no additional by-products.  

 

Figure 1.15. The Cu-free reaction of alkynes and azides, A) A comparison of bond angles between linear 

alkynes and the corresponding triazole products B) A comparison between a strained cyclooctyne and its 

corresponding triazole product C) Example of a SPAAC reaction between an azide and MOFO. Both 

regioisomers of the cyclooctyl triazole are shown (B and C) 

 

The rate of the SPAAC reactions with the first generation of cyclooctyne, compound A 

(OCT, Figure 1.16),
[80]

 were faster compared to linear alkynes but there was room for 

improvement.
[80]

 Several modified cyclooctynes have been synthesised in order to enhance 
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reactivity, including fluorinated analogues,
[81,82]

 analogues with sp
2
-hybridised ring-

atoms,
[77,83-85]

 or cyclooctynes fused to cyclopropane
[86]

 (Figure 1.16). This topic has been 

covered by several recent reviews.
[71,87]

 Adding a fluorine atom to the ring system at the α-

position to withdraw electron-density from the alkyne was found to increase the reaction 

rate.
[88]

 The addition of a second fluorine gave difluorinated cyclooctyne (DIFO, 

compound C, Figure 1.16), with a reaction rate 60 times faster than OCT.
[81]

 However 

DIFO was poorly soluble in water. This led to the synthesis of a cyclooctyne with 

heteroatoms incorporated in and attached to the ring, dimethoxy azacyclooctyne (DIMAC, 

compound F) increasing the solubility of the alkyne.
[79]

 The most successful analogues 

were made by benzofusion, which was demonstrated by Boons et al.
[83]

 in the development 

of 4-dibenzocyclooctynol (DIBO, compound G). The aromatic rings activate the alkyne 

through conjugation and also introduce double-bonds in the cyclooctyne ring to further 

increase ring-strain, increasing the reactivity of the alkyne. Various other aromatic 

analogues have been synthesised, most recently an analogue containing an amide bond 

within the 8-membered ring to increase the strain further (BARAC, compound H),
[77]

 

producing the most reactive cyclooctyne reported. Many of these analogues have not been 

widely used due to poor water solubility and lengthy synthesis. To date, the most readily 

accessible cyclooctyne analogue is bicyclo[6.1.0]nonyne (BCN, compound I),
[86]

 which is 

synthesised in four steps. 

 

Figure 1.16. The family of strained cycloalkyne systems 
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1.6.6 Applications of copper-free click chemistry 

 

After it was first reported as a tool in chemical biology, the SPAAC reaction has been 

applied extensively in this field. This topic has been covered by several excellent recent 

reviews.
[71,89]

 Many different approaches have been used in chemical biology to insert the 

azide functional group in biological molecules. Bertozzi was the first to show that 

cyclooctynes are able to selectively label glycans that have azidosugars incorporated on the 

surface (Figure 1.17 A).
[88]

 Boons et al.
[83]

 also showed that dibenzocyclooctynes could 

also efficiently react with azides that had been incorporated into cell surface glycans via 

non-natural sugars. Ting et al. used a fluorinated cyclooctyne probe to label cell surface 

proteins in mammalian cells. In this approach, azides were introduced into mammalian cell 

surface proteins by using the enzyme, lipoic acid ligase (LplA).
[90]

 This enabled them to 

visualize the trafficking patterns of various cell-surface proteins. Burkart and co-workers 

used copper-free click chemistry to study the protein-protein interaction in non-ribosomal 

peptide biosynthesis by crosslinking domains using an azide on one domain and a second 

generation DIFO on the other.
[91]

 Neef and Schultz conjugated a phospholipid to OCT and 

inserted the modified lipid into live cell membranes. The cells were then imaged using a 

fluorogenic azide, azido-coumarin (Figure 1.17 B).
[92]

  

 

Figure 1.17. Applications of cyclooctynes in cells; incorporation of alkyne/azide groups for two-step 

labelling of biomolecules, A) Imaging cell-surface azidosugars with cyclooctyne probes
[88]

 B) Imaging an 

OCT-phospholipid conjugate on live cells using an azide-functionalised probe
[92]
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Moving up from cell culture, the SPAAC reaction was applied in model organisms, to 

further investigate the bioorthogonal reaction. Live zebrafish embryos were used to study 

vertebrate development, by bathing the embryos in a media containing azidosugars to label 

the glycans at various stages during development. At different time points the embryos 

were bathed in a media containing DIFO, which was then conjugated to a fluorescent 

dye.
[93]

 It was also show by Bertozzi and co-workers that copper-free click chemistry 

proceeds in living mice (Figure 1.18).
[78]

 It was discovered that the Staudinger ligation, 

while of lower reactivity compared to DIFO, showed better labelling efficiency and 

specificity in the labelling of living mice. It is thought that the bioavailability of DIFO may 

be compromised by the binding to Mouse Serum Albumin (MSA). The metabolism of 

cyclooctynes has not been investigated, offering an interesting future direction for research, 

since optimisation of bioorthogonal reagents requires the consideration of their 

pharmacokinetic properties as well as their reactivity.
[78]

 

 

 

Figure 1.18. Copper-free click chemistry in mice. Mice were injected with Ac4ManNaz once daily for 1 

week to allow metabolic labelling of glycans. The mice were then injected with a number of various 

cyclooctyne conjugates for in vivo labelling of the azido glycans. Reproduced with permission from PNAS
[78] 

 

Molecular labelling experiments do not usually need special requirements with regard to 

the size of the linkage formed by copper-free click chemistry because the reporter group is 
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even larger. However in various applications in the field of nucleic acids, the properties of 

the linkage may be important. It was found by Brown and co-workers that short triazole 

linkages formed by the CuAAC reaction can be read through by DNA polymerases, which 

is certainly an advantage.
[68]

 The typical bulky linkage formed by the SPAAC reaction is 

unlikely to be functional in such applications. Recently the SPAAC reaction was applied in 

the nucleic acids field, both in oligonucleotide labelling
[94,95]

 and in copper-free DNA 

strand ligation.
[96]

 

 

1.7 Fluorescence 

1.7.1 Principles of fluorescence spectroscopy
[97,98]

 

 

Fluorescence is the emission of energy, in the form of light, by a molecule (fluorophore) 

that has absorbed energy of a different wavelength. The process that occurs between the 

absorption and emission is described by the Jablonski diagram (Figure 1.19). The 

fluorophore is first excited from its ground electronic state (S0) to one of the various 

vibrational states in the excited electronic state (S1 or S2) by absorbing a photon of light. 

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

excited electronic state (S1) in a process called internal conversion (IC). The molecule then 

drops down to one of the various vibrational levels of the ground electronic state (S0), via 

the emission of a photon. This process is known as fluorescence. Fluorescence emission 

(Figure 1.19 F) is of lower energy than absorption (Figure 1.19 A) and is therefore 

observed at longer wavelengths. The difference in energy is lost as thermal energy during 

internal conversion. This process is called Stokes shift and was first described by George 

Stokes in 1852.  

 

An alternative deactivation of the excited state is also shown in the Jablonski diagram 

below (Figure 1.19). The preliminary excitation step is the same. However, from the 

lowest vibrational level of the lowest excited state the molecule can undergo inter-system 

crossing (ISC), where the electron changes spin multiplicity, taking it into an excited triplet 

state (T1). The molecule then undergoes vibrational relaxation before releasing energy to 

drop back to the ground state. This type of emission is known as phosphorescence. This 

transition is much slower because the return to the ground state is spin forbidden by classic 

quantum rules. 
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Figure 1.19.  Jablonski diagram illustrating the principles of fluorescence and phosphorescence; Absorbance 

(A, purple), internal-conversion (IC, green), vibrational relaxation (pink), fluorescence (F, red), inter-system 

crossing (ISC, blue), phosphorescence (P, cyan) 

 

The fluorescence emission from natural nucleic acids is very weak and therefore synthetic 

fluorophores (polyaromatic molecules) are commonly introduced as covalently bound 

moieties to the sugar and/or base components.
[51,99]

   

 

1.7.2 Fluorescence Resonance Energy Transfer (FRET)  

 

FRET has become an important application of fluorescence in the study of nucleic acids. 

FRET
[98]

 is the transfer of excited-state energy from a fluorescent donor molecule to a 

neighbouring unexcited acceptor molecule via dipole-dipole coupling between the donor 

and the acceptor (Figure 1.20 A). For FRET to occur, the emission spectrum of the donor 

fluorophore must overlap with the absorption spectrum of the acceptor molecule (Figure 

1.20 B). If the acceptor molecule is also a fluorophore, the energy may be emitted as 

fluorescence characteristic of the acceptor.  However, if the acceptor is a non-fluorescent 

molecule the fluorescence is quenched.   
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Figure 1.20. A) Illustration of FRET B) Schematic representation of spectral overlap 

 

The rate of the energy transfer process depends strongly on the distance between the 

fluorescent donor and acceptor and the Förster distance of the fluorophore pair. The 

efficiency, E, of FRET can be described by equation 1, where RDA is the distance between 

the donor and acceptor, and R0 is the distance at which energy transfer is 50% efficient 

(Förster distance, in Å). The Förster distance, described by equation 2, is dependent on a 

number of factors, including the relative orientation of the fluorophores (, equation 3), the 

refractive index of the medium separating the donor and acceptor (), the quantum yield of 

the donor (QD) and the overlap integral (J()) of the donor emission and acceptor 

absorbance spectra. The Förster distance is unique for every donor-acceptor pair.  
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The resonance energy transfer mechanism is affected by the relative dipole orientations of 

the donor and the acceptor. The orientation parameter κ
2
 (equation 3, Figure 1.21) gives 

the quantitative value of interaction between two dipole moments. The value of κ
2
 can 

range from 0 (when dipoles are perpendicular to each other) to 4 (when dipoles are head to 

tail). κ
2
 is equal to 1 when these two transition dipoles are parallel.  

 

 

Figure 1.21. Schematic diagram of the dipole orientation angles in FRET between a donor (D, pink) and the 

acceptor (A, orange)
[101] 

 

Various dyes have been used for FRET, a good example of a FRET pair is Cy3 and Cy5 

due to their good spectral overlap,
[102]

 however any uncertainty in the dye orientation, for 

example as the result of a flexible dye-DNA linker, could cause large errors in 

experimental distance measurements. 

 

1.8 Fluorescent probes for nucleic acid detection 

 

Fluorescence is the main detection method used in DNA sequencing, genetic analysis and 

diagnostics.
[50,103,104]

 Fluorescence spectroscopy has a high level of sensitivity and has wide 

ranging applications in biophysical studies of nucleic acids, proteins and other 

biomolecules both in vitro and in vivo. Recently, fluorescently-labelled oligonucleotides 

have been developed as probes to detect genetic variations in DNA and to identify single 

nucleotide polymorphisms (SNPs).
[51]

 Many types of probe have been designed, examples 

include molecular beacons
[105-107]

, scorpion primers
[108-110]

 and HyBeacons
TM

.
[51,111,112]

 

Most of these involve a probe that is quenched (by FRET or collisional quenching) until 

B 

A C C 
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hybridised to a complementary sequence. Upon hybridisation the probe exhibits an 

increase in fluorescence which may be detected by fluorescence melting or real-time 

polymerase chain reaction (PCR). 

 

1.8.1 Molecular beacons 
 

A molecular beacon
[51,105-107,113-115]

 is a chemically modified oligonucleotide which is 

designed to hybridise to a specific DNA sequence during PCR.  A molecular beacon will 

adopt a stem-loop structure in the absence of a complementary target sequence. The stem 

consists of two short oligonucleotide sequences that are complementary to each other; one 

is labelled with a fluorophore and the other with fluorescent quencher. When the stem-loop 

structure is closed the fluorophore and quencher are in close proximity causing quenching. 

When the complementary sequence is present, the loop region of the probe hybridises to it 

and the fluorophore and quencher are held apart, resulting in an increase in fluorescence 

(Figure 1.22). A mutant complementary target will form a less stable probe-target duplex, 

thereby generating a much lower fluorescence output while monitoring the PCR, and in 

this way these probes can be used for allelic discrimination. 

 

 
 
Figure 1.22. Molecular Beacon mechanism of action 
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1.8.2. HyBeacon probes 

 

HyBeacons
[51,111,112,116]

 are single-stranded oligonucleotides, which commonly contain two 

fluorophores covalently attached to an internal nucleotide at either the 2´-position of the 

sugar (minor groove) or on the nucleobase (major groove). In single-stranded form, the 

fluorophores interact with the DNA bases and each other, and as a result the fluorescence 

is quenched. Upon hybridisation with the target DNA, the rigid duplex holds the 

fluorophores and the nucleobases apart and HyBeacons demonstrate increased 

fluorescence (Figure 1.23). HyBeacons provide a valuable method for detection and 

identification of nucleobase substitutions, insertions and deletions which are characteristic 

of various genetic diseases. Using HyBeacons, these changes can be observed by real-time 

PCR, but more commonly by fluorescent melting analysis. The Tm of a HyBeacon 

hybridised to a fully complementary target sequence can be distinguished from its duplex 

with mutant targets with a single point mutation due to the reduced stability of the mutant 

probe-target complex.  

 

Figure 1.23. Schematic representation of HyBeacon probe; A) The HyBeacon probe exhibits quenching of 

the fluorophores (pink spheres) in single-stranded form, whilst when it is hybridised to its complementary 

strand, the fluorophore separation allows strong fluorescence, B) Discrimination between wild type (WT) and 

mutant type (MT) sequences during fluorescent melting                                                              
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1.9 Objectives of the research and structure of the thesis 

 

The main aim of the PhD project was to synthesise a variety of nucleosides and chemical 

tools for incorporation of modified nucleosides into oligonucleotides for various 

applications in the nucleic acids field i.e. development of high affinity triplex-forming 

oligonucleotides, multiple labelled fluorogenic HyBeacons for genetic analysis and 

nucleosides for use in click chemistry, i.e. DNA strand ligation/crosslinking by copper free 

click chemistry (ring strain-promoted azide-alkyne [3+2] cycloaddition reaction 

(SPAAC)).  

 

Several different methods for the synthesis of 2´-aminoethoxy modified nucleosides are 

described in the literature, but none are straight forward or convenient. The first aim was of 

the research was to optimise the conditions to provide a simple large scale synthesis of 2´-

aminoethoxy modified cytosine and thymidine monomers which is described in Chapter 2. 

The reaction Scheme used in the synthesis of 2´-aminoethoxy 5-methyl cytidine was 

adapted for the synthesis of other nucleosides including a 2´-mesyloxyethyl thymidine 

monomer. These 2´-modified nucleosides were incorporated into oligonucleotides during 

solid-phase synthesis and used in the fluorophore labelling of HyBeacons and other 

oligonucleotides. This work is presented in chapter 3.  

 

Chapter 4 of the thesis focuses on the application of copper free click chemistry in the 

nucleic acids field. It describes the synthesis of two activated cyclooctyne derivatives 

(dibenzocyclooctyne (DIBO) and non-substituted cyclooctyne (NSCO)) for conjugation to 

an amino-functionalised oligonucleotide at low concentration under DNA-templated 

conditions. To demonstrate labelling applications, a 5´-DIBO phosphoramidite monomer 

was synthesised and incorporated into an oligonucleotide which was shown to react 

efficiently with fluorescein azide. 

 

Chapter 5 presents the synthesis of two new DIBO-thymidine monomers; the monomers 

were incorporated into oligonucleotides for crosslinking to azide-labelled complementary 

strands across the DNA grooves. Equivalent reactions were successful using BCN 

(bicyclo[6.1.0]nonyne) as the cycloalkyne. Biophysical studies were carried out to evaluate 

the effects of various linkers on the speed and efficiency of ligation across the DNA 

grooves. Oligonucleotides containing internal cyclooctyne and amino groups were 

simultaneously reacted with Fluorescein azide and Texas red NHS ester to produce 
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HyBeacons labelled site-specifically, with two different fluorescent dyes. This SPAAC 

methodology was then used to join oligonucleotides containing up to six cyclooctynes to 

complementary azide/fluorophore-labelled oligonucleotides to give unique covalently 

fixed fluorescent nanoconstructs. FRET studies were carried out to evaluate these systems. 

The conclusion of the research is presented in Chapter 6 and the experimental procedures 

are in Chapter 7. 
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Chapter 2 – Synthesis of 2´-Modified Nucleosides and their 

Phosphoramidite Monomers 

 

2.1 Introduction 

 

The ability to target specific sequences of DNA through triplex forming oligonucleotide 

(TFO) formation provides a potentially powerful tool for gene silencing.
[16]

 However, there 

are several problems that limit the use of TFOs in vivo, one of which is rapid 

oligonucleotide degradation mediated by nuclease enzymes. The 2´-aminoethoxy 

modification of the ribose sugar was initially selected based on the principle that 

modifications at this position in TFOs greatly reduce degradation of the TFO in vivo by 

nuclease enzymes.
[28,117]

  

 

Amino modifications have also been used for post-synthetic labelling of oligonucleotides 

with various ligands and labels to modify the biological or chemical properties of 

oligonucleotides. Chemical modifications can improve the cell uptake of oligonucleotides. 

An example, is the attachment of polyamines and lipophilic molecules such as cholesterol 

which are used to improve the cellular uptake of antisense oligonucleotides.
[118-120]

 The 

ligands can serve as reporter groups for oligonucleotide labelling (e.g. fluorescein, Cye5 

and Cy3 dyes),
[121,122]

 which are of major importance for DNA diagnostics (e.g. molecular 

beacons,
[51,106,107,113]

 HyBeacons,
[51,111,116]

 Taqman probes
[123,124]

).  

 

2.2 Synthetic strategies to add 2´-aminoalkyl groups to nucleosides  

 

A small number of pyrimidine nucleosides with a primary amino group tethered to the 2´-

position on the ribose have been previously synthesised. For tethers longer than two carbon 

atoms, the only reported approach has been the reaction of a pyrimidine nucleoside 2´, 3´-

stannylene derivative with an alkyl halide. The reaction proceeds with little, if any, 

selectivity between 2´- and 3´-alkylation,
[125]

 and the yields are modest.
[126,127]

 One of the 

main reasons why we chose to avoid the alkylation routes is to prevent having to separate 

mixtures of 2´- and 3´-isomers. 

 

For the two carbon tethers, various synthetic routes have been reported, such as first 

protecting simultaneously both the 3´- and 5´-hydroxyl groups with the bifunctional 

silylating agent 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPS silyl derivative), 

known as the Markiewicz reagent. The protection step was followed by alkylation of the 
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2´-hydroxyl group with an α-bromo ester
[28]

   and reduction of the ester, producing the 2´-

OCH2CH2OH substituent for further manipulation. In one case, the tethered hydroxyl 

group was activated with tosyl chloride (TsCl) which was displaced with NaN3 to introduce 

the required nitrogen atom, but the publication provided no experimental protocols.
[28]

  In 

another case, phthalimide was used in a Mitsunobu reaction to introduce the nitrogen, and 

again no experimental protocol was provided.
[127]

 

 

An alternative approach to the synthesis of 2´-modified pyrimidine nucleosides is the 

nucleophilic attack on a 2,2´-anhydrothymidine derivative, either by a boron derivative of 

2-hydroxyethylphthalimide
[35,121]

 or by the latter reagent itself in the presence of 

Ti(O
i
Pr)4.

[29]
 The former procedure by Manoharan et al.

[121]
  and Ross et al.

[35]
 requires a 

sealed stainless steel bomb and heating at 150 °C, and provides only ~ 20% yield of 2´-

modified product after purification by silica gel column chromatography. The problems 

with this method are the low yield and long reaction times. The latter procedure by 

Blommers et al.
[29]

 with Ti(O
i
Pr)4 is reported to produce a 32% yield, but no experimental 

protocol was provided.  

 

We decided to synthesise a wide variety of 2´- modified nucleosides for use in various 

applications from a common synthetic scheme (Scheme 2.1), starting with 2´-aminoethoxy 

5-methylcytosine (
Me

CAE, compound 15). The synthetic routes discussed above were 

avoided due to the lack of experimental protocol, long reaction times, low yields and the 

expensive nature of the Markiewicz reagent (£10/g; TIPDSCl). Therefore it was decided to 

proceed with the nucleophilic attack of 2-(phthalimido)ethanol on DMT-protected 

anhydro-5-methyluridine in the presence of Ti(O
i
Pr)4, as it has been previously 

successfully performed with a yield of  45% in the Brown group. 
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Scheme 2.1.  Synthesis of all the 2´-modifications produced. Blue box: main intermediates, Red box: 2´-

modified products 
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2.3 The synthetic strategies for the synthesis of the 2´-aminoethoxy-5-methylcytosine 

phosphoramidite monomer (
Me

CAE) 

 

The synthesis of 2´-aminoethoxy 5-methylcytosine (
Me

CAE, Scheme 2.1, compound 15) 

was originally based on Scheme 2.2. The formation of the tricyclic compound 2,2´-

anhydrouridine
[128]

 2 from commercially available 5-methyluridine 1 began the synthesis, 

followed by tritylation. It was initially hoped, based on literature sources, that the 2´-O-

phthalimidoethyl group could be introduced directly to DMT protected 2,2´-anhydro-5-

methyluridine (3) using Ti(O
i
Pr)4 in the presence of NaHCO3.

[129]
 This would reduce the 

number of steps and cost of production of 
Me

CAE. At the outset of the investigation, we 

encountered many problems with this step. Upon reduction of the reaction mixture under 

pressure, exposure of the crude product to air  resulted in a solid titanium complex which 

made the product insoluble, producing low yields. We found that by reducing the reaction 

solvent to a minimum under reduced pressure and loading it straight onto a column 

allowed us to obtain a 52% yield of compound 22. 
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Scheme 2.2.  Synthesis of the 2´-aminoethoxy-5-methylcytidine nucleoside (
Me

CAE): (i) 5-methyluridine, 

diphenyl carbonate, NaHCO3, DMF, 100 C, 4 h, 90% yield (ii) DMTCl, pyridine, rt, 5 h, 89% yield (iii) N-

(2-hydroxyethyl)phthalimide, Ti(O
i
Pr)4, NaHCO3 cat, THF, 160 C, 18 h, 52% yield (iv) POCl3, Et3N,

 
1-H-

1,2,4-triazole, acetonitrile then NH3 reflux,  (v) methylamine, ethanol, heat (vi) CF3COOEt, 4-DMAP, Et3N 

cat, THF (vii)  Ac2O, DMF (viii) 2-cyanoethyl-N,N´-diisopropylchlorophosphoramidite, DIPEA, DCM.  

 

The conversion of the 5-methyluridine derivative (22) to its 5-methylcytosine derivative 

(23) (Scheme 2.2) was unfortunately unsuccessful; the reaction appeared to work by TLC, 

however, once the crude product was purified, the main product obtained was ring opened 

at the phthalimide protecting group with no conversion to the desired 5-methylcytosine 

derivative. At this point an alternative method for the synthesis of the target compound was 

found. It was decided that Scheme 2.3 would constitute a more refined and simpler route 

despite increasing the synthesis by a few steps.  
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Scheme 2.3.  Synthesis of the 2´-aminoethoxy 5-methylcytidine nucleoside (
Me

CAE): (iii) ethylene glycol, 

Ti(O
i
Pr)4, NaHCO3, THF, 150 C, 24 h, 79% (iv) MsCl, Et3N, DCM, -70 C, 3 h, 57% (v) NaN3, DMF, 18-

crown-6, 60 C, 14 h, 89% (vi) Ac2O, anhydrous pyridine, rt, 14 h, 83% yield (vii) POCl3, 1,2,4-triazole, 

pyridine, 36 h, then (viii) NH3.H2O, rt, 19 h, 67% over the 2 steps  (ix) Ac2O, anhydrous DMF,  rt, 16 h, 97% 

(x) Ph3P, H2O, THF, 45 C, 14 h, 89% (xi) Fmoc-OSu, DCM, pyridine, rt, 17 h, 92% (xii) 2-cyanoethyl-

N,N´-diisopropylchlorophosphoramidite, DIPEA, DCM, rt, 3 h, 52%. 

 

The coupling of ethylene glycol to compound 3 via the use of Ti(O
i
Pr)4 and NaHCO3 in 

dry DMF at 150 °C gave 4 in 79% yield. Addition of the methanesulfonyl group was 

attempted using several different conditions as it tended to give low yields due to by-

product formation. The by-product that formed was addition of the mesyl group to the 3´-

alcohol as well as addition to the 2´-hydroxyethyl (bis-addition). This was shown by TLC 

and mass spectrometry. At the outset 1.2 equivalents of methanesulfonyl chloride, 5 
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equivalents of Et3N in DCM at 0 °C was used but it was observed that the by-product was 

being formed more rapidly than the product and that the reaction had gone to completion 

after only 30 minutes. Subsequently other reaction conditions were tried; we initially 

conducted a reaction at high dilution at -10 to -15 °C, which afforded compound 5 in 40% 

yield. Lower temperatures caused the reaction to slow down but still the by-product 

seemed to form. Our efforts in trying to optimise the addition of the methanesulfonyl group 

led us to focus on an alternative method. One attempted method was to use a bulkier group 

which would react more selectively with the 2´-hydroxyethyl rather than the 3´-alcohol. A 

small-scale reaction was tried using toluene-4-sulfonyl chloride to give 31 in 34% yield 

(Scheme 2.4). The reaction time was extended to allow the bulky tosyl reagent to react, but 

the bis-addition to the 2´- and 3´-alcohol (by-product) was still formed, and after 30 hours 

of stirring the reaction had still not gone to completion, this method was abandoned. 

 

 

Scheme 2.4.  Coupling of ethylene glycol to compound 3 and addition of TsCl 

 

It was then decided to try to protect the 3´-hydroxyl group of compound 3 with acetyl and 

also TBDMS but unfortunately it was observed that during the coupling of the ethylene 

glycol to compound 3 via the use of Ti(O
i
Pr)4 and NaHCO3 in dry DMF at 150 °C, the 

protecting groups were being cleaved. The acetyl and TBDMS protecting groups of the 3´-

alcohol are obviously very labile under the conditions for this reaction and hence the step 

is hard to control. Therefore this method was abandoned.   

 

Optimum results for the mesyl reaction required the reaction to be conducted at -78 °C, 

which slowed down the rate of reaction but showed product formation was more rapid than 

the bis-addition by-product, affording compound 5 in 57% yield. Subsequently, the 

displacement of the mesyl group with sodium azide in the presence of 18-crown-6 ether 

was successfully carried out in 89% yield to give compound 6. The acetyl protection of the 

3´-hydroxyl was carried out in quantitative yield, which was followed by the conversion of 

the nucleobase from thymine to cytosine (substituting the 4-O for 4-NH2) and deprotection 

of the acetyl group in a one-pot procedure giving compound 8 in 67% yield. The 

nucleoside was then protected at the exocyclic amino functional group using acetic 
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anhydride in DMF, ~ 16 h to give 9 in 97% yield. Subsequent reduction of the azide 

moiety via the Staudinger reduction using PPh3 in water and THF, afforded compound 28 

in good yield.   

 

Originally TFA was the chosen protecting group, the optimum conditions to introduce it 

were found to be the use of trifluoroacetic anhydride in pyridine. The reaction appeared to 

yield the correct product by TLC, however during the purification process the TFA 

protecting group was cleaved. Trifluoroacetamides are  known to be hydrolysed under mild 

acidic/basic conditions.
[130]

 TFA protection of the 2´- amino group is labile and hence the 

step is hard to control successfully and was therefore discontinued. 

Fluorenylmethoxycarbonyl (Fmoc) protection was therefore used as a replacement, 

affording compound 29 in 92% yield, which was then subjected to conventional 

phosphitylation conditions
[131]

 of 2-cyanoethyl N,N-diisopropylchlorophosphoramidite and 

N,N-diisopropylethylamine (Hünig’s base) in DCM affording the phosphoramidite 

monomer 30, ready for oligonucleotide synthesis. 

 

Once compound 30 was incorporated into oligonucleotides, it was realised that the mass 

spectrum showed the presence of a peak corresponding to the mass of the oligonucleotide 

plus an additional acetyl group. It was determined from 2-D NMR studies that the acetyl 

protecting group was migrating from the exocyclic amino function to the aminoethoxy 

group during the Staudinger reaction
[127]

 (Scheme 2.3 xi) to give compound 10 (Scheme 

2.1 and Figure 2.1). This was confirmed from the HMBC NMR which displayed a 

correlation between the carbonyl in the acetyl group and the protons of one of the CH2 

groups in the 2´-O-aminoethyl moiety. 

 

It was thought that for acetyl migration to occur, the 2´- aminoethoxy chain would have to 

be in close proximity to the exocyclic amino group in space. Once the azide functional 

group had been reduced to the primary alkylamine, this amino group was more 

nucleophilic with increased reactivity, in comparison to the exocyclic amine attached at the 

C-4 position of the 5-methylcytosine base. The acetyl migration is thought to have 

occurred rapidly during the reaction after reduction of the azide (Figure 2.1). 
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Figure 2.1. The mechanism of the Staudinger reaction and the rapid acetyl group migration that follows 

 

Once the 2´- aminoethoxy group had been acetylated, the resultant amide bond was found 

to be inert to aqueous ammonia which is used during oligonucleotide deprotection. The 2´-

aminoethoxy 5-methylcytosine
 
(
Me

CAE) monomer synthesis was then modified to prevent 

this unwanted acetyl migration from occurring (Scheme 2.5).
[132]

 It was decided to directly 

reduce the azide moiety to an amine on nucleoside 8 via the Staudinger reduction without 

protecting the exocyclic amino functional group of 5-methylcytosine. Purification by 

column chromatography required the use of 5% ammonia in methanol due to the high 

polarity of the product, and this afforded compound 13 in good yield. Subsequently, the 

successful protection of the exocyclic amino and 2´-aminoethoxy moiety with Fmoc-OSu 

in DCM and pyridine afforded the Fmoc protected nucleoside, 14 in 88% yield. Compound 

14 was then subjected to conventional phosphitylation conditions
[131]

 to afford 

phosphoramidite monomer 15 in 85% yield (Scheme 2.5).   
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Scheme 2.5.  Synthesis of the 2´-aminoethoxy 5-methylcytidine monomer (
Me

CAE): (i) 5-methyluridine, 

diphenyl carbonate, NaHCO3, DMF, 100 C, 4 h, 90% (ii) DMTCl, pyridine, rt, 5 h, 89% (iii) ethylene glycol, 

Ti(O
i
Pr)4, NaHCO3 cat., DMF, 150 C, 24 h, 79% (iv) MsCl, Et3N, DCM, -70 C, 3 h, 57% (v) NaN3, DMF, 

18-crown-6, 60 C, 14 h, 89% (vi) Ac2O, anhydrous pyridine, rt, 14 h, 83% (vii) POCl3, 1,2,4-triazole, 

pyridine, rt, 36 h, then (viii) NH3.H2O, rt, 19 h, 67% over the 2 steps  (ix) Ph3P , H2O, THF, 45 C, 12 h, 80% 

(x) Fmoc-OSu, DCM, pyridine, rt, 16 h, 88% (xi) 2-cyanoethyl-N,N´-diisopropylchlorophosphoramidite, 

DIPEA, DCM, rt, 45 min, 85% . 

 

To summarise, this optimised synthetic route towards 2´-aminoethoxy 5-methylcytosine 

(
Me

CAE) monomer, 15 is a 11-step reaction scheme with overall yield of 10.7% starting 

from commercially available 5-methyluridine (1). The 
Me

CAE monomer, 15 was used by 

co-workers by incorporation into various oligonucleotides and compared with other 

cytidine analogues. This is discussed further in Chapter 3.  
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2.4 Synthesis of 2´-aminoethoxy ribothymidine phosphoramidite monomer (TAE)  

 

The 2´-aminoethoxy ribothymidine phosphoramidite monomer (TAE, compound 18, 

Scheme 2.1 and 2.6) was synthesised from intermediate nucleoside 6
[133]

 following our 

procedure for the synthesis of the 2´-aminoethoxy 5-methylcytosine monomer (
Me

CAE, 

Scheme 2.1 and 2.5), primarily by Staudinger reduction of the azide moiety to give 

nucleoside 16 followed by Fmoc protection and phosphitylation (Scheme 2.6). 

 

 

Scheme 2.6.  Synthesis of the 2´-aminoethoxy T phosphoramidite monomer(TAE): (i) 5-methyluridine, 

diphenyl carbonate, NaHCO3, DMF, 100 C, 4 h, 90% (ii) DMTCl, pyridine, rt, 5 h, 89% (iii) ethylene glycol, 

Ti(O
i
Pr)4, NaHCO3 cat., THF, 150 C, 24 h, 79% (iv) MsCl, Et3N, DCM, -70 C, 3 h, 57% (v) NaN3, DMF, 

18-crown-6, 60 C, 14 h, 89% (vi) Ph3P, H2O, THF, 45 C, 14 h, 89% (vii) Fmoc-OSu, DCM, pyridine, rt, 12 

h, 82% (viii) 2-cyanoethyl-N,N´-diisopropylchlorophosphoramidite, DIPEA, DCM, rt, 4 h, 70%. Blue box 

indicates intermediate compound 6. 

 

The synthesis of TAE monomer 18 is an 8-step scheme with an overall yield of 16.4% 

starting from commercially available 5-methyluridine (1). The TAE monomer, 18 was used 

by myself and co-workers for incorporation into various oligonucleotides for a variety of 

applications, which are discussed further in Chapters 3 and 5.  
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2.5 Synthesis of 2´-mesyloxyethyl ribothymidine phosphoramidite monomer (TMsE) 

 

2´-Mesyloxyethyl thymidine nucleoside (TMsE, compound 5, Scheme 2.7) was synthesised 

by a combination of the procedure for the synthesis of 2´-aminoethoxy 5-methylcytosine 

monomer (
Me

CAE, Scheme 2.1 and 2.5) and literature methods (Scheme 2.7).
[133]

 

Nucleoside 5 was phosphitylated in good yield and introduced into oligonucleotides during 

solid-phase synthesis.
[134]

 The mesyl moiety is very useful as it can be easily converted to 

an azide group post-synthetically. The mesyl-modified thymidine monomer was chosen 

because stable azide-containing phosphoramidite monomers for use in oligonucleotide 

synthesis cannot be prepared. This is because azides react with P (III) (Staudinger 

reaction).
[62,63]

 It is, however, possible to introduce azides to the 3´-end of oligonucleotides 

during solid-phase synthesis (e.g. azide-modified nucleoside attached to the solid 

support).
[67]

 The mesyl group is stable to the standard conditions of oligonucleotide 

synthesis and deprotection, and so is suitable for incorporation into DNA as a 

phosphoramidite monomer. 

 

 

Scheme 2.7. Synthesis of the 2´-mesyloxyethyl ribothymidine phosphoramidite monomer (TMsE): (i) 5-

methyluridine, diphenyl carbonate, NaHCO3 cat., 100 °C, DMF, 4  h, 90% (ii) DMTCl, pyridine, rt, 5 h, 89% 

(iii) ethylene glycol, Ti(OiPr)4, NaHCO3 cat., THF, 150 °C, 24 h, 79% (iv) MsCl, Et3N, DCM, -70 °C, 3 h, 

57% (v) 2-cyanoethyl-N,N´-diisopropylchlorophosphoramidite, DIPEA, DCM, rt, 3 h, 77%. Blue box 

indicates intermediate compound 5. 
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2.6 Synthesis of 2´-aminohexanamidoethoxy ribothymidine phosphoramidite 

monomer (TAHE)  

 

The 2´-aminohexanamidoethoxy thymidine monomer (TAHE, compound 21, Scheme 2.8) 

was synthesised from intermediate nucleoside 16, following the procedure for the synthesis 

of 2´-aminoethoxy 5-methylcytosine monomer (
Me

CAE, Scheme 2.1). Nucleoside 16 was 

coupled with Fmoc-6-aminohexanoic acid using N-ethyl-N′-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCl) and pyridine in DMF to 

afford nucleoside 20 in 81% yield. Nucleoside 20 was phosphitylated to afford TAHE in 

good yield. The synthesis of the TAHE monomer is an 8-step scheme with an overall yield 

of 18% starting from commercially available 5-methyluridine (1). The TAHE monomer, 21 

was used by a colleague (Dr James Richardson) to incorporate into oligonucleotides for 

applications with HyBeacons. Labelling studies on various oligonucleotides showed that 

for bulky fluorescent dyes such as TAMRA, labelling of the short 2´-aminoethoxy side 

chain is inefficient due to steric hindrance between the ribose sugar and the dye. Therefore 

the synthesis of a monomer with a longer primary amino group tethered to the 2´-position 

on the ribose was chosen (compound 21). 

 

Scheme 2.8.  Synthesis of the 2´-aminohexanamidoethoxy T phosphoramidite monomer (TAHE): (i) 5-

methyluridine, diphenyl carbonate, NaHCO3, 100 C, DMF, 4 h, 90% (ii) DMTCl, pyridine, rt, 5 h, 89% (iii) 

ethylene glycol, Ti(O
i
Pr)4, NaHCO3 cat, THF, 150 C, 24 h, 79% (iv) MsCl, Et3N, DCM, -70 C, 3 h,  57% 

(v) NaN3, DMF, 18-crown-6, 60 C, 14 h, 89% (vi) Ph3P, H20, THF, 45 C, 14 h, 89% (vii) EDC, Fmoc-6-

aminohexanoic acid, DMF, pyridine, rt, 4 h, 81% (viii) 2-cyanoethyl-N,N´-diisopropylchlorophosphoramidite, 

DIPEA, DCM, rt, 2 h, 76%. Intermediate compound 16 (Blue box) 
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2.7 Conclusion  

 

Four 2´-modified phosphoramidite monomers; 
Me

CAE, TAE, TMsE and TAHE were 

synthesised from various intermediates utilising common intermediates (Scheme 2.1).  The 

synthetic route was successful for each monomer, affording moderate to very good yields 

for most steps. All these 2´-derivatives were incorporated into oligonucleotides during 

solid-phase synthesis and used by colleagues in the Brown group for various applications, 

which are discussed further in chapter 3. 

 

Several synthetic investigations had to be carried out on the synthetic route to 
Me

CAE; the 

main issue encountered during the synthesis as shown in Scheme 2.2 was a problem with 

the stability of the phthalimide group during the conversion of 5-methylthymidine (22) to 

5-methylcytosine (23). It proved impossible to take the synthesis beyond compound 23. 

However, at this point it was decided that Scheme 2.2 would be a more appropriate route 

despite increasing the synthesis by a few steps. Work on this route was impeded by 

problems with low yielding reactions for several steps, along with complications of an 

unwanted acetyl migration from the exocyclic amino moiety on the nucleobase of 
Me

CAE, 

to the 2´-O-aminoethyl moiety during the Staudinger reaction. However, this led to the 

development of Scheme 2.5, which was used to synthesise 
Me

CAE in high purity. This 

monomer was successfully incorporated into oligonucleotides with high coupling 

efficiency. Intermediates from the synthetic scheme of 
Me

CAE were used in the synthesis of 

the other modified 2´-analogues (Scheme 2.1). 
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Chapter 3 – Applications of the 2´-Modified Nucleosides 

 

3.1. Triplex forming oligonucleotides (TFOs) 

 

2´-Modified nucleosides have been used for various applications which will be discussed 

below. Standard solid phase synthesis was used to synthesise TFOs containing modified 

2´-aminoethoxy phosphoramidite monomers (2´-aminoethoxy 5-methylcytosine 
Me

CAE and 

2´-aminoethoxy thymine TAE) and the 2´-acetamidoethoxy 5-methylcytosine 

phosphoramidite monomer (
Me

CAcE) (Figure 3.1 B and C). The Fmoc-protecting group 

used on these monomers not only permits their incorporation into oligonucleotides using 

standard cycles including capping with acetic anhydride, but also allows oligonucleotide 

deprotection under mild conditions.
[135]

 The triplex-stabilizing properties of 
Me

CAE were 

compared with 
Me

CAcE (Figure 3.1 C). The TFOs also contain TAE (t in Figure 3.1 C), 

which is an analogue of thymidine that is used in TFOs in vivo to contribute to 

thermodynamic and enzymatic stability.
[28,117]

 The 2´-methoxyethyl analogue of N-(4-(3-

acetamidophenyl)thiazoyl-2-yl-acetamide
[23]

 (S in Figure 3.1 C) was also used as it 

stabilises CG inversions and improves stability to enzymatic degradation. The choice of 

the sequence for the TFO was directed by the necessity to evaluate contiguous C-analogues 

(X in Figure 3.1 A). This ensures the thorough evaluation of 
Me

CAE and 
Me

CAcE for their 

ability to bind to the target duplex even when the positively charged pyridine rings and 

aminoethoxy groups are clustered together.  

 

The TFOs were used in UV melting studies; these studies were designed to test the affinity 

and selectivity of the modified triplexes for their target duplexes at several pH values. 

These properties are determined by measuring triplex melting temperatures from the 

change in UV absorbance for different sequences in several buffer conditions.   
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Figure 3.1. A) Triplexes investigated in this study, TFO shown in bold; H = hexaethylene glycol linker 

(HEG), T = thymidine, t = TAE, X = 
Me

CAE (ODN-1), 
Me

CAcE (ODN-2), S = S base and 3 = propanol. B) 

Structure of X.GC and t.AT triplets, C) Modified bases X, t, S and the linker HEG 

 

UV melting studies were performed on a Varian Cary 400 scan UV-Vis spectrophotometer 

monitoring at 260 nm. A 3:1 ratio of TFO:duplex ( :1 μM) was used, an excess amount of 

TFO ensures significant triplex formation giving a greater difference in hyperchromicity in 

the melting curve allowing for a more accurate Tm than if a 1:1 ratio is used. Experiments 

were conducted at pH 6.6, pH 7.0 and pH 7.5 (10 mM sodium phosphate, 200 mM NaCl). 

A standard melt programme was used (15-80 °C at 0.5 °C/min) with 3 heat/anneal cycles 

in total (see experimental; biophysical studies). The results (obtained over 2 experiments, 

Table 1), indicate that 
Me

CAE stabilises the triple helix better than 
Me

CAcE, with higher Tm 
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values at pH 6.6, 7.0 and 7.5 respectively. The increased stability is due to the fact that the 

free alkylamine group is protonated at physiological pH (pH ~ 7.3) hence imparts partial 

charge-stabilisation of the anionic sugar-phosphate backbone. The pKa of primary amines 

is    1 . , the al yl group increases the electron density on the nitrogen therefore raises the 

energy of the lone pair, making it more available for protonation and increasing the 

basicity of the amine (higher pKa). Therefore 
Me

CAcE forms a less stable TFO than
 Me

CAE at 

pHs 6.6-7.5.  The aminoethoxy residues also contribute to the enhanced thermodynamics 

by reducing the overall negative charge of the third strand, thus reducing the charge 

repulsion between the third strand and the duplex.
[29]

 Another observation was that the Tm 

values of all TFOs drop between pH 6.5 and 7.5 this is because the 5-methyl cytosine base 

is protonated at low pH (pKa  ~ 4.5) and not at high pH.
[136,137]

  

 

Table 3.1. UV triplex melting experiments at pH 6.6, 7.0 and 7.5 (10 mM sodium phosphate, 200 mM NaCl). 

Average Tm values given in °C for TFO melt. Melting temperatures accurate to ± 0.5 °C. 

pH ODN-1 (
Me

CAE) ODN-2 (
Me

CAcE) 

6.6 67.5 56.0 

7.0 58.0 47.0 

7.5 47.0 36.5 

 

Chenguang Lou, a colleague from the Tom Brown group, continued this line of work.
[132]

 

The phosphoramidite monomer of the C-nucleoside 2´-aminoethoxy-2-amino-3-

methylpyridine (MAPAE, Figure 3.2) was synthesised for the first time and incorporated 

into TFOs during solid phase oligonucleotide synthesis. The triplex-stabilizing properties 

of MAPAE were then compared with 2-amino-3-methyl-5-(2´-deoxy-β-D-

ribofuranosyl)pyridine (dMAP), 2´-methoxy analogue of dMAP (MAPMe), 2´-

methoxyethyl analogue (MAPMOE), 5-methyl-2´-deoxycytidine (
Me

C), 
Me

CAE and 2´-

deoxycytidine (dC) (Figure 3.2). The sequence used was the same as in Figure 3.1 A.  
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Figure 3.2. . A) Triplexes investigated in this study, TFO shown in bold; H = hexaethylene glycol linker 

(HEG), T = thymidine, t = TAE, X = modified bases shown in part B, S = S base and 3 = propanol. B) 

Modified bases (X and t) used in the triplexes investigated in this study 

 

 

Table 3.2. UV triplex melting experiments at pH 7.0 (10 mM sodium phosphate, 200 mM NaCl). Average 

Tm values given in °C for TFO melt. Melting temperatures accurate to ± 0.5 °C,  Tm/modification indicates 

the increase in Tm per modification (4 modifications per TFO).
[132]

 

X Tm Tm/modification 

dMAP 60.5 +3.5 

MAPAE 59.0 +3.2 

Me
CAE 58.0 +2.9 

Me
C 54.0 +1.9 

MAPMe 49.0 +0.7 

dC 46.0 0 

MAPMOE 44.5 -0.5 
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Chenguang Lou showed that MAPAE stabilises the triple helix better than all the other 

analogues studied except dMAP, which is very slightly better (Table 3.2). 

Oligonucleotides containing dMAP have an increased stability (higher Tm at pH 7.0) than 

Me
C or dC due to a direct consequence of the higher pKa

 
dMAP is ~ 2 pKa units more basic 

than 
Me

C, this results in an enhanced affinity to a double stranded DNA target, over the pH 

range 6.2-8.0.
[25]

  

 

Chenguang Lou also showed that the introduction of the 2´-aminoethoxy group on the C-

nucleoside provided higher triplex stability than the 2´-methyl and 2´-methoxyethyl, the 

same was observed for the N-linked nucleosides.
[138]

 DNase I footprinting studies on TFOs 

containing MAPAE (examples on Figure 3.3) also indicated that it is a potent triplex-

stabilising monomer that confers high nuclease resistance on oligonucleotides.  

  

              
Me

C         MAP             
Me

C (repeat)   MAPAE     
Me

CAE 

 

Figure 3.3. DNase I footprinting of TFOs containing 
Me

C, MAP, MAPAE and 
 Me

CAE; The experiment was 

performed in 10 mM Tris-HCl pH 8.0 containing 50 mM NaCl. TFO concentrations are shown at the top of 

each lane. Tracks labelled “con” are control lanes in the absence of added TFO. The trac  labelled ´GA´ is a 

marker specific for purines. The locations of the two triplex target sites are indicated by black bars.  
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The DNA fragment contains two identical copies of the triplex target site (indicated by the 

black bars), which are arranged in opposite orientations; the upper site shows the purine-

containing strand of the target, while the lower site reveals the pyrimidine-containing 

strand. A normal duplex was used in the footprinting rather than a hairpin duplex used as 

target DNA on the UV-melting studies. It can be seen that all four TFOs produce clear 

footprints; it has confirmed that AE-MAP (~ 10 nM) can stabilize the triplex better than 

AE-
Me

C (~ 30 nM) and 
Me

C (~ 100 nM).  

 

3.2. HyBeacons 

 

The 2´-aminoethoxy thymidine monomer (TAE) has also been recently used to synthesise 

HyBeacon probes to target the R516G mutation in the CFTR gene (Figure 3.4 A), this was 

done by James Richardson, a colleague from the Tom Brown research group.
[133]

 

HyBeacons can be used in the diagnostics field for the analysis of single-point mutations in 

DNA caused by nucleotide deletions, insertions and substitutions.  

 

Oligonucleotide probes containing two additions of 5-aminoalkyl T (dT
C6

, used in major 

groove labelling, M) or two additions of 2´-aminoethoxy thymidine monomer (TAE, used 

in minor groove labelling, m) (Figure 3.4 B) were labelled with six commercially available 

N-hydroxysuccinimide (NHS) esters (Figure 3.4 C), which included: fluorescein (6-FAM), 

6-carboxy-4´,5´-dichloro-2´,7´-dimethoxyfluorescein (JOE), Cy3, Cy3b, Cy5 and Texas 

Red (5/6-TxR). Labelling with a variety of dyes allows the analysis of three structurally 

diverse classes of fluorophores; the fluorescein, sulforhodamine and CyDyes. Labelling in 

the 5-position of the base places the fluorophore in the major groove of the DNA duplex 

(M), whereas 2´-labelling of the ribose directs the dye towards the minor groove (m). Each 

probe contained a spacing of three, five or seven nucleotides between the amino-modified 

T monomers. All of these HyBeacon probes have been studied extensively by Dr James 

Richardson. 
[133]
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Figure 3.4. A) Schematic representation of HyBeacon probe; in the single-stranded form of the HyBeacon 

probe the fluorophores (blue spheres) are quenched. In contrast, when it is hybridised to its complementary 

strand, the separation between the fluorophores in the rigid duplex leads to strong fluorescence, B) Chemical 

structures of amino-modified monomers C6-amino-dT (dT
C6

) and 2´-aminoethoxy-T (TAE) in DNA, as well 

as the sequences of the HyBeacons, P = 3´-propanol; with spacing’s of 3, 5 or 7 nucleotides in the minor (m) 

or major (M) groove. WT and MT target sequences. Synthesis of the 2´-aminoethoxy-T monomer is 

described in Chapter 2 C) 6-FAM, 6-JOE, 5/6-TxR, Cy3 and Cy3b NHS-esters used in HyBeacon labelling. 
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The HyBeacon probes were analysed individually by fluorescence melting using synthetic 

oligonucleotide wild type (WT) and mutant type (MT) targets (Figure 3.4 B) in a PCR 

compatible buffer. Richardson et al.
[133]

 used the resulting melting curves and their 

derivatives to determine the optimum HyBeacon design for each of the six dyes. There was 

a large variation observed in the fluorescence properties for all the probes, which depended 

on the nature of the fluorophores, the spacing between them and also their location on the 

nucleotide which placed the fluorophores either on the major or minor groove. Several of 

the Dyes; TxR, Cy3, Cy5 and Cy3b functioned better when located in the minor groove 

(Figure 3.5 yellow, red and blue bars). Whilst, fluorescein dyes FAM and JOE give a 

stronger HyBeacon effect when located in the major groove (Figure 3.5 green and orange 

bars). In the cases for Cy3 and Cy5, which have DNA-binding properties,
[139-141]

 labelling 

at the 2´- position of ribose allows the CyDye to fit tightly into the minor groove of the 

duplex causing restriction of rotation around the polymethine chain. For TxR and the 

configurationally locked Cy3b, it is possible that the extended, positively charged aromatic 

system also binds in the minor groove. When the CyDyes are positioned in the major 

groove, no such stabilisation is available from the DNA scaffolding as the major groove is 

too wide, and only a weak fluorogenic effect is observed. The results obtained by 

Richardson et al.
[133]

 illustrate the importance of exploring different fluorophores, spacing 

and modes of dye attachment to optimise the performance of HyBeacons. 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Melting peak heights (-dF/dT) of HyBeacons labelled with two additions of 5/6-TxR, 6-FAM, 

Cy3, Cy3b, 6-JOE and Cy5, with spacing’s of 3, 5 or 7 nucleotides in the minor (m) or major (M) groove 

(sequences in Figure 3.4 B) against the WT target (sequence in Figure 3.4 B). Mean of 10 repeats with 

standard deviation.  Data recorded on a Rotorgene 3000 instrument.
[133]
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3.3. Reverse-click labelling to produce HyBeacon probes 

 

As explained above, a widely employed method of oligonucleotide fluorescent labelling is 

the attachment of fluorophores by post-synthetic methods. This includes the reaction of an 

active ester derivative of a fluorophore with an amino-modified oligonucleotide. One 

problem with post-synthetic labelling is that it is low yielding when multiple fluorophore 

additions are required. Labelling by Click chemistry has become an important alternative, 

it has been used as a method for the attachment of reporter groups to nucleic acids, 

peptides, sugars, and other biomolecules.
[42]

 In the nucleic acids field the CuAAC reaction 

has been applied to post-synthetic labelling of alkyne-modified DNA with azide 

functionalised fluorophores,
[42,46,48,60]

 but not much work has been done on the reaction of 

alkyne-modified fluorophores with azide-functionalised oligonucleotides by ‘reverse-click 

labelling’. Most of the limited work carried involved labelling at the 5´-end of the 

oligonucleotide which is quite restricted.
[64,65]

 Since previous studies by James Richardson, 

a colleague in the Brown group, showed that dyes placed into the minor groove of the 

DNA possess better fluorescent properties than when placed in the major groove,
[133]

 it was 

decided to incorporate the 2´-mesyloxyethyl ribothymidine (2´-mesyloxyethyl-rT) 

monomer (Figure 3.6 A) into an oligonucleotide during solid phase synthesis as it is 

compatible with the standard conditions of the oligonucleotide synthesis. The mesyl group 

can then be displaced by azide for attachment of various alkyne derivatives of CyDyes to 

the 2´-position of the ribose sugar.  

 

This ‘mesyl to azide conversion’ was chosen because azides can potentially react with P 

(III) (Staudinger reaction), 
[62,63]

 so cannot be added to oligonucleotides as modified 

phosphoramidite monomers, whilst in contrast the mesyl group is compatible with 

phosphoramidite oligonucleotide synthesis. Suitable conditions for conversion of the mesyl 

to azide were found to be heating the resin at 65 °C for 20 hours with sodium azide in 

DMF (Figure 3.6 B i). Marta Gerowska, a colleague from the Brown group, then continued 

the work to produce HyBeacons to target the R516G mutation of the human CFTR gene 

(which has been used previously
[133]

), by synthesising oligonucleotides with 2´-

mesyloxyethyl ribothymidine phosphoramidite monomer incorporated at several loci, and 

converted them to 2´-azidoethyl ribothymidine derivatives in high yield on the synthesis 

resin. The resultant azide oligonucleotides were doubly and triply labelled with alkyne-

modified CyDyes (Figure 3.7) and their biophysical properties were studied.
[66]
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Figure 3.6. A) 2´-Mesyloxyethyl ribothymidine phosphoramidite B) Conversion of 2´-mesyloxyethyl 

ribothymidine to 2´-azidoethyl ribothymidine; i) NaN3, DMF, 65 C, 20 h ii) labelling with CyDyes R; 

CuSO4, sodium ascorbate, tris-hydroxypropyl triazole ligand, DMSO, 55 C, 2 h C) HyBeacons investigated 

in this study, X = 2´-azidoethyl-rT (the labelling position for CyDyes), nucleotide spacing between the two X 

units varies between  , 5 and  , P =  ´-propanol. 

 

  

Figure 3.7. Various Cy5 and Cy3 dyes synthesised by Marta Gerowska and used for reverse-click 

labelling
[66]

 

 

The dye-labelling reactions via reverse-click chemistry were carried out on the resin 

between the 2´-ethoxyazide monomer on the oligonucleotide and the alkynyl-CyDye 

analogues (Figure 3.6 B ii). The reaction was done on the resin to take advantage of the 
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ease by which the excess free dye can be removed by washing the solid support with 

organic solvents. Suitable conditions for labelling were addition of tris-hydroxypropyl 

triazole ligand (Figure 3.8 A) along with a solution of CuSO4·5 H2O, sodium ascorbate, 

with CyDye in DMSO. The Cu (I) stabilising ligand play an important role in copper-

catalysed reactions, binding to Cu (I), stabilizing the +1 oxidation state, and helps to 

minimise degradation of the DNA. After 2 hours of heating at 55 °C the resin was washed 

and the oligonucleotides were cleaved from the resin by treatment with aqueous ammonia. 

Oligonucleotides were purified by reversed phase HPLC and characterised by mass 

spectrometry and capillary electrophoresis. The efficiency of multiple dye-labelling was 

generally very good, almost quantitative (Figure 3.8 B).  

 
 

Figure 3.8. A) tris-hydroxypropyltriazolylmethylamine (HPTA) ligand for the CuAAC reaction B) HPLC of 

a: Mesyl to azide conversion b: on-resin ethynyl-Cy3 labelling (2 additions, 5 nucleotide separation). * 

indicates desired product. 

 

Studies done by Marta Gerowska
[66]

 on a wide range of CyDyes showed that the optimum 

position of the triple bond for efficient click conjugation is directly on the aromatic ring of 

the dye. The HyBeacons she synthesised (sequences in Figure 3.6 C) were hybridised to a 

wild type target (WT) or a mutant type target (MT) (sequences in Figure 3.6 C) to form 

duplexes and fluorescence melting studies were then carried out. The optimum dye 

separation observed by melting curves was either 5 or 7 nucleotides; the separation of 3 

nucleotides consistently gave the least clear melting curve (Figure 3.9). UV melting studies 

(Table 3.3) confirmed that the 2´-labelled thymidine nucleotides do not strongly destabilise 

the DNA duplex. 
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Figure 3.9. A) Fluorescence melting curves B) Derivatives of HyBeacons labelled with Cy5 dyes with 

optimal dye-spacing when hybridized to complementary WT target
[66]

 

 

Table 3.3. UV melting of the oligonucleotides labelled with CyDyes with 5 base pair separation between 

dyes. ΔTm (°C) = difference in melting temperature between the oligonucleotide with two additions of the 

CyDyes (5 bp) and the unmodified sequence.
[66]

 Melting temperatures accurate to ± 0.5 °C 

Oligonucleotide  Tm 

(°C) 

ΔTm 

(°C) 

Unmodified 

CGCTTCTGTATCTATATTCATC 

57.0 --- 

HyB-5-EtCy5 50.0 -7.0 

HyB-5-NpCy5 55.0 -2.0 

HyB-5-EtCy5.25 48.0 -9.0 

HyB-5-NpCy5.5 50.0 -7.0 

HyB-5-PhCy5.25 52.0 -5.0 

HyB-5-EtCy3 44.0 -13.0 

HyB-5-NpCy3 54.5 -2.5 

HyB-5-EtCy3.25 53.0 -4.0 

HyB-5-NpCy3.5 51.0 -6.0 

HyB-5-EtCy3B 53.0 -4.0 

 

Comparisons with oligonucleotides labelled with N-hydroxysuccinimide esters of 

CyDyes
[133]

 showed that oligonucleotides labelled by click chemistry performed better 

(Figure 3.10), possessing superior HyBeacon characteristics. This could be due to the 

length and structure of the linker between the nucleoside and the dye. It highlights the 

importance of varying the structure of the fluorophore and the method of attachment to 

DNA to optimize the performance of HyBeacon probes.  
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Figure 3.10. Comparison of melting curves between HyBeacons labelled by standard amide bond formation 

using NHS-esters and by click chemistry
[66]

 

 

3.4. Conclusion 

 

The 2´-aminoethoxy nucleoside monomers synthesised in chapter 2 (Scheme 2.1) were 

used for various applications by colleagues in the Tom Brown group, which included the 

synthesis of TFOs and HyBeacons. 

 

The 2´-aminoethoxy modification was initially selected based on the principle that 

modifications of the 2´-position of the ribose sugar in the TFO greatly reduce degradation 

of the TFO in vivo by nuclease enzymes.
[117]

 Several 2´-O-modified nucleoside monomers 

were incorporated into TFOs and the stabilising effects of the modifications analysed, 

studies showed that MAPAE stabilised the triple helix better than all the other analogues 

and incorporation of 2´-aminoethoxy group on the C-nucleoside provided higher triplex 

stability than the 2´-methyl and 2´-methoxyethyl.
[132]

 

 

The 2´-aminoethoxy thymidine monomer was incorporated in oligonucleotides which were 

labelled post-synthetically with various fluorophores to produce HyBeacons (e.g., 

fluorescein, Cye5/3 dyes)
[133]

 which are of major importance for DNA diagnostics.
[116]

 

Richardson et al.
[133]

 showed that several classes of fluorophore can function effectively in 

HyBeacons provided that they are attached to the probe by the correct chemical linkages.  

 

At the same time the 2´-mesyloxyethyl thymidine monomer was incorporated into 

oligonucleotides, converted to azide on the resin and used for reverse click labelling with 

alkyne-modified CyDyes and their biophysical properties studied.
[66]

 A comparison 

between oligonucleotides labelled with N-hydroxysuccinimide esters of CyDyes
[133]

 

showed that oligonucleotides labelled by reverse click chemistry performed better, 

possessing superior HyBeacon characteristics. 
[66]
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Chapter 4 – Copper-Free Click Chemistry for Oligonucleotide Ligation 

and Fluorescent Labelling 

 

4.1 Introduction 

 

The copper-catalysed azide-alkyne 1,3-dipolar cycloaddition (CuAAC) ‘clic  reaction’ 

is the reaction between an azide and an alkyne. It has proven to be of remarkable utility 

for a wide range of applications in the nucleic acids field
[42]

 due to its high selectivity, 

efficiency and orthogonality with almost all other functional groups,
[38]

 as described in 

section 1.6. It has been utilised as a method of cyclising single and double stranded 

DNA,
[43-45]

 to label oligonucleotides with a variety of reporter groups
[46,54]

 including 

carbohydrate,  peptides, and fluorescent dyes,
[42,46,48,58,142]

 and produced analogues of 

DNA with modified nucleobases
[42,48,55,143]

 and backbones.
[42,68,144,145]

 This is a rapidly 

growing field. However, the reaction is not compatible with in vivo applications due to 

the toxicity of Cu (I), even at low concentrations.
[77]

  

 

It would be an advantage to be able to carry out click chemistry with high efficiency in 

the absence of Cu (I), and for carbohydrates this problem has been solved
[77,78,93,146-148]

 

via the use of the SPAAC reaction (discussed in section 1.6.5).
[71,149]

 This involves the 

reaction between an azide and a strained alkyne such as a cyclooctyne. Based upon the 

above precedent we decided to investigate if we could adopt this approach for nucleic 

acids, using cyclooctyne derivatives that would react quickly with azides at low 

concentration under DNA-templated conditions (Figure 4.1 A), whilst remaining 

unreactive in a non-templated mode. This should be feasible, as DNA templation 

accelerates reaction rates by several orders of magnitude.
[96,150] To achieve this we 

synthesised two activated cyclooctyne derivatives (Figure 4.1 B) for conjugation to 

amino-functionalised oligonucleotides; the non-substituted cyclooctyne (NSCO, 33), 

and the previously reported dibenzocyclooctynol (DIBO, 34).
[83]

 The NSCO derivative 

was synthesised by Xiong Chen a colleague in the Brown Group.
[96]

 DIBO should be 

more reactive towards azides than NSCO because the aromatic rings are expected to 

impose additional ring strain and electron withdrawing properties.
[83]
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Figure 4.1. A) SPAAC click DNA ligation between azide-labelled and cyclooctyne-labelled oligonucleotides 

(FAM = 6-carboxyfluorescein), B) Tools for the DNA templated ligation; includes 6- carboxyfluorescein 

phosphoramidite (inclusion into the 5´), activated cyclooctynes for labelling amino-modified 

oligonucleotides and 6-azidohexanoic acid for labelling amino-modified oligonucleotides 

 

4.2 DIBO active ester synthesis  

 

DIBO (41) was synthesised by the previously reported method by Boons et al.
[83]

 (Scheme 

4.1). It was initially hoped, based on literature sources, that the compound 37 could be 

easily synthesised from phenylacetaldehyde.  



Chapter 4- Copper-Free Click Chemistry for Oligonucleotide Ligation and Fluorescent Labelling 

 

 67 

 

Scheme 4.1.  Synthesis of DIBO active ester: (i) Phenyl acetaldehyde, iodotrimethylsilyl silane, anhydrous 

chloroform, 5 C, 7 days, 29%
[151]

 (ii) n-butyllithium, anhydrous THF, rt, 3 h, 78%
[152]

 (iii) tert-

butyldimethylsilyl chloride, pyridine, rt, 12 h, 70% (iv) Br2, chloroform, rt, 13 h, 56% (v) LDA, THF, rt, 18 h, 

79% (vi) 4-nitrophenyl chloroformate, pyridine, DCM, rt, 3 h 30 min, 83%.
[83]

  

 

At the outset of the investigation, we encountered problems with the first step in the 

synthesis, obtaining low yields after very long reaction times; achieving 29% yield 

compared to Lyster et al.
[151]

 who reported a 50% yield of the product. Ring opening of the 

dibenzylic ether (37) was carried out with 2 equivalents of n-butylltihium
[152]

 in anhydrous 

THF at room temperature for 3 hours to produce 38 in 79% yield. Protection of the 

hydroxyl group as a TBS ether gave 39 in good yield. Alkene 39 was then brominated to 

provide dibromide intermediate 40, with the loss of the TBS protecting group during the 

transformation. The next step was dehydrobromination of 40 by treatment with LDA in 

THF for 2 hours at room temperature. This transformation was problematic due to an 

impurity visible in the NMR spectrum with the same Rf as the product during TLC analysis. 

Boons et al.
[83]

 did not mention this impurity despite its presence in their NMR spectrum. 

Purification of the crude compound by column chromatography in different systems was 

attempted, however no way of removing the impurity was found. Therefore, it was taken 

through to the next step, formation of the DIBO active ester 34.  Once compound 34 was 

incorporated into the oligonucleotide mass spectrometry studies (Figure 4.2) revealed that 

the dehydrobromination reaction was not proceeding to completion and as a consequence 

intermediate 40B was present (Figure 4.2 B).  
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Figure 4.2. Analysis of oligonucleotide labelled with DIBO active ester; A) HPLC chromatograms 

monitoring at 295 nm B) Electrospray mass spectra of peak 1; corresponds to product oligonucleotide ESI- = 

4969, requires 4969 C) Electrospray mass spectra of peak 2; corresponds to oligonucleotide labelled with 

compound 40B (figure 4.3 B), ESI- = 5050, requires 5050 

 

Dehydrobromination occurs via E2 elimination where an anti-periplanar arrangement of C-

Br and C-H (Z isomer) is needed for fast elimination. Elimination from an E isomer is 

much slower because the C-Br and C-H bonds are syn-periplanar (Figure 4.3 A). 

 

 

Figure 4.3.  A) Dehydrobromination in a Z and E isomer B) Dehydrobromination in DIBO 
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It was concluded that in order for the dehydrobromination to proceed cleanly, the reaction 

time had to be increased.  t was decided to allow the reaction to proceed overnight (  1  

hours) at room temperature, to afford DIBO 41 in a reasonable yield. A very limited 

amount of intermediate/by-product was still observed in the NMR compared to the 

previous method and this was taken through to the next step, formation of the DIBO active 

ester 34.   

 

4.3 DNA templated-mediated ligation 

 

To test the reactivity of the cyclooctyne derivatives in copper free click chemistry, several 

experiments were conducted, which included the use of a template-mediated ligation of 

two oligonucleotide (ODN) strands, one with a 5´-alkyne and the other with a 3´-azide 

(Figure 4.4) to produce a DNA strand with a continuous 5´- to 3´- backbone with a triazole 

linkage at the ligation point.  

 

Figure 4.4. Template-mediated click-ligation of two ODNs: A) Schematic and B, C) Chemical structures of 

DIBO and NSCO triazoles respectively at the ligation point. 
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In order to achieve this, convenient synthesis of the relevant alkyne and azide-modified 

oligonucleotides were required. Both alkynes were attached post-synthetically to the 5´-

end of an aminohexyl-labelled oligonucleotide to give ODN-4 and ODN-5 (Scheme 4.2 B, 

Table 4.1), azide synthesis was more complicated as azides are generally not stable in the 

presence of P (III) due to decomposition via the Staudinger reaction.
[61-63]

 Hence, they 

cannot be converted to functional phosphoramidite monomers for use in oligonucleotide 

synthesis. The simplest approach for azide introduction is the post-synthetic labelling of 

amino modified oligonucleotides with active esters, this usually proceeds in high yield. 

Using this strategy, the NHS ester of 6-azidohexanoic acid (35) was added to a 3´-

aminoalkyl labelled oligonucleotide to provide the azide oligonucleotide (ODN-6) which 

had a fluorescein dye at the 5´-end to allow visualisation at low concentrations by gel 

electrophoresis (Scheme 4.2 A). This was carried out in a 1:1 ratio of bicarbonate buffer to 

DMSO at pH 8.75 for 4 hours at room temperature. Reversed phase HPLC purification was 

carried out on all of the oligonucleotides after labelling, and the products were 

characterised by mass spectrometry and capillary electrophoresis (CE). 

 

 

Scheme 4.2. Post-synthetic labelling of oligonucleotides with; A) 6-azidohexanoic acid NHS ester (i) 0.5M 

Na2CO3/NaHCO3 buffer (pH 8.75), DMSO, rt, 4 h. B) DIBO active ester (i) 0.5M Na2CO3/NaHCO3 buffer 

(pH 8.75), DMF, 55 C, 4 h. 
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Table 4.1. Oligonucleotide sequences (mass spectra in appendix 7.2). F = fluorescein, z = amino C7 labelled 

with 6-azidohexanoic acid, 
C
K = aminohexyl labelled with NSCO (33), 

DIBO
K = aminohexyl labelled with 

DIBO (34), X, Y = ligated triazole products derived from ODN-6 with ODN-4 and ODN-5 respectively, 

ODN-7 = Wild Type target (WT) and ODN-8 = Mutant type target (MT, C.C mutation).  

Oligonucleotide 

Code 
Sequences 

ODN-4 
DIBO

K-GCGATCAATCAGACG 

ODN-5 
C
K-GCGATCAATCAGACG 

ODN-6 F-CTTTCCTCCACTGTTGCz 

ODN-7 TTTATTGATCGCGCAACAGTGTTT 

ODN-8 TTTATTCATCGCGCAACAGTGTTT 

ODN-9 F-CTTTCCTCCACTGTTGCXGCGATCAATCAGACG 

ODN-10 F-CTTTCCTCCACTGTTGCYGCGATCAATCAGACG 

ODN-11 CTTTCCTCCACTGTTGCGCGATCAATCAGACG 

 

Templated and non-templated ligation reactions between azide ODN-6 and alkyne ODN-4 

and ODN-5 were carried out in the absence of Cu (I) and in 0.2 M NaCl to ensure duplex 

formation with the complementary template ODN-7. Among the two cyclooctynes tested, 

DIBO (34) which possesses the best intrinsic reactivity with azides, was the most efficient 

reagent for the templated mediated ligation, as all the templated reactions proceeded 

cleanly and were complete within 1 minute at 2 µM DNA concentration (Figure 4.5; lane 1 

and 14). NSCO (33) also reacted cleanly but required more than 30 minutes for the 

reaction to complete (Figure 4.5 lane 9), whereas the non-templated reactions gave little or 

no product under otherwise identical conditions in both cases. The non-templated reactions 

were also done at 55 C for 3 hours in 0.2 M NaCl, but little or no product was observed. 
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Figure 4.5. SPAAC templated and non-templated reactions comparing DIBO and NSCO alkyne 

oligonucleotides. Lanes 1-3: templated reactions using DIBO ODN-1; 0 min, 5 min, 30 min, RT, lanes 4-6: 

non-templated reactions using DIBO ODN-1; 0 min, 5 min, 30 min, RT, lanes 7-9: templated reactions using 

NSCO ODN-2; 0 min, 5 min, 30 min, RT, lanes 10-12: non-templated reactions using NSCO ODN-2; 0 min, 

5 min, 30 min, RT, lane 13: azide ODN-3, lanes 14-16: templated reactions using DIBO ODN-1; 1min, 3 

min, 5 min, RT. All reactions performed at 2 μM oligonucleotide conc. in  .2 M aq. NaCl for the specified 

time then mixed with formamide and loaded directly onto a 20% polyacrylamide gel.  

 

Next we decided to synthesise a template oligonucleotide (ODN-8, Table 4.1) containing a 

single mismatch base pair that lies between the template and DIBO-labelled ODN, to test 

the specificity of DNA ligation. The C.C mismatch was chosen as it is one of the least 

stable mismatches. We performed the SPAAC reaction between the oligonucleotides with 

either the mutant type (MT- single base pair mismatch) or wild type (WT- fully matched) 

templates at various temperatures. A single base pair mismatch was sufficient to strongly 

inhibit the ligation reaction at 45 °C (Figure 4.6 and 4.7). It was observed in both gels that 

identical results were obtained from the SPAAC reaction when the azide oligonucleotide 

was annealed to the template before adding the alkyne oligonucleotide and when the 

alkyne oligonucleotide was annealed to the template before adding the azide 

oligonucleotide (Figure 4.7). 
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Figure 4.6. Discrimination between fully matched and mismatched SPAAC templated reactions using DIBO 

ODN-4 and templates ODN-7 (WT) and ODN-8 (MT). Lane 1: azide ODN-6, lanes 2 and 4: WT template, 

RT and 37 °C, lanes 3 and 5:   MT template, RT and 37 °C, lane 6: azide ODN-6, lanes 7, 9 and 11: WT 

template, 45 °C, 60 °C and 80 °C, lanes 8, 10 and 12: MT template, 45 °C, 60 °C and 80 °C. All reactions 

were performed at 2 μM oligonucleotide conc. in  .2 M aq. NaCl for 5 min then mixed with formamide and 

loaded directly onto a 20% polyacrylamide gel. Alkyne was annealed to the template first before adding the 

Azide. 

 

Figure 4.7. Discrimination between fully matched and mismatched SPAAC templated reactions using DIBO 

ODN-4 and templates ODN-7 (WT) and ODN-8 (MT) at 45 °C for 5 min. Lane 1: azide ODN-6, lanes 2 and 

4: WT template, 45 °C, lanes 3 and 5: MT template, 45 °C. All reactions were performed at 2 μM 

oligonucleotide conc. in 0.2 M aq. NaCl for 5 min then mixed with formamide and loaded directly onto a 

20% polyacrylamide gel. Lanes 2-3: Azide was annealed to the template first, lanes 4-5: Alkyne was 

annealed to the template first.  
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The inhibition caused by this single base pair mismatch points to future applications in 

genetic analysis, mutation detection and genomics. An example would be to use a 

fluorescence resonance energy transfer (FRET) system in genetic analysis during 

polymerase chain reaction (PCR) amplification to discriminate between a MT and a 

WT target. One oligonucleotide could conatin an azide and a fluorescent dye (donor) 

and the other a cyclooctyne and a fluorescent dye (acceptor). During the annealing 

cycle, the two strands would hybridise to the WT template, followed by the SPAAC 

templated DNA ligation reaction resulting in FRET (Figure 4.8). This could be 

advantageous as it would lead to a very stable FRET system with the two dyes 

covalently linked. 

 

Figure 4.8. FRET system for genetic probes during PCR (future applications) 

 

4.4 Cu (I)
 
inhibition of the DNA templated-mediated ligation 

 

It was unexpectedly discovered that the addition of Cu (I) strongly inhibited the SPAAC 

reaction (Figure 4.9 A; lanes 4, 5, 8, 9). It was suspected at first that this inhibition was 

caused by copper-induced degradation of the alkyne oligonucleotides. However, stability 

tests on the alkyne oligonucleotides in the presence of Cu (I) eliminated this possibility as 

no degradation was observed by either mass spectrometry or gel electrophoresis. It was 

found by Groger et al.
[153]

 that Cu (I) can form a complex with cyclooctyne at room 

temperature in high yield (Figure 4.9 B). We suspect that a similar complex is formed 

between the alkyne oligonucleotides and Cu (I) which blocks the SPAAC reaction from 

occurring. To test the stability of this putative complex, the alkyne oligonucleotides were 



Chapter 4- Copper-Free Click Chemistry for Oligonucleotide Ligation and Fluorescent Labelling 

 

 75 

treated with Cu (I) then all small molecules were removed by sephadex gel-filtration 

before carrying out the SPAAC reaction. This process did not restore the reactivity of the 

alkyne suggesting that the alkyne- Cu (I) complex survived gel-filtration (Figure 4.9 A), 

however the complex was not stable enough to be observed by mass spectrometry. 

 

 

Figure 4.9. A) SPAAC templated and non-templated reactions using alkyne oligonucleotides pre-treated with 

Cu (I). Lane 1: azide ODN-6, lanes 2 and 3: control, templated and non-templated SPAAC reactions using 

the DIBO alkyne oligonucleotide (ODN-4), lanes 4 and 5: templated and non-templated reactions using 

DIBO oligonucleotide (ODN-4) pre-treated with Cu (I), lanes 6 and 7: control; templated and non-templated 

SPAAC reactions using the NSCO alkyne oligonucleotide (ODN-5), lanes 8 and 9: templated and non-

templated reactions using NSCO oligonucleotide (ODN-5) pre-treated with Cu (I). All reactions carried out 

at 2 µM DNA conc. in 0.2 M NaCl for 30 min at room temperature before loading directly onto a 20% 

polyacrylamide gel. B) Proposed Cu (I)-cyclooctyne complex by Groger et al.
[96,153]

 

 

 

It was then decided to carry out SPAAC ligation reactions in the presence of Cu (I) with 

excess ligands that bind to Cu (I) or Cu (II), such as ethylenediaminetetraacetic acid 

(EDTA), thiourea, sodium sulphide (Na2S) and tris-hydroxypropyl triazole ligand (HPTA). 

It was observed that the inhibitory properties of the copper were suppressed by EDTA (100 

equivalents) which partially restored the reactivity of the cyclooctyne oligonucleotide after 

30 minutes at room temperature (Figure 4.10). In contrast, adding excess of thiourea, Na2S 

and HPTA did not restore the reactivity.  
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Figure 4.10. SPAAC reaction of DIBO and NSCO alkyne oligonucleotides (ODN-4) and (ODN-5), 

respectively, in the presence of Cu (I) and EDTA. Lane 1: control starting oligonucleotide (ODN-6), lanes 2 

and 3: templated SPAAC reactions, lanes 4 and 5: Cu (I) templated reactions, lanes 6 and 7: Cu (I) 

templated reaction in the presence of EDTA (100 equivalent), lanes 8 and 9: Cu (I) templated reaction in the 

presence of thiourea (100 equivalent), lanes 10 and 11: Cu (I) templated reaction in the presence of Na2S 

(100 equivalent). All reactions were performed at 2 µM oligonucleotide concentration for 30 min at room 

temperature, in 0.2 M NaCl buffer, before loading onto a 20% polyacrylamide gel.
[96]

 

 

4.5 Ultraviolet melting studies on the templated ligated products against a WT and 

MT target 

 

Ultraviolet melting studies were carried out in order to evaluate the stabilities of the 

duplexes in which one strand, the ligated product, contains a triazole linkage. The UV 

melting temperatures (Tm) of the templated ligated product for both cyclooctynes showed a 

decrease in Tm of ~ 7 °C (Table 4.2, Figure 4.11) compared with the unmodified wild type 

duplex which had a Tm of 66.0 °C. The decrease in Tm is assumed to be due to disruption to 

the secondary structure of the duplex. The similarity in Tm for both ligated products (DIBO 

and NSCO) was expected, as both triazole linkers are quite long. If the linker was shorter 

there might be a difference in stability between the duplexes containing the two different 

alkynes, as DIBO is bulkier than NSCO. DIBO may also have the capacity to participate in 

aromatic stacking interactions with the nucleobases. 
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Table 4.2. Tm data from UV melting for the templated ligated products and unmodified duplex. 

Oligonucleotide sequences in Table 4.1. Tm values are the average of 3 separate melting curves. Melting 

temperatures accurate to ± 0.5 °C 

Oligonucleotide Code Tm (°C) Tm (°C) 

ODN-7 + ODN-11 (native control) 66.0 --- 

ODN-7 + ODN-10 (NSCO)  59.0 -7.0 

ODN-7 + ODN-9 (DIBO active ester)  58.5 -7.5 

ODN-7 + ODN-13 (DIBO phosphoramidite; section 4.6) 58.5 -7.5 

 

 

 
Figure 4.11. Comparison of the templated ligated products and unmodified duplex A) UV melting curves; 

unmodified duplex (blue), NSCO ligated product (purple), DIBO active ester ligated product (red) and DIBO 

phosphoramidite (green), B) UV melting derivatives. UV melting curves and derivatives were measured on a 

Cary 400 Scan UV-Visible Spectrophotometer (Varian) at 1 μM DNA concentration in 10 mM sodium 

phosphate buffer and 200 mM NaCl at pH 7.0. Spectra were recorded at 260 nm and Tm values were 

calculated using Cary Win UV Thermal Application Software. Tm values are the average of 3 separate 

melting curves. Melting temperatures accurate to ± 0.5 °C. 

 

Ultraviolet melting studies on duplexes containing the mutant type (MT) template 

showed a decrease of ~ 9.5 °C in melting temperature (Tm) compared with the wild type 

(WT) duplex which had a Tm of 58.0 °C (Table 4.3). Mismatches in DNA are generally 

different in shape from Watson-Crick base pairs and are usually thermodynamically 

unstable, as observed in the UV melting studies below. 

 

 

 

 

 

Z 
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Table 4.3. Tm data from UV melting for the WT and MT templated duplexes. Average Tm value was 

calculated from three successive melting curves. Melting temperatures accurate to ± 0.5 °C 

Oligonucleotide Code Tm (°C) Tm (°C) 

ODN-7 + ODN-11  

(native control) 

66.0 --- 

ODN-7 + ODN-4 

( WT + DIBO starting oligo) 

43.0 -23.0 

ODN-8 + ODN-4 

( MT + DIBO starting oligo) 

Very low to be 

observed 
--- 

ODN-7 + ODN-9 

( WT + DIBO ligated product) 

58.0 -8.0 

ODN-8 + ODN-9 

( MT + DIBO ligated product) 

48.0 -18.0 

 

 
Figure 4.12. Comparison between WT (ODN-7) and MT (ODN-8) A) UV melting curves B) UV melting 

derivatives. UV melting curves and derivatives were measured on a Cary 400 Scan UV-Visible 

Spectrophotometer (Varian) at 1 μM oligonucleotide concentration in 10 mM sodium phosphate buffer and 

200 mM NaCl at pH 7.0. Spectra were recorded at 260 nm and Tm values were calculated using Cary Win 

UV Thermal Application Software. Tm values are the average of 3 separate melting curves. Melting 

temperatures accurate to ± 0.5 °C. 

 

4.6 Synthesis of 5´-DIBO phosphoramidite monomer and properties of DIBO 

oligonucleotides 

  

It would be convenient if the alkyne functionality could be added to oligonucleotides as a 

phosphoramidite during solid-phase oligonucleotide synthesis rather than post-

synthetically. This would provide an orthogonal method to ease the synthesis of 

cyclooctyne oligonucleotides which might also contain various labels or sensitive 

fluorescent dyes which have to be added as active esters after solid-phase synthesis. With 

this in mind, we decided to synthesise the phosphoramidite derivative 43 of DIBO 

(Scheme 4.3). DIBO active ester (34) was coupled with 3-amino-1-propanol in DCM and 
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Et3N to afford 42 in good yield, which was then subjected to conventional phosphitylation 

conditions
[131]

 to afford 5´-DIBO phosphoramidite monomer, 43  in  73% yield. 

 

 

Scheme 4.3.  Synthesis of the 5´-DIBO monomer 43: (i) 3-amino-1-propanol, DCM, Et3N, 88% (ii) 2-

cyanoethyl-N,N´-diisopropylchlorophosphoramidite, DCM, DIPEA, 73%. 

 

The DIBO monomer was added to the 5´-end of an oligonucleotide (ODN-12, Table 4.1). 

A shorter propylcarbamoyl linker was used in place of the hexyl version employed in the 

NHS ester labelling strategy in order to provide some structural diversity at the click 

ligation site. This cyclooctyne and its linker proved to be completely stable during 

oligonucleotide synthesis and deprotection conditions, including heating in concentrated 

aqueous ammonia for 1 hour at 55 °C.  Pure cyclooctyne-labelled oligonucleotides were 

obtained by purification with reverse phase HPLC, and were analysed by mass 

spectrometry. A comparison between SPAAC templated and non-templated reactions for 

DIBO added as an active ester and as a phosphoramidite was carried out in the absence of 

Cu (I), the activity of the 5´-DIBO added as a phosphoramidite was as efficient in the DNA 

templation reaction as the 5´-DIBO derived from the active ester (Figure 4.13). 

 

Table 4.4. Oligonucleotide sequences (mass spectra in appendix 7.2). 
DIBO

K1 = dibenzocyclooctynyl derived 

from phosphoramidite (42). Z = ligated triazole products derived from ODN-6 with ODN-12, Fz
DIBO

K1
 
= 6-

fluoresceinamidopropyl azide + DIBO. 

Oligonucleotide 

Code 
Sequences 

ODN-12 
DIBO

K1-GCGATCAATCAGACG 

ODN-13 F-CTTTCCTCCACTGTTGCZGCGATCAATCAGACG 

ODN-14 Fz
DIBO

K1-GCGATCAATCAGACG 
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Figure 4.13. Comparison between SPAAC templated and non-templated reactions for the DIBO cyclooctyne 

added as an active ester (ODN-4) and as a phosphoramidite (ODN-12). Lane 1: control starting 

oligonucleotide (ODN-6), Lanes 2-4: templated reactions using (ODN-4); 0 min, 5 min, 30 min, lanes 5-7: 

Non-templated reactions using (ODN-4); 0 min, 5 min, 30 min, lanes 8-10: template reactions using (ODN-

12); 0 min, 5 min, 30 min, lanes 11-13: non-templated reactions using (ODN-12); 0 min, 5 min, 30 min. All 

reactions performed at 2 µM oligonucleotide in 0.2 M NaCl at room temperature, before loading on a 20% 

polyacrylamide gel.
[96]

 

 

A UV melting study of the duplex containing the ligated product (ODN-13) from the 

DIBO phosphoramidite 43 (propylcarbamoyl linker) gave a similar Tm (described in 

section 4.5, Table 4.2, Figure 4.11) to that obtained from the ligated product (ODN-9) 

derived from the DIBO active ester (amidohexyl linker). 

 

4.7 Fluorescent labelling of DIBO oligonucleotides 

 

Fluorescent labelling of oligonucleotides is of major importance for DNA diagnostics, 

sequencing and related applications.
[51]

 A number of labelling strategies have been 

developed and can be divided into two main categories, i) addition of the fluorophore 

during solid-phase oligonucleotide synthesis and ii) post-synthetic labelling. The 

incorporation of fluorophores during solid-phase synthesis requires the availability of 

the phosphoramidite monomers, where the dye is attached to the nucleobase, sugar, or 

an artificial backbone. This method usually has high selectivity and yield but some 

fluorophores are unstable to oligonucleotide deprotection conditions, and are therefore 

unsuitable for direct insertion. In such cases an alternative strategy is to introduce 

fluorophores post-synthetically by the use of an amino-modified monomer and active 
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ester of the fluorophore.
[52,53]

 Alternative labelling methods include the reaction of 

thiol-labelled DNA with maleimide or iodoacetamide derivatives of dyes. There is a 

wide range of commercially available dye-NHS esters and derivatives for the post-

synthetic labelling, but these methods have limitations, as the electrophiles rapidly 

decompose in aqueous media. In addition they are usually quite sensitive to moisture 

and are susceptible to decomposition upon long term storage. 

 

It was decided to evaluate the labelling of oligonucleotides using the copper-free 

SPAAC reaction, by incorporating DIBO phosphoramidite derivative 43 to the 5´-end 

of an oligonucleotide (ODN-12) and labelling with 6-carboxyfluorescein azide. 

Optimisation of the labelling reaction was carried out by analysing the crude by 

capillary electrophoresis (CE) and mass spectrometry. The best conditions were found 

to be the addition of 6-carboxyfluorescein azide (10 equivalents) in a mixture of 

DMSO and 0.2 M NaCl buffer (2:1). The reaction mixture was heated at 37 °C for 1 

hour, which resulted in complete conversion to labelled ODN-14 as two isomeric 

fluorescent products which were characterised by mass spectrometry and CE (Figure 

4.14, 4.15).  

 

Figure 4.14. Capillary electrophoresis (CE) analysis; A) Starting ODN-12, B) Products: two isomers ODN-

14, C) mixed injection between the product ODN-14 and starting ODN-12. The x-axis is time [min], y-axis is 

UV absorbance at 254 nm. The CE was performed by injecting 0.4 OD/100 mL. onto a ssDNA 100-R Gel, 

Tris-borate-  M Urea (Kit No 4  48 ) on a Bec man Coulter P/ACE™ MDQ Capillary Electrophoresis 

system using 32 Karat software. Inject-voltage 10.0 kv and separation-voltage 9.0 kv (45.0 min duration). 
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Figure 4.15. Labelling of oligonucleotide with 6-carboxyfluorescein azide, showing the isomeric 

cyclooctyne triazole reaction products 
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4.8 Conclusion 

 

Two activated cyclooctyne derivatives have been synthesised (DIBO 34 and NSCO 

33), incorporated into the 5´-end of oligonucleotides and used in SPAAC DNA 

templated and non-templated reactions. DNA strand ligation was very fast in the 

presence of a complementary oligonucleotide but slow in the absence of a DNA 

template. With DIBO the reaction is essentially complete in 1 minute at room 

temperature, whilst NSCO required more than 30 minutes for complete reaction.  

Interestingly the addition of Cu (I) strongly inhibited the reaction due to a complex 

being formed between the cyclooctyne and Cu (I). Templated DNA strand ligation is 

also inhibited by the presence of a single base pair mismatch, suggesting applications 

in genetic analysis.  

 

DIBO was also incorporated into oligonucleotides as a phosphoramidite monomer (43) 

and subsequently labelled with fluorescein azide. The labelling reaction was efficient 

and complete within 1 hour at 37 C. The advantage of the SPAAC reaction over the 

CuAAC is that it does not require the use of toxic Cu (I) catalysis. Another advantage 

is that the cyclooctyne and azide oligonucleotides are both stable in aqueous buffer, 

hence the SPAAC reaction on oligonucleotides has potential for applications in biology 

and nanotechnology. 
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Chapter 5 – Copper-Free Click Chemistry for Oligonucleotide Strand 

Crosslinking and Orthogonal Labelling 

 

4.1 Introduction 

 

As discussed in chapter 1 and 4, the ring strain-promoted azide-alkyne [3+2] cycloaddition 

reaction (SPAAC) a technique for copper-free click chemistry, has been applied to 

carbohydrates
[78,93,146,154]

 and has recently been adopted in the nucleic acid field.
[94-96]

 We 

previously synthesised the dibenzocyclooctyne (DIBO) phosphoramidite monomer 43 

(Figure 5.1 A) for 5´-addition to oligonucleotides (ODNs) and used the resultant 

oligonucleotides in SPAAC reactions for ligation of DNA strands using a complementary 

template as a splint.
[96]

 Templated DNA ligation is very fast, proceeding to completion in 

~1 minute, and a single base pair mismatch in the duplex is sufficiently destabilising to 

strongly inhibit the reaction, suggesting applications in genetic analysis.   

 

Figure 5.1. Phosphoramidite monomers for the insertion of DIBO into oligonucleotides 

 

Copper-free click chemistry on nucleic acids has potential for various applications in 

biology and nanotechnology, but to realise these applications a new approach to the 

synthesis of cyclooctyne-functionalised oligonucleotides is urgently needed. A method is 

required which will allow the incorporation of single or multiple cyclooctyne derivatives at 

any position within an oligonucleotide sequence in the presence of other modifications.  

 

To achieve this objective it was decided to synthesise two alternative thymidine 

phosphoramidite monomers, both functionalised with DIBO. DIBO was chosen because of 

its stability to the conditions of oligonucleotide synthesis/deprotection, for its high 

reactivity with azides
[96]

 and for the potential of its triazole analogue to bind in the DNA 

grooves. One monomer has the DIBO moiety joined to the 5-position of uracil by a 
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propargyl linker (44, Figure 5.1 B) and the other has the DIBO attached to the 2´-oxygen 

of ribose by a short amidoethoxy linker (45, Figure 5.1 C). These phosphoramidite 

monomers were chosen to allow the addition of the DIBO functionality inside 

oligonucleotide sequences as well as at the 5´- or 3´- end. When incorporated into DNA 

duplexes, compound 44 has the DIBO in the major groove (attached to the nucleobase) 

whilst compound 45 has the DIBO in the minor groove (attached to the sugar) (Figure 5.2).  

 

 

 

Figure 5.2. Position of attachment of the modification to a thymidine nucleoside: R: 5-position of the base 

and R´: 2´-position of the sugar. 

 

We wished to synthesise these monomers so we could crosslink two strands of DNA 

together across the minor or major grooves, one strand will contain an azide modified 

monomer and the other a DIBO modified thymidine monomer (Figure 5.3). 

 

 

Figure 5.3. Schematic representation of SPAAC crosslinking across two oligonucleotides 
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5.2 The synthesis of 
DIBO-

T phosphoramidite monomers ´molecular toolkit´ 

 

Monomer 44 (Scheme 5.1) was synthesised in good yield. The first step was tritylation of 

the commercially available 5-iodo-dU (46). The subsequent palladium cross-coupling 

reaction of 47 with propargylamine gave intermediate 48; this intermediate is a versatile 

compound which can be used for various applications. In this instance, DIBO p-

nitrophenyl ester (34) was coupled to compound 48 to afford compound 49 in 73% yield, 

which was phosphitylated to yield the 5-propargyl DIBO dT phosphoramidite monomer 44. 

Scheme 5.1.  Synthesis of the  5-propargyl DIBO dT phosphoramidite monomer: (i) DMTCl, pyridine, rt, 4 h 

15 min, 82% (ii) propargylamine, CuI, Pd(PPh3)4, Et3N, DMF, rt, 3 h, 79% (iii) DIBO active ester (34), DCM, 

Et3N, 55 °C , 4 h, 73% (iv) 2-cyanoethyl-N,N´-diisopropylchlorophosphoramidite, DIPEA, DCM, rt, 1 h, 

72%. 

 

Monomer 45 (Scheme 5.2) was synthesised next, all steps gave good yields and there were 

no complications as the syntheses of some of the intermediates (compound 1-6 and 16) had 

previously been optimised for other phosphoramidite monomers (2´-aminoethoxy 5-methyl 

cytosine and 2´-aminoethoxy thymidine, discussed in chapter 2). The yield of the coupling 

of DIBO active ester (34) to compound 16 was 88% and the next step, phosphitylation of 

50, afforded 2´-DIBO-5-methyluridine phosphoramidite monomer (45) in a 59.4% yield.  
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Scheme 5.2. Synthesis of the 2´-DIBO-5-methyluridine phosphoramidite monomer: (i) 5-methyluridine, 

diphenyl carbonate, NaHCO3, DMF, 100 C, 4 h, 90% (ii) DMTCl, pyridine, rt, 5 h, 89% (iii) ethylene glycol, 

Ti(O
i
Pr)4, NaHCO3 cat., THF, 150 C, 24 h, 79% (iv) MsCl, Et3N, DCM, -70 C, 3 h,   57% (v) NaN3, DMF, 

18-crown-6, 60 C, 14 h, 89% (vi) Ph3P, H2O, THF, 45 C, 14 h, 89% (vii) DIBO active ester (34), DCM, 

Et3N, rt, 5 h, 88%, (viii) 2-cyanoethyl-N,N´-diisopropylchlorophosphoramidite, DIPEA, DCM, rt, 3 h, 59.4%. 

 

These 
DIBO-

T phosphoramidite monomers were used in the synthesis of two 14-mer 

oligonucleotides (ODN-15 and ODN-16, Table 5.1). The 
DIBO-

T phosphoramidite 

monomers were incorporated into oligonucleotides in high yield (>98%), and pure 

oligonucleotides were obtained by purification with reverse phase HPLC. They were 

analysed and characterised by mass spectrometry. 
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5.3 Copper-free click DNA strand crosslinking 

 

Four complementary azide oligonucleotides
[96,133]

 were also synthesised (Table 5.1) with 

the azide attached either to the 2´-position of the sugar (Z1 and Z2) or to the 5-position of 

the thymine base (Z3, Z4), on linkers of varying length (Figure 5.3). The azide 

oligonucleotides were synthesised by either incorporating a mesyl group which is 

converted to azide on the solid support, or by post-synthetic labelling followed by coupling 

between the amino-modified oligonucleotide and 6-azidohexanoic acid NHS ester (Figure 

5.4). This was necessary because of the incompatibility of the azide functional group with 

P (III) chemistry (the Staudinger reaction).
[61-63]

 

 

Figure 5.4. Azide derivatives for internal oligonucleotide labelling  
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Table 5.1. Complementary DIBO and azide oligonucleotide sequences for the ApT step (mass spectra in 

appendix 8.3). 
5-DIBO

K = 5- propargyl DIBO dT, 
2´-DIBO

K = 2´- ethoxy DIBO T, m
A 

= 2´- aminoethoxy T, M
A
 

= aminoC2dT, M
A
 = aminoC6dT, Z1 = 2´- azidoethoxy T, Z2 = 2´-aminoethoxy T labelled with 6-

azidohexanoic acid, Z3 = amino C2 dT labelled with 6-azidohexanoic acid, Z4 = aminoC6dT labelled with 6-

azidohexanoic acid.  

Oligonucleotide 

Code 
Sequences 

ODN-15 AATATGAA
5-DIBO

KTCTGT 

ODN-16 AATATGAA
2´-DIBO

KTCTGT 

ODN-17 ACAGAAm
A
TCATATT 

ODN-18 ACAGAAM
A
TCATATT 

ODN-19 ACAGAAM
A
TCATATT 

ODN-20 ACAGAAZ1TCATATT 

ODN-21 ACAGAAZ2TCATATT 

ODN-22 ACAGAAZ3TCATATT 

ODN-23 ACAGAAZ4TCATATT 

 

All eight combinations of complementary DIBO and azide oligonucleotides were clicked 

together (Table 5.2) to investigate the characteristics of the reactions and products when 

the cyclooctyne and azide groups are clicked together across an ApT step. The reactions 

were analysed by gel electrophoresis, and the products were extracted and analysed by 

mass spectra and capillary electrophoresis (CE).    

 

Table 5.2. Eight combinations of products of reaction between complementary DIBO and azide 

oligonucleotides (mass spectra in appendix 8.3). 

Oligonucleotide 

Code 
Sequences 

ODN-24 ODN-15 + ODN-20 

ODN-25 ODN-15 + ODN-21 

ODN-26 ODN-15 + ODN-22 

ODN-27 ODN-15 + ODN-23 

ODN-28 ODN-16 + ODN-20 

ODN-29 ODN-16 + ODN-21 

ODN-30 ODN-16 + ODN-22 

ODN-31 ODN-16 + ODN-23 

 

All ligation reactions were carried out in 0.2 M aqueous NaCl to ensure complete 

formation of the duplex, the reactions were monitored at time points up to 1 hour. The 

efficiency of the crosslinking reactions was evaluated by denaturing 20% polyacrylamide 

gel electrophoresis (PAGE).  The products formed quickly and efficiently at room 

temperature; in most cases the reactions were complete within 5 minutes. However, the 

products containing the shortest crosslinks (ODN-24 and ODN-28, Table 5.2) formed 
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relatively slowly, requiring ~ 30 minutes, but despite this the reaction was clean (Figures 

5.7 and 5.9).  

 

 

Gel electrophoresis for ApT steps (5´- ACAGAATTCATATT – 3´) 

 

Major to Major groove ligation (MM):  

 

 
Figure 5.5. SPAAC ligation reactions for major to major groove between ODN-15 (

5-DIBO
K) and ODN-22 

(Z3), lane 1-2: control starting oligonucleotides ODN-22 and ODN-15 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

 

 

 
Figure 5.6. SPAAC ligation reactions for major to major groove between ODN-15 (

5-DIBO
K) and ODN-23 

(Z4), lane 1-2: control starting oligonucleotides ODN-23 and ODN-15 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  
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Minor to Minor groove ligation (mm): 

 
Figure 5.7. SPAAC ligation reactions for minor to minor groove between ODN-16 (

2´-DIBO
K) and ODN-20 

(Z1), lane 1-2: control starting oligonucleotides ODN-20 and ODN-16 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

 

 
Figure 5.8. SPAAC ligation reactions for minor to minor groove between ODN-16 (

2´-DIBO
K) and ODN-21 

(Z2), lane 1-2: control starting oligonucleotides ODN-21 and ODN-16 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

 

Major to Minor groove ligation (Mm or mM): 

   

Figure 5.9. SPAAC ligation reactions for major to minor groove between ODN-15 (
5-DIBO

K) and ODN-20 

(Z1), lane 1-2: control starting oligonucleotides ODN-15 and ODN-20 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  
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Figure 5.10. SPAAC ligation reactions for major to minor groove between ODN-15 (
5-DIBO

K) and ODN-21 

(Z2), lane 1-2: control starting oligonucleotides ODN-21 and ODN-15 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

 

   
Figure 5.11. SPAAC ligation reactions for minor to major groove between ODN-16 (

2´-DIBO
K) and ODN-22 

(Z3), lane 1-2: control starting oligonucleotides ODN-22 and ODN-16 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

 

 
Figure 5.12. SPAAC ligation reactions for minor to major groove between ODN-16 (

2´-DIBO
K) and ODN-23 

(Z4), lane 1-2: control starting oligonucleotides ODN-23 and ODN-16 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  
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The 
DIBO-

T phosphoramidite monomers were then used to synthesise two 14-mer 

oligonucleotides (ODN-32 and ODN-33, Table 5.3) to compare the SPAAC crosslinking 

chemistry across a TpA step instead of an ApT step. Two complementary azide 

oligonucleotides were also synthesised (ODN-36 and ODN-37, Z2 and Z4). Pure 

oligonucleotides were obtained by purification with reverse phase HPLC, and they were 

analysed by mass spectrometry. 

 

Table 5.3. Complementary DIBO and azide oligonucleotides sequences for the TpA step (mass spectra in 

appendix 8.3). 
5-DIBO

K = 5- propargyl DIBO dT, 
2´-DIBO

K = 2´- ethoxy DIBO T, m
A 

= 2´- aminoethoxy T, M
A
 

= aminoC6dT, Z2 = 2´-aminoethoxy T labelled with 6-azidohexanoic acid, Z4 = aminoC6dT labelled with 6-

azidohexanoic acid.  

Oligonucleotide 

Code 
Sequences 

ODN-32 AATATGA
5-DIBO

KATCTGT      

ODN-33 AATATGA
2´-DIBO

KATCTGT      

ODN-34 ACAGAm
A
ATCATATT 

ODN-35 ACAGAM
A
ATCATATT 

ODN-36 ACAGAZ2ATCATATT   

ODN-37 ACAGAZ4ATCATATT    

ODN-38 ODN-32+ODN-36 

ODN-39 ODN-32+ODN-37 

ODN-40 ODN-33+ODN-36 

ODN-41 ODN-33+ODN-37 

 

 

All four combinations of complementary DIBO and azide oligonucleotides were clicked 

together (Table 5.3). The SPAAC crosslinking reactions worked equally well for the TpA 

step (Figure 5.13 – 5.16). 
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Gel electrophoresis for TpA steps (5´- ACAGATATCATATT – 3´) 

Major to Major groove ligation (MM): 

    

Figure 5.13. SPAAC ligation reactions for major to major groove between ODN-32 (
5-DIBO

K) and ODN-37 

(Z4), lane 1-2: control starting oligonucleotides ODN-37 and ODN-32 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

Minor to Minor groove ligation (mm): 

  

Figure 5.14. SPAAC ligation reactions for minor to minor groove between ODN-33 (
2´-DIBO

K) and ODN-36 

(Z2), lane 1-2: control starting oligonucleotides ODN-36 and ODN-33 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

 

Major to Minor groove ligation: 

   

Figure 5.15. SPAAC ligation reactions for major to minor groove between ODN-32 (
5-DIBO

K) and ODN-36 

(Z2), lane 1-2: control starting oligonucleotides ODN-36 and ODN-32 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  
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Figure 5.16. SPAAC ligation reactions for minor to major groove between ODN-33 (
2´-DIBO

K) and ODN-37 

(Z4), lane 1-2: control starting oligonucleotides ODN-37 and ODN-33 respectively, lanes 3-7: crude reaction 

mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

 

The DIBO/azide SPAAC crosslinking reaction produces four diastereoisomers, which 

originate from the two enantiomers of DIBO and the two triazole regioisomers. The 

diastereoisomers were inseparable by HPLC and gel electrophoresis. The symmetrical 

fused cyclopropyl-cyclooctyne derivative BCN (bicyclo[6.1.0]nonyne) is a useful 

alternative to DIBO
[154]

 in applications where a mixture of stereoisomers may be 

undesirable, as BCN reacts with azides to give two enantiomeric products. To evaluate 

BCN labelled oligonucleotides in DNA strand crosslinking across an ApT and TpA step we 

prepared two oligonucleotides containing the 
2´-BCN-

K nucleoside from 2´-aminoethoxy-T 

modified oligonucleotides
[28,133]

 and BCN NHS ester
[154]

 (Table 5.4).  

 

Table 5.4. BCN and azide oligonucleotides sequences for the ApT and TpA step (mass spectra in appendix 

8.3). m
A 

= 2´- aminoethoxy-T
 
and 

2´-BCN
K  = 2´-ethoxy BCN-T. Also sequences for the unmodified 

duplex/control. 

Oligonucleotide 

Code 
Sequences 

ODN-42 AATATGAAm
A 

TCTGT    

ODN-43 AATATGAm
A
ATCTGT     

ODN-44 AATATGAA
2´-BCN

KTCTGT     

ODN-45 AATATGA
2´-BCN

KATCTGT      

ODN-46 ODN-44+ ODN-21 

ODN-47 ODN-45+ ODN-36 

ODN-48 ACAGAATTCATATT 

ODN-49 AATATGAATTCTGT 

 

 

The BCN oligonucleotides reacted efficiently with complementary azide DNA strands in a 

similar manner to their DIBO analogues (within 5 min, Figures 5.17 and 5.18).  

 



Chapter 5- Copper-Free Click Chemistry for Oligonucleotide Strand Crosslinking and Orthogonal Labelling 

 

 99 

 

 

 
Figure 5.17. SPAAC ligation reactions across an ApT step; minor to minor groove between ODN-44 (

2´-

BCN
K) and ODN-21 (Z2), lane 1-2: control starting oligonucleotides ODN-21 and ODN-44 respectively, lanes 

3-7: crude reaction mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

 

 

  

Figure 5.18. SPAAC ligation reactions across a TpA step; minor to minor groove between ODN-45 (
2´-BCN

K) 

and ODN-36 (Z2), lane 1-2: control starting oligonucleotides ODN-36 and ODN-45 respectively, lanes 3-7: 

crude reaction mixtures; 0 min, 5 min, 15 min, 30 min and 1 h.  

 

An oligonucleotide with an identical sequence to ODN-15/ODN-16 was then synthesised 

with an octadiynyl group attached to a uracil base. The objective was to compare the 

CuAAC reaction against the SPAAC to observe which was quicker and more efficient. For 

the CuAAC DNA interstrand crosslinking (Figure 5.19), the Cu (I) catalyst was prepared 

in situ from Cu (II) sulfate (10 equivalents relative to DNA) and sodium ascorbate (10 

equivalents relative to Cu (II)). The water soluble tris-hydroxypropyltriazolylamine Cu (I)-

binding ligand
[39]

 was used in seven fold excess compared to the Cu (II) sulfate.  
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Table 5.5. Complementary octadiynyl dU and azide oligonucleotides sequences for the ApT step (mass 

spectra in appendix 8.3). 
5-OCT

K = octadiynyl dU, Z3 = amino C2 dT labelled with 6-azidohexanoic acid, Z4 = 

aminoC6dT labelled with 6-azidohexanoic acid.  

Oligonucleotide 

Code 
Sequences 

ODN-50 AATATGAA
5-OCT

KTCTGT 

ODN-22 ACAGAAZ3TCATATT 

ODN-23 ACAGAAZ4TCATATT 
 

 

The crosslinking reaction between octadiynyl dU (ODN-50) and complementary azide 

oligonucleotide (ODN-22, ODN-23) went to completion in    15 minutes (Figures 5.19 and 

5.20). The CuAAC reaction seems to be slower than the SPAAC reaction for identical 

sequences, even though Kočal a et al.
[45]

 showed that the CuAAC reaction to covalently 

crosslink complementary DNA strands using octadiynyl dU and aminoC6dT labelled with 

6-azidohexanoic acid, went to completion within 5 minutes.  

 

 

Figure 5.19. CuAAC ligation reactions across an ApT step; major to major groove between ODN-50 (
5-OCT

K) 

and ODN-22 (Z3), lane 1-2: control starting oligonucleotides ODN-22 and ODN-50 respectively, lanes 3-7: 

crude reaction mixtures; 0 min, 5 min and 15 min. 
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Figure 5.20. CuAAC ligation reactions across an ApT step; major to major groove between ODN-50 (
5-OCT

K) 

and ODN-23 (Z4), lane 1-2: control starting oligonucleotides ODN-23 and ODN-50 respectively, lanes 3-7: 

crude reaction mixtures; 0 min, 5 min and 15 min. 

 

Identical conditions were used to Kočal a et al.
[45]

 as well as using highly pure 

oligonucleotides obtained by HPLC, which were characterised by mass spectrometry and 

capillary electrophoresis (CE) (Figure 5.21).  The only reason that can be thought of for the 

CuAAC crosslinking being slower in our case is that in our oligonucleotide the alkyne is 

positioned at the ninth nucleotide from the 5´-end (Figure 5.22 A). Whilst Kočal a et al. 

had the alkyne inserted as the fifth nucleotide from the 5´-end of the 14-mer or at the third 

position, and the azide was located four nucleotides from the 3´-end (Figure 5.22 B). We 

originally thought that the purity of the tris-hydroxypropyl triazole ligand
[39]

 may have 

been an issue since it was synthesised in house by a colleague. Sometimes bis- 

hydroxypropyl triazole can be present if not purified properly but the NMR and mass 

spectrum proved that only tris was present. Additional experiments to test whether the 

position of the alkyne and azide really do affect the speed of the CuAAC reaction would be 

the re-synthesis all the oligonucleotides for the SPAAC and CuAAC reactions using the 

same positioning as Kočal a et al.in the sequence. 
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Figure 5.21. A) CE of ODN-50 
5-Oct-

K, sequence in Table 5.5. B) Mass spectra of ODN-50; ESI- = 4366, 

requires 4367. 

 

 
 

Figure 5.22. The duplex sequences and position of the alkyne and azide A) position of the azide and alkyne 

in our case B) position of the azide and al yne in Kočal a et al. C) Triazole linkage formed between 
5-Oct

K 

(ODN-50) and  Z3 (ODN-22) 

 

5.4 Biophysical studies on DIBO and BCN crosslinked oligonucleotides 

For biological applications it is important to understand the properties of the crosslinked 

DNA duplexes. To investigate these we carried out biophysical studies on the 14-mer 

duplexes with the crosslink at an ApT step. The results of the melting studies of the 

duplexes are shown in Figure 5.23 and Table 5.6. The melting temperatures of the 

crosslinked duplexes ranged between 55.0 to 70.5 °C (Figure 5.23 A and B) which were 

much higher than the unmodified uncrosslinked controls (46.0 °C, light blue in Figure 5.23 

A). Melting studies were also done on modified uncrosslinked duplexes where either one 

strand contains an amine modification and the other a DIBO or between uncrosslinked 

duplexes where one strand contains one modified base and the other an unmodified T base 
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(Tables 5.7 and 5.8). Melting temperatures for the controls ranged between 36.5 and 

43.0 °C (Figure 5.23 C). 

 

 
Figure 5.23. UV melting curves and derivatives for the ApT step; A) Melting curves and derivatives of the 

Major to Major (ODN- 26, ODN-27) and minor to minor (ODN-28, ODN-29) crosslinked duplexes, also 

includes the control unmodified non-crosslinked duplex (light Blue) B) Melting curves and derivatives of the 

Major to minor (ODN-24, ODN-25) and vice versa (ODN-30, ODN-31) crosslinked duplexes C) Melting 

curves and derivatives of the modified non-crosslinked duplexes. Sequences for the crosslinked duplexes can 

be found in Table 5.1 and 5.2 
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Table 5.6. Double strand crosslinking by the SPAAC reaction across the ApT step, one regioisomer of 

the DIBO triazole is shown. M = major groove, m = minor groove. Oligonucleotide sequences in Table 5.1 

and 5.2. Tm values are the average of 3 separate melting and annealing curves. Melting temperatures accurate 

to ± 0.5 °C. Highest Tm highlighted in blue.  

Crosslink  (type) Tm (°C) 

ODN-24 (ODN-15 + ODN-20) = 
5-DIBO-

K + Z1 (Mm)
 

 

56.0 

ODN-25 (ODN-15 + ODN-21) = 
5-DIBO-

K + Z2 (Mm)
 

 

57.5 

ODN-26 (ODN-15 + ODN-22) = 
5-DIBO-

K + Z3 (MM)
 

 

60.5 

ODN-27 = ODN-15 + ODN-23 = 
5-DIBO-

K + Z4 (MM)
 

 

57.0 

ODN-28 (ODN-16 + ODN-20) = 
2´-DIBO-

K + Z1 (mm)
 

 

70.5 

ODN-29 (ODN-16 + ODN-21) = 
2´-DIBO-

K + Z2 (mm)
 

 

70.0 

ODN-30 (ODN-16 + ODN-22) = 
2´-DIBO-

K + Z3 (mM)
 

 

60.0 

ODN-31 (ODN-16 + ODN-23) = 
2´-DIBO-

K + Z4 (mM)
 

 

55.5 

ODN-48/49                           5ˊ-AATATGAATTCTGT 

unmodified uncrosslinked     ˊ-TTATACTTAAGACA 

46.0 
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Table 5.7. UV melting of uncrosslinked modified duplexes, modifications at ApT step.  Only one 

regioisomer of DIBO triazole linkage is shown. M = major groove, m = minor groove. Average of 3 separate 

melting and annealing curves. Melting temperatures accurate to ± 0.5 °C. Oligonucleotide sequences in Table 

5.1. The modifications are at an ApT step. DNA sequence is: 

 
5ˊ-AATATGAATTCTGT 

3ˊ-TTATACTTAAGACA 

 
Where the bold underlined T in the top strand indicates the position of DIBO labelling in the modified strand. 

Similarly the bold underlined T in the bottom strand indicates the position of amine labelling in the modified 

strand.  

Modified thymidine nucleosides 

 

Type Duplex 

Tm (°C) 

ODN-19 + ODN-15 

 

MM 39.0 

ODN-19 + ODN-16 

 

Mm 42.0 

ODN-17 + ODN-15 

 

mM 36.5 

ODN-17 + ODN-16 

 

mm 39.5 

ODN-48/49 control unmodified DNA duplex      46.0 
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Table 5.8. UV melting of uncrosslinked duplexes with one modified and one unmodified T, at ApT step.  

Only one regioisomer of DIBO triazole linkage is shown. M = major groove, m = minor groove. D = DIBO, 

Z = azide. Average of 3 separate melting and annealing curves. Melting temperatures accurate to ± 0.5 °C. 

Oligonucleotide sequences in Table 5.1 and 5.6.  

Modified thymidine nucleosides 

 

Type Duplex 

Tm (°C) 

ODN-23 + ODN-49
       

                  

 

M
Z
 

 

42.5 

ODN-20 + ODN-49 

 

 

m
Z
 

 

41.5 

ODN-16 + ODN-48 

 

 

m
D
 

 

43.0 

ODN-15 + ODN-48 

 

 

M
D
 

 

40.5 

ODN-48 + ODN-49 control unmodified DNA duplex     

 

 

- 

 

46.0 

 

The crosslinked DNA duplexes/products fall into two categories; the crosslinks that 

contain at least one linker attached to a thymine base in the major groove (ie. Major to 

Major (MM), Major to minor (Mm) or minor to Major (mM), Tm 55.5 - 60.5 °C) and those 

in which both linkers are attached on the 2´-position of the sugar, in the minor groove (mm, 

Tm 70.0 and 70.5 °C). All the crosslinks were modelled using the program Coot[165] by Tom 

Brown Junior, for each linkage 400 random conformers were generated with the terminal 
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atoms attached to the modified DNA bases/sugars. Energy minimization was carried out on 

each structure. The lowest energy structures for each linkage were analysed. It was found 

that the large difference in stability between the minor to minor groove crosslinked 

duplexes (ODN-28 and ODN-29) and all other duplexes might be a consequence of 

binding of the triazole and its carboxamide linkage in the DNA minor groove (Figure 5.24, 

5.25).  

 

Figure 5.24. Crosslinked duplex ODN-28 (Table 5.2) with DIBO linker shown in purple in minor groove. 

Left, trinucleotide region. Right, full 14-mer duplex. Details of modelling in experimental chapter 7 

 

 
Figure 5.25. Minor groove crosslinks from DIBO (above) and BCN (below) 

 

This is not possible for the other 6 constructs, in which the crosslink may reside in the 

major groove (Figure 5.26) or has to stretch from the major to the minor groove. Modelling 

confirmed that all the linkers can reach between the attachment points. However, the 

crosslinked duplexes with one linker in the major groove and the other in the minor groove 

have low melting temperatures (Tm ≤    °C) compared to all the other duplexes. This could 
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be due to two possibilities; the linker may pass around the outside of the duplex where it 

may be exposed to the aqueous environment, or alternatively it may thread between the 

nucleobases within the helix, causing some disruption of base pairing. Threading is most 

likely for the shortest linker (ODN-24) which is only just long enough to take an 

alternative path around the outside of the DNA backbone. The crosslinked duplexes in 

which the linker is attached to the two duplexes in the major groove also have a low 

melting temperature. ODN-27 appears to be slightly less stable (Tm = 57.0 °C, Table 5.5) 

compared to ODN-26 (Tm = 60.5 °C) probably because the two strands can drift further 

apart in a pre-melting state than is possible with the slightly shorter linker.  

 

Figure 5.26. Crosslinked duplex ODN-26 (Table 5.2) with DIBO linker shown in purple in the major groove  

Melting studies of the duplexes with the crosslink at a TpA step were also carried out. It 

seems that the duplexes crosslinked with one component in the major groove were slightly 

more stable that the equivalent crosslinked ApT duplexes (Table 5.9). The DIBO crosslinks 

across the minor groove of a TpA step were also very stable, as were duplexes crosslinked 

across the minor groove by BCN (Table 5.10), so the minor groove crosslink appears to 

consistently produce very stable duplexes. 
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Table 5.9. Double strand crosslinking by the SPAAC reaction at TpA step, one regioisomer of DIBO 

triazole linkage is shown. M = major groove, m = minor groove. Oligonucleotide sequences in Table 5.3. The 

crosslinks are at a TpA step. Tm values are the average of 3 separate melting and annealing curves. Melting 

temperatures accurate to ± 0.5 °C. 

Crosslink  (type) Tm (°C) 

 

ODN-38 (ODN-32 + ODN-36) = 
5-DIBO-

K + Z2 (Mm)   

 

65.0 

 

ODN-39 = (ODN-32 + ODN-37) = 
5-DIBO-

K + Z4 (MM)         
 

 

68.0 

 

ODN-40 (ODN-33 + ODN-36) = 
2´-DIBO-

K + Z2 (mm)                    
 

 

68.5 

 

ODN-41 (ODN-33 + ODN-37) = 
2´-DIBO-

K + Z4 (mM)         
 

 

67.0 
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Table 5.10. UV melting table of the double strand crosslinking by the copper free ligation of 
2´-BCN

K 

and of  uncrosslinked duplexes with one modified and one unmodified T. m = minor groove. Average of 

3 separate melting and annealing curves. Melting temperatures accurate to ± 0.5 °C. Oligonucleotide 

sequences in Tables 5.4 and 5.1. The crosslinks are at TpA and ApT steps. 

Crosslink and modified thymidine nucleosides Tm (°C) 

 

ODN-46 (ODN-44 + ODN-21) = 
2´-BCN-

K + Z2 (mm)  ApT 

 

69.0 

 

ODN-47 = (ODN-45 + ODN-36) =  
2´-BCN-

K + Z2 (mm)  TpA 

 

71.0 

 

ODN-44+ ODN-17  (mm)   ApT
 

 

 

38.0 

 

ODN-45+ODN-34  (mm)  TpA 

 

44.0 

 

These melting studies indicate that in applications where very high duplex stability is 

necessary the sequence and context of the linker should be explored in detail. A study of 

the structure of the DNA duplexes by circular dichroism (CD, Figure 5.27) showed that all 

the duplexes containing the crosslinks still adopted the B-DNA conformation; a difference 

in the CD spectra is observed, showing that the crosslinks could be perturbing the DNA 

duplex as observed in the differences in melting temperatures. 
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Figure 5.27. Circular dichroism spectra of unmodified normal and crosslinked duplexes A) Major to major 

groove B) Minor to minor groove and C) Major to minor groove. 

 

5.5 EcoR1 studies 

The duplexes crosslinked at the ApT step were originally designed to contain the nucleic 

acid sequence GAATTC, which is an endonuclease enzyme (EcoR1) restriction site. 

Digestion studies show that none of the crosslinked duplexes are good substrates for the 

enzyme (Figure 5.28). EcoR1 is known to interact with the major groove of DNA; 

therefore linkers which have a component in the major groove are likely to inhibit enzyme 

binding and therefore activity. Hence it was not surprising that the crosslinked duplexes 

which contained one or two components in the major groove showed no cleavage after 24 

hours. The minor groove linkers are more likely to be cleaved as they are less likely to 

interfere with the enzyme, very slow cleavage was observed for them, < 10% cleavage 

after 24 hours (Figure 5.28 lanes 2 and 3).The uncrosslinked duplexes with 2´-modified 

sugars cleaved much faster than the crosslinked ones, uncrosslinked duplexes with thymine 

bases modified at the 5-position also cleaved, albeit slowly, so it is evident that the 

crosslinking exerts an additional inhibitory effect. The mechanism for enzymatic cleavage 

requires the duplex to kink at the ApT step in the restriction site, causing the duplex to 
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unwind considerably, and this is the step at which the DIBO crosslink is attached, 

preventing the DNA bending, hence inhibiting EcoR1 cleavage.
[155]

 

 
Figure 5.28. Gel analysis of the stability of click ligation products to EcoR1 digestion (stable up to 24 h). 

Lane 1: control oligonucleotide ODN-29, Lane 2-7: crude reaction mixtures of ODN-29, ODN-28, ODN-27, 

ODN-26, ODN-25 and ODN-24 respectively, Lane 8: control oligonucleotide ODN-25, Lane 9-10: crude 

reaction mixtures of ODN-30 and ODN-31 respectively. Most cleavage was observed for ODN-28 and ODN-

29 (minor-minor groove linkers, lanes 2 and 3). 

 

Under certain conditions the specificity of EcoRI cleavage can be partly lost, resulting in 

cleavage at non-canonical recognition sites. This is known as star activity. This was 

observed during the EcoR1 studies for some of the uncrosslinked duplexes, even after 3 

hours of incubation (Figure 5.29 lanes 2 and 9). Star activity can occur under reaction 

conditions that differ significantly from those optimum for the enzyme i.e. low salt 

concentration, high pH, excessive amounts of enzyme present in the reaction and high (> 

5% v/v) glycerol concentrations.
[156]

 To avoid star activity the conditions would have to be 

optimised for the unmodified uncrosslinked duplexes.  
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Figure 5.29. Gel analysis of the stability of non-cross linked duplexes to EcoR1 digestion (incubated at 37 

C for 3 h and 24 h). Lane 1: control duplex ODN-48 + ODN-49 with no enzyme, Lane 2: crude reaction 

mixture of ODN-48 + ODN-49 (3 h), Lane 3: control duplex ODN-19 + ODN-15 with no enzyme, Lane 4 -7: 

crude reaction mixtures of ODN-19 + ODN-15, ODN-19 + ODN-16, ODN-17 + ODN-15 and ODN-17 + 

ODN-16 (3 h) respectively. Lane 8: control duplex ODN-48 + ODN-49 with no enzyme, Lane 9: crude 

reaction mixture of ODN-48 + ODN-49 (24 h), Lane 10: control duplex ODN-19 + ODN-15 with no enzyme, 

Lane 11 -14: crude reaction mixtures of ODN-19 + ODN-15, ODN-19 + ODN-16, ODN-17 + ODN-15 and 

ODN-17 + ODN-16 (24 h) respectively. 

 

5.6 Orthogonal oligonucleotide labelling to produce a HyBeacon genetic probe 

 

The SPAAC reaction for DNA labelling is orthogonal to other post-synthetic labelling 

methodologies, and this makes it potentially useful in the synthesis of fluorescent probes 

such as HyBeacons for use in genetic applications. To investigate this possibility, two 

FRET HyBeacons were synthesised, which were designed to target the R516G locus of the 

CFTR gene. One HyBeacon (ODN-51) was synthesised with a single addition of 
5-DIBO-

K 

and aminoC6dT and a second (ODN-52) was made with two additions of each of these 

monomers (Table 5.11). Each HyBeacon was labelled simultaneously with fluorescein 

azide (at 
5-DIBO-

K) and Texas Red NHS ester (at aminoC6dT) (Figure 5.30) in 0.5 M 

Na2CO3/NaHCO3 buffer at pH 8.75. The reaction mixtures were heated overnight (  1  

hours) at 55 °C then desalted using a NAP-10 Sephadex column, purified by reverse phase 

HPLC and analysed by capillary electrophoresis and mass spectrometry. The SPAAC 

reaction has no set buffer requirements, it is compatible with the high pH required for the 

reaction of fluorophore-NHS esters with amino-modified DNA, and this allows the 

orthogonal single tube labelling to be carried out. The reactions proceeded well; 

purification by reversed-phase HPLC afforded products as single peaks, which were 

readily separable from unlabelled impurities.  The single peak was unexpected as the 
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DIBO/azide fluorescein SPAAC reaction produces four diastereoisomers, originating from 

the two enantiomers of DIBO and the two triazole regioisomers (Figure 5.31). The 

diastereoisomers were inseparable by HPLC.  

 

Table 5.11. Oligonucleotides sequences for the HyBeacons and complementary template (mass spectra in 

appendix 8.3 Table 8.8). 
5-DIBO

K = 5- propargyl DIBO dT, M
A
 = aminoC6dT, P = propanol, Fz

DIBO 
= 5-

propargyl DIBO labelled with fluorescein-5-amidohexyl azide, Tr
C6

 = aminoC6dT labelled with Texas red 

NHS-ester. 

Oligonucleotide 

Code 
Sequences 

ODN-51 CGCT
5-DIBO

K CTGTAM
A
CTATATTCATCP 

ODN-52 CGC
5-DIBO

KTCTGM
A
ATCTA

5-DIBO
KATTCAM

A
CP  

ODN-53 CGCTFz
DIBO

CTGTATr
C6

CTATATTCATCP 

ODN-54 CGCFz
DIBO

TCTGTr
C6

ATCTAFz
DIBO

ATTCATr
C6

CP 

ODN-55 CTATGATGAATATAGATACAGAAGCGTCAT 

 

 

 

Figure 5.30. Modifications used in the HyBeacon probes 
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Figure 5.31. Diastereoisomers of the DIBO/azide fluorescein SPAAC reaction  

The two purified HyBeacons (ODN-53 and ODN-54) were subjected to fluorescence 

melting experiments with a complementary strand (ODN-55). They both exhibit melting 

curves typical of fluorescently labelled HyBeacon probes. At room temperature the 

HyBeacon hybridises to the DNA target showing an increase in fluorescence. When the 

temperature is increased denaturing of the DNA strands occurs causing a decrease in 

fluorescence due to quenching by interactions with neighbouring bases (Figure 5.32). Both 

HyBeacons gave high quality fluorescence melting curves (Figure 5.32 C); the four dye 

HyBeacon ODN-54 performed particularly well, having twice as many fluorophores as the 

dual labelled ODN-53, it naturally gives a higher double-stranded fluorescence.  

The two 
DIBO-

T monomers described in this chapter are important additions to the DNA 

labelling toolkit; they should prove to be orthogonal to that of other nucleic acid labelling 

methods such as the CuAAC reaction between alkyne oligonucleotides and azide dyes
[96]

 

and thiol labelling of oligonucleotides with maleimide or iodoacetamide derivatives of 

dyes or other reporter groups, future work will be done on this.   
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Figure 5.32. A) Single tube orthogonal HyBeacon labelling with 5-azidohexylfluorescein (green) and Texas 

Red NHs-ester (red). D = 
5-DIBO-

K, N = aminoC6dT. Chemical structures in Figure 5.27, sequences in Table 

5.11. B) Mass spectra of HyBeacons; Two-dyes ESI- = 8406, requires 8404; Four-dyes, ESI- = 10046, 

requires 10045. C) FRET HyBeacon melting schematic. D) Melting curves of two and four-dye HyBeacons 

paired to an unmodified complementary oligonucleotide (ODN-55, Table 5.11)  

 

5.7 Fluorescent DNA nano-construct assembly 

 

The ability to crosslink DNA strands rapidly by templation in high yield offers the 

possibility of synthesising stable functionalised DNA nano-constructs (Figure 5.33). To 

investigate this principle a 54-mer oligonucleotide with six 
5-DIBO-

K units (ODN-60, Table 

5.12) was synthesised. The six 
5-DIBO-

K phosphoramidite monomers were incorporated into 

the oligonucleotide in high yield, due to the length and hydrophobic nature of the six 
5-DIBO-

K units, the oligonucleotide was purified by 20% polyacrylamide gel electrophoresis. As 

can be seen in Figure 5.34 the purification was successful and the oligonucleotide (ODN-

60) was analysed by mass spectrometry and capillary electrophoresis. ODN-60 was then 
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crosslinked to three complementary 18-mers, each labelled with two Z3 azides and a 

fluorescent dye (fluorescein ODN-56, Cy3 ODN 57, Cy5 ODN-58).  

 

 

Figure 5.33. Synthesis of fluorescent nanoconstruct ODN-61 by reaction of hexa-DIBO ODN-60 with 

fluorescein ODN-56, Cy3 ODN-57 and Cy5 ODN-58: D = 
5-DIBO

K, N3 = azidoC2dT (Z
3
) 

 

Table 5.12. Oligonucleotides sequences for the Fluorescent nano-construct (mass spectra in appendix 8.3 

Table 8.9). 
5-DIBO

K = 5- propargyl DIBO dT, Z3 = amino C2 dT labelled with 6-azidohexanoic acid and F = 

fluoresceinamidohexyl. 

Oligonucleotide 

Code 
Sequences 

ODN-56 F-CTCAZ3AGGCCATAAZ3CCG 

ODN-57 Cy3-CATAZ3CATCCGAGAZ3ACG 

ODN-58 Cy5-AGGAZ3CGTAATCAAZ3CTG   

ODN-59 CATAZ3CATCCGAGA Z3ACG 

ODN-60 

CGGA
5-DIBO

KTATGGCCTA
5-DIBO

KGAGCGTA
5-DIBO

KCT 

CGGATGA
5-DIBO

KATGCAGA
5-DIBO

KTGATTACGA
5-DIBO

K 

CCT 

ODN-61 ODN-55 + ODN-56 + ODN-57 + ODN-59 

ODN-62 ODN-55 + ODN-58 + ODN-57 + ODN-59 
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Figure 5.34. PAGE purification (20% polyacrylamide) of ODN-60. The gel was imaged using G:Box 

imaging system (Syngene) and Genesnap software (v7.08, Syngene). UV active bands were imaged with Epi 

shortwave UV darkroom lighting and shortwave bandpass filter. 

 

The synthesis of the fluorescent nano-construct ODN-61 proceeded remarkably smoothly 

(Figure 5.35), each fluorescent azido-18-mer (ODN-56, OND-57 and ODN-58) was added 

sequentially to the hexa-DIBO 54-mer. An alternative method, where all the azide 

oligonucleotides were added simultaneously to the hexa-DIBO 54-mer gave the same 

product (Figure 5.35, lane 4). The efficient synthesis of DNA nano-construct ODN-61 

could not have been achieved without the 
5-DIBO-

K phosphoramidite monomer used in the 

synthesis of ODN-60. The covalent nature of the crosslinks was very important as this 

allowed purification of the product (ODN-61) by denaturing polyacrylamide gel-

electrophoresis and subsequent characterization by mass spectrometry.  
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Figure 5.35. SPAAC ligation reactions to synthesise the fluorescent nanoconstruct (ODN-61). Lane 1: 6 × 
5-

DIBO
dT oligonucleotide (ODN-60) and azidoC2dT FAM (ODN-56, green), Lane 2: 6 × 

5-DIBO
dT 

oligonucleotide (ODN-60), azidoC2dT FAM (ODN-56, green) and azidoC2dT Cy3 (ODN-57, red) added 

sequentially to the DIBO oligonucleotide, Lane 3: 6 × 
5-DIBO

dT oligonucleotide (ODN-60), azidoC2dT FAM 

(ODN-56, green), azidoC2dT Cy3 (ODN-57, red) and azidoC2dT Cy5 (ODN-58, blue) added sequentially to 

the DIBO oligonucleotide, Lane 4: 6 × 
5-DIBO

dT oligonucleotide (ODN-60), azidoC2dT FAM (ODN-56, 

green), azidoC2dT Cy3 (ODN-57, red) and  azidoC2dT Cy5 (ODN-58, blue) - all azide oligos were added 

simultaneously to the alkyne oligonucleotide. FAM = fluoresceinamidohexyl. 

 

The same method was used to synthesise another DNA nano-construct, ODN-62, which 

consists of ODN-60 crosslinked to fluorescein ODN-56, Cy5 ODN-58 and central 

unlabelled ODN-59. The fluorescence emission of the FRET system for ODN-61 was 

compared with the nano-construct ODN-62. By exciting the system at 490 nm (the 

excitation of FAM), the fluorescence should be transferred successfully through Cy3 to 

Cy5. In ODN-61 the emission spectrum is dominated by the emission of FAM (Figure 
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5.36). The low energy transfer from FAM to the Cy5 is probably due to the distance 

between the fluorophores. The efficiency of FRET is dependent on distance between the 

donor and acceptor fluorophores, the Förster distance is defined as the distance at which 

FRET efficiency is 50%, this is unique for every donor-acceptor pair.  The distance 

between the dyes in nano-construct is      Å, whilst the Förster distance between the FAM-

Cy3 pair is 55.7 Å
[157]

 and for standard Cy3-Cy5 it is 50 Å. Therefore we were expecting 

FRET efficiency to be higher. Future experiments can be carried out which will help 

understand this low transfer of FRET, such as altering the position of the dyes in the 

oligonucleotide i.e. reducing the distance, reducing the number of DIBO/azide crosslinks 

and varying the linkers of the dyes.  

 

 

Figure 5.36. Left: Fluorescence emission of ODN-61 (FRET system). The Fluorescein is excited at 490 nm 

and fluorescence is transferred though to Cy3 and Cy5 (which emits at 670 nm). Right: Schematic 

representation of the FRET system. 

 

ODN-62 gave a different fluorescent signature with no FRET between fluorescein and Cy5 

(Figure 5.37), this demonstrates the use of multiple SPAAC reactions to produce unique 

and distinguishable fluorescent DNA nano-constructs.  
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Figure 5.37. Left: Fluorescence emission of ODN-62 excited at 490 nm.  No FRET between fluorescein and 

Cy5 is observed. Right: Schematic representation of the nano-construct. 

Analogues of ODN-56, ODN-57 and ODN-58 could be made with a variety of fluorescent 

dyes or quantum dots, and combinations of these could be crosslinked to ODN-60 to 

provide a series of highly pure and stable constructs with unique fluorescence properties. 

Analogues of ODN-60 could also be made with a terminal alkyne, azide group or amino 

group, to allow the attachment of an azide or other reporter group via an NHS ester. Such 

functionalization would allow subsequent click reactions to be carried out with other 

alkyne or azide labelled biomolecules such as nucleic acids, carbohydrates or proteins. The 

major advantages of the clicked nano-constructs over conventional duplexes are: i) they 

can be purified under denaturing conditions and characterised by mass spectroscopy; ii) the 

composition of the nano-construct is controlled by Watson-Crick base pairing, therefore 

only the desired product is obtained; iii) the fluorescent oligonucleotides are permanently 

fixed within specific nano-constructs and cannot cross-hybridise with other strands or 

nano-constructs which might be present in a complex mixture and iv) unlike in single 

stranded DNA where fluorescence quenching occurs, it is minimised in nano-constructs by 

the rigid duplex that is formed. 

More work will be undertaken in the Brown group to increase the FRET efficiency of these 

nano-constructs and explore this chemistry extensively.  
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5.8 Conclusion 

Two different DIBO-labelled thymidine phosphoramidite monomers have been 

synthesized, one with the DIBO located on the 2´-position of the ribose sugar and the other 

with the alkyne moiety on a thymine nucleobase. These monomers were incorporated into 

oligonucleotides during solid-phase synthesis and crosslinked to complementary azide-

labelled strands across the major and minor grooves of the DNA duplex. The SPAAC 

crosslinking reactions seemed to be faster compared to equivalent crosslinking reactions 

using the CuAAC reaction (octadiynyl dU). In consideration of applications where 

stereoisomers of the chemical crosslink might be undesirable, an achiral BCN-labelled 

oligonucleotide was evaluated and shown to undergo equally fast and efficient DNA-

templated reactions compared to DIBO.  

Oligonucleotides containing internal 
5-DIBO

K and amino groups were simultaneously 

reacted with azides and NHS ester derivatives of fluorescent dyes to produce functional 

genetic probes. SPAAC was then used to join oligonucleotides containing up to six 
5-DIBO

K 

units to complementary azide/fluorophore-labelled oligonucleotides to give unique 

fluorescent nanoconstructs which can be readily purified by denaturing polyacrylamide 

gel-electrophoresis. The availability of these DIBO phosphoramidite monomers for 

internal oligonucleotide labelling/crosslinking is essential for these applications; the 

location of the crosslink could be varied for specific applications. There are advantages of 

internal copper-free click DNA ligation; one is that it can be carried out in a normal 

aerobic atmosphere and secondly it is applicable to automation. This chemistry has 

potential for use in the synthesis of biologically important nucleic acid constructs that 

cannot be synthesised using the conventional solid-phase synthesis, such as large RNA 

constructs
[158]

 and higher order nucleic acid structures.
[159]

 Overall the SPAAC crosslinking 

and labelling reactions were done in convenient simple conditions at room temperature. 

The reactions worked efficiently, were clean and orthogonal to other reagents.  
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Chapter 6 – Conclusions and Future Work 

 

A variety of 2´-modified nucleosides were successfully synthesised in good yield. The 

synthetic procedure was optimised based on different approaches reported in the literature. 

Initially the various 2´-aminoethoxy nucleosides were synthesised for the use by 

colleagues in triplex forming oligonucleotides and also conventional labelling of 

oligonucleotides by the use of dye NHS-esters via amide bond formation. Intermediates 

from the Scheme to synthesise of 2´-aminoethoxy 5-methyl cytosine (15) were used to 

synthesise the other modified 2´-analogues including the 2´-mesyloxyethyl ribothymidine 

monomer, which was used for oligonucleotide labelling with alkyne-modified cyanine 

dyes by click chemistry. The 2´-mesyl group is necessary because of the incompatibility of 

the azide functional group with P (III) chemistry (the Staudinger reaction), whilst the 

mesyl group is fully compatible with the conditions of solid-phase phosphoramidite 

oligonucleotide synthesis. 

 

Derivatives of cyclooctyne active esters were synthesised for incorporation into the 5´-end 

of synthetic oligonucleotides. These were designed to react quickly with azides via copper 

free click chemistry under DNA templation at low concentrations. It was envisaged that 

DNA templation would accelerate the reaction by several orders of magnitude. Templated 

DNA strand ligation by the ring-strain promoted alkyne-azide [3+2] cycloaddition 

(SPAAC) reaction was indeed very fast; with dibenzocyclooctynol (DIBO) the reaction 

was essentially complete in 1 minute, however the non-substituted cyclooctyne (NSCO) 

reaction required more than 30 minutes for completion. To test the specificity of DNA 

ligation, it was decided to synthesise a template oligonucleotide containing a single C.C 

mismatch base pair between the template and DIBO-labelled oligonucleotide.  A single 

base pair mismatch was sufficiently destabilising to strongly inhibit the templated DNA 

ligation reaction at 45 °C, suggesting applications in genetic analysis.  It was found that the 

addition of Cu (I) strongly inhibited the SPAAC reaction due to a complex being formed 

between the cyclooctyne and Cu (I). However the effect could be reversed by adding 

copper binding reagents such as EDTA.  

 

The introduction of cyclooctyne derivatives into oligonucleotides post-synthetically by the 

use of amino-modified monomers in the DNA strand and an active ester of the cyclooctyne 

is of limited value in the synthesis of a cyclooctyne oligonucleotide which also contain 

other labells or sensitive fluorescent dyes which also have to be added as active esters after 
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solid-phase synthesis. Therefore a new DIBO phosphoramidite monomer (43) was 

synthesised that could be added to the 5´-end of oligonucleotides as a phosphoramidite 

during solid-phase oligonucleotide synthesis. A shorter propylcarbamoyl linker was used 

in the synthesis of the DIBO monomer instead of the hexyl version employed in the NHS 

ester labelling strategy in order to provide some structural diversity at the click ligation site. 

This cyclooctyne and its linker proved to be completely stable to oligonucleotide synthesis 

and deprotection conditions, including heating in concentrated aqueous ammonia for 1 

hour at 55 °C.  The click reactivity of the 5´-DIBO added as a phosphoramidite was equal 

to that of 5´-DIBO derived from the active ester in the DNA templation reaction.  In recent 

years, labelling oligonucleotides via click chemistry has become an important method; it 

was therefore decided to use DIBO phosphoramidite (43) in a strategy to label the 5´-end 

of an oligonucleotide. Labelling was done using the copper-free SPAAC reaction with 6-

carboxyfluorescein azide. The labelling proceeded with almost 100% efficiency, with 

conversion to the labelled oligonucleotide product as two isomeric fluorescent products. 

 

Two new alternative DIBO-thymidine phosphoramidite monomers were synthesised, one 

with the DIBO located on the 2´-position of the ribose sugar (45) and the other with the 

DIBO moiety on the thymine nucleobase (44), permitting the addition of multiple additions 

of DIBO into oligonucleotides during solid phase synthesis. The DIBO oligonucleotides 

were crosslinked to complementary azide-labelled strands across the major and minor 

grooves of the DNA duplex. The SPAAC crosslinking reactions were faster compared to 

equivalent crosslinking reactions using the CuAAC reaction using octadiynyl dU. 

Biophysical studies on the crosslinked 14-mer duplexes showed that the melting 

temperatures were much higher than the unmodified uncrosslinked controls. All the 

crosslinked duplexes formed the B-form helical structure. All the crosslinked duplexes 

were modelled and the lowest energy structures for each linkage were analysed. The large 

difference in stability between the minor to minor groove crosslinked duplexes (mm, Tm 

70.0 and 70.5 °C) and all other duplexes (MM, Mm, mM, Tm 55.5 - 60.5 °C) might be in 

part a consequence of binding of the triazole and its carboxamide linkage in the DNA 

minor groove. 

 

HyBeacon probes were synthesised to test the orthogonality of the SPAAC reaction by 

reacting oligonucleotides containing internal 
5-DIBO

K and amino groups simultaneously 

with azides and NHS ester derivatives of different fluorescent dyes to produce functional 

genetic probes. The HyBeacon labelled with four dyes performed particularly well; having 
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twice as many fluorophores as the dual labelled it gave a more intense double-stranded 

fluorescence melting curve.  

 

Oligonucleotides containing six additions of the 5-propargyl DIBO monomer were 

successfully synthesised, an objective that would be unachievable with active ester 

labelling. The SPAAC reaction was then used to join the oligonucleotide containing six 

DIBO units to complementary fluorophore-labelled oligonucleotides (FAM, Cy3 and Cy5), 

each containing two azide groups, to give unique fluorescent nanoconstructs which could 

be readily purified by denaturing polyacrylamide gel-electrophoresis. FRET studies were 

undertaken on these nano-constructs but the efficiency of energy transfer from FAM to the 

Cy5 was low. This is the subject of continued investigations to alter the position of the 

dyes in the oligonucleotide to reduce the distance between them, reduce the number of 

DIBO/azide crosslinks and vary the linkers between the dyes and the oligonucleotide 

strand. Analogues of these oligonucleotides could also be made with a terminal amino 

group, to allow the attachment of an azide or other reporter group via an NHS ester. This 

functionalisation would allow subsequent click reactions to be carried out with other 

alkyne or azide labelled biomolecules such as nucleic acids or proteins. The availability of 

the DIBO-dT phosphoramidite monomers for internal oligonucleotide 

labelling/crosslinking is essential for the above applications, and the location of the 

crosslink can be varied for specific applications. 
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Chapter 7 – Experimental  

 

7.1 Synthesis 

7.1.1 General 

 

All reagents used were purchased from Aldrich, Avocado, Apollo, Acros, Alfa Aesar, 

Fluka or Berry and Associates and used without purification with the exception of the 

following solvents, which were purified by distillation in the lab: THF (over sodium wire), 

DCM, Et3N, DIPEA, chloroform and pyridine (over calcium hydride).  Most of the 

reactions were carried out under an argon atmosphere using oven-dried glassware with 

purified and distilled solvents. Reactions were monitored by thin layer chromatography 

(TLC) using Merck Kieselgel 60 F24 silica plates (0.22mm thickness, aluminium backed) 

and the compounds were visualised by irradiation at 254/365 nm or by staining, which is as 

detailed below:   

 

Anisaldehyde (for alcohols, sugars, amines and thiols): p-anisaldehyde (11.5 mL)/glacial 

acetic acid (4.75 mL)/conc. sulphuric acid (15.65 mL)/95% ethanol (422.5 mL).  

Ninhydrin (for amides, primary and secondary amines, and amino acids): Ninhydrin/95% 

ethanol (1 g/100 mL). 

Cerium sulfate (for oxidisable groups): cerium (II) sulphate hydrate/15% sulphuric acid (8 

g/100 mL). 

 

Column chromatography was carried out under air or argon pressure using Fisher 

Scientific DAVISIL 60Å (35-70 micron) silica. Silica gel was pre-equilibrated with 

thirethylamine or pyridine for purification of acid-sensitive compounds. 

 

1
H NMR spectra were measured at 300 MHz on a Bruker AC300 spectrometer or at 400 

MHz on a Bruker DPX400 spectrometer.  
13

C NMR spectra were measured at 75 MHz and 

100 MHz on the same spectrometers respectively.  Chemical shifts are given in ppm 

relative to tetramethylsilane, and J values are quoted in Hz, correct to within 0.5 Hz.  All 

spectra were internally referenced to the appropriate residual undeuterated solvent 

signal
[160]

. Assignment was also aided by COSY (
1
H-

1
H) and HMQC/HMBC (

1
H-

13
C) 

experiments.   

 

Low-resolution mass spectra were recorded using electrospray ionisation on a Fisons VG 

platform instrument or a Waters ZMD quadrupole mass spectrometer in acetonitrile or 
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methanol (HPLC grade). High-resolution mass spectra were recorded in acetonitrile or 

methanol (HPLC grade) using electrospray ionisation on a Bruker APEX III FT-ICR mass 

spectrometer. 

 

In all cases, the best yields have been stated. 
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7.1.2 Synthesis of 2´-acetamidoethoxy 5-methylcytosine phosphoramidite monomer 

(
Me

CAcE) 

 

2,2´-Anhydro-5-methyluridine (2)
[128,129,133,161]

 

 

 
 

5-Methyluridine (1) (42.0 g, 162.6 mmol), diphenyl carbonate (41.8 g, 195.2 mmol) and 

sodium hydrogen carbonate (1.37 g, 16.3 mmol) were dissolved in anhydrous DMF (46 

mL). The reaction mixture was stirred at 100 °C for 4 hours, then left to cool to room 

temperature and the solvent was concentrated in vacuo. Diethyl ether (700 mL) was added, 

forming a thick gum. The ether was decanted, and the gum was recrystallised from EtOH 

three times to give compound 2 as clear crystals (36.5 g, 152.0 mmol, 90%). Rf 0.24 (20% 

MeOH/DCM).  

 

1
Η ΝΜR (4   ΜΗz, DMSO-d6) δ 7.74 (d, J = 1.28 Ηz, 1Η, Η

6
), 6.29 (d, J = 5.7 Ηz, 1Η, 

Η
1´

), 5.86 (d, J = 4.  Ηz, 1Η, ΟΗ
3´

), 5.17 (d, J = 5.  Ηz, 1Η, Η
2´

), 4.95 (t, J = 5.  Ηz, 1Η, 

ΟΗ
5´

), 4.40 - 4.34 (m, 1Η, Η
3´

), 4.10 - 4.0 (m, 1Η, Η
4´

), 3.30 - 3.11 (m, 2Η, Η
5´

), 1.79 (d, J 

= 1.2  Ηz,  Η, CΗ3). 

 

13
C NMR (100 MHz, DMSO-d6) δ 171.4 (C

4
), 159.2 (C

2
), 132.0 (C

6
), 116.4 (C

5
), 90.0 

(C
1´

), 88.9 (C
4´

), 88.3 (C
2´

), 74.5 (C
3´

), 60.6 (C
5´

), 13.3 (CH3). 

 

LRMS [ESI
+
, MeOH] m/z (%): 263.1 ([M+Na]

+
, 100%), 503.2 ([2M+Na]

+
, 50%).  

HRMS [ESI
+
] calcd. for C10H12N2O5 (M) 240.0746, [M+Na]

+ 
= 263.0644, found 263.0638, 

[2M+Na]
+
 = 503.1390, found 503.1363. 
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5´-O-(4,4´-Dimethoxytrityl)-2,2´-anhydro-5-methyluridine (3)
[133,161]

  

 

 

 

To a stirred solution of 2 (36.3 g, 151.21 mmol) in distilled pyridine (504 mL), 4,4´-

dimethoxytrityl chloride (71.7 g, 211.11 mmol) was added portion-wise over a period of 

1½ hr.  The reaction mixture was stirred at room temperature for 5 hours.  Methanol (160 

mL) and Et3N (10 mL) were added and the reaction was stirred for 10 min, before solvent 

removal in vacuo.  The crude mixture was dissolved in DCM (500 mL) and extracted with 

sat. aq NaHCO3. The organic layers were combined, dried (Na2SO4) and the solvent was 

removed in vacuo. The crude product was purified by column chromatography (0-15% 

MeOH/DCM, 0.5% pyridine) afforded the product 3 as a white solid (73.5 g, 135.6 mmol, 

89%). Rf 0.29 (10% MeOH/DCM).  

 

1
H NMR (400 MHz, DMSO-d6)  7.84 (s, 1H, H

6
), 7.30 - 7.22 (m, 4H, H

Ar
), 7.21 - 7.17 

(m, 1H, H
Ar

), 7.13 (dd, J = 9.0, 3.0 Hz, 4H, H
10

), 6.82 (dd, J = 8.2 Hz, 4H, H
11

), 6.32 (d, J 

= 5.6 Hz, 1H, H
1´

), 5.93 (d, J = 4.4 Hz, 1H, OH
3´

), 5.18 (d, J = 5.8 Hz, 1H, H
2´

), 4.31 - 

4.27 (m, 1H, H
3´

), 4.26 - 4.20 (m, 1H, H
4´

), 3.73 (d, J = 1.6 Hz, 6H, 2OCH3), 2.92 (dd, J 

= 10.1, 4.3 Hz, 1H, H
5´

), 2.78 (dd, J = 10.1, 7.5 Hz, 1H, H
5´

), 1.79 (s, 3 H, CH3)  

 

13
C NMR (100 MHz, DMSO-d6) δ 171.4 (C

4
), 158.9 (C

2
), 158.1 (C

12
), 144.6 (C

Ar
), 135.2 

(C
9
), 135.1 (C

9
), 132.1 (C

6
), 129.4 (CH

Ar
), 127.8 (CH

Ar
), 127.4 (CH

Ar
), 126.6 (CH

Ar
), 

116.9 (C
5
),113.2 (C

11
), 90.0 (C

1´
), 88.1 (C

2´
), 86.9 (C

3´
), 85.3 (C

8
) 74.8 (C

4´
), 63.0 (C

5´
), 

55.0 (2OCH3), 13.5 (CH3). 

 

LRMS [ESI
+
, MeOH] m/z (%): 565.2 ([M+Na]

+
, 100%), 1108.1 ([2M+Na]

+
, 50%)

 
 

HRMS [ESI
+
] calcd. for C31H30N2O7 (M) 542.2053, [M+H]

+ 
= 543.2126, found 543.2129. 
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5´-O-(4,4´-Dimethoxytrityl)- 2´-O-(2-hydroxyethyl)-5-methyluridine (4)
[133,162]

 

 
 

This compound has been synthesised before but using a different method see Reference.
[162]

 

 

Sodium hydrogen carbonate (0.39 g, 4.62 mmol) and anhydrous ethylene glycol (2.60 mL, 

46.2 mmol) were dissolved in anhydrous DMF (24 mL), to which titanium (IV) 

isopropoxide (5.50 mL, 18.5 mmol) was added and the reaction mixture was stirred at 

160 °C for 3½ hours. Compound 3 (5.01 g, 9.24 mmol) was added and the reaction was 

refluxed at 150 °C for 24 hours. The reaction was left to cool to room temperature, then it 

was centrifuged to remove the solid titanium complex, decanted and the solvent was 

removed in vacuo. The crude oil was purified by column chromatography (1-5% 

MeOH/DCM, 1% pyridine) affording product 4 as a white solid (4.40 g, 7.29 mmol, 79%). 

Rf 0.32 (8% MeOH/DCM). 

 

1
H NMR (400 MHz, DMSO-d6) 11.37 (s, 1H, NH), 7.49 (s, 1H, H

6
), 7.43 - 7.36 (m, 2H, 

H
Ar

), 7.32 (t, 2H, J = 7.6 Hz, H
Ar

), 7.29 - 7.22 (m, 5H, H
Ar

), 6.90 (d, 4H, J = 8.9 Hz, H
11

), 

5.86 (d, 1H, J = 4.8 Hz, H
1´

), 5.10 (d, 1H, J = 6.1 Hz, OH
3´

), 4.74 (s, 1H, OH
20

), 4.25 (q, 

1H, J = 5.5 Hz, H
3´

), 4.10 (t, 1H, J = 4.9 Hz, H
2´

), 4.01 - 3.95 (m, 1H, H
4´

), 3.74 (s, 6H, 

2OCH3), 3.70 - 3.57 (m, 2H, H
18 or 19

), 3.57 - 3.51 (m, 2H, H
18 or 19

), 3.26 (dd, 1H, J = 

10.8, 4.3 Hz, H
5´

), 3.20 (dd, 1H, J = 10.6, 2.1 Hz, H
5´

), 1.41 (s, 3H, CH3). 
 

 

13
C NMR (100 MHz, DMSO-d6)  163.7 (C

4
), 158.2 (C

12
), 150.4 (C

2
), 144.6 (C

Ar
), 135.6 

(C
9
), 135.3 (C

9
), 135.1 (C

6
), 129.7 (CH

Ar
), 127.9 (CH

Ar
), 127.7 (CH

Ar
), 126.8 (CH

Ar
), 

113.3 (C
11

), 109.5 (C
5
), 86.6 (C

1´
), 85.9 (C

8
), 82.9 (C

4´
), 81.0(C

2´
), 71.7 (C

18 or 19
), 69.0 

(C
3´

), 63.2 (C
5´

), 60.3 (C
18 or 19

), 55.0 (2OCH3), 11.7 (CH3). 

 

LRMS [ESI
+
, MeOH] m/z (%): 627.2 ([M+Na]

+
, 100%). 

HRMS [ESI
+
] calcd. for C33H36N2O9 (M) 604.2421, [M+Na]

+ 
= 627.2313, found 627.2306. 
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5´-O-(4,4´-Dimethoxytrityl)- 2´-O-(2-methanesulfonylethyl)-5-methyluridine (5)
[133]

  

 

 

 

Compound 4 (41.0 g, 67.9 mmol) was dissolved in distilled DCM (700 mL). The solution 

was cooled to –70 °C before Et3N (47.0 mL, 34.3 mmol) was added followed by 

methanesulfonyl chloride (6.30 mL, 81.4 mmol in 60 mL DCM) slowly over a period of 10 

mins. The reaction mixture was stirred at –70 °C for 3 hours, then quenched with MeOH 

(200 mL) and was concentrated in vacuo. The crude mixture was dissolved in DCM (500 

mL) and washed with sat. aq KCl (2  450 mL). The organic layer was dried (Na2SO4) and 

the solvent was removed in vacuo. The crude was twice-purified by column 

chromatography (1-10% 
i
PrOH/DCM, 0.5% pyridine) afforded product 5 as a white solid 

(26.8 g, 39.2 mmol, 57%). Rf 0.48 (9% MeOH/DCM).  

 

1
H NMR (400 MHz, CDCl3)  7.67 (s, 1H, H

6
), 7.37 (d, 2H, J = 7.3 Hz, H

Ar
), 7.31 - 7.14 

(m, 7H, H
Ar

), 6.79 (d, 4H, J = 8.3 Hz, H
11

), 5.87 (d, 1H, J = 1.5 Hz, H
1´

), 4.53 - 4.42 (m, 

2H, H
3´ 

and
 
H

18 or 19
), 4.37 (ddd, 1H, J = 11.8, 5.1, 2.2 Hz, H

18 or 19
), 4.20 (ddd, 1H, J = 11.8, 

5.1, 2.2 Hz, H
18 or 19

), 4.05 (m, 1H, H
4´

), 4.00 (dd, 1H, J = 5.1, 1.5 Hz, H
2´

), 3.94 (ddd, 1H, 

J = 11.8, 7.1, 2.2 Hz, H
18 or 19

), 3.81 - 3.70 (s, 6H, 2OCH3), 3.55 - 3.49 (m, 1H, H
5´

), 3.42 

(dd, 1H, J = 10.9, 2.6 Hz, H
5´

), 3.05 - 2.98 (s, 3H, H
20

), 1.32 (s, 3H, CH3). 

 

13
C NMR (100 MHz, CDCl3)  163.9 (C

4
), 158.7 (C

12
), 150.5 (C

2
), 144.3 (C

Ar
), 135.4 

(C
9
), 135.3 (C

9
), 135.0 (C

6
), 130.1 (CH

Ar
), 128.1 (CH

Ar
), 128.0 (CH

Ar
), 127.1 (CH

Ar
), 

113.3 (C
11

), 111.1 (C
5
), 87.7 (C

1´
), 86.8 (C

8
), 83.2 (C

4´ 
or C

2´
), 83.0 (C

4´ 
or C

2´
), 68.6 (C

18 

or 19
 and

 
C

3´
), 67.1 (C

18 or 19
), 61.4 (C

5´
), 55.2 (2OCH3), 37.9 (C

20
), 11.8 (CH3). 

 

LRMS [ESI
+
, MeOH] m/z (%): 705.3 ([M+Na]

+
, 100%) 

HRMS [ESI
+
] calcd. for C34H38N2O11S (M) 682.2196, [M+Na]

+
 = 705.2094, found 

705.2096 
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5´-O-(4,4´-Dimethoxytrityl)- 2´-O-(2-azidoethyl)-5-methyluridine (6)
[133]

  

 
Sodium azide (12.8 g, 196.1 mmol) and 18-crown-6 (0.10 g, 0.39 mmol) were added to a 

solution of 5 (26.8 g, 39.2 mmol) in anhydrous DMF (290 mL). The solution was stirred at 

60 °C for 14 hours. The solvent was removed in vacuo, and the residual colourless oil was 

partitioned between DCM (450 mL) and water (450 mL). The organic layer was separated 

and the aqueous layer was extracted with DCM (2  350 mL). The combined organic 

extracts were washed with brine (450 mL) and dried (Na2SO4). Following concentration in 

vacuo, the pale yellow foam was quickly purified by column chromatography (1-30% 

i
PrOH/DCM, 0.5% pyridine) to afford product 6 as a white foam (22.21 g, 35.3 mmol, 

89%). Rf 0.34 (70% EtOAc/toluene).  

 

1
H NMR (400 MHz, DMSO-d6)  11.37 (s, 1H, NH), 7.51 (d, 1H, J = 1.0 Hz, H

6
), 7.43 - 

7.38 (m, 2H, H
Ar

), 7.35 - 7.21 (m, 7H, H
Ar

), 6.90 (d, 4H, J = 8.0 Hz, H
11

), 5.89 (d, 1H, J = 

5.0 Hz, H
1´

), 5.25 (d, 1H, J = 6.5 Hz, OH
3´

), 4.26 (q, 1H, J = 5.5 Hz, H
3´

), 4.12 (t, 1H, J = 

4.8 Hz, H
2´

), 4.04 – 3.98 (m, 1H, H
4´

), 3.90 - 3.84 (m, 1H, H
18 or 19

), 3.79 - 3.71 (m, 7H, 

2OCH3 and H
18 or 19

), 3.52 - 3.36 (m, 2H, H
18 or 19

), 3.28 (dd, 1H, J = 10.5, 4.5 Hz, H
5´

), 

3.23 (dd, 1H, J = 10.5, 2.5 Hz, H
5´

), 1.42 (s, 3H, CH3). 

 

13
C NMR (100 MHz, DMSO-d6)  163.5 (C

4
) 158.0 (C

12
), 150.2 (C

2
), 144.4 (C

Ar
), 135.2 

(C
6
), 135.2 (C

9
), 134.9 (C

9
), 129.5 (CH

Ar
), 127.7 (CH

Ar
), 127.5 (CH

Ar
), 126.6 (CH

Ar
), 

113.0 (C
11

), 109.4 (C
5
), 86.4 (C

1´
), 85.7 (C

8
), 82.7 (C

4´
), 80.7 (C

2´
), 68.7 (C

18 or 19
, 68.5 

(C
3´

), 62.9 (C
5´

), 54.8 (2OCH3), 49.8 (C
18 or 19

), 11.5 (CH3).   

 

LRMS [ESI
+
, MeCN]; m/z (%) 652.4 ([M+Na]

+
, 100%) 

HRMS [ESI
+
] calcd. for C33H35N5O8 (M) 629.2486, [M+Na]

+
 = 652.2383, found 652.2368 
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5´-O-(4,4´-Dimethoxytrityl)-3´-O-acetyl-2´-O-(2-azidoethyl)-5-methyluridine (7)
[132]

 

 

To a stirred solution of 6 (19.45 g, 30.93 mmol) in anhydrous pyridine (550 mL), acetic 

anhydride (11.9 mL) was added dropwise. The resulting solution was stirred at room 

temperature for 14 hours. The reaction mixture was then reduced under vacuum before 

being partitioned between DCM (500 mL) and sat. aq NaHCO3 (2 x 450 mL), water (1 x 

450 mL) and brine (1 x 450 mL). The organic layer was then dried (Na2SO4), concentrated 

under vacuum to give a pale yellow foam which was purified by column chromatography 

(10-50% EtOAc in DCM with 0.2% Et3N), product 7 was afforded as a white foam (17.29 

g, 25.76 mmol, 83 %). Rf  0.5 (50% EtOAc/DCM).  

 

1
H NMR (400 MHz, DMSO-d6)  11.43 (s, 1H, NH

3
), 7.52 (s, 1H, H

6
), 7.42 - 7.36 (m, 2H, 

H
Ar

), 7.32 (t, 2H, J = 7.5 Hz, H
Ar

), 7.25 (d, 5H, J = 8.5 Hz, H
Ar

), 6.97 - 6.81 (m, 4H, H
Ar

), 

5.90 (d, 1H, J = 6.0 Hz, H
1´

), 5.37 - 5.21 (t, J = 5, 1H, H
3´

), 4.43 (t, 1H, J = 5.8 Hz, H
2´

), 

4.17 (m, 1H, Hz, H
4´

), 3.74 (s, 6H, 2OCH3), 3.71 - 3.63 (m, 2H, H
18 or 19

), 3.38 (t, 2H, J = 

4.8 Hz, H
18 or 19

), 3.36-3.30 (m, 1H, H
5´

), 3.25 (dd, 1H, J = 10.5, 2.5 Hz, H
5´

), 2.09 (s, 3H, 

H
21

), 1.48 (s, 3H, CH3).  

 

13
C NMR (100 MHz, DMSO-d6)  169.9 (C

20
), 163.8 (C

4
), 158.4 (C

12
), 150.7 (C

2
), 144.6 

(C
Ar

), 135.7 (C
6
), 135.4 (C

9
), 135.2 (C

9
), 129.9 (CH

Ar
), 128.1 (CH

Ar
), 127.8 (CH

Ar
), 127.1 

(CH
Ar

), 113.5 (C
11

), 110.3 (C
5
), 86.6 (C

1´
), 86.3 (C

8
), 80.8 (C

4´
), 78.7 (C

2´
), 70.6 (C

3´
), 

69.6 (C
18 or 19

), 63.2 (C
5´

), 55.3 (2OCH3), 50.2 (C
18 or 19

), 20.7 (C
21

), 11.9 (CH3).  

 

LRMS [ESI
+
, MeCN] m/z (%): 694.3 ([M+Na]

+
, 100%).  

HRMS [ESI
+
] calcd. for C35H37N5O9 (M) 671.2591, [M+Na]

+
 = 694.2489, found 694.2492. 
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5´-O-(4,4´-Dimethoxytrityl)-2´-O-(2-azidoethyl)-5-methylcytidine (8)
[132]

 

 

1,2,4-Triazole (21.69 g, 314.10 mmol) was added to a stirring solution of 7 (10.54 g, 15.70 

mmol) in anhydrous pyridine (250 mL). The resulting solution was stirred for 15 mins, 

before cooling the reaction mixture to 0 °C and phosphorous oxychloride (7.3 mL, 78.52 

mmol) was added dropwise. The solution turned a dark brown and was stirred for 36 hours 

at room temperature (TLC indicated the reaction had gone to completion Rf 0.34 (75% 

EtOAc in DCM)). The solvents were then removed to a minimum in vacuo, and the 

suspension was cooled to 0 °C before re-dissolving slowly in aqueous ammonia solution 

(100 mL) was added dropwise. The pale orange solution was stirred for another 19 hours 

(TLC indicated the reaction had gone to completion Rf 0.3 (10% MeOH/DCM)). The 

solvent was removed in vacuo before the residue was partitioned between DCM (350 mL) 

and water (300 mL) followed by sat. aq KCl (2x 300 mL). The organic layer was dried 

(Na2SO4), concentrated in vacuo. The crude was purified by column chromatography (2-

20% MeOH in EtOAc with 0.2% pyridine) to give compound 8 as a white foam (6.66 g, 

10.59 mmol, 67%). Rf 0.29 (10% MeOH/DCM). 

 
1
H NMR (400 MHz, DMSO-d6)  7.50 (s, 1H, H

6
), 7.45 - 7.38 (m, 2H, H

Ar
), 7.36 - 7.21 

(m, 7H, H
Ar

), 6.90 (d, 4H, J = 8.3 Hz, H
11

), 5.83 (d, 1H, J = 2.8 Hz, H
1´

), 5.12 (d, 1H, J = 

6.7 Hz, OH
3´

), 4.28 - 4.18 (m, 1H, H
3´

), 4.06 - 3.96 (m, 1H, H
4´

), 3.94 - 3.78 (m, 3H, H
2´

 

and H
18 or 19

), 3.74 (s, 6H, 2OCH3), 3.51 - 3.41 (m, 2H, H
18 or 19

), 3.27 (br. s., 2H, H
5´

), 

1.42 (s, 3H, CH3). 

 

13
C NMR (100 MHz, DMSO-d6)  165.4 (C

4
), 158.2 (C

Ar
), 155.0 (C

2
), 144.6 (C

Ar
), 137.4 

(C
6
), 135.5 (C

9
), 135.3 (C

9
), 129.8 (CH

Ar
), 127.9 (CH

Ar
), 127.7 (CH

Ar
), 126.8 (CH

Ar
), 

113.3 (C
11

), 101.2 (C
5
), 87.9 (C

1´
), 85.8 (C

8
), 81.9 (C

4´
), 81.7 (C

2´
), 68.9 (C

18 or 19
), 68.4 

(C
3´

), 62.5 (C
5´

), 55.0 (2OCH3), 50.1 (C
18 or 19

), 12.9 (CH3).  

 

LRMS [ESI
+
, MeCN] m/z (%): 651.3 ([M+Na]

+
, 100%).  
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HRMS [ESI
+
] calcd. for C33H36N6O7 (M) 628.2645, [M+Na]

+
 = 651.2543, found 651.2530 

 

5´-O-(4,4´-Dimethoxytrityl)- 2´-O-(2-azidoethyl) –4-N- acetyl- 5-methylcytidine (9) 

 

 

8 (5.35 g, 8.52 mL) was dissolved in anhydrous DMF (130 mL) before acetic anhydride 

(2.4 mL, 25.5467 mmol) was added dropwise. The resulting mixture was stirred at room 

temperature for 14 hours. The solvent was removed to a minimum in vacuo, and the 

suspension was partitioned between DCM (200 mL), sat. aq NaHCO3 (2 x 200 mL), water 

(1 x 200 mL) and brine (1 x 200 mL). The organic layer was separated, dried (Na2SO4), 

reduced in vacuo to give a pale yellow foam which was purified by column 

chromatography (80-100% EtOAc: DCM: 0.2% Et3N, to 1-10% MeOH: DCM: 0.2% Et3N) 

to afford product 9 as a white foam (5.56 g, 8.30 mmol, 97%). Rf 0.34 (7% MeOH/DCM).  

 

1
H NMR (400 MHz, DMSO-d6) 9.82 (br. s., 1H, NH), 7.88 (br. s., 1H, H

6
), 7.42 - 7.37 

(m, 2H, H
Ar

), 7.35 - 7.20 (m, 7H, H
Ar

), 6.91 (d, 4H, J = 8.0 Hz, H
11

), 5.83 (d, 1H, J = 1.5 

Hz, H
1´

), 5.20 (d, 1H, J = 6.5 Hz, OH
3´

), 4.33 - 4.22 (m, 1H, H
3´

), 4.11 - 4.04 (m, 1H, H
4´

), 

4.03 - 3.97 (m, 1H, H
2´

), 3.96- 3.92 (m, 1H, H
18 or 19

), 3.91- 3.85 (m, 1H, H
18 or 19

), 3.74 (s, 

6H, 2OCH3) , 3.51 - 3.43 (m, 2H, H
18 or 19

), 3.36 - 3.26 (m, 2H, H
5´

), 2.25 (s, 3H, H
21

), 

1.53 (s, 3H, CH3). 

 

13
C NMR (100 MHz, DMSO-d6)  170.3 (C

20
), 162.3 (C

4
), 158.0 (C

12
), 153.7 (C

2
), 144.3 

(C
14

), 141.4 (C
6
), 134.9 (C

9
), 135.2 (C

9
), 129.5 (CH

Ar
), 129.5 (CH

Ar
), 127.7 (CH

Ar
), 127.5 

(CH
Ar

), 126.6 (CH
Ar

), 113.1 (C
11

), 105.4 (C
5
), 88.7 (C

1´
), 85.6 (C

8
), 81.8 (C

4´
), 81.7 (C

2´
), 

68.9 (C
18 or 19

), 67.8 (C
3´

), 61.8 (C
5´

), 54.8 (2OCH3), 49.9 (C
18 or 19

), 24.6 (C
21

), 13.3 

(CH3).  

 

LRMS [ESI
+
, MeCN] m/z (%): 693.4 ((M+Na)

+
, 100%) 

HRMS [ESI
+
] calcd. for C35H38N6O8 (M) 670.2751, [M+H]

+
 = 671.2824, found 671.2838 
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5´- O-(4,4´-Dimethoxytrityl)- 2´-O-(2-acetamidoethyl) - 5-methylcytidine (10) 

 

 

Nucleoside 9 (0.533 g, 0.79 mmol) was dissolved in THF (8 mL) before triphenyl 

phosphine (0.42 g, 1.59 mmol) was added followed by distilled water (0.1 mL). The 

resulting mixture was stirred at 45 °C for 12 hours. The solvent was then reduced in vacuo, 

and the residual colourless oil was purified by column chromatography (7-15% MeOH: 

DCM: 0.2% Pyridine) to afford product 10 as a white foam (0.46 g, 0.71 mmol, 89%). Rf 

0.41 (15% MeOH/DCM).  

 

1
H NMR (400 MHz, DMSO-d6)  7.92 - 7. 83 (m, 1H, NH), 7.48 (s, 1H, H

6
), 7.44 - 7.37 

(m, 2H, H
Ar

), 7.36 - 7.19 (m, 7H, H
Ar

), 6.91 (d, 4H, J = 8.0 Hz, H
11

), 5.82 (d, 1H, J = 3.0 

Hz, H
1´

), 5.02 (d, 1H, J = 7.5 Hz, OH
3´

), 4.28 - 4.16 (m, 1H, H
3´

), 4.04 - 3.94 (m, 1H, H
4´

), 

3.87 - 3.80 (m, 1H, H
2´

), 3.74 (s, 7H, 2OCH3 and H
18

), 3.65 - 3.57 (m, 1H, H
18

), 3.36 - 

3.18 (m, 4H, H
5´

, H
19

), 1.81 (s, 3H, H
21

), 1.43 (s, 3H, CH3).   

 

13
C NMR (100 MHz, DMSO-d6) 169.0 (C

20
), 165.2 (C

4
), 157.9 (C

12
), 154.8 (C

2
), 144.4 

(C
14

), 137.2 (C
6
), 135.3 (C

9
), 135.0 (C

9
), 129.5 (CH

Ar
), 127.7 (CH

Ar
), 127.5 (CH

Ar
), 126.6 

(CH
Ar

), 113.1 (C
11

), 101.0 (C
5
), 87.8 (C

1´
), 85.5 (C

8
), 81.8 (C

4´
), 81.6 (C

2´
), 68.8 (C

18
), 

68.4 (C
3´

), 62.3 (C
5´

), 54.7 (2OCH3), 39.1 (C
19

), 22.3 (C
21

), 12.7 (CH3). 

 

LRMS [ES
+
, MeCN] m/z (%): 667.4 ((M+Na)

+
, 100%) 

HRMS [ESI
+
] calcd. for C35H40N4O8 (M) 644.2846, [M+Na]

+
 = 667.2738, found 667.2743 
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5´-O-(4,4´-Dimethoxytrityl)- 2´-O-(2-acetamidoethyl) – 4-N- (9-

fluorenylmethyloxycarbonyl) - 5-methylcytidine (11) 

 

Nucleoside 10 (2.45 g, 3.81 mmol) was dissolved in anhydrous DCM (34 mL) before 

anhydrous pyridine (0.7 mL) was added followed by Fmoc-OSu (4.49 mL, 13.33 

mmol).The resulting mixture was stirred for 12 hours at room temperature. The reaction 

was diluted with DCM (100 mL) and partitioned between sat. aq ammonium chloride (100 

mL) and sat. aq NaHCO3 (2 x 100 mL). The organic layer was dried (Na2SO4), reduced in 

vacuo to give a pale yellow foam which was purified by column chromatography (1-6% 

MeOH: DCM: 0.2% Pyridine) to afford product 11 as a white foam (3.04 g, 3.51 mmol, 

92%). Rf 0.57 (15% MeOH/DCM).  

 

1
H NMR (400 MHz, CDCl3)  12.45 - 12.19 (br. s, 1H, NH), 7.78 (s, 1H, H

6
), 7.73 (d, 2H, 

J = 7.5 Hz, H
Ar

), 7.62 (d, 2H, J = 7.5 Hz, H
Ar

), 7.40 - 7.32 (m, 4H, H
Ar

), 7.31 - 7.18 (m, 

9H, H
Ar

), 6.90 - 6. 73 (m, 4H, H
11

), 6.33 - 6.20 (m, 1H, NH), 5.92 (app. s, 1H, H
1´

), 4. 47 - 

4.35 (m, 3H, H
3´

 
&

 H
23

), 4.28 - 4.30. (m, 1H, H
24

), 4.13 - 4.04 (m, 1H, H
4´

), 4.00 (d, 1H, J 

= 2.5 Hz, H
2´

), 3.82 (app. s., 2H, H
18

), 3.76 (s, 6H, 2OCH3), 3.52 (m, 2H, H
5´

 
and

 H
19

), 

3.32 - 3.46 (m, 2H, H
5´

 
and

 H
19

), 1.95 (d, 3H, J = 1.5 Hz, H
21

) 1.46 (s, 3H, CH3). 

 

13
C NMR (100 MHz, CDCl3) 170.7 (C

20
), 160.6 (C

4
), 158.4 (C

12
), 149.0 (C

2
), 143.9 

(C
22

), 143.6 (C
Ar

), 140.9 (C
Ar

), 135.0 (C
6
), 134.9 (CH

Ar
), 129.8 (CH

Ar
), 127.8 (CH

Ar
), 

127.7 (CH
Ar

), 127.4 (CH
Ar

), 126.9 (C
Ar

), 126.8 (CH
Ar

), 125.0 (CH
Ar

), 119.6 (CH
Ar

), 113.0 

(C
11

), 87.8 (C
1´

), 86.6 (C
8
), 83.3 (C

4´
), 82.9 (C

2´
), 70.4 (C

18
), 68.7 (C

3´
), 67.9 (C

23
), 61.5 

(C
5´

), 54.9 (2OCH3), 46.5 (C
24

), 39.1 (C
 19

), 22.9 (C
21

), 12.6 (CH3). 

 

LRMS [ESI
+
, MeCN] m/z (%): 889.6 ((M+Na)

+
, 100%) 

HRMS [ESI
+
] calcd. for C50H50N4O10 (M) 866.3527, [M+Na]

+
 = 889.3419, found 

889.3409 
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5´-O-(4,4´-Dimethoxytrityl)- 2´-O-(2-(2-acetamidoethyl) –4-N- (9-

fluorenylmethyloxycarbonyl)- 5-methylcytidine 3´-O-(2-cyanoethyl-N,N-

diisopropyl)phosphoramidite (12) 

 

 

 

To a solution of nucleoside (11) (1.02g, 1.18 mmol) in distilled DCM (10 mL) and distilled 

DIPEA (0.41 mL, 2.36 mmol), strictly under an argon atmosphere and excluding moisture, 

was added 2-cyanoethyl-N,N-diisopropyl-chlorophosphoramidite (0.3 mL, 1.18 mmol) 

dropwise, and the reaction was stirred at room temperature for 2 hours. Further reagent 

chloro-phosphitylating reagent (0.05 mL, 0.24 mmol) was added and the reaction was 

stirred for 1 hour, it was then transferred to a separating funnel containing distilled DCM 

(25 mL), the mixture was washed with sat. aq KCl (25 mL), the organic layer was dried 

(Na2SO4) and reduced in vacuo. The crude was purified by column chromatography (70-

90% EtOAc in Hexane plus 1% Pyridine) under argon pressure, to afford the desired 

product 12 as a diastereomeric mixture (ca. 2:3), as an air-sensitive, powdery white solid 

(0.65 g, 0.612 mmol, 52%). Rf 0.56 (5% Hexane: EtOAc). 

 

31
P NMR (300 MHz, CD3CN) δ 151.1, 150.1 (isomers) 

 

1
H NMR (400 MHz, CD3CN)  7.84 (d, 2H, J = 7.5 Hz, H

Ar
), 7.75 - 7. 59 (m, 3H, H

Ar
, 

H
6
), 7.51 - 7.38 (m, 4H, H

Ar
), 7.37 - 7.21 (m, 9H, H

Ar
), 6.93 - 6.79 (m, 4H, H

11
), 5.92 - 

5.80 (m, 1H, H
1´

), 4.60 (d, 2H, J = 6.0 Hz, H
23

), 4.53 - 4. 36 (m, 1H, H
3´

), 4.30 (t, 1H, J = 

6.0 Hz, H
24

), 4.26 - 4.06 (m, 2H, H
4´

 and H
2´

), 3.79 - 3.73 (m, 6H, 2OCH3), 3.73 - 3.65 

(m, 3H, H
25

 & H
18 or 19

), 3.63 - 3.45 (m, 4H, H
27

 & H
18 or 19

), 3.44 - 3.30 (m, 2H, H
5´

), 3.30 

- 3.16 (m, 1H, H
18 or 19

), 2.66 (t, 1H, J = 5.8 Hz, H
26

), 2.49 (t, 1H, J = 6.0 Hz, H
26

), 1.86 - 

1.79 (m, 3H, H
21

), 1.35 (s, 3H, CH3), 1.19 - 0.97 (m, 12H, H
28

).  
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LRMS [ESI
+
, MeCN] m/z (%) 1089.8 ((M+Na)

+
, 100%) and 1067.7 ((M+H)

+
, 95%) 

 

7.1.3 Synthesis of 2´-aminoethoxy 5-methylcytosine phosphoramidite monomer 

(
CE

CAE) 

 

5´-O-(4,4´-Dimethoxytrityl)-2´-O-(2-aminoethoxy)-5-methylcytidine (13)
[132]

 

 

8 (2.00 g, 3.18 mmol) was dissolved in THF (32mL) before triphenyl phosphine (1.67 g, 

6.37 mmol) was added followed by distilled water (0.3 mL). The resulting mixture was 

stirred at 45 °C for 12 hours. The solvent was reduced in vacuo, and the residual colourless 

oil was purified by column chromatography (1-12% MeOH, 1-5% NH3 in EtOAc) to 

afford product 13 as a white foam (1.54 g, 2.55 mmol, 80%). Rf 0.35 (EtOAC (5)/MeOH 

(1)/NH3 (1)).  

 

1
H NMR (400 MHz, CDCl3)  7.71 (s, 1H, H

6
), 7.37 (d, 2H, J = 7.0 Hz, H

Ar
, 7.31 - 7.12 

(m, 7H, H
Ar

), 6.77 (d, 4H, J = 7.5 Hz, H
Ar

), 5.88 (s, 1H, H
1´

), 4.35 (dd, 1H, J = 7.5, 5.0 Hz, 

H
3´

), 4.06 (d, 1H, J = 8.0 Hz, H
4´

), 4.03 – 3.98 (m, 1H, H
18

), 3.95 (d, 1H, J = 4.5 Hz, H
2´

), 

3.72 (s, 7H, 2OCH3 and H
18

), 3.53 - 3.46 (m, 1H, H
5´

), 3.38 (dd, 1H, J = 10.8, 2.8 Hz, 

H
5´

), 2.88 (br. s., 2H, H
19

), 1.29 (s, 3H, CH3). 

 

13
C NMR (100 MHz, CDCl3)  165.4 (C

4
), 158.3 (C

Ar
), 155.7 (C

2
), 144.2 (C

Ar
), 137.8 

(C
6
), 135.3 (C

9
),135.2 (C

9
), 129.8 (CH

Ar
), 127.9 (CH

Ar
), 127.6 (CH

Ar
), 126.6 (CH

Ar
), 

112.9 (C
11

), 101.2 (C
5
), 88.8 (C

1´
), 86.2 (C

8
), 82.8 (C

4´
), 82.7 (C

2´
), 71.6 (C

18
), 68.5 (C

3´
), 

61.5 (C
5´

), 54.9 (2OCH3), 40.9 (C
19

), 12.2 (CH3).  

 

LRMS [ESI
+
, MeOH] m/z (%): 625.4 ([M+Na]

+
, 100%) 

HRMS [ESI
+
] calcd. for C33H38N4O7 (M) 602.2740, [M+Na]

+
 = 625.2638, found 625.2633. 
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5´-O-(4,4´-Dimethoxytrityl)-2´-O-[2-(9-fluorenylmethyloxycarbamoyl)ethyl]-4-N- (9-

fluorenylmethyloxycarbonyl)-5-methylcytidine (14)
[132]

 

 

13 (1.50 g, 2.49 mmol) was dissolved in anhydrous DCM (30 mL) before anhydrous 

pyridine (0.60 mL) was added followed by 9-Fluorenylmethyl N-succinimidyl carbonate 

(3.36 mL, 9.96 mmol).The resulting mixture was stirred for 16 hours at room temperature. 

The reaction was then diluted with DCM (100 mL) and partitioned between sat. aq 

ammonium chloride (100 mL) and sat. aq NaHCO3 (2 x 100 mL). The organic layer was 

dried (Na2SO4), concentrated in vacuo to give a pale yellow foam which was purified by 

column chromatography (1-3% 
i
PrOH in DCM with 1% pyridine) to afford product 14 as a 

white foam (2.29 g, 2.19 mmol, 88%). Rf 0.33 (5% 
i
PrOH/DCM).  

 

1
H NMR (400 MHz, CDCl3)  12.31 (br. s., 1H, NH), 8.58 (br. s., 1H, NH), 7.78 (br. s., 

1H, H
6
), 7.75 - 7.59 (m, 6H, H

Ar
), 7.54 (dd, 2H, J = 7.0, 3.0 Hz, H

Ar
), 7.42 - 7.18 (m, 17H, 

H
Ar

), 6.81 (d, 4H, J = 8.0 Hz, H
Ar

), 5.91 (br. s., 1H, H
1´

), 4.46 - 4.28 (m, 6H, H
3´

, 2Fmoc-

CH2 and Fmoc-CH), 4.21 - 4.15 (m, 1H, Fmoc-CH), 4.05 (d, 1H, J = 6.5 Hz, H
4´

), 4.01 – 

3.91 (m, 2H, H
2´

 and H
18

), 3.76 (s, 7H, 2OCH3 and H
18

), 3.59 - 3.31 (m, 4H, H
5´

 and H
19

), 

2.97 (br. s., 1H, OH
3´

), 1.45 (s, 3H, CH3). 

 

13
C NMR (100 MHz, CDCl3) 163.7 (C=O), 160.6 (C

4
), 158.4 (C

Ar
), 149.5 (CH

Ar
), 147.5 

(C
Ar

), 143.9 (C
Ar

), 143.7 (C
Ar

), 143.6 (C
Ar

), 143.6 (C
Ar

), 143.5 (C
Ar

), 141.0 (C
Ar

), 140.9 

(C
Ar

), 135.6 (C
6
), 135.1 (C

Ar
), 134.9 (C

Ar
), 129.8 (CH

Ar
), 127.9 (CH

Ar
), 127.7 (CH

Ar
, 

127.3 (CH
Ar

), 126.9 (CH
Ar

), 126.8 (CH
Ar

), 126.7 (CH
Ar

), 125.0 (CH
Ar

), 124.7 

(CH
Ar

),123.4 (C
Ar

), 119.6 (CH
Ar

), 113.0 (CH
Ar

), 111.2 (C
5
) 87.7 (C

1´
), 86.6 (C-Ar3), 83.2 

(C
4´

), 82.7 (C
2´

), 70.5 (C
18

), 68.4 (C
3´

), 67.9 (Fmoc-CH2), 66.6 (Fmoc-CH2), 61.3 (C
5´

), 

54.9 (2OCH3), 46.8 (Fmoc-CH), 46.5 (Fmoc-CH), 40.6 (C
19

), 12.6 (CH3).  

 

LRMS [ESI
+
, MeOH] m/z (%): 1069.9 ([M+Na]

+
, 100%). 
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5´-O-(4,4´-Dimethoxytrityl)-2´-O-[2-(9-fluorenylmethyloxycarbamoyl)ethyl]-4-N- (9-

fluorenylmethyloxycarbonyl)-5-methylcytidine -3´-O-(2-cyanoethyl-N,N-

diisopropyl)phosphoramidite (15)
[132]

 

 

 

To a solution of 14 (2.29 g, 2.19 mmol) in distilled DCM (20 mL) and distilled DIPEA 

(0.80 mL, 4.37 mmol), strictly under an argon atmosphere and excluding moisture, was 

added 2-cyanoethyl-N,N-diisopropyl-chlorophosphoramidite (0.60 mL, 2.62 mmol) 

dropwise, and the reaction was stirred at room temperature for 45 mins, it was then 

transferred to a separating funnel containing distilled DCM (60 mL), the mixture was 

washed with sat. aq KCl (70 mL), the organic layer was dried (Na2SO4 and concentrated in 

vacuo to give following purification by column chromatography (60% EtOAc in Hexane 

plus 1% Pyridine) under argon pressure, the desired product 15 was afforded as a 

diastereomeric mixture, as an air-sensitive, powdery white solid (2.32 g, 1.86 mmol, 85 %). 

Rf 0.51 (60% EtOAc/Hexane). 

 

1
H NMR (400 MHz, CD3CN)  11.93 (br. s., 1H, NH), 8.54 (d, 1H, J = 4.0 Hz, NH), 7.83 

- 7.55 (m, 9H, H
Ar

), 7.46 - 7.19 (m, 17H, H
Ar

), 6.92 - 6.74 (m, 4H, H
11

), 5.85 (dd, 1H, J = 

5.0, 3.0 Hz, H
1´

), 4.60 - 4.39 (m, 3H, H
3´

 and Fmoc-CH2), 4.35 - 4. 08 (m, 6H, H
2´

, H
4´

, 

Fmoc-CH2 and 2Fmoc-CH), 3.81 - 3.61 (m, 9H, 2OCH3, H
20

 and H
18 or 19

), 3.59 - 3.48 

(m, 3H, H
22

 and H
18 or 19

), 3.48 - 3.40 (m, 1H, H
18 or 19

), 3.38 - 3.16 (m, 3H, H
5´

 and H
18 or 

19
), 2.58 (t, 1H, J = 5.8 Hz, H

21
), 2.45 (t, 1H, J = 5.8 Hz, H

21
), 1.33 (d, 3H, J = 4.5 Hz, 

CH3), 1.10 (dd, 9H, J = 13.1, 7.0 Hz, H
23

), 0.98 (d, 3H, J = 7.0 Hz, H
23

).  

 

31
P NMR (300 MHz, CD3CN) δ 151.2, 150.0  

 

LRMS [ESI
+
, MeCN] m/z (%): 1269.7 ([M+Na]

+
, 100%). 
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7.1.3 Synthesis of 2´-aminoethoxy ribothymidine phosphoramidite monomer (TAE) 

 

5´-O-(4,4´-Dimethoxytrityl)- 2´-O-(2-aminoethyl)-5-methyluridine (16)
[121,133]

  

 

 

This compound has been synthesised before but using a different method see Reference
[121]

. 

 

Compound 6 (4.09 g, 6.50 mmol) was dissolved in THF (65 mL) before triphenyl 

phosphine (3.41 g, 13.0 mmol) was added followed by distilled water (0.6 mL, 32.5 mmol). 

The resulting mixture was stirred at 45 °C for 14 hours. The solvent was removed in vacuo, 

and the residual colourless oil was purified by column chromatography (30-80% 

i
PrOH/DCM, 0.2% Pyridine) affording product 16 as a white foam (3.49 g, 5.79 mmol, 

89%), Rf 0.05 (20% MeOH/DCM). 

 

1
H NMR (400 MHz, CDCl3)  7.59 (s, 1H, H

6
), 7.41 - 7.33 (m, 2H, H

Ar
), 7.30 - 7.15 (m, 

7H, H
Ar

), 6.79 (d, 4H, J = 9.0 Hz, H
11

), 5.99 (d, 1H, J = 4.0 Hz, H
1´

), 4.38 (t, 1H, J = 5.0 

Hz, H
3´

), 4.14 - 4.08 (m, 1H, H
4´

), 4.03 (t, 1H, J = 4.5 Hz, H
2´

), 3.95 - 3.87 (m, 1H, H
18

), 

3.74 (s, 6H, 2OCH3), 3.63 - 3.55 (m, 1H, H
18

), 3.48 (dd, 1H, J = 11.0, 3.0 Hz, H
5´

), 3.37 

(dd, 1H, J = 11.0, 3.0 Hz, H
5´

), 2.95 - 2.84 (m, 2H, H
19

), 1.34 (s, 3H, CH3). 

 

13
C NMR (100 MHz, CDCl3)  163.9 (C

4
), 158.7 (C

Ar
), 150.5 (C

2
), 144.4 (C

Ar
), 135.5 

(C
Ar

), 135.3 (C
6
), 130.1 (CH

Ar
), 128.2 (CH

Ar
), 128.0 (CH

Ar
), 127.1 (CH

Ar
), 113.3 (C

11
), 

111.1 (C
5
), 87.4 (C

1´
), 86.9 (C

8
), 83.9 (C

4´
), 82.9 (C

2´
), 72.0 (C

18
), 69.5 (C

3´
), 62.7 (C

5´
), 

55.2 (2OCH3), 41.2 (C
19

), 11.8 (CH3). 

 

LRMS [ESI
+
, MeOH] m/z (%) 626.2 ([M+Na]

+
, 30%) 

HRMS [ESI
+
] calcd. for C33H37N3O8 (M) 603.2581, [M+Na]

+
 = 626.2478, found 626.2456 
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5´-O-(4,4´-Dimethoxytrityl)-2´-O-(2-(9-fluorenylmethoxyamido)ethyl) -5-

methyluridine (17)
[133]

  

 

Compound 16 (1.63 g, 2.71 mmol) was dissolved in distilled DCM (25 mL) before 

anhydrous pyridine (0.55 mL, 6.76 mmol) was added followed by 9-Fluorenylmethyl N-

succinimidyl carbonate (3.19 g, 9.47 mmol).  The resulting mixture was stirred at room 

temperature for 12 hours, then diluted with DCM (150 mL) and partitioned with saturated 

ammonium chloride (150 mL).  The organic layer was washed with sat. aq NaHCO3 (2  

150 mL), then dried (Na2SO4) and concentrated in vacuo to give a pale yellow foam. 

Purification by column chromatography (1-10% EtOH/DCM, 0.5% pyridine) afforded 

product 17 as a white foam (1.84 g, 2.23 mmol, 82%). Rf 0.78 (90% EtOAc/Hexane).  

 

1
H NMR (400 MHz, CDCl3)  7.72 (d, 2H, J = 7.5 Hz, H

Ar
), 7.69 - 7.63 (m, 1H, H

Ar
), 

7.56 (d, 2H, J = 7.5 Hz, H
Ar

), 7.42 - 7.32 (m, 4H, H
Ar

), 7.31 - 7.14 (m, 9H, H
Ar

), 6.82 (d, 

4H, J = 8.5 Hz, H
11

), 5.92 (d, 1H, J = 2.0 Hz, H
1´

), 4.45 - 4.39 (m, 1H, H
3´

), 4.39 - 4.29 (m, 

2H, J = 6.5 Hz, H
21

), 4.18 (t, 1H, J = 6.8 Hz, H
22

), 4.09 - 4.02 (m, 2H, H
4´

), 3.97 (br. s, 1H, 

H
2´

), 3.94 - 3.88 (m, 1H, H
18

), 3.86 - 3.72 (m, 7H, 2OCH3, H
18

), 3.57 - 3.49 (m, 1H, H
5´

), 

3.48 - 3.31 (m, 3H, H
5´

, H
19

), 1.37 (s, 3H, CH3). 

 

13
C NMR (100 MHz, CDCl3)  163.6 (C

4
), 158.4 (C

Ar
), 156.6 (C

20
), 149.3 (C

Ar
), 144.0 

(C
Ar

), 143.6 (C
Ar

), 140.9 (C
Ar

), 135.1 (C
6
), 134.9 (C

Ar
), 134.7 (C

Ar
), 129.8 (CH

Ar
), 128.8 

(CH
Ar

), 127.8 (CH
Ar

), 127.6 (CH
Ar

), 127.4 (CH
Ar

), 127.3 (CH
Ar

), 126.8 (CH
Ar

), 126.7 

(CH
Ar

), 124.7 (CH
Ar

), 119.6 (CH
Ar

), 112.9 (C
11

), 112.8 (ArC), 110.8 (C
5
), 87.4 (C

1´
), 86.5 

(C
8
), 83.1 (C

4´
), 82.6 (C

2´
), 70.2 (C

18
), 68.5 (C

3´
), 66.5 (C

22
), 61.5 (C

5´
), 54.9 (2OCH3), 

46.8 (C
22

), 40.5 (C
19

), 11.5 (CH3). 

 

LRMS [ESI
+
, MeCN] m/z (%) 848.6 ([M+Na]

+
, 100%) 
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HRMS [ESI
+
] calcd. for C48H47N3O10 (M) 825.3261, [M+Na]

+
 = 848.3159, found 

848.3164 

 

5´-O-(4,4´-Dimethoxytrityl)-2´-O-(2-(9-fluorenylmethoxyamido)ethyl)-5- 

methyluridine 3´-O-(2-cyanoethyl-N,N-diisopropyl) phosphoramidite (18)
[133]

 

 

 

 

To a solution of nucleoside 17 (1.75 g, 2.12 mmol) in distilled DCM (10 mL) and distilled 

DIPEA (0.85 mL, 4.89 mmol), strictly under an argon atmosphere and excluding moisture, 

was added 2-cyanoethyl-N,N-diisopropyl-chlorophosphoramidite (0.56 mL, 2.55 mmol) 

dropwise, and the reaction was stirred at room temperature for 4 hours. The reaction 

mixture was transferred to a separating funnel containing distilled DCM (25 mL), and 

washed with sat. aq KCl (25 mL).  The organic layer was dried (Na2SO4) and concentrated 

in vacuo. Purification by column chromatography (65-70% EtOAc/hexane, 0.5% pyridine) 

under argon pressure, afforded the desired product 18 as a diastereomeric mixture (ca. 2:3), 

as an air-sensitive, powdery white solid (1.52 g, 1.48 mmol, 70%). Rf 0.6 (75% 

EtOAc/Hexane).  

 

31
P NMR (300 MHz, CD3CN) δ 150.96, 150.06 (isomers) 

 

 1
H NMR (400 MHz, CD3CN)  9.12 (br. s, 1H, NH), 8.6 - 8.53 (m, 1H, NH), 7.82 (d, 2H, 

J = 7.5 Hz, H
Ar

), 7.64 (d, 2H, J = 7.0 Hz, H
Ar

), 7.53 (s, 1H, H
6
), 7.50 - 7.21 (m, 13H, H

Ar
), 

6.87 (dd, 4H, J = 7.8, 6.8 Hz, H
11

), 5.90 (dd, 1H, J = 9.3, 3.3 Hz, H
1´

), 4.58 - 4.41 (m, 1H, 

H
3´

), 4.34 (dd, 2H, J = 13.1, 6.5 Hz, H
21

), 4.25 - 4.12 (m, 3H, H
2´

, H
4´

 and H
22

), 3.90 - 3.64 

(m, 9H, 2OCH3, H
23

, H
18 or 19

), 3.63 - 3.50 (m, 3H, H
25

, H
18 or 19

), 3.49 - 3.39 (m, 1H, H
18 

or 19
), 3.38 - 3.22 (m, 3H, H

5´
, H

18 or 19
), 2.61 (br. s, 1H, H

24
), 2.53 - 2.41 (m, 1H, H

24
), 1.39 

(d, 3H, J = 8.0 Hz, H
7
), 1.24 – 0.91 (m, 12H, H

26
). 
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LRMS [ESI
+
, MeCN] m/z (%): 1048.6 ([M+Na]

+
, 100%) and 1026.6 ([M+H]

+
, 10%) 

 

7.1.4 Synthesis of 2´-mesyloxyethyl ribothymidine phosphoramidite monomer (TEMs) 

 

5´-O-(4,4´-Dimethoxytrityl)-2´-O-(2-methanesulfonylethyl)-5-methyluridine-3´-O-(2-

cyanoethyl-N,N-diisopropyl)phosphoramidite (19)
[66]

 

 

 

5´-O-(4,4´-Dimethoxytrityl)-2´-O-(2-methanesulfonylethyl)-5-methyluridine (5) (1.09 g, 

1.59 mmol) was co-evaporated with anhydrous DCM (3 x 5 mL) before being dissolved in 

anhydrous DCM (10 mL) followed by the addition of anhydrous DIPEA (0.6 mL, 3.18 

mmol). 2-Cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.5 mL, 1.91 mmol) was 

added dropwise, and the reaction mixture was left to stir at room temperature for 3 hours, 

then transferred under argon into a separating funnel that contained degassed DCM (30 

mL), The mixture was washed with degassed sat. aq KCl (30 mL), and the organic layer 

was separated, dried (Na2SO4) and the solvent removed in vacuo. The phosphoramidite 

product was purified by column chromatography under argon pressure (75% EtOAc in 

Hexane plus 1% Pyridine) to afford the product 19 as a white foam (1.08 g, 1.23 mmol, 

77%). Rf 0.42 (80% EtOAc/ Hexane: 1% Pyridine). 

 

31
P NMR (300 MHz, CD3CN) δ 151.1, 150.6 (isomers)  

 

1
H NMR (400 MHz, CD3CN)   8.64 - 8.48 (m, 1H, NH) 7.57 - 7.51 (m, 1H, H

6
), 7.49 - 

7.42 (m, 2H, H
Ar

), 7.37 - 7.22 (m, 7H, H
Ar

), 6.98 - 6.78 (m, 4H, H
11

), 5.97 - 5.83 (m, 1H, 

H
1´

), 4.56 - 4.44 (m, 1H, H
3´

), 4.41 - 4.29 (m, 2H, H
18 or 19

), 4.22 - 4.11 (m, 2H, H
2´

, H
4´

), 

4.03- 3.83 (m, 3H, H
18 or 19

, H
21

), 3.76 (d, 6H, J = 2.3 Hz, 2OCH3), 3.64 - 3.53 (m, 3H, 

H
21

 &
 
H

23
), 3.52 - 3.40 (m, 1H, H

5´
), 3.31 (ddd, 1H, J = 17.2, 11.0, 3.6 Hz, H

5´
), 3.03 (d, 
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3H, J = 3.6 Hz, H
20

), 2.71 - 2.63 (m, 1H, H
22

), 2.48 (t, 1H, J = 6.0 Hz, H
22

), 1.38 (dd, 3H, 

J = 10.9, 1.1 Hz, H
7
), 1.17 (d, 3H, J = 7.0 Hz, H

24
), 1.15 (d, 6H, J = 7.5 Hz, H

24
), 1.03 (d, 

3H, J = 7.0 Hz, H
24

). 

 

LRMS [ESI
+
, MeOH] m/z (%): 905.4 ([M+Na]

+
, 100%) 

HRMS [ESI
+
] calcd. for C43H55N4O12PS (M) 882.3275, [M+H]

+
 = 883.3348, found 

883.3334, [M+Na]
+
 = 905.3173, found 905.3143. 

 

7. 1.5 Synthesis of 2´- aminohexanamidoethoxy ribothymidine phosphoramidite 

monomer (TAHE) 

 

5´-O-(4,4´-Dimethoxytrityl)- 2´-O-((fluorenylmethyloxyamino) hexanamidoethyl)  – 5-

methyluridine (20) 

 

 

 

Nucleoside 16 (0.5 g, 0.83 mmol) was dissolved in anhydrous DMF (3 mL) and anhydrous 

pyridine (0.13 mL) before adding EDC (0.24 g, 1.24 mmol) followed by Fmoc-6-

aminohexanoic acid (0.44 g, 1.24 mmol). The reaction was left stirring for 4 hours at room 

temperature. The reaction was then diluted with DCM (100 mL) and partitioned with sat. 

aq NaHCO3 (2 x 100 mL). The organic layer was dried (Na2SO4) and concentrated in 

vacuo to give a pale yellow foam which was then purified by column chromatography (1-

5% MeOH: DCM: 0.2% Pyridine) affording product 20 as a white foam (0.6299 g, 0.6708 

mmol, 81 %). Rf 0.38 (10% MeOH/DCM).  

 

1
H NMR (400 MHz, CD3CN)  8.60 - 8.54 (m, 1H, NH), 7.84 - 7.71 (m, 2H, H

Ar
), 7.62 (d, 

2H, J = 7.5 Hz, H
Ar

), 7.48 - 7.36 (m, 5H, H
Ar

), 7.36 - 7.20 (m, 9H, H
Ar

), 6.89 - 6.82 (m, 4H, 

H
11

), 6.68 (br. s., 1H, NH), 5.85 (d, 1H, J = 3.5 Hz, H
1´

), 5.75 (br. s., 1H, NH), 4.35 (t, 1H, 

J = 6.0 Hz, H
3´

), 4.30 (d, 2H, J = 7.0 Hz, H
27

), 4.19 (t, 1H, J = 6.5 Hz, H
28

), 4.04 - 3.97 (m, 
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2H, H
2´

 and H
4´

), 3.81 - 3.65 (m, 8H, 2OCH3 and H
18

), 3.46 - 3.25 (m, 4H, H
5´

 and H
19

), 

3.06 (q, 2H, J = 6.0 Hz, H
25

), 2.12 (t, 2H, J = 7.3 Hz, H
21

), 1.60 - 1.50 (m, 2H, H
22

), 1.48 - 

1.38 (m, 5H, CH3 and H
24

), 1.34 - 1.23 (m, 2H, H
23

). 

 

13
C NMR (100 MHz, CDCl3)  174.5 (C

20
), 165.0 (C

4
), 160.1 (C

12
), 157.7 (C

26
), 151.9 

(C
2
), 151.0 (C

Ar
), 146.1 (C

Ar
), 145.5 (C

Ar
), 142.4 (C

Ar
), 137.0 (CH

Ar
), 136.8 (C

Ar
), 136.6 

(C
Ar

), 131.3 (CH
Ar

), 129.3 (CH
Ar

), 129.3 (CH
Ar

), 128.9 (CH
Ar

), 128.4 (CH
Ar

), 128.3 

(CH
Ar

), 126.4 (CH
Ar

), 125.1 (CH
Ar

), 121.2 (CH
Ar

), 114.5 (C
11

), 111.5 (C
5
), 88.8 (C

1´
), 

87.7 (C
8
), 84.4 (C

2´ or 4´
), 83.2 (C

2´ or 4´
), 71.3 (C

18
), 70.4 (C

3´
), 67.1 (C

27
), 63.9 (C

5´
), 56.2 

(2OCH3), 48.5 (C
28

), 41.6 (C
25

), 40.2 (C
19

), 37.0 (C
21

), 30.5 (C
24

), 27.2 (C
23

), 26.3 (C
22

), 

12.7 (CH3). 

 

LRMS [ESI
+
, MeOH] m/z (%): 961.7 ((M+Na)

+
, 100%). 

HRMS [ESI
+
] calcd. for C54H58N4O11 (M) 938.4102, [M+Na]

+
 = 961.3994, found 

961.3996. 
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5´-O-(4,4´-Dimethoxytrityl)- 2´-O-((fluorenylmethyloxyamino) hexanamidoethyl) – 5-

methyluridine - 3´-O-(2-cyanoethyl-N,N-diisopropyl)phosphoramidite (21)  

 

To a solution of nucleoside 20 (2.61 g, 2.78 mmol) in distilled DCM (20 mL) and distilled 

DIPEA (1 mL, 5.57 mmol), strictly under an argon atmosphere and excluding moisture, 

was added 2-cyanoethyl-N,N-diisopropyl-chlorophosphoramidite (0.7 mL, 3.06 mmol) 

dropwise, and the reaction was stirred at room temperature for 2 hours, it was then 

transferred to a separating funnel containing distilled DCM (60 mL), the mixture was 

washed with sat. aq KCl (80 mL), the organic layer was dried (Na2SO4) and concentrated 

in vacuo. The crude was then purified by column chromatography (90% EtOAc in Hexane 

plus 1% Pyridine) under argon pressure, the desired product 21 was afforded as a 

diastereomeric mixture (ca. 2:3), as an air-sensitive, powdery white solid (2.42 g, 2.13 

mmol, 76 %). Rf  0.5 (100% EtOAc).  

 

31
P NMR (300 MHz, CD3CN) δ 150.94, 150.2 (isomers, P (III)), 15.0 

(HO(H)P
V
(O)OCH2CH2CN) 

 

1
H NMR (400 MHz, CD3CN)  8.58 (m, 1H, NH), 7.86 - 7.70 (m, 2H, H

Ar
), 7.68 - 7.59 

(m, 2H, H
Ar

), 7.56 - 7.38 (m, 5H, H
Ar

), 7.37 - 7.22 (m, 9H, H
Ar

), 6.88 (dd, 4H, J = 7.5, 5.0 

Hz, H
11

), 6.58 - 6.39 (m, 1H, NH), 5.98 - 5.87 (m, 1H, H
1´

), 5.73 (br. s., 1H, NH), 4.54 - 

4.41 (m, 1H, H
3´

), 4.32 (d, 2H, J = 7.0 Hz, H
27

), 4.25 - 4.18 (m, 2H, H
4´

, H
28

), 4.18 - 4. 02 

(m, 2H, H
29

 and H
2´

), 3.90 - 3.65 (m, 8H, 2OCH3, H
29

, H
18 or 19

), 3.65 - 3. 51 (m, 2H, H
31

), 

3.50 - 3.20 (m, 5H, H
5´

, H
18 or 19

), 3.12 - 3.00 (m, 2H, H
25

), 2.77 (t, 1H, J = 6.0 Hz, H
30

), 

2.71 - 2.64 (m, 1H, H
30

), 2.11 (t, 2H, J = 6.3 Hz, H
21

), 1.61 - 1.50 (m, 2H, H
22

), 1.45 (d, 

2H, J = 7.0 Hz, H
24

), 1.39 (d, 3H, J = 5.0 Hz, CH3), 1.29 (dd, 2H, J = 6.5, 4.0 Hz, H
23

), 

1.16 - 1.10 (m, 9H, H
32

), 1.02 (d, 3H, J = 6.5 Hz, H
32

).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
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LRMS [ESI
+
, MeCN] m/z (%): 1161.5 ((M+Na)

+
, 100%) 

7.1.6 Synthesis of Dibenzocyclooctyne (DIBO) p-nitrophenyl carbonate  

 

2,3:6,7-dibenzo-9-oxabicyclo[3.3.1]nona-2,6-diene (37)
[151]

 

 

 

 

To a solution of phenylacetaldehyde (20.02 g, 166.6 mmol) in anhydrous chloroform (333 

mL) cooled in ice, trimethylsilyl iodide (28 mL, 199.92 mmol) was added slowly. The 

reaction was allowed to stand at 5 °C for 7 days. Sodium thiosulfate (1 M, 170 mL) and 

DCM (170 mL) were added, the reaction mixture was left stirring until the iodine colour 

was discharged. The organic phase was separated, dried (Na2SO4), concentrated in vacuo 

to give an orange oil  which was purified by column chromatography (1-2% Diethyl Ether: 

Hexane) to afford the product 37 as a white solid (10.59 g, 47.65 mmol, 29%). Rf 0.26 

(10% Diethyl Ether/Hexane).  

 

1
H NMR (400 MHz, CDCl3)  7.44 - 7.09 (m, 8H, H

Ar
), 5.49 (d, 2H, J = 6.1 Hz, H

3, 7
), 

3.74 (dd, 2H, J = 16.2, 6.1 Hz, H
4, 8

), 2.96 (d, 2H, J = 16.3 Hz, H
4, 8

). 

 

13
C NMR (100 MHz, CDCl3)  137.8 (C

Ar
), 131.6 (C

Ar
), 129.0 (CH

Ar
), 126.8 (CH

Ar
), 

125.9 (CH
Ar

), 125.1 (CH
Ar

), 69.5 (C
3, 7

), 36.1 (C
4, 8

). 

 

LRMS [EI, DCM] m/e (%) 221.5 (M
+
), 204, 203, 179, 178.  
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3- hydroxy-1,2:5,6-dibenzocycloocta 1,5,7-triene (38)
[152]

  

 

To a solution of ether 37 (10.59 g, 47.65 mmol) in anhydrous THF (477 mL) at room 

temperature under argon was added slowly n-butyllithium (38 mL, 95.31 mmol, 2.5 M). 

The reaction mixture was stirred at room temperature for 3 hours. The reaction was 

quenched by the slow addition of water (100 mL) and extracted with chloroform (2 x 250 

mL). The combined organic phases were then washed with sat. aq NaCl, dried (Na2SO4), 

concentrated in vacuo to give a pale yellow solid which was purified by column 

chromatography, by eluting first with Chloroform to remove impurities followed by EtOAc 

to afford the product 38 as a white solid (8.2531 g, 37.1293 mmol, 78%). Rf 0.15 (100% 

Chloroform).  

 

1
H NMR (400 MHz, CDCl3)  7.53 - 7.46 (m, 1H, H

9
), 7.31 - 7.11 (m, 7H, H

Ar
), 6.92 (d, 

1H, J = 12.0 Hz, H
7
 
or

 
8
), 6.87 (d, 1H, J = 12.0 Hz, H

7
 
or

 
8
), 5.32 (dd, 1H, J = 10.0, 6.5 Hz, 

H
3
), 3.49 (dd, 1H, J = 13.6, 6.0 Hz, H

4
), 3.36 (dd, 1H, J = 14.1, 10.0 Hz, H

4
), 2.03 (br. s., 

1H, OH).  

 

13
C NMR (100 MHz, CDCl3)  140.4 (C

Ar
), 136.5 (C

Ar
), 135.8 (C

Ar
), 134.1 (C

Ar
), 131.3 

(C
7
 

or
 

8
), 131.2 (C

7
 

or
 

8
), 129.8 (CH

Ar
), 129.5 (CH

Ar
), 129.0 (CH

Ar
), 128.3 (C

9
), 127.0 

(CH
Ar

), 126.8 (CH
Ar

), 126.6 (CH
Ar

), 125.6 (CH
Ar

), 74.1 (C
3
), 42.2 (C

4
).

 

 

LRMS [EI, DCM] m/e (%): 222, 204, 203, 178, 114, 91. 
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3-tert-Butyl-dimethylsilyl-oxy-1,2:5,6-dibenzocycloocta-1,5,7-triene (39)
[83]

 

 

tert-Butyl dimethyl silyl chloride (2.44 g, 16.15 mmol) was added to a stirred solution of 

38 (0.9 g, 4.04 mmol) in a mixture of DCM (8 mL) and pyridine (2 mL). After stirring at 

room temperature for 12 hours, the reaction mixture was diluted with water and extracted 

with DCM (40 mL). The combined organic extracts were washed with water and brine and 

then dried (Na2SO4). The solvents were removed in vacuo and the residue was purified by 

column chromatography (DCM/Hexane) to afford product 39 as a white solid (0.96 g, 2.85 

mmol, 70%). Rf 0.44 (5% EtOAc/Chloroform).  

 

1
H NMR (400 MHz, CDCl3) 7.78 (d, 1H, J = 7.8 Hz, H

9
), 7.42 (t, 1H, J = 7.5 Hz, H

Ar
), 

7.35- 7.24 (m, 6H, H
Ar

), 7.10 (d, 1H, J = 12.4 Hz, H
7
), 6.99 (d, 1H, J = 12.5 Hz, H

8
), 5.68 

(dd, 1H, J = 8.5, 6.9 Hz, H
3
), 3.71 (dd, 1H, J = 15.2, 6.0 Hz, H

4
), 3.40 (dd, 1H, J = 15.2, 

9.7 Hz, H
4
), 1.17- 1.12 (m, 9H, H

12
), 0.24 (app. d, 3H, J = 1.0 Hz, H

10
), 0.18 (app. d, 3H, J 

= 0.9 Hz, H
10

).

 

13
C NMR (100 MHz, CDCl3)  142.9 (C

Ar
), 136.5 (C

Ar
), 135.7 (C

Ar
), 134.1 (C

Ar
), 133.2 

(C
7
), 130.3 (CH

Ar
), 129.8 (C

8
), 129.7 (C

8
), 127.9 (CH

Ar
), 126.8 (CH

Ar
), 126.5 (CH

Ar
), 

125.8 (C
9
), 125.7 (C

9
), 125.1 (CH

Ar
), 71.9 (C

3
), 47.0 (C

4
), 25.6 (C

12
), 17.9 (C

11
), -5.1 

(C
10

).  
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3-Hydroxy-7,8-dibromo-1,2:5,6-dibenzocyclooctene (40)
[83]

 

 

    

A solution of bromine (0.9 mL, 17.71 mmol) in anhydrous DCM (5 mL) was added 

dropwise to a solution of 39 (5.96 g, 17.71 mmol) in anhydrous DCM (30 mL) at 0 °C 

covered in aluminium foil. The reaction mixture was stirred at room temperature for 13 

hours. The resulting mixture was washed with sat. aq sodium thiosulfate (100 mL), 

followed by water and brine. The organic phase was dried (Na2SO4). The solvents were 

removed in vacuo and the residue was purified by a quick filtration through a column 

(DCM/Hexane) to afford compound 40 as a yellow oil (3.81 g, 9.96 mmol, 56%). Rf 0.28 

(30% DCM/Hexane). This was taken straight through to the next reaction without analysis.  

 

3-Hydroxy-7,8- didehydro-1,2:5,6-dibenzocyclooctene (41)
[83]

  

 

To a solution of … (0.26 g, 0.69 mmol) in anhydrous THF (11 mL) was added dropwise 

lithium diisopropylamide in THF/Hptan/Ethylbenzol (2.0 M), (1.1 mL) under an argon 

atmosphere. The reaction mixture was stirred for 18 hours at room temperature, after 

which it was poured into ice water (10 mL) and the resulting mixture was extracted with 

DCM (2 x 20 mL). The combined extracts were washed with water, brine and then dried 

(Na2SO4). The solvents were removed in vacuo and the residue purified by column 

chromatography (15% EtOAc/Hexane) to afford product 41 (0.12 g, 0.54 mmol, 79%). Rf 

0.16 (15% EtOAc/Hexane).  

 

1
H NMR (400 MHz, CDCl3)  7.68 (d, 1H, J = 7.7 Hz, H

9
), 7.42 - 7.19 (m, 7H, H

Ar
), 4.57 

(app. s., 1H, H
3
), 3.05 (dd, 1H, J = 14.7, 2.1 Hz, H

4
), 2.87 (dd, 1H, J = 14.7, 3.7 Hz, H

4
), 

2.25 (br. s., 1H, OH).  

 

13
C NMR (100 MHz, CDCl3)  155.5 (C

Ar
), 151.6 (C

Ar
), 129.6 (CH

Ar
), 128.0 (CH

Ar
), 

128.0 (CH
Ar

), 127.0 (CH
Ar

), 126.8 (CH
Ar

), 126.1 (CH
Ar

), 124.0 (C
Ar

), 123.7 (C
9
), 121.2 

(C
Ar

), 112.9 (C
Ar

), 110.6 (C
Ar

), 75.2 (C
3
), 48.7 (C

4
).  



Chapter 7- Experimental 

 

158 

 

Carbonic acid 7, 8- didehydro-1,2:5,6-dibenzocyclooctene-3-yl ester 4-nitrophenyl 

ester (34)
[83]

 

 

 

To a solution of 41 (0.19 g, 0.91 mmol) in anhydrous DCM (27 mL) was added 4-

nitrophenyl chloroformate (0.37 g, 1.81 mmol) and anhydrous pyridine (0.36 mL, 4.53 

mmol). After stirring the reaction for 3½ hours at room temperature, the reaction mixture 

was washed with brine (2 x15 mL), and the organic layer was dried (Na2SO4). The solvents 

were concentrated in vacuo, and the residue was purified by column chromatography (6% 

EtOAc/Hexane) to afford product 34 (0.29 g, 0.76 mmol, 83%). Rf 0.57 (30% 

EtOAc/Hexane). 

 

1
H NMR (400 MHz, CDCl3)  8.36 - 8.18 (m, 2H, H

Ar
) 7.59 (d, 1H, J = 7.7 Hz, H

9
), 7.53 

- 7.24 (m, 9H, H
Ar

), 5.55 (br. s., 1H, H
3
), 3.30 (dd, 1H, J = 15.4, 1.9 Hz, H

4
), 3.01 (dd, 1H, 

J = 15.4, 3.9 Hz, H
4
).



13
C NMR (100 MHz, CDCl3) 155.8 (C

Ar
), 152.0 (C

Ar
), 150.4 (C

Ar
), 150.1 (C

Ar
), 145.7 

(C
Ar

), 130.3 (CH
Ar

), 128.6 (CH
Ar

), 128.6 (CH
Ar

), 128.0 (CH
Ar

), 127.8 (CH
Ar

), 126.8 

(CH
Ar

), 126.5 (CH
Ar

), 125.6 (CH
Ar

), 125.4 (CH
Ar

), 123.9 (CH
Ar

), 123.8 (C
9
), 122.0 (CH

Ar
), 

121.5 (C
Ar

), 113.5 (C
Ar

), 109.8 (C
Ar

), 81.9 (C
3
), 46.1 (C

4
).  

 

LRMS [EI, DCM] m/e (%): 385, 203, 202. 

HRMS [EI]: calcd. for C23H15NO5 (M) 385.0950 found 385.0954 and 385.9778  
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7.1.7 Synthesis of 5´-dibenzocyclooctyne monomer (DIBO)  
 

3-{[N-(3-hydroxypropyl)carbamoyl]oxy}-7,8-didehydro-1,2:5,6-dibenzocyclooctyne 

(42)
[96]

 

 

 

 

To a solution of DIBO active ester 34 (0.17 g, 0.44 mmol) in anhydrous DCM (5 mL) was 

added anhydrous Et3N (0.4 mL) followed by 3-amino-1-propanol (0.04 mL, 0.53 mmol) 

under an argon atmosphere. The reaction mixture was stirred for 30 min at room 

temperature, diluted with DCM (10 mL) and the resulting mixture was extracted with brine 

(2 x 10 mL). The combined extracts were dried (Na2SO4), and the solvent was removed in 

vacuo. The crude product was purified by column chromatography (50-65% 

EtOAc/Hexane) to afford product 42 as a white solid (0.13 g, 0.39 mmol, 88%). Rf 0.29 

(65% EtOAc/Hexane). 

 

1
H NMR (400 MHz, CDCl3) 7.42 (d, 1H, J = 7.6 Hz, H

9
), 7.37 - 7.11 (m, 7H, H

Ar
), 5.44 

(m, 1H, H
3
), 3.77 - 3.52 (m, 2H, H

13
), 3.29 (m, 2H, H

11
), 3.09 (dd, 1H, J = 14.9, 1.8 Hz, 

H
4
), 2.85 (dd, 1H, J = 15.2, 3.5 Hz, H

4
), 2.26 (br. s., 1H, OH), 1.65 (m, 2H, H

12
). 

  

13
C NMR (100 MHz, CDCl3)  156.7 (C

10
), 152.2 (C

Ar
), 151.2 (C

Ar
), 130.2 (CH

Ar
), 128.4 

(CH
Ar

), 128.2 (CH
Ar

), 127.4 (CH
Ar

), 127.4 (CH
Ar

), 126.6 (CH
Ar

), 126.3 (CH
Ar

), 124.1 

(C
Ar

), 123.9 (C
9
), 121.6 (C

Ar
), 113.3 (C

Ar
), 110.2 (C

Ar
), 77.1 (C

3
), 59.9 (C

13
), 46.5 (C

4
), 

38.1 (C
11

), 32.9 (C
12

). 

 

LRMS [ESI
+
, MeCN] m/z (%): 322.2 ([M+H]

+
, 64%), 344.2 ([M+Na]

+
, 50%). 

HRMS [ESI
+
] calcd. for C20H19NO3 (M) 321.1365, [M+Na]

+
 = 344.1263, found 344.1252. 
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3-(N-{3-O-[(2- cyanoethyl-N,N-diisopropyl)phosphoramidyl]propyl}carbamoyloxy)-

7,8- didehydro-1,2:5,6-dibenzocyclooctyne (43)
[96]

 

 

 
 

Alcohol 42 (0.9 g, 2.8 mmol) was co-evaporated with anhydrous DCM (3 x 3 mL) before 

being dissolved in anhydrous DCM (20 mL) followed by the addition of anhydrous DIPEA 

(1 mL, 5.6 mmol). 2-Cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.75 mL, 3.36 

mmol) was added dropwise, and the reaction mixture was left to stir at room temperature 

for 40 min, then transferred under argon into a separating funnel that contained degassed 

DCM (30.0 mL). The mixture was washed with degassed sat. aq KCl (30.0 mL), and the 

organic layer was separated, dried (Na2SO4), filtered and the solvent removed in vacuo. 

The phosphoramidite product was purified by column chromatography under argon 

pressure (40% EtOAc/Hexane, 0.5% pyridine) to afford product 43 (1.07 g, 2.04 mmol, 

73%). Rf 0.26 (30% EtOAc/Hexane). 

 

31
P NMR (121 MHz, CD3CN)  148.5 

 

1
H NMR (400 MHz, CD3CN)   7.58 (d, 1H, J = 7.6 Hz, H

9
), 7.46 - 7.29 (m, 7H, H

Ar
), 

6.05 - 5.90 (m, 1H, NH), 5.36 (br. s., 1H, H
3
), 3.86 - 3.69 (m, 2H, H

14
), 3.76 - 3.63 (m, 2H, 

H
13

), 3.68 – 3.54 (m, 2H, H
16

), 3.31 - 3.09 (m, 3H, H
11

,
 
H

4
), 2.83 (dd, 1H, J = 14.9, 3.8 Hz, 

H
4
), 2.63 (t, 2H, J = 6.1 Hz, H

15
), 1.86 - 1.70 (m, 2H, H

12
), 1.26 - 1.09 (m, 12H, H

17
). 

 

LRMS [ESI
+
, MeCN] m/z (%): 544.3 ([M+Na]

+
, 100%). 

HRMS [ESI
+
] calcd. for C29H36N3O4P (M) 521.2443, [M+Na]

+
 = 544.2336, found 

544.2335. 
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7.1.8 Synthesis of 5-propargyl DIBO monomer 

 

5´-O-(4,4´-Dimethoxytrityl)-5-iodo-2´-deoxyuridine (47)
[163]

 

 

5-Iodo-2´-deoxyuridine (46) (5.5 g, 15.5 mmol) was co-evaporated with distilled pyridine 

(3 x 10 mL) and suspended in distilled pyridine (40 mL). To this was added drop-wise a 

solution of 4,4´-dimethoxytrityl chloride (6.31 g, 18.6 mmol) in distilled pyridine (35 mL) 

over a period of 40 min and the reaction was stirred at room temperature for 4 hours 15 

min. The reaction was quenched by the addition of MeOH (40 mL) and then stirred for 20 

min. The reaction volume was reduced by two thirds in vacuo, diluted with DCM (200 mL) 

and extracted with distilled water (200 mL) and sat. aq NaHCO3 (200 mL). The organic 

layers were combined, dried (Na2SO4) and the solvent was removed in vacuo. Following 

purification by column chromatography (0-4% MeOH/DCM with 0.5% pyridine) the title 

compound 47 was afforded as a white foam (8.35 g, 12.7 mmol, 82%). Rf 0.44 (10% 

MeOH/DCM). 

 

1
H NMR (300 MHz, DMSO-d6) δ 11.74 (s, 1H, NH), 8.02 (s, 1H, H

6
), 7.44 - 7.11 (m, 9H, 

H
Ar

), 6.90 (d, 4H, J = 8.8 Hz, H
10

), 6.11 (t, 1H, J = 6.8 Hz, H
1´

), 5.31 (d, 1H, J = 4.4 Hz, 

OH
3´

), 4.27 - 4.19 (m, 1H, H
3´

), 3.90 (q, 1H, J = 3.8 Hz, H
4´

), 3.74 (s, 6H, H
12

), 3.24 - 3.13 

(m, 2H, H
5´

), 2.28 - 2.11 (m, 2H, H
2´

) 

 

13
C NMR (75 MHz, DMSO-d6) δ 160.5 (C

2
), 158.1 (C

4
), 150.0 (CH

6
), 149.6 (C

Ar
), 144.7 

(CH
Ar

), 144.2 (C
Ar

), 136.1 (CH
Ar

), 135.4 (C
Ar

), 135.4 (C
Ar

), 129.7 (CH
Ar

), 127.9 (CH
Ar

), 

127.6 (CH
Ar

), 126.7 (CH
Ar

), 123.9 (CH
Ar

), 113.3 (C
10

), 85.8 (C
4´

), 84.9 (C
1´

), 70.5 (C
3´

), 

69.8 (C
5
), 63.7 (C

5´
), 55.0 (C

12
), 39.9 (C

2´
) 

 

LRMS [ESI
+
, MeOH] m/z (%): 679.2 ([M+Na]

+
, 100%). 

 

Data matches literature source
[163]
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5-(3-Aminopropynyl)-5´-O-(4,4´-dimethoxytrityl)-2´-deoxyuridine (48)
[164]

 

 

To a mixture of 5´-O-(4,4´-dimethoxytrityl)-5-iodo-2´-deoxyuridine (47)
[163]

 (3.0 g, 4.57 

mmol) and CuI (0.17 g, 0.91 mmol) in anhydrous DMF (23 mL) under an argon 

atmosphere, was added propargylamine (0.6 mL, 9.14 mmol) and Et3N (14 mL). The 

reaction was stirred for 10 min at room temperature before Pd(PPh3)4 (0.53 g, 0.46 mmol) 

was added, followed by stirring at room temperature for a further 3 hours. The solvent was 

removed in vacuo, the crude was then re-dissolved in DCM (200 mL) and extracted with 5 

wt % Na2EDTA (200 mL) and brine (200 mL). The organic layers were combined, dried 

(Na2SO4) and the solvent was removed in vacuo. Following purification by column 

chromatography (2-4% MeOH/DCM with 1% pyridine) afforded the product 48 as a pale 

yellow foam (2.11 g, 3.61 mmol, 79%). Rf 0.31 (10% MeOH/DCM). 

 

1
H NMR (400 MHz, CDCl3)  8.12 (1H, s, H

6
), 7.38 (2H, d, J = 8 Hz, H

Ar
), 7.31 - 7.14 

(7H, m, H
Ar

), 6.79 (4H, d, J = 8 Hz, H
10

), 6.28 (1H, t, J = 6 Hz, H
1´

), 4.54 - 4.44 (1H, m, 

H
3´

), 4.03 (1H, d, J = 2 Hz, H
4´

), 3.73 (6H, s, 2×OCH3), 3.40 (1H, dd, J = 11 and 2 Hz, 

H
5´

), 3.23 (1H, dd, J = 11 and 3 Hz, H
5´

), 3.21 - 3.03 (2H, br. s, CH2), 2.50 - 2.39 (1H, m, 

H
2´

), 2.32 - 2.20 (1H, m, H
2´

) 

 

13
C NMR (100 MHz, CDCl3)  161.6 (C

4
), 158.7 (C

11
), 149.2 (C

2
), 144.6 (C

Ar
), 142.5 

(C
6
), 135.6 (C

8
), 135.4 (C

8
), 130.1 (CH

Ar
), 130.0 (CH

Ar
), 128.1 (CH

Ar
), 127.9 (CH

Ar
), 

127.0 (CH
Ar

), 113.4 (C
10

), 100.2 (C
5
), 87.0 (C

7
), 86.6 (C

4´
 and C

18
), 85.6 (C

1´
), 73.1 (C

17
) 

72.1 (C
3´

), 63.5 (C
5´

), 55.3 (C
12

), 41.6 (C
2´

), 31.7 (C
19

) 

 

LRMS [ESI
+
, MeOH] m/z (%): 606.4 ([M+Na]

+
, 100%). 

HRMS [ESI
+
]: calcd. for C33H33N3O7 (M) 853.6310, [M+H]

+ 
= 854.2391, found 854.2383. 
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5-{3-[3-(7,8-didehydro-1,2:5,6-dibenzocyclooctynyl)oxyamido]propynyl}-5´-O-(4,4´-

dimethoxytrityl)-2´-deoxyuridine (49)
[165]

  

 

To a solution of DIBO p-nitrophenyl carbonate (34)
[96]

 (1.42 g, 3.68 mmol) in anhydrous 

DCM (25 mL) was added anhydrous Et3N (2.4 mL) followed by compound 48 (1.79 g, 

3.07 mmol) under an argon atmosphere. The reaction mixture was stirred for 4 hours at 55 

°C, then diluted with DCM (250 mL) and extracted with brine (2 x 250 mL). The 

combined extracts were dried (Na2SO4), and the solvent was removed in vacuo. The crude 

product was purified by column chromatography (60-100% EtOAc/Hexane, 0.5% 

Pyridine) to give compound 49 as a white foam (1.85 g, 2.23 mmol, 73%). Rf 0.47 (10% 

MeOH/DCM). 

 

1
H NMR (400 MHz, CDCl3)  9.96 (s, 1H, NH), 8.15 (s, 1H, H

6
), 7.38 - 7.45 (m, 3H, H

Ar
), 

7.17 - 7.35 (m, 14H, H
Ar

), 6.83 (d, 4H, J = 9.1 Hz, H
10

), 6.32 (t, 1H, J = 6.6 Hz, H
1´

), 5.52 

(br. s., 1H, NH), 5.44 (app. s., 1H, H
21

), 4.56 (app. s., 1H, H
3´

), 4.14 (d, 1H, J = 2.5 Hz, 

H
4´

), 3.84 (d, 2H, J = 4.5 Hz, H
19

), 3.71 (s, 6H, 2×OCH3), 3.34 (app. s., 2H, H
5´

), 3.10 (d, 

1H, J = 14.7 Hz, H
22

), 2.85 (d, 1H, J = 13.1 Hz, H
22

), 2.49 - 2.58 (m, 1H, H
2´

), 2.24 - 2.32 

(m, 1H, H
2´

). 

 

13
C NMR (100 MHz, CDCl3)  162.3 (C

4
), 158.5 (C

11
), 154.8 (C

20
), 151.8 (C

Ar
), 150.8 

(C
Ar

), 149.4 (C
2
), 144.5 (C

Ar
), 143.1 (C

6
), 135.4 (C

8
), 135.4 (C

8
), 129.9 (CH

Ar
), 129.9 

(CH
Ar

), 128.0 (CH
Ar

), 127.9 (CH
Ar

), 127.8 (CH
Ar

), 127.0 (CH
Ar

), 126.9 (CH
Ar

), 126.9 

(CH
Ar

), 126.1 (CH
Ar

), 125.8 (CH
Ar

), 123.7 (CH
Ar

), 123.7 (CH
Ar

), 121.1 (C
Ar

), 113.3 (C
10

), 

112.8 (C
Ar

), 109.9 (C
Ar

), 99.4 (C
5
), 89.5 (C

18
), 86.9 (C

7
), 86.7 (C

4´
), 85.9 (C

1´
), 74.2 (C

17
), 

72.1 (C
3´

), 63.5 (C
5´

), 55.2 (C
12

), 46.0 (C
22

), 41.5 (C
2´

), 31.6 (C
19

) 

 

LRMS [ESI
+
, MeCN]: m/z (%): 852.6 ([M+Na]

+
, 100%)  

HRMS [ESI
+
]: calcd. for C50H43N3O9 (M) 829.2999, [M+Na]

+ 
= 852.2892, found 

852.2884. 
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5-{3-[3-(7,8-didehydro-1,2:5,6-dibenzocyclooctynyl)oxyamido]propynyl}-5´-O-(4,4´-

dimethoxytrityl)-2´-deoxyuridine 3´-O-(2-cyanoethyl-N,N-diisopropyl) 

phosphoramidite (44)
[165]

 

 

To a solution of nucleoside 49 (1.75 g, 2.11 mmol) in distilled DCM (20 mL) and distilled 

di-isopropylethylamine (0.73 mL, 4.21 mmol), under an argon atmosphere excluding 

moisture, was added 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.66 mL, 2.95 

mmol) dropwise. The reaction was stirred at room temperature for 1 hour then transferred 

to a separating funnel containing distilled DCM (60 mL), and washed with sat. aq KCl (70 

mL).  The organic layer was dried (Na2SO4) and concentrated in vacuo. Purification by 

column chromatography (65% EtOAc/hexane, 0.5% pyridine) under argon pressure, gave 

the desired product 44 (diastereomeric mixture) as an air-sensitive, powdery white foam 

(1.57 g, 1.52 mmol, 72%). Rf 0.32 (60% EtOAc/Hexane). 

 

31
P NMR (121 MHz, CD3CN) δ 149.26 

 

1
H NMR (400 MHz, CD3CN) 9.17 (s, 1H, NH), 7.95 (d, 1H, J = 11.6 Hz, H

Ar
), 7. 56 - 

7.43 (m, 3H, H
Ar

), 7.41 - 7.19 (m, 14H, H
Ar

), 6.91 - 6.83 (m, 4H, H
10

), 6.17 - 6. 08 (m, 1H, 

H
1´

), 5.94 (br. s., 1H, NH), 5.36 (app. s., 1H, H
21

), 4. 72 - 4.58 (m, 1H, H
3´

), 4.16 and 4.12 

(dd, 1H, J = 6.6, 3.0 Hz and J = 6.1, 3.5 Hz, H
4´

), 3. 87 - 3.80 (m, 2H, H
19

), 3. 79 - 3.65 (m, 

8H, 2×OCH3 and H
23

), 3.65 - 3.52 (m, 2H, H
25

), 3.41 - 3.31 (m, 1H, H
5´

), 3.24 and 3.21 

(dd, 1H, J = 11.1, 2.5 Hz and J = 10.6, 2.5, H
5´

), 3.17 - 3.11 (m, 1H, H
22

), 2.82 (dt, 1H, 

J=15.0, 3.9 Hz, H
22

), 2.64 (t, 1H, J = 6.1 Hz, H
24

), 2.54 (t, 1H, J = 6.1 Hz, H
24

), 2.51 - 2.32 

(m, 2H, H
2´

), 1.18 - 1.14 (m, 9H, H
26

), 1.08 (d, 3H, J = 6.6 Hz, H
26

)  

 

LRMS [ESI
+
, MeCN] m/z (%): 1052.9 ([M+Na]

+
, 100%). 
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7.1.9 Synthesis of 2´-DIBO monomer 

 

2´-O-{2-[3-(7,8-Didehydro-1,2:5,6-dibenzocyclooctynyl)oxyamido]ethyl}-5´-O-(4,4´-

dimethoxytrityl)-5-methyluridine (50)
[165]

 

 

 

To a solution of DIBO p-nitrophenyl carbonate (34)
[96]

 (0.75 g, 1.93 mmol) in anhydrous 

DCM (14 mL) was added anhydrous Et3N (1.5 mL) followed by 5´-DMT 2´-aminoethoxy 

thymidine (compound 16, 1.4 g, 2.32 mmol) under an argon atmosphere. The reaction 

mixture was stirred for 5 hours at room temperature, then diluted with DCM (10 mL) and 

the resulting mixture was extracted with brine (2 x 150 mL). The combined extracts were 

dried (Na2SO4) and the solvent was removed in vacuo. The crude product was purified by 

column chromatography (60-100% EtOAc/Hexane) to give compound 50 as a white foam 

(1.43 g, 1.69 mmol, 88%). Rf 0.45 (10% MeOH/DCM). 

 

1
H NMR (400 MHz, CDCl3)  9.16 (s, 1H, NH), 7.66 (s, 1H, H

6
), 7.49 - 7.44 (m, 1H, H

Ar
), 

7.39 (app. d, 2H, J = 7.6 Hz, H
Ar

), 7.36 - 7.17 (m, 14H, H
Ar

), 6.82 (d, 4H, J = 8.6 Hz, H
11

), 

5.95 (d, 1H, J = 2.0 Hz, H
1´

) 5.62 (s, 1H, NH), 5.47 (app. s., 1H, H
21

), 4.45 - 4.39 (m, 1H, 

H
3´

), 4.06 - 3.98 (m, 2H, H
2´

 and H
4´

), 3.94 (app. s., 1H, H
18 or 19

), 3.81 (app. s., 1H, H
18 or 

19
), 3.76 (s, 6H, 2×OCH3), 3.57 - 3.46 (m, 2H, H

5´
 and H

18 or 19
), 3.44 - 3.34 (m, 2H, H

5´
 

and H
18 or 19

), 3.14 (app. d, 1H, J = 14.7 Hz, H
22

), 2.87 (dd, 1H, J = 16.1, 2.5 Hz, H
22

), 1.37 

(s, 3H, H
7
)  

 

13
C NMR (100 MHz, CDCl3)  164.2 (C

4
), 159.0 (C

12
), 156.2 (C

20
), 151.2 (C

Ar
), 151.0 

(C
2
), 144.6 (C

Ar
), 135.7 (C

9
), 135.6 (C

Ar
), 135.4 (C

6
), 130.4 (CH

Ar
), 130.2 (CH

Ar
), 128.4 

(CH
Ar

), 128.3 (CH
Ar

), 128.2 (CH
Ar

), 127.4 (CH
Ar

), 127.3 (CH
Ar

), 126.5 (CH
Ar

), 126.2 

(CH
Ar

), 124.0 (CH
Ar

), 121.6 (C
Ar

), 116.0 (CH
Ar

), 113.6 (C
11

), 113.2 (C
Ar

), 111.5 (C
Ar

), 

110.2 (C
Ar

), 88.1 (C
1´

), 87.1 (C
8
), 83.6 (C

2´
), 83.1 (C

4´
), 70.7 (C

18 or 19
), 69.2 (C

3´
), 62.1 

(C
5´

), 55.5 (2OCH3), 46.5 (C
22

), 41.2 (C
18 or 19

), 12.2 (C
7
) 
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LRMS [ESI
+
, MeOH] m/z (%): 872.5 ([M+Na]

+
, 75%). 

HRMS [ESI
+
] calcd. for C50H47N3O10 (M) 849.3261, [M+Na]

+ 
= 872.3154, found 

872.3155. 

 

2´-O-{2-[3-(7,8-Didehydro-1,2:5,6-dibenzocyclooctynyl)oxyamido]ethyl}-5´-O-(4,4´-

dimethoxytrityl)-5-methyluridine 3´-O-(2-cyanoethyl-N,N-diisopropyl) 

phosphoramidite (45)
[165]

 

 

 

To a solution of nucleoside 50 (0.35 g, 0.42 mmol) in distilled DCM (5 mL) and distilled 

di-isopropylethylamine (0.15 mL, 0.83 mmol), under an argon atmosphere excluding 

moisture, was added 2-cyanoethyl-N,N-diisopropyl-chlorophosphoramidite (0.13 mL, 0.58 

mmol) dropwise. The reaction was stirred at room temperature for 3 hours then was 

transferred to a separating funnel containing distilled DCM (25 mL), and washed with sat. 

aq KCl (25 mL).  The organic layer was dried (Na2SO4) and concentrated in vacuo. 

Purification by column chromatography (60% EtOAc/hexane, 0.5% pyridine) under argon 

pressure, gave the desired product 45 as a diastereomeric mixture (ca. 1:1:1:1), as an air-

sensitive white foam (0.26 g, 0.25 mmol, 59.4%). Rf 0.26 (55% EtOAc/Hexane) 

 

31
P NMR (121 MHz, CD3CN) δ 150.86, 150.79, 149.98, 149.82 (isomers) 

 

1
H NMR (400 MHz, CD3CN)  9.20 (s, 1H, NH) 7.60 - 7.53 (m, 1H, H

Ar
), 7.51 - 7.22 (m, 

17H, H
Ar

), 6.87 (dd, 4H, J = 8.3, 5.3 Hz, H
11

), 6.09 (br. s., 1H, NH), 5.94 (d, 1H, J = 9.6 

Hz, H
1´

), 5.36 (app. s., 1H, H
21

), 4.59 - 4.41 (m, 1H, H
3´

), 4.25 - 4.13 (m, 2H, H
2´

 and H
4´

), 

3.91 - 3.78 (2 × m, 1H, H
23

), 3.77 - 3.71 (m, 8H, 2×OCH3 and H
18 or 19

), 3.70 - 3.59 (2 × m, 

1H, H
23

), 3.58 - 3.54 (m, 2H, H
25

), 3.51 - 3.41 (m, 1H, H
18 or 19

), 3.39 - 3.26 (m, 3H, H
5´

 

and H
18 or 19

), 3.17 (d, 1H, J = 15.2 Hz, H
22

), 2.82 (d, 1H, J = 14.7 Hz, H
22

), 2.64 (br. t, 1H, 
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J = 5.8 Hz, H
24

), 2.49 (t, 1H, J = 5.8 Hz, H
24

), 1.41, 1.39, 1.38 and 1.37 (s, 3H, CH3), 1.18 

- 1.11 (m, 9H, H
26

), 1.03 (dd, 3H, J = 6.6, 3.5 Hz, H
26

)  

 

LRMS [ESI
+
, MeCN] m/z (%) 1072.9 ([M+Na]

+
, 100%) 

 

7.1.10 Resin functionalization 

 

Preparation of 5´-O-(4,4´-Dimethoxytrityl)- 2´-O-(2-azidoethyl)-5-methyluridine on 

solid support (experimental procedure based on literature 
[166]

) 

 

 

 

The solid support for oligonucleotide synthesis was prepared in the following manner; 

Lin  technologies Amino SynBase (1   /11 , 59μmol/g) (25  mg) was activated in  % 

trichloroacetic acid (TCA) in DCM for 4 hours in a stoppered glass vessel fitted with a 

sinter and tap. The solvents were then removed by filtration and the support was washed 

with triethylamine:diisopropylethylamine (9:1), DCM and diethyl ether. The support was 

dried under vacuum for 1 hour then soaked in dry pyridine for 10 min. A solution of 

succinic anhydride (112 mg, 1.12 mmol) and 4-DMAP (23 mg, 0.19 mmol) in dry pyridine 

(2 mL) was added and the vessel was rotated for 20 hours. The support was washed with 

pyridine, DCM and diethyl ether, dried and soaked in pyridine for 10 min. N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl) (48 mg, 0.25 

mmol), 4-DMAP (2 mg,  . 1  mmol), triethylamine (1  μL)  and 5´-O-(4,4´-

Dimethoxytrityl)- 2´-O-(2-azidoethyl)-5-methyluridine (6) (16 mg, 0.025 mmol) were 

dissolved in pyridine (1.5 mL) and added to the solid support in the vessel, which was 

rotated for 20 hours at room temperature. Pentachlorophenol (17 mg, 0.064 mmol) was 

added and the reaction vessel was left to rotate for 3 hours. The solvents were then 

removed by filtration and the support was washed with pyridine, DCM and diethyl ether. 

Piperidine (10% in DMF, 3 mL) was added and after rotating for 1 min the solid support 

was washed with DCM, diethyl ether and THF. Capping reagent (oligonucleotide synthesis 
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grade, acetic anhydride/pyridine/tetrahydrofuran: N-methyl imidazole in tetrahydrofuran, 

1:1, 2 mL) was added and the vessel was rotated for 1 hour after which the support was 

washed with THF, pyridine, DCM and diethyl ether then left to dry under vacuum 

overnight. The loading of 5´-O-(4,4´-Dimethoxytrityl)- 2´-O-(2-azidoethyl)-5-

methyluridine on the support was 2 .5 μmol∕g which was determined from the cleaved 

DMT group.
[166]

 

 

7.2 Oligonucleotide synthesis and purification 

 

7.2.1 General 

 

 

Standard DNA phosphoramidites, solid supports, and additional reagents were purchased 

from Link Technologies Ltd or Applied Biosystems Ltd. Oligonucleotides were 

synthesized on an Applied Biosystems 394 automated DNA/RNA synthesizer using a 

standard 0.2 or 1.  μmol phosphoramidite cycle of acid-catalyzed detritylation, coupling, 

capping, and iodine oxidation. Stepwise coupling efficiencies and overall yields were 

determined by the automated trityl cation conductivity monitoring facility of the DNA 

synthesizer and in all cases were >98.  %. All β-cyanoethyl phosphoramidite monomers 

were dissolved in anhydrous acetonitrile to a concentration of 0.1 M immediately prior to 

use. The coupling time for normal A, G, C and T monomers was set to 35 s however the 

coupling time for the modified monomers was extended to 360 s (6min). Cleavage of 

oligonucleotides from the solid support and subsequent deprotection was achieved by 

suspending the resin in concentrated aqueous ammonia solution for 5 hr at 55 °C.  

 

The oligonucleotides were purified by reversed-phase HPLC on a Gilson system using an 

XBridge
TM

 BEH300 Prep C18 10 M 10x250 mm column (Waters) with a gradient of 

acetonitrile in ammonium acetate (0% to 50% buffer B over 20 min, flow rate 4 mL/min), 

buffer A: 0.1 M ammonium acetate, pH 7.0, buffer B: 0.1 M ammonium acetate, pH 7.0, 

with 50% acetonitrile. Elution was monitored by ultraviolte absorption at 298 nm and the 

main peak was collected then desalted using NAP-10 Sephadex columns (GE Healthcare). 

The oligonucleotides were then aliquoted into eppendorf tubes and stored at –20 ºC. All 

oligonucleotides were characterised by electrospray mass spectrometry and capillary 

electrophoresis (CE). Mass spectrometry of oligonucleotides was recorded in water using a 

Bruker micrOTOF
TM

 II focus ESI-TOF MS instrument in ES
-
 mode. 
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7.2.2 Oligonucleotide click labelling procedures 

 

7.2.2.1 Minor groove oligonucleotide labelling procedure (on-resin) 

 

Mesyl to azide conversion (experimental procedure based on literature
[45,66]

) 

 

 

 
 

 

Sodium azide (0.17 g, 2.62 mmol) in anhydrous DMF (1 mL) was added to the 2´-

mesyloxyethyl thymidine-modified oligonucleotide
[66]

 still attached on the resin (1 μmole 

synthesis). The suspension was left at 65 °C for 20 hours. The mixture was allowed to cool 

to rt and the oligonucleotide resin was washed with anhydrous DMF (3 x 1 mL), 1:1 

EtOH:H2O (3 x 1mL), anhydrous MeCN (3 x 1 mL) and Et2O (3 x 1 mL). The resin was 

dried under a warm gentle air flow and was deprotected in aqueous ammonia (0.5 mL) at rt 

for 16 hours. The reaction mixture was then reduced in vacuo and desalted using a NAP-25 

gel-filtration. 
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7.2.2.2 Oligonucleotide labelling procedure (solution phase) 

 

General method for azide labelling 

 

 

6-Azidohexanoic acid NHS ester
[45]

 (2 mg) in  DMSO (80 µL) was added to the freeze-

dried amino-modified oligonucleotides (1.  μmol synthesis with one addition of the amino 

modified monomer) in 80 µL of 0.5 M Na2CO3/NaHCO3 buffer at pH 8.75 (4 hours, room 

temperature) to give the fully-labelled oligonucleotide. The reaction mixture was then 

desalted using NAP-10 sephadex columns (GE Healthcare) and purified by reversed-phase 

HPLC.  

Following the same method, oligonucleotides with 2 additions of the amino C6 dT were 

labelled using 4 mg of 6-azidohexanoic acid NHS ester
[45]

. 
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Labelling of oligonucleotide with alkyne NSCO (33)
[96]

 

 

 

 

The NSCO active ester 33 (2 mg) in DMF (160 µL) was added post-synthetically to the 

freeze dried amino-modified oligonucleotide (1.  μmol) in  .5 M Na2CO3/NaHCO3 buffer 

(160 µL) at pH 8.75 (4 hours, room temperature), The fully-labelled oligonucleotide 

(ODN-2) was desalted by using NAP-10 sephadex columns and purified by reversed-phase 

HPLC.  

 

Labelling of oligonucleotide with alkyne DIBO (34)
[96]

 

 

 

 

The DIBO active ester 34 (1 mg) in DMF (80 µL)  was added post-synthetically to the 

freeze dried amino-modified oligonucleotide (1.0 μmol) in  .5 M Na2CO3/NaHCO3 buffer 

(80 µL) at pH 8.75 (4 hours, 55 °C), The fully-labelled oligonucleotide (ODN-1) was 

desalted using a NAP-10 sephadex column and purified by reversed-phase HPLC. 
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Labelling of oligonucleotide with BCN alkyne active ester
[165]

 

 

 

 

The BCN active ester (Berry & Associates, cat. No: LK 4320, 2 mg) in DMF (80 µL) was 

added post-synthetically to the freeze dried 2´-aminoethoxythymidine-modified 

oligonucleotide
[133]

 (1.  μmole) in  .5 M Na2CO3/NaHCO3 buffer (80 µL) at pH 8.75 (4 

hours, room temperature), The resultant BCN-labelled oligonucleotide was desalted by 

using a NAP-10 Sephadex column and purified by reversed-phase HPLC. 

 

7.2.2.3 Dye labelling procedure (solution phase) 

 

Labelling of ODN-12 with 6-carboxyfluorescein amidopropylazide
[96]

 

 

 

6-Carboxyfluorescein amidopropylazide (56.8 nmol, 10 eq.) (Baseclick GmbH, Munich) 

was added post-synthetically to the alkyne-modified oligonucleotide (ODN-12, 5.68 nmol) 

in 40 µL of DMSO: 20 μL 0.2 M NaCl buffer and set aside for 1 hour at 37 °C. The fully-

labelled oligonucleotide (ODN-9) was then desalted by using a NAP-10 sephadex column 

and analysed by capillary electrophoresis and mass spectrometry.  
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Orthogonal labelling of ODN-51 and ODN-52 with 6-carboxyfluorescein 

amidohexylazide and Texas red NHs-ester to form HyBeacons ODN-53 and ODN-54 

 

 

Carboxyfluorescein-5-amidohexylazide
[167]

 (50 nmol in 20 µL DMSO) and Texas red 

active ester (100 nmol in 20 µL DMSO) (single isomer, Life Technologies, cat. No: T-

20175) were added to the alkyne-amino modified oligonucleotide (ODN-51, 5 nmol) in 40 

µL 0.5 M Na2CO3/NaHCO3 buffer at pH 8.75. The reaction mixture was heated for 

overnight at 55 °C then desalted by using a NAP-10 sephadex column, purified by reverse 

phase HPLC and analysed by capillary electrophoresis and mass spectrometry. 

The same method, using 100 nmol of FAM-azide and 200 nmol of Texas red active ester, 

was used to synthesis the HyBeacon ODN-52 with 4 additions of dyes.  



Chapter 7- Experimental 

 

174 

 

7.3 Ligation reactions 

 

General method for the templated and non-templated ligation reactions in the 

absence of Cu (I) (SPAAC) 

 

 

 

A solution of template (ODN-7) and azide (ODN-6) oligonucleotides (0.2 nmol of each) in 

 .2 M NaCl (1   μL) was annealed for    min at room temperature, after which the al yne 

oligonucleotide (0.2 nmol) was added. The reaction mixture was left at room temperature 

for a specified period of time before adding 5  μL formamide and loading directly onto a 

20% polyacrylamide/7 M urea gel. It was electrophoresed at a constant power of 20W for 3 

hours in 0.09 M Tris-borate-EDTA buffer. The gel-purified product was analysed and 

characterised by mass spectrometry. For the non-templated reactions the same conditions 

were used without the addition of the template oligonucleotide.  

 

Ligation reactions in the presence of Cu (I)
 

 

 

 

A solution of template ODN-7 and azide ODN-6 (0.2 nmol of each) in 0.2 M NaCl (5  μL) 

was annealed for 30 min at room temperature. In the meantime tris-hydroxypropyl triazole 

ligand
[39]

 (28 nmol in 42 μL  .2 M NaCl), sodium ascorbate (4  nmol in 4 μL  .2 M NaCl) 

and CuSO4.5H2O (4 nmol in 4.  μL  .2 M NaCl), were added under argon to the al yne 
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oligonucleotide (0.2 nmol) which was added immediately to the solution containing the 

template and azide oligonucleotides. The reaction mixture was kept under argon at room 

temperature for the desired time before analysing the reaction by adding 5  μL formamide 

and loading directly onto a 20% polyacrylamide electrophoresis gel. 

 

In another experiment, Cu (I) solution was added to the azide oligonucleotide in the 

presence of the template oligonucleotide then the alkyne oligonucleotide was added. This 

gave similar results to adding the Cu (I) solution to the alkyne oligonucleotide then adding 

this mixture to the azide and template oligonucleotides.   

 

Ligation reactions in the presence of Cu (I) and EDTA 

 

 

 

Template ODN-7 and azide ODN-6 (0.2 nmol of each) in  .2 M NaCl (5  μL) were 

annealed for 30 min at room temperature. In the meantime tris-hydroxypropyl triazole 

ligand (28 nmol in 42 μL  .2 M NaCl), sodium ascorbate (4  nmol in 4 μL  .2 M NaCl) 

and CuSO4.5H2O (4 nmol in 4.  μL  .2 M NaCl), were added under argon to the alkyne 

oligonucleotide (0.2 nmol) and left at room temperature for 10 min before adding EDTA 

(4   nmol in 4 μL  .2 M NaCl). The mixture was left for 1  min at room temperature then 

added to the solution containing the template and azide oligonucleotides. The reaction 

mixture was  ept under argon at room temperature for    min before adding 5  μL 

formamide and loading directly onto a 20% polyacrylamide gel for electrophoresis.  
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Binding of cylcooctyne to Cu (I)
 

 

Tris-hydroxypropyl triazole ligand (28 nmol in 5  μL  .2 M NaCl), sodium ascorbate (4  

nmol in 2 μL  .2 M NaCl) and CuSO4.5H2O (4 nmol in 1 μL  .2 M NaCl), were added to 

the al yne oligonucleotides ( .2 nmol in 44  μL  .2 M NaCl) under argon and the reaction 

was left at room temperature for 20 min before the reagents were removed using a NAP-10 

sephadex gel-filtration column. The aqueous solution was then freeze dried overnight 

before re-dissolving the solid in 1   μL  .2 M NaCl which was then added to template 

ODN-7 and azide ODN-6 (0.2 nmol of each). The reaction mixture was then left at room 

temperature for    min before adding 5  μL formamide and loading directly onto a 2 % 

polyacrylamide gel for electrophoretic analysis of the reactions. For the non-templated 

reactions the same conditions were used without addition of the template oligonucleotide. 

 

Discrimination between fully matched and single base pair mismatched templates 

 

A solution of the template oligonucleotide (fully matched ODN-7 or mismatched ODN-8) 

and alkyne oligonucleotide ODN-4 ( .2 nmol of each) in  .2 M NaCl (1   μL) was 

annealed for 5 min at 45 °C, after which the azide oligonucleotide ODN-3 (0.2 nmol) was 

added. The reaction mixture was left at 45 °C for 5 min before adding 5  μL formamide 

and loading directly onto a 20% polyacrylamide/7 M urea gel which was electrophoresed 

at a constant power of 20W for 3 hours in 0.09 M Tris-borate-EDTA buffer. Identical 

results were obtained from the SPAAC reaction if the azide oligonucleotide was annealed 

to the templates and the alkyne oligonucleotide was added subsequently 

 

Copper free click ligation reactions of the alkyne and azide duplex (crosslinking) 

 

To a solution of azide oligonucleotide (2 nmol) in  .2 M NaCl (9  μL) was added the 

al yne oligonucleotide (2 nmol in 1  μL  .2 M NaCl) (the final concentration was 2  µM 

of each oligonucleotide). The reaction mixture was left at room temperature for a specified 

period of time before adding formamide (5  μL) and loading directly onto a 2 % 

polyacrylamide/7 M urea gel. It was electrophoresed at a constant power of 20W for 3 h in 

0.09 M Tris-borate-EDTA buffer. The gel-purified product was analysed and characterised 

by mass spectrometry.  
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The reaction was repeated on a 20 nmol scale under the same conditions. The reaction 

mixture was left at room temperature for 1 hour before desalting using NAP-10 column 

and purifying by HPLC as described above. The purified product was analysed and 

characterised by mass spectrometry and capillary electrophoresis.  

 

Copper free multi ligation of DIBO oligonucleotide (6 additions) to form the 

fluorescent nanoconstructs (ODN-61 and ODN-62) 

 

The azide oligonucleotide ODN-56 (0.1 nmol in 5 μL  .2 M NaCl) was added to a solution 

of the DIBO alkyne oligonucleotide (ODN-60) (0.1 nmol in 85 μL  .2 M NaCl). After 5 

min, ODN-57 (0.1 nmol in 5 μL  .2 M NaCl) was added and the reaction was left for 5 min 

before adding the azide oligo ODN-58 (0.1 nmol in 5 μL  .2 M NaCl). After a further    

min, formamide (5  μL) was added and the reaction was loaded directly onto a 15% 

polyacrylamide/7 M urea gel and electrophoresed at a constant power of 20W for 2.5 hours 

in 0.09 M Tris-borate-EDTA buffer. The gel-purified nanoconstruct ODN-61 was then 

analysed and characterised by mass spectrometry. In an alternative method, all three azide 

oligonucleotides (ODN-56, ODN-57 and ODN-58) were added to the alkyne 

oligonucleotide ODN-60 simultaneously to give an identical product (See Figure 5.34 

chapter 5, lane 4). The same methods were used to synthesise the nanoconstruct ODN-62. 

 

EcoRI restriction enzyme digestions 

 

The non-cross linked or cross linked duplex (1 nmol) was annealed in 0.2 M NaCl (28 µL) 

by heating at 80 C for 5 min and cooled down slowly to room temperature. Water (14 µL), 

10 × buffer H (8 µL) (Buffer H was provided with the enzyme) and bovine serum albumin, 

acetylated (1  × BSA) (8 μL) (1  μg/μL) were added to the above solution followed by 

EcoR  restriction enzyme (22 µL) (12 units/μL). The mixture was vortexed and incubated 

at 37 C for 24 hours and formamide (   μL) was added before analysing it by 2 % PAGE. 
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7.4 Biophysical studies 

 

7.4.1 UV analysis 

 

7.4.1.1 UV Melting Analysis 

 

UV melting experiments were performed on a Varian Cary 4000 UV-VIS 

spectrophotometer with Cary temperature controller. Cary Win UV Thermal software was 

used with an absorption wavelength of 260 nm. Samples were analysed in 1 mL cuvettes 

(Hellma synthetic quartz ´precision cell QG´; 1 mL volume, 10 mm pathlength) and were 

made to 1 or 1.  μM oligonucleotide concentration (depending on the experiments) in 1  

mM sodium phosphate with 200 mM NaCl buffer at pH 7.0. The samples were initially 

denatured by heating to 85 °C at 10 °C/min then cooled to 20 °C at 1 °C/min
-1

 and heated 

to 85 °C at 1 °C/min
-1

. Three successive melting curves were measured, and the average 

melting temperature (Tm) values were calculated with Cary Win UV Thermal application 

software. 

 

 The thermal protocol used was as follows: 

 

Stage Data interval (°C) Rate (°C/min) End Temp (°C) Hold time (min) 

1 1.00 10.00 85.00 2.00 

2 0.50 1.00 20.00 2.00 

3 0.50 1.00 85.00 2.00 

4 0.50 1.00 20.00 2.00 

5 0.50 1.00 85.00 2.00 

6 0.50 1.00 20.00 2.00 

7 0.50 1.00 85.00 2.00 

8 0.50 10.00 20.00 2.00 
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7.4.1.2 Triplex Melting Experiments 

 

The sample chamber was flushed with air pumped through a dessicant or nitrogen to 

prevent condensation on the surface of the UV cells below 20 C.  Samples were prepared 

as follows:  The third strand and duplex were mixed in a 3:1 ratio (TFO:duplex) in 2 mL 

eppendorf tubes then lyophilised before resuspending in 1.5 mL of the appropriate buffer 

solution pH 6.6, 7.0 or 7.5 (10 mM sodium phosphate with 200 mM NaCl) to afford a final 

concentration of 3 M:1 M (3:1 ratio).  The samples were then filtered into another 

eppendorf through Kinesis regenerated cellulose syringe filters (15 mm, 0.45 M), and 

then degassed for 1 minute using a sonic-bath, the samples were then transferred carefully 

into the cuvettes. The samples were subjected to the desired melt programme alongside a 

matched cell reference blank. 

 

Stage Data interval (°C) Rate (°C/min) End Temp (°C) Hold time (min) 

1 1.00 10.00 80.00 2.00 

2 0.10 0.50 15.00 20.00 

3 0.10 0.50 80.00 2.00 

4 0.10 0.50 15.00 20.00 

5 0.10 0.50 80.00 2.00 

6 0.10 10.00 20.00 2.00 

 

Tm values were calculated from the derivatives of melting curves for each experiment using 

Cary WinUV Thermal application software. 

 

7.4.2  Circular dichroism analysis 

 

Circular dichroism spectra were recorded on a Jasco J-720 spectropolarimeter. Samples 

were made to 1.  μM oligonucleotide concentration in 1  mM sodium phosphate with 2   

mM NaCl buffer at pH 7.0. Spectra were recorded between 200-320 nm at a rate of 100 

nm/min, with bandwith of 1.0 nm, step resolution of 0.2 nm and sensitivity of 20 mdeg. 16 

successive spectra were recorded and an average was taken. A blank (buffer) baseline was 

subtracted from each spectrum. 
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7.4.3 Fluorescence analysis 

 

7.4.3.1 Fluorescence scan analysis of nanoconstructs ODN-61 and ODN-62 

 

Measurements were made on a Perkin Elmer LS50B fluorimeter equipped with a Perkin 

Elmer PTP-1 Peltier system. FLWinlab TempScan software was used with settings of 

300 nm/s scan speed. Optimum excitation wavelength, scan range wavelengths and 

excitation/emission slit width were used for the samples, in this case where two samples 

were compared the slit width and excitation wavelength settings were kept constant as 

shown in table S1.  

Samples were analysed in a 200 µL cuvette (Hellma quartz ´SUPRASIL QS´; 200 µL 

volume, 10 mm pathlength) with a collection angle of 90°. A total sample volume of 

200 μL was used, with oligonucleotide concentration of  .  μM. Samples were prepared in 

phosphate buffer (10 mM) with a total of 200 mM NaCl at pH 7.0. 

 

Conditions for fluorescence scan analysis of nanoconstructs ODN-61 and ODN-62: 

 Start (nm) End (nm) Excitation (nm) Excitation slit Emission Slit 

FAM 495 800 490 4 5 

Cy3 545 800 540 4 5 

Cy5 635 800 630 4 5 

 

 

7.4.3.2 Fluorescence melting analysis 

 

Measurements were made on a Perkin Elmer LS50B fluorimeter equipped with a Perkin 

Elmer PTP-1 Peltier system. FLWinlab TempScan software was used with optimum 

excitation/emission slit widths, excitation wavelength and emission wavelength settings for 

each sample, the slit width (ext. slit: 7 and emi. Slit: 8) and excitation wavelength (490 nm) 

settings were kept constant for comparison of samples.  

Samples were analysed in a 200 µL cuvette (Hellma quartz ´SUPRASIL QS´; 200 µL 

volume, 10 mm pathlength) with a collection angle of 90°. A total sample volume of 

200 μL was used, with labelled oligonucleotide concentration of  .  μM. Samples were 

prepared in 10 mM phosphate buffer with a total of 200 mM NaCl at pH 7.0. The samples 

were heated from 25°C to 85°C with a step size of 1°C, ramp speed 0.6°C/min and scan 

speed 300 nm/min. The fluorescence scan between 490 nm and 800 nm was taken at each 

step.  



Chapter 7- Experimental 

 

 181 

7.4.4 Gel electrophoresis 

 

For gel electrophoresis methods; a 10 x TBE buffer was prepared by adding tris base 

(108 g), boric acid (55 g) and EDTA acid (9.3 g) to distilled water (1 L total volume) at pH 

8.3. The buffer was stored at 4 °C in the dark. 

 

7.4.4.1 Polyacrylamide gel electrophoresis protocol 

 

For denaturing polyacrylamide gel electrophoresis (PAGE) oligonucleotide analysis and 

purification a 20% polyacrylamide gel was prepared. To urea (29.4 g) was added 

acrylamide (35 mL of 40% acrylamide in H2O, Fisher), 10 x TBE buffer (7 mL) and 

distilled water (5 mL), this was then sonicated until the urea was fully dissolved.  

Immediately before loading, the gel was cross-linked with N,N,N´N´-tetramethylethylene 

diamine (TMED) (52µL) and 10% ammonium persulfate (APS) (520 µL). The gel was 

loaded into glass plates in a vertical electrophoresis tank with 10 or 15 well comb and 

allowed to set for 1 hour. The comb was then removed and the gel was pre-run in TBE 

buffer for 1 hour at an applied wattage of 20 W. A reference dye mixture (xylene cyanol 

and bromophenol blue) was loaded into the first well. Oligonucleotide and reaction 

samples were prepared (usually in 100 µL 0.2 M NaCl and 50 µL formamide) before 

loading onto the gel (1 sample per well). The gel was run for 3 hour at a constant applied 

wattage of 20 W. The gel was then removed and imaged using a G:Box imaging system 

(Syngene) and GeneSnap (v7.08, Syngene) software. Fluorescent bands were imaged with 

transluminator darkroom lighting and EtBr/UV filter. UV active bands were imaged with 

Epi shortwave UV darkroom lighting and shortwave bandpass filter. 

 

In cases of oligonucleotide purification, up to 5-7 OD of oligonucleotide was divided 

between 10 wells.  Following separation required bands were removed from the gel with a 

surgical blade, crushed and suspended in distilled water (  2-3 mL) then incubated with 

shaking at 37 °C for 22 hours. The supernatant was removed; water was reduced in vacuo, 

the volume increased to 2.5 mL (H2O) and the oligonucleotide desalted with a NAP-25 gel 

filtration column (GE Healthcare). In an alternative case a 15% denaturing gel was 

prepared by decreasing the volume of acrylamide and increasing the volume of H2O. 
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7.5 Modelling studies
[165]

 

 

The B-DNA 14-mer duplex was built in HyperChem 7 and the DIBO linker was attached 

to the thymidine nucleotides of the central ApT step. The geometry of the linker was then 

optimised using the Polak-Ribiere algorithm. All 8 DIBO linkers were modelled (both 

stereoisomers of DIBO). In all cases the linkage was able to stretch between the thymidine 

nucleotides with reasonable geometry (this work was done by Tom Brown Junior). 

     
Overlay of the two stereoisomers of DIBO linkers attached to the minor groove of the 14-mer DNA duplexes 

ODN-11 (left) and ODN-12 (right). For clarity only the DIBO linkers are shown, the DNA duplexes are 

omitted. Only the more likely trans-relationship between the azide and DIBO linkers was modelled.
[165]

 

 

An additional modelling study was carried out in which the idealised structure of the 

double-stranded B-form DNA was generated from its sequence, using the program 

Coot.
[168]

 For each linkage 400 random conformers were generated with the terminal atoms 

attached to the modified DNA bases/sugars. Energy minimization was carried out on each 

structure, firstly with the positions of the nucleic acid atoms constrained, and then with the 

constraints removed. Linkage conformer generation and energy minimization (molecular 

mechanics) were carried out using the Open Babel chemical toolbox.
[169]

 The lowest 

energy structures for each linkage were analysed. All modelling studies confirmed that 

each linker can stretch between the attachment points. The minor-to-minor-groove linkers 

were found to fit in the minor groove of the double helix (Chapter 5). 
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Appendix 

 

8.1 Oligonucleotide data; sequences discussed in chapter 3 

 

Table 8.1. Data for modified oligonucelotides discussed in chapter 3 (TFOs). 6 = 2´-aminoethoxy T, X = 

2´-aminoethoxy 5-methyl C, Y = 2´-acetamidoethoxy 5-methyl C, 7 = S base and 3 = Propanol, H = HEG.  

Code Oligonucleotide Sequences (5´ to 3´) Expected 

Mass 

Observed 

Mass 

ODN-1 666 66X 7XX 666 66X 3 5684 8683 

ODN-2  666 66Y 7YY 666 66Y 3 5856 5857 

ODN-3 GACAAAAAGCGGAAAAAGTAG-H-CTACTTTTTC 

CGCTTTTTGTC 

13255 13255 

 

8.2 Oligonucleotide data; sequences discussed in chapter 4 

 

Table 8.2. F = fluorescein, z = amino C7 labelled with 6-azidohexanoic acid, 
C
K = aminohexyl labelled with 

NSCO (33), 
DIBO

K = aminohexyl labelled with DIBO (34), 
DIBO

K1 = dibenzocyclooctynyl derived from 

phosphoramidite (43). X, Y = ligated triazole products derived from ODN-6 with ODN-4 and ODN-5 

respectively. Fz
DIBO

K1
 
= 6-fluoresceinamidopropyl azide + DIBO 

Code Oligonucleotide Sequences (5´ to 3´) Expected 

Mass 

Observed 

Mass 

ODN-4 
DIBO

K-GCGATCAATCAGACG 5011 5010 

ODN-5 
C
K-GCGATCAATCAGACG 4988 4988 

ODN-6 F-CTTTCCTCCACTGTTGCz 5947 5947 

ODN-7 TTTATTGATCGCGCAACAGTGTTT 7348 7348 

ODN-8   TTTATTCATCGCGCAACAGTGTTT 7309 7309 

ODN-9 F-CTTTCCTCCACTGTTGCXGCGATCAATCAGACG 10959 10959 

ODN-10 F-CTTTCCTCCACTGTTGCYGCGATCAATCAGACG 10938 10938 

ODN-11 CTTTCCTCCACTGTTGCGCGATCAATCAGACG 9711 9710 

ODN-12 
DIBO

K1-GCGATCAATCAGACG 4968 4968 

ODN-13 F-CTTTCCTCCACTGTTGCZGCGATCAATCAGACG 10917 10917 

ODN-14  Fz
DIBO

K1-GCGATCAATCAGACG 5427 5426 
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8.3 Oligonucleotide data; sequences discussed in chapter 5 

Electrospray Mass spectrometry of oligonucleotides was recorded in water using a Bruker 

micrOTOF
TM

 II focus ESI-TOF MS instrument in ES
-
 mode. 

 

Table 8.3. Oligonucleotide sequences and mass spectrometry for the ApT step. 
5-DIBO

K = 5- propargyl 

DIBO dT, 
2´-DIBO

K = 2´- ethoxy DIBO T, m
A 

= 2´- aminoethoxy T, M
A
 = aminoC2dT, M

A
 = aminoC6dT, Z1 

= 2´- azidoethoxy T, Z2 = 2´-aminoethoxy T labelled with 6-azidohexanoic acid, Z3 = amino C2 dT labelled 

with 6-azidohexanoic acid and Z4 = aminoC6dT labelled with 6-azidohexanoic acid.  

Code Oligonucleotide sequences (5´ to 3´) Expected 

Mass 

Observed 

Mass 

ODN-15 AATATGAA
5-DIBO

KTCTGT 4561 4560 

ODN-16 AATATGAA
2´-DIBO

KTCTGT 4582 4581 

ODN-17 ACAGAAm
A
TCATATT          4304 4304 

ODN-18 ACAGAAM
A
TCATATT          4343 4343 

ODN-19 ACAGAAM
A
TCATATT          4399 4399 

ODN-20 ACAGAAZ1TCATATT               4330 4330 

ODN-21 ACAGAAZ2TCATATT 4443 4443 

ODN-22 ACAGAAZ3TCATATT               4483 4482 

ODN-23 ACAGAAZ4TCATATT                4539 4538 

ODN-24 ODN-15 + ODN-20 8892 8892 

ODN-25 ODN-15 + ODN-21 9006 9005 

ODN-26 ODN-15 + ODN-22 9045 9044 

ODN-27 ODN-15 + ODN-23 9101 9100 

ODN-28 ODN-16 + ODN-20 8912 8912 

ODN-29 ODN-16 + ODN-21 9026 9025 

ODN-30 ODN-16 + ODN-22 9065 9064 

ODN-31  ODN-16 + ODN-23 9121 9120 
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Table 8.4. Oligonucleotide sequences and mass spectrometry for the TpA step. 
5-DIBO

K = 5- propargyl 

DIBO dT, 
2´-DIBO

K = 2´- ethoxy DIBO T, m
A 

= 2´- aminoethoxy T, M
A
 = aminoC6dT Z2 = 2´-aminoethoxy 

dT labelled with 6-azidohexanoic acid and Z4 = aminoC6dT labelled with 6-azidohexanoic acid.  

Code Oligonucleotide sequences (5´ to 3´) Expected 

Mass 

Observed 

Mass 

ODN-32 AATATGA
5-DIBO

KATCTGT      4561 4561 

ODN-33 AATATGA
2´-DIBO

KATCTGT      4582 4581 

ODN-34 ACAGAm
A
ATCATATT   4304 4304 

ODN-35 ACAGAM
A
ATCATATT    4399 4399 

ODN-36 ACAGAZ2ATCATATT   4443 4443  

ODN-37 ACAGAZ4ATCATATT    4539 4538 

ODN-38 ODN-32+ODN-36 9005 9005 

ODN-39 ODN-32+ODN-37 9101 9100 

ODN-40 ODN-33+ODN-36 9026 9025 

ODN-41 ODN-33+ODN-37 9121 9120 

 

Table 8.5. Oligonucleotide sequences and mass spectrometry for the BCN alkyne in the ApT and TpA 

steps. m
A 

= 2´- aminoethoxy T and
 2´-BCN

K  = 2´-ethoxy BCN T . 

Code Oligonucleotide sequences (5´ to 3´) Expected 

Mass 

Observed 

Mass 

ODN-42 AATATGAAm
A 

TCTGT    4335 4334 

ODN-43 AATATGAm
A
ATCTGT     4335 4334 

ODN-44 AATATGAA
2´-BCN

KTCTGT     4511 4511 

ODN-45 AATATGA
2´-BCN

KATCTGT      4511 4510 

ODN-46 ODN-44+ ODN-21   8956 8955 

ODN-47 ODN-45+ODN-36    8956 8955 

 
 

Table 8.6. Oligonucleotide sequences and mass spectrometry for the unmodified duplex/controls. 

Code Oligonucleotide sequences (5´ to 3´) Expected 

Mass 

Observed 

Mass 

ODN-48   ACAGAATTCATATT 4245 4244 

ODN-49   AATATGAATTCTGT 4276 4275 
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Table 8.7 Oligonucleotide sequences and mass spectrometry forCuAAC crosslinking across the ApT 

step. 
5-OCT

K = octadiynyl dU, Z3 = amino C2 dT labelled with 6-azidohexanoic acid, Z4 = aminoC6dT 

labelled with 6-azidohexanoic acid.  

Code Oligonucleotide sequences (5´ to 3´) Expected 

Mass 

Observed 

Mass 

ODN-50 AATATGAA
5-OCT

KTCTGT 4367 4366 

ODN-22 ACAGAAZ3TCATATT               4483 4482 

ODN-23 ACAGAAZ4TCATATT                4539 4538 

 

 

Table 8.8. Oligonucleotide sequences and mass spectrometry for the Hybeacons and complementary 

template. 
5-DIBO

K = 5- propargyl DIBO dT, M
A
 = aminoC6dT, P = propanol, Fz

DIBO 
= 5-propargyl DIBO 

labelled with fluorescein-5-amidohexyl azide, Tr
C6

 = aminoC6dT labelled with Texas red NHs-ester.  

Code Oligonucleotide sequences (5´ to 3´) Expected 

Mass 

Observed 

Mass 

ODN-51  CGCT
5-DIBO

K CTGTAM
A
CTATATTCATCP 7202 7203 

ODN-52  CGC
5-DIBO

KTCTGM
A
ATCTA

5-DIBO
KATTCAM

A
CP 7641 7642 

ODN-53 CGCT Fz
DIBO

CTGTATr
C6

CTATATTCATCP 8404 8405 

ODN-54 CGCFz
DIBO

TCTGTr
C6

ATCTAFz
DIBO

ATTCATr
C6

CP 10045 10046 

ODN-55   CTATGATGAATATAGATACAGAAGCGTCAT  9261 9261 

 

 

Table 8.9. Oligonucleotide sequences and mass spectrometry for the Fluorescent nano-construct.  

5-DIBO
K = 5- propargyl DIBO dT, Z3 = amino C2 dT labelled with 6-azidohexanoic acid and F = 

fluoresceinamidohexyl. 

Code Oligonucleotide sequences (5´ to 3´) Expected 

Mass 

Observed 

Mass 

ODN-56 F-CTCAZ3AGGCCATAAZ3CCG 6455 6455 

ODN-57 Cy3-CATAZ3CATCCGAGAZ3ACG  6449 6448 

ODN-58   Cy5-AGGAZ3CGTAATCAAZ3CTG   6530 6529 

ODN-59 CATAZ3CATCCGAGAZ3ACG 5942 5941 

ODN-60 CGGA
5-DIBO

KTATGGCCTA
5-DIBO

KGAGCGTA 

5-DIBO
KCTCGGATGA

5-DIBO
KATGCAGA

5-DIBO
KTGA 

TTACGA
5-DIBO

KCCT 

18393 18394 

ODN-61   ODN-17 + ODN-18 + ODN-19 + ODN-21 37827 37826 

ODN-62 ODN-17 + ODN-20 + ODN-19 + ODN-21 37320 37321 
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8.4 Example Oligonucleotides analysis 

 

Electrospray Mass Spectrum (Chapter 5) 

Starting oligos of crosslinked duplexes 

 ODN-15 (
5-DIBO

K) 

 

ODN-16 (
2´-DIBO

K) 

 

ODN-20 (Z1) 

 

ODN-21 (Z2) 
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ODN-22 (Z3) 

 

ODN-23 (Z4) 

 

 

Crosslinked duplex Products 

ODN-24 (
5-DIBO

K + Z1) 

 

ODN-25 (
5-DIBO

K + Z2) 
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ODN-26 (
5-DIBO

K + Z3) 

 

ODN-27 (
5-DIBO

K + Z4) 

 

ODN-28 (
2´-DIBO

K + Z1) 

 

 

ODN-29 (
2´-DIBO

K + Z2) 
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ODN-30 (
2´-DIBO

K + Z3) 

 

ODN-31 (
2´-DIBO

K + Z4) 

 
 

2´-BCN
K ligation products: ODN-46 

 

 

 

 

Examples of Capillary Electrophoresis (CE) from Chapter 5 

Capillary Electrophoresis (CE) analysis of oligonucleotides was performed by injection of 

 .4 OD/1   μL. ssDNA 100-R Gel, Tris-Borate-7 M Urea (Kit No 477480) on a Beckman 

Coulter P/ACETM MDQ Capillary Electrophoresis system using 32 Karat software. UV-

254 nm, inject-voltage 10.0 kv and separation-voltage 9.0 kv (45.0 min duration). X-axis is 

time (min), Y-axis is UV absorbance at 254 nm. 
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Starting oligos for crosslinked duplexes 

 

 

Crosslinked duplex products 
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CE and mass spectrum of the HyBeacons ODN-53 and ODN-54 

  

 

A) CE electropheregrams show more than one peak due to the stereoisomers of the DIBO 

triazoles 

 

B) HPLC chromatograms  monitoring at 295 nm  

 

C) Electrospray mass spectra (ES
-
) 
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Example of azide labelling  

CY5 oligo ODN-58  

     

Crude HPLC                             Electrospray mass spectrum 

Spectrum 

Minutes

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

A
U

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

0.022

0.024

0.026

A
U

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

0.022

0.024

0.026

UV - 254nm

res2520

 

                                                          CE 
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Mass spectra of the fluorescent nano-constructs ODN-61 and ODN-62 

 

ODN-61 

 

 

ODN-62 
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Six-Colour HyBeacon Probes for Multiplex Genetic Analysis

James A. Richardson,[a] Marta Gerowska,[a] Montserrat Shelbourne,[a] David French,[b] and Tom Brown*[a]

The analysis of single-point mutations in DNA (nucleotide dele-
tions, insertions and substitutions) has transformed human di-
agnostics and pharmacogenetics, enabling the development of
safer drug treatment regimes for diseases such as cancer, hy-
percholesterolemia and thrombosis.[1] In these fields, rapid and
precise feedback is essential, and to this end we are develop-
ing HyBeacon probes for use in the clinic.[2] HyBeacons are
linear oligonucleotides possessing one or more fluorescent
dyes tethered to internal nucleotides.[3] The inherent fluores-
cence-quenching properties of the DNA bases and attached
fluorophores cause fluorescence emission to be low in the un-
structured single-stranded probe. Upon hybridization to their
DNA target, the rigid double strand removes the fluorophores
from the vicinity of the nucleobases and increases the separa-
tion between the dyes. The resultant increase in fluorescence
can be used to discriminate between DNA sequences that
differ by only a single base (wild-type/mutant, single nucleo-
tide polymorphisms (SNPs)) by melting-curve analysis.[4] This
powerful technology has recently become increasingly impor-
tant due to the emergence of high-resolution DNA melting
platforms. Unlike many other fluorogenic probes, HyBeacons
do not possess internal secondary structure, so clean and re-
producible melting transitions are obtained. Until now, HyBea-
con assays have been limited in fluorophore choice to fluores-
cein and its hexachloro derivative Hex, thus precluding their
use in the more complex multiplex assays that are vitally im-
portant in a diagnostic context. We now report a six-colour
PCR-based HyBeacon system and demonstrate its use in the
analysis of mutations in the cystic fibrosis transmembrane con-
ductance regulator (CFTR) gene of human DNA, ABCC7. Alter-
native systems based on real-time PCR also exist. Taqman[5]

and displacement probes[6] are capable of detecting three bial-
lelic SNPs simultaneously, but require two probes for each gen-
otype. High-resolution melting (HRM) with DNA-binding dyes
can provide melting-temperature analysis but is limited to a
single colour.[7] Hybridization probes[8] and molecular beacons[9]

have been used in three- and four-colour systems, respectively,
but melting analysis with the latter is complicated by secon-
dary structure.

In previous studies, HyBeacons were labelled with various
fluorescein dT phosphoramidite monomers during oligonu-
cleotide synthesis.[3–4] However, the phosphoramidites of other
fluorescent nucleotides are not generally available, so in our
latest study, oligonucleotide probes containing 5-aminoalkyl-
and 2’-aminoethoxythymidine were labelled with the commer-
cially available N-hydroxysuccinimide (NHS) esters of a series of
fluorophores. Labelling in the 5-position places the fluorophore
in the major groove of the DNA duplex, whereas 2’-labelling
directs the dye towards the minor groove. By using this strat-
egy a series of six HyBeacon probes was designed to target
the R516G mutation in the CFTR gene. Each probe contained
two additions of the amino-modified T monomer (Scheme 1),
with a spacing of three, five or seven nucleotides (Table 1).

The spacing between the amino-T monomers and the dye-
labelling position (major or minor groove) was varied to pro-
duce substrates for a series of fluorescently labelled HyBea-
cons. The probes were labelled with six different fluorophores;
fluorescein (6-FAM), 6-carboxy-4’,5’-dichloro-2’,7’-dimethoxy-
fluorescein (JOE), Cy3, Cy3b, Texas Red (5/6-TxR) and Cy5). This
combination spans a range of mutually compatible excitation
and emission wavelengths and provides three structurally di-

Scheme 1. Chemical structures of amino-modified monomers 2’-amino-
ethoxy-T (1) and C6-amino-dT (2). Synthesis of the 2’-aminoethoxy-T
monomer is described in the Supporting Information.

Table 1. Sequences of HyBeacons used to probe the R516G mutation in
the CFTR gene and synthetic DNA targets (mutation underlined).

HyBeacon HyBeacon sequence[a]

HyB-3m CGCTTC1GTA1CTATATTCATCP
HyB-5m CGCTTC1GTATC1ATATTCATCP
HyB-7m CGCTTC1GTATCTA1ATTCATCP
HyB-3M CGCTTC2GTA2CTATATTCATCP
HyB-5M CGCTTC2GTATC2ATATTCATCP
HyB-7M CGCTTC2GTATCTA2ATTCATCP
WT target CTATGATGAATATAGATACAGAAGCGTCAT
MT target CTATGATGAATATGGATACAGAAGCGTCAT

[a] Each probe contains two additions of 2’-aminoethoxy-T (1) or C6-
amino-dT (2) placing the dyes in the minor groove (m) or major groove
(M), respectively. P: 3’-propanol PCR blocker.

[a] Dr. J. A. Richardson, M. Gerowska, M. Shelbourne, Prof. T. Brown
School of Chemistry, University of Southampton
Southampton SO17 1BJ (UK)
Fax: (+ 44) 2380 592991
E-mail : tb2@soton.ac.uk

[b] Dr. D. French
Innovation and Development
LGC, Teddington TW11 0LY (UK)

Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.201000623: experimental details for oligonu-
cleotide synthesis, monomer synthesis, PCR and fluorescence melting are
available in the Supporting Information.
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verse classes of fluorophores; the fluorescein, sulforhodamine
and cyanine dyes.

These probes were analysed individually by fluorescence
melting by using a synthetic oligonucleotide target and a PCR-
compatible buffer. The resulting melting curves and their deriv-
atives (melting peaks) provided data that were used to deter-
mine the optimum HyBeacon design for each of the six dyes
(Figure 1). There was a large variation in fluorogenic properties
depending on the nature of the fluorophores, the spacing be-
tween them and also their location (major or minor groove).
Interestingly, TxR, Cy3, Cy5 and Cy3b functioned significantly
better when located in the minor groove. In the cases of Cy3
and Cy5, this is probably due to their established DNA-binding
properties,[10] namely their ability to fit tightly into the minor
groove of the duplex so as to restrict rotation around the poly-
methine bridge of the chromophore which can otherwise
occur due to irradiation (photoisomerization) and heating. The
rigid DNA scaffold holds them in the trans configuration there-
by inhibiting deactivating pathways.[11] Upon melting, the
minor groove collapses, and the dyes are free to isomerize,
thus producing characteristic melting curves from which the
melting temperature (Tm) can be determined.

When the Cy dyes are placed in the major groove, no such
stabilizing scaffold is available as the groove is too wide, and
only a weak fluorogenic effect is observed. In the case of TxR

and the configurationally locked Cy3b, it is possible that the
extended, positively charged aromatic system also binds in the
minor groove. In contrast, the anionic fluorescein dyes FAM
and JOE give a stronger HyBeacon effect when located in the
major groove. There are some interesting distance-dependent
effects, particularly for the Cy dyes and TxR, that we are cur-
rently investigating. These results illustrate the importance of
exploring different modes of dye attachment to optimise the
performance of HyBeacons.

The above observations were used in the design of a series
of HyBeacons to analyse six mutations in exon 10 of the CFTR
gene (Table 2); C524X (C to A, AG mismatch), E479X (G to T, TC

mismatch), S466X (C to G, GG mismatch), C491R (T to C, CA
mismatch) R516G (A to G, GT mismatch) and DF508 (TTT dele-
tion). The mutations reduce the stability and Tm of probes rela-
tive to wild-type (Table 3), and the degree of destabilization
depends on the nature of the mismatch.

This six-probe (6-plex) assay was designed for use on ther-
mal-cycling genetic-analysis instruments such as the Rotor-
Gene Q 6-plex (Qiagen). In order to use all six channels, two
new dyes, AlexaFluor 350 (A350) and Dyomics DY680, were
selected for the blue and crimson channels, respectively. The

Figure 1. Melting peak heights (�dF/dT) of HyBeacons labelled with two ad-
ditions of 5/6-TxR, 6-FAM, Cy3, Cy3b, 6-JOE and Cy5, with spacings of 3, 5 or
7 nucleotides in the minor (m) or major (M) groove (sequences in Table 1).
Mean of ten repeats with standard deviation. Data recorded on a Rotorgene
3000.

Table 2. Sequences and fluorophores used in six HyBeacon probes tar-
geting mutations in the CFTR gene (mutation site underlined).

Code Sequence[a] Target Label

HyB-1 CTTCTAGT1GGCATGC1TTGATGP C524X A350
HyB-2 ATT2TACCC2CTGAAGGCTCCP E479X 6-FAM
HyB-3 CCATAATCA2CAT2AGAAGTGAAGP S466X 6-JOE
HyB-4 AACTGAGAACAGAA1GAAA1TCP C491R 5/6-TxR
HyB-5 CGCTTC1GTATCTA1ATTCATCP R516G Cy5
HyB-6 CACCAAAGATGA1ATTTTCT1TAATGGP DF508 DY680

[a] HyBeacons contain two additions of either 2’-aminoethoxy-T (1) or C6-
amino-dT (2). P: 3’-propanol PCR blocker.
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other fluorophores used were 6-FAM (green), 6-JOE (yellow), 5/
6-TxR (orange) and Cy5 (red; Table 2).

The probes were analysed in a multiplex format against
their synthetic wild-type (WT) and mutant (MT) targets
(Figure 2 top and Figure S1 in the Supporting Information).
Seven different artificial multiplex samples were analysed, six

of which contained the WT target for five of the probes and a
mutant target for one probe; the seventh contained all wild-
type targets. Importantly the presence of a mutation in a
particular channel (Table 3, bold) had no effect on the melting
temperatures of the adjacent probes; this demonstrated the
absence of cross-talk between channels that could otherwise
compromise the specificity and accuracy of multiplex genetic
analyses.

To mimic a real application, the multiplex HyBeacon system
was evaluated with 2 ng of wild-type genomic DNA. Melting
analysis of the PCR amplicons provided six distinguishable

Table 3. Tm values [8C] of HyBeacons HyB-1, HyB-2, HyB-3, HyB-4, HyB-5
and HyB-6 with six synthetic WT targets or five WT targets and one MT
target. Probe-MT target melting temperatures are in bold.

Ch WT C524X E479X S466X C491R R516G DF508

1[a] 57.9 53.5 57.8 58.3 58.0 58.3 58.6
2[b] 59.3 59.1 47.6 59.4 59.7 59.1 59.2
3[c] 54.0 54.0 54.0 46.8 54.0 54.0 54.2
4[d] 54.6 54.2 54.5 54.1 46.5 54.2 54.0
5[e] 53.7 53.5 53.8 53.8 53.3 51.7 53.6
6[f] 53.6 53.9 53.7 53.8 53.7 51.7 43.4

Standard deviations in melting temperatures (from four repeat samples) ;
[a] WT 0.1/MT 0.0, [b] WT 0.3/MT 0.1, [c] WT 0.0/MT 0.1, [d] WT 0.2/MT 0.0,
[e] WT 0.0/MT 0.1 and [f] WT 0.2/MT 0.2. Data were recorded on a Rotor-
Gene Q 6-plex.

Figure 2. Melting curves (left) and peaks (right) of a multiplex containing six HyBeacons for either synthetic WT (upper) or PCR amplicon targets (lower). Tm

values are given in Table 3. Analysis was performed on a spectrofluorimeter by using excitation/emission wavelengths corresponding to the six channels on
the Rotor-Gene Q 6-plex instrument; channel 1) lex = 365/lem = 460 nm (blue, A350); 2) lex = 470/lem = 510 nm (green, FAM); 3) lex = 530/lem = 557 nm (yellow,
JOE); 4) lex = 585/lem = 610 nm (orange, TxR); 5) lex = 625/lem = 660 nm (red, Cy5) and 6) lex = 680/lem = 712 nm (crimson, DY680). Melting temperatures and
standard deviations for PCR-generated curves for channels 1–6 are, respectively, 55.8 8C (�0.2), 57.0 8C (�0.1), 52.4 8C (�0.1), 53.1 8C (�0.5), 52.9 8C (�0.1)
and 52.5 8C (�0.1).
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melting curves (Figure 2 lower), thus demonstrating the poten-
tial of the six-colour HyBeacon system for the direct analysis of
clinical samples (melting curves, primer sequences, sequencing
analysis and method in ESI).

Synthetic heterozygous samples for probes HyB-2, HyB-3,
HyB-4 and HyB-6 displayed the expected peaks for both the
WT and MT targets, retaining clear allelic discrimination
(Figure 3). However, HyB-1 and HyB-5 failed to resolve WT and
MT, instead yielding a single broad melting peak. This is due to
the increased stability of the GT and AG mismatches causing
the WT and MT peaks to merge. To demonstrate that these
two fluorophores (Alexa 350 and Cy5) are capable of produc-
ing resolved WT and mutant melting peaks, two more probes
that were fully complementary to the mutant sequences were
synthesised (Table 4). As expected, these probes displayed
higher melting temperatures for the mutant sequence than
the wild type and gave large differences in melting tempera-
tures due to the instability of the CA and TC mismatches, thus
allowing heterozygote detection as twin peaks (Figure 3).

In conclusion, there is an urgent need for rapid multiplexed
genetic tests and for point-of-care diagnosis of complex bacte-
rial or viral infections; to address this we have invented a
novel HyBeacon probe system. HyBeacons have no secondary
structure, so they can be used straightforwardly in genetic
analysis by DNA melting. Melting is a particularly effective
method of probing DNA for specific sequences and identifying
point mutations due to its speed and simplicity. This study is
timely because equipment is now becoming available for high-
resolution DNA melting on clinical samples. Before now, Hy-
Beacon probes were only available as one- or two-colour sys-
tems. In this study, we have shown that several classes of fluo-
rophore can function effectively in HyBeacons provided that

they are attached to the probe by the correct chemi-
cal linkages. Eight different fluorophores have been
shown to function effectively, and further systematic
studies are likely to reveal many more suitable dyes.
To demonstrate the effectiveness of multicolour Hy-
Beacons in a clinically important context, a combina-
tion of six HyBeacon probes has been used to simul-
taneously analyse mutations in the human CFTR
(cystic fibrosis) gene. This provided a previously un-
reported six-channel “one-colour-per-locus” system
for genetic analysis by DNA melting.

This work shows the considerable potential of Hy-
Beacons in clinical diagnostics. Further advances in
the use of HyBeacons are limited only by the optical

constraints of the instrumentation currently available.
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Figure 3. Left : Melting peaks of WT (black), MT (red) and heterozygote (blue) with HyB-3
for synthetic targets. Right: Tm values [8C] of HyBeacons HyB-1b, HyB-2, HyB-3, HyB-4,
HyB-5b and HyB-6, with six synthetic homozygote targets.

Table 4. Sequences and fluorophores used in the two HyBeacon probes
targeting the C524X and R516G mutant sequences (mutation site under-
lined).

Code Sequence[a] Target Label

HyB-1b CTTCTAGT1GTCATGC1TTGATGP C524X A350
HyB-5 CGCTTC1GTATCCA1ATTCATCP R516G Cy5

[a] HyBeacons contain two additions of 2’-aminoethoxy-T (1). P: 3’-propa-
nol PCR blocker.
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2’-Aminoethoxy-2-amino-3-methylpyridine in Triplex-Forming
Oligonucleotides: High Affinity, Selectivity and Resistance to Enzymatic

Degradation

Chenguang Lou,[a] Montserrat Shelbourne,[a] Keith R. Fox,[b] and Tom Brown*[a]

Introduction

Triplex-forming oligonucleotides (TFOs) bind to the major
groove of the DNA duplex to generate triple helices
through hydrogen-bonding interactions with the exposed
faces of the DNA base pairs.[1] This property renders TFOs
potentially useful in inhibition of gene expression, in site-di-
rected DNA cleavage and repair, and as tools in biotech-
nology.[2,3] The third strand can adopt either a parallel or an-
tiparallel orientation relative to the target strand of the
DNA duplex,[1] parallel structures being generally more
stable than the antiparallel ones.[4,5] However, parallel tri-
plexes are much more stable at low pH than at neutral pH,
as protonation of cytosine (pKa~4.5) is necessary for the
formation of C+ ·GC triplets.[3,5] Many analogues have now
been synthesized to overcome the pH dependency of cyto-
sine to generate stable analogues.[6–8] The simplest strategy is
to increase the basicity of N3 of cytosine to facilitate proto-
nation at physiological pH.[6,7] This is achievable by replac-
ing dC with a C-nucleoside such as 2-amino-5-(2’-deoxy-b-d-
ribofuranosyl)pyridine (dAP) or 2-amino-3-methyl-5-(2’-
deoxy-b-d-ribofuranosyl)pyridine (dMAP)[9–11] which are
protonated at near-physiological conditions, and provide the

hydrogen-bonding pattern required for triplet formation.
However, despite their impressive triplex stability, the 2’-de-
oxyribosyl analogues of aminopyridine[9] have lower resist-
ance to nuclease mediated degradation than their natural
counterpart. This severely restricts potential in vivo applica-
tions in DNA sequence targeting and genetic therapy.

In our previous studies we showed that the 2’-methoxy an-
alogue of dMAP (Me-MAP) produces slightly more stable
triplexes than 2’-deoxycytidine (dC), while triplex stabiliza-
tion by TFOs containing the bulkier 2’-methoxyethyl ana-
logue (MOE-MAP) is very similar to dC.[12] We also found
that the incorporation of Me-MAP or MOE-MAP into
TFOs renders them dramatically more resistant to degrada-
tion by serum nucleases than dMAP and dC.[12] Here we
report on the synthesis of a novel C-nucleoside 2’-O-amino-
ethyl-MAP phosphoramidite (AE-MAP) and its incorpora-
tion into oligonucleotides. The potent triplex stabilizing
properties and resistance to enzyme digestion of these oligo-
nucleotides has been demonstrated.

Results and Discussion

Synthesis of AE-MAP phosphoramidite monomer : The AE-
MAP phosphoramidite monomer was synthesized from 1[13]

in seventeen steps (Scheme 1). The free OH group of 1 was
alkylated in the presence of methyl bromoacetate and NaH
in DMF at �5 8C to give 2 (97 %), which was then reduced
with LiBH4 in THF to 3 (72 %). The hydroxyl group of 3
was quantitatively displaced by phthalimide under Mitsuno-
bu conditions to yield the protected 2’-phthalimidoethoxy
derivative. Compound 4 was treated with hydrazine mono-
hydrate in ethanol to remove the phthalimide protection
(92 %) and the resultant amino function of 5 was then ben-
zylated with benzyl bromide and NaH in DMF at 0 8C to
produce tetrabenzyl-protected ribofuranoside 6 (89% yield).

Abstract: The phosphoramidite mono-
mer of the C-nucleoside 2’-amino-
ethoxy-2-amino-3-methylpyridine (AE-
MAP) has been synthesized for the
first time and incorporated into triplex-
forming oligonucleotides (TFOs). Ul-
traviolet melting and DNase I foot-
printing studies show that AE-MAP is

a potent triplex-stabilizing monomer
that is selective for GC base pairs.
TFOs containing AE-MAP bind with

high affinity to duplexes but only
weakly to single stranded DNA. In ad-
dition, AE-MAP confers high nuclease
resistance on oligonucleotides. TFOs
containing AE-MAP have potential for
gene knock-out and gene expression
studies.

Keywords: DNA structures ·
nuclease resistance · nucleosides ·
oligonucleotides
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Treatment of 6 with 80 % acetic acid and a catalytic amount
of concentrated sulfuric acid gave 7, which was oxidized to
the corresponding ribolactone 8 (85 %) using tetrapropylam-
monium perruthenate and 4-methylmorpholine-N-oxide.

The subsequent three steps are identical to those for Me-
MAP and MOE-MAP:[12] The resultant ribolactone was
coupled with dibenzylated 2-amino-5-bromo-3-methyl-pyri-
dine (9)[12] in the presence of nBuLi in THF to produce
hemiacetal 10 as a mixture of a and b anomers, which was
subsequently reduced with Et3SiH/BF3·Et2O in CH2Cl2 to
give the b-anomer of C-nucleoside 11 (57%). The p-me-
thoxybenzyl group was then cleaved in trifluoroacetic acid
to provide 12 (85%). Removal of the four benzyl groups on
12 was performed in two steps; 3’- and 5’-positions were de-
protected in BF3/CH2Cl2 at �78 8C to afford dibenzyl pro-
tected 13 (88 %), followed by hydrogenation with palladium

on activated carbon to depro-
tect the remaining two benzyl
groups and generate the free C-
nucleoside 14. Compound 14
was too polar to be purified by
normal silica gel chromatogra-
phy. Therefore, without any fur-
ther purification, three in situ
reactions were subsequently
performed on 14 : 1) protection
of the two OH groups by TMS-
Cl in pyridine; 2) reaction with
Fmoc-Cl to protect the two
NH2 groups; 3) deprotection of
the TMS groups to liberate 3’-
OH and 5’-OH to give 15 (63 %
for four steps from 13 to 15).
The 5’-OH group was then se-
lectively protected by reaction
with 4’,4’-dimethoxytrityl chlo-
ride in pyridine to give 16
(78 %), which was finally con-
verted to target monomer 17 by
reaction with 2-cyanoethyl-N,N-
diisopropylaminochlorophos-
phine under an argon atmos-
phere (82 %). The overall yield
of the desired AE-MAP phos-
phoramidite monomer from
compound 1 was 4.5 %.

TFO synthesis and UV triplex
melting studies : Standard solid-
phase phosphoramidite meth-
ods were used to synthesize the
oligonucleotides containing
AE-MAP. The Fmoc-protecting
group not only permits AE-
MAP to be incorporated into
oligonucleotides using standard
cycles including capping with

acetic anhydride, but also allows oligonucleotide deprotec-
tion under mild conditions.[12] Pure oligonucleotides can be
obtained more readily when Fmoc is chosen to protect the
2-amino group of aminopyridine than when trifluoroacetyl
protection is used. This is because in the latter case the cap-
ping step with acetic anhydride has to be omitted to prevent
unwanted acetylation of N2 of the aminopyridine (HPLC
and CE chromatograms in the Supporting Information).

The triplex-stabilizing properties of AE-MAP were com-
pared with Me-MAP, MOE-MAP, dMAP, 5-methyl-2’-de-
oxycytidine (MeC), 2’-O-aminoethyl-5-methylcytidine
(AE-MeC) and dC (Figure 1).[12] The TFOs also contain 2’-
aminoethoxy-T (t in Figure 1 D), an analogue of thymidine
that is used in vivo to confer thermodynamic and enzymatic
stability on TFOs.[14,15] The 2’-methoxyethyl analogue of S12

(S in Figure 1 D) stabilizes CG inversions and improves sta-

Scheme 1. i) Methyl bromoacetate, NaH, DMF, �5 8C, 5 h, 97%; ii) LiBH4, THF, RT, 1 h, 72 %; iii) phthal-
imide, PPh3, DEAD, THF, RT, 1 h, 99 %; iv) H2NNH2·H2O, EtOH, RT, 24 h, 92%; v) BnBr, NaH, DMF, 0 8C,
5 h, 89%; vi) 80% acetic acid, 1 % conc. sulfuric acid, 80 8C, 6 h, 96 %; vii) 4-methylmorpholine-N-oxide, tetra-
propylammonium perruthenate, molecular sieves, CH2Cl2, RT, 5 h, 85 %; viii) 912, nBuLi, THF, �78 8C, 8 h,
48%; ix) triethylsilane, BF3·Et2O, CH2Cl2, �78 8C, 26 h, 57 %; x) CF3COOH, RT, 5 h, 85 %; xi) BCl3, CH2Cl2,
�78 8C, 7 h, 88%; xii) Pd/C, MeOH, 50 8C, 18 h, n.a. ; xiii) chlorotrimethylsilane, pyridine, RT, 2 h; Fmoc-Cl (in
anhydrous MeCN), RT, 4 h; KF (in water), RT, 20 min; 63% for four steps from 13 to 15 ; xiv) DMTrCl, 8 h,
RT, 78%; xv) 2-cyanoethyl-N, -diisopropylchlorophosphine, DIPEA, CH2Cl2, 2 h, RT, 82 %.
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bility to enzymatic degradation. The deoxyribose version of
S was designed to recognise TA inversions in target duplex-
es[16,17] but it is not suitable for use in biology as it is an obvi-
ous target for DNase enzymes. The choice of TFO was dic-
tated by the necessity for contiguous C-analogues (X in Fig-
ure 1 A) within its sequence. This ensures that AE-MAP
was rigorously evaluated for its ability to bind to its target
duplex even when the positively charged pyridine rings and
aminoethoxy groups are clustered together. Placing X
around the relatively destabilizing S further contributes to
the demanding nature of the environment.

From Figure 2 and Table 1 it is clear that AE-MAP stabil-
izes the triple helix better than all the other analogues stud-
ied except dMAP, which is very slightly better (�0.3 8C
DTm/modification). The introduction of the 2’-aminoethyl
group on the C-nucleoside provides higher triplex stability
than 2’-methyl and 2’-methoxyethyl, which is consistent with
the results on N-linked nucleosides.[8] The increased stability
results from interactions between the protonated aminoethyl
group and the negatively charged phosphodiester groups of
the triplex.[18] Interestingly, in the N-nucleoside series the in-

crease in Tm caused by 2’-ami-
noethoxy relative to 2’-methoxy-
ethoxy substitution is only
0.8 8C per addition[19,20] whereas
in the MAP C-nucleosides the
difference is much greater (+
3.7 8C per modification).

Selectivity of AE-MAP for GC
over other Watson–Crick base
pairs : The sequence selectivity
of AE-MAP was studied on tri-
plexes formed between TFO-7
and four target DNA duplexes
that varied by a single base pair
near the middle of the duplex
sequence (Figure 3 and
Table 2). The results show that
AE-MAP binds more tightly to
the desired GC base pair rela-
tive to the three incorrect ones
(CG, AT and TA), consistent
with the previous work on the
2’-deoxy analogue (dMAP).[10]

The proximity of the promiscu-
ous S-base probably partly neu-
tralizes the destabilizing impact
of triplet mispairing, but despite
this it is clear that AE-MAP is
selective for GC, at least within
the context of the triplex se-
quence investigated in this
study.

Selectivity of AE-MAP for DNA duplexes relative to
single-stranded DNA: The interaction of TFO-7 with its an-
tiparallel complementary purine-rich single-stranded DNA
was also studied (Figures 4 and 5 and Table 3). There was a
large decrease in duplex Tm (�13.5 8C) when four dC resi-

Figure 1. A) Triplexes investigated in this study. H =hexaethylene glycol linker, T= thymidine, t= 2’-amino-
ethoxy-T, S = 2’-methoxyethoxy-S12. TFO-1, X=Me-MAP. TFO-2, X =MOE-MAP. TFO-3, X=dC. TFO-4,
X = MeC. TFO-5, X=dMAP. TFO-6, X=AE-MeC. TFO-7, X =AE-MAP. All the TFOs are ribo-backbone.
B) Structure of X·GC triplet. C) Modified bases (X). D) Structures of S and t in oligonucleotides.

Table 1. UV-melting analysis.[a]

X Tm DTm/modification

dMAP 60.5 +3.5
AE-MAP 59.0 +3.2
AE-MeC 57.8 +2.9
MeC 54.0 +1.9
Me-MAP 49.2 +0.7
dC 46.4 0
MOE-MAP 44.5 �0.5

[a] Tm values were determined in 10 mm NaH2PO4/Na2HPO4 buffer
(pH 7.0) containing 200 mm NaCl. The concentration of TFO: target
DNA was 3.0 mm :1.0 mm. Each value is the average of two independent
experiments. The Tm values for dMAP, MeC, Me-MAP, dC and MOE-
MAP are from our previous studies.[12] Calculated DTm/modifications are
�0.2 8C. DTm/mod indicates the increase in Tm per modification (4 modi-
fications per TFO).
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dues were replaced by AE-MAP, which is consistent with
the previous results on 2’-modified dMAP analogues.[12] In
contrast, an increase in Tm of 6.1 8C was observed on replac-

ing the four dC residues with AE-MeC, indicating that the
AE-MeC·G base pair is more stable than CG in contrast to
AE-MAP·G which is much less stable. Therefore, though
both types of TFO show potent triplex stabilization, unlike
AE-MeC the incorporation of AE-MAP renders oligonucleo-
tides selective for double rather than single stranded DNA.
This major reduction in single strand binding (�19.6 8C for
AE-MAP relative to AE-MeC) should be an advantage in
triplex-mediated gene inhibition studies because single
stranded DNA or RNA can potentially sequester TFOs.

DNase-1 footprinting : In addition to the UV melting results,
DNase I footprinting was carried out with TFO-7 to com-
pare AE-MAP with other nucleotides in TFO-1, -3, -4, -5
and -6 (Me-MAP, dC, MeC, dMAP and AE-MeC respective-
ly). For these experiments we used a DNA fragment that
contained the same target duplex as the UV melting stud-
ies.[12] DNase I footprinting experiments comparing AE-
MAP with dMAP and MeC at pH 7.5 are shown in Figure 6.

Figure 2. UV melting curves (top) and derivatives (bottom) of TFOs with
target hairpin duplex 1 at pH 7.0: TFO-3, X =dC (black), TFO-6, X=

AE-MeC (red) and TFO-7, X =AE-MAP (green). UV melting curves
were recorded at 280 nm. Triplex sequence in Figure 1A.

Figure 3. Selectivity studies of AE-MAP (X) towards Watson–Crick base
pairs (YZ): 3 = propanol, t= 2’-aminoethoxy-T, S =2’-methoxyethoxy-S;
duplex 1, YZ=GC; duplex 2, YZ =CG; duplex 3, YZ= AT; duplex 4,
YZ= TA.

Table 2. Selectivity, Tm values [8C] of triplexes between TFO-7 (X=AE-
MAP) and target DNA duplexes.[a]

Triplet (X·YZ) X·GC X·CG X·AT X·TA

Tm 59.0 49.8 (�9.2) 51.9 (�7.1) 54.6 (�4.4)

[a] Values in parentheses are the difference between the Tm with a GC
base pair target and the Tm with the incorrect CG, AT and TA base pairs.
Experiments were carried out at pH 7.0 using the same conditions as in
Table 1.

Figure 4. Affinity studies of TFO-3,-6,-7 towards antiparallel complemen-
tary single-stranded DNA: t= 2’-aminoethoxy T, S =2’-methoxyethoxy-S.
TFO-3, X =dC. TFO-6, X= AE-MeC. TFO-7, X =AE-MAP.

Figure 5. UV melting curves (top) and derivatives (bottom) of TFOs
3,6,7 with Watson–Crick complementary single stranded DNA: TFO-3,
X =dC (black). TFO-6, X= AE-MeC (red). TFO-7, X =AE-MAP
(green). Duplex sequence in Figure 4. Experiments were performed in
10 mm sodium phosphate pH 7.0, 200 mm NaCl. UV melting curves were
recorded at 260 nm.

Table 3. Tm values for duplex melting.[a]

TFO Nucleoside (X) Tm [8C] DTm (X-dC)

TFO-3 dC 43.0 –
TFO-6 AE-MeC 49.1 +6.1
TFO-7 AE-MAP 30.6 �13.6

[a] Tm values are an average of three melting temperatures. The experi-
ments were performed in 10 mm NaH2PO4/Na2HPO4 buffer pH 7.0 con-
taining 200 mm NaCl: single stranded DNA/TFO =1.05 mm/1.00 mm.
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The DNA fragment contains two identical copies of the tri-
plex target site (indicated by the bars), which are arranged
in opposite orientations; the upper site shows the purine-
containing strand of the target, while the lower site reveals
the pyrimidine-containing strand. TFO-7 produces a clear
footprint, which extends to concentrations below 10 nm, sim-
ilar to that seen with MeC and a little stronger than with
dMAP. At this pH there is little difference between these
TFOs containing different C analogues as the interaction is
dominated by the strong t·AT triplet (t= 2’aminoethoxy-T).

One interesting feature of these footprints is evident in
the enhancements that are produced at the 3’- (lower) end
of the upper (purine-containing) strand indicated by the as-
terisk. This effect has often been noted at triplex-duplex
junctions. This enhancement is one base higher with MeC
than AE-MAP, suggesting that the terminal MeC·GC triplet
is fraying, while AE-MAP·GC is not. Since the triplexes are
stable at pH 7.5 we extended these studies to higher pH
values and the results are shown in Figure 7.

TFO-7 produces a very similar footprint at pH 8.0 to that
seen at pH 7.5, extending to concentrations below 10 nm. At
pH 9.0 both TFOs containing the 2’-aminoethoxy substituent
(AE-MAP and AE-MeC) still produced very stable com-
plexes, while MeC, Me-MAP and dC required much higher
concentrations to bind (300 nm, 1 mm and 3 mm respectively).
These triplexes are all stabilized by the 2’-aminoethoxy-
T·AT triplet (t·AT) and therefore occur at higher pH values
than would have been the case with T·AT, but the additional
enhancement resulting from the 2’-aminoethoxy group on

MAP is clear, producing a footprint at concentrations that
at about 300-fold lower.

The above footprinting studies indicate that AE-MAP
and t constitute a potent triplex-stabilizing combination at
high pH, enhancing the binding of the TFO to its target
duplex. They are therefore likely to function effectively
under physiological conditions where only low concentra-
tions of TFO are likely to reach the genomic target. The im-
portance of the 2’-aminoethoxy group in enhancing the
binding of TFOs has been demonstrated previously, and the
present study lends further support to these findings.[21] It
also implies that triplex binding could be further enhanced
if S is replaced by 2’-aminoethoxy S.[22]

Resistance to nuclease degradation : We have previously ob-
served rapid nuclease-mediated degradation of TFOs con-
taining dMAP in serum,[12] thus making them unsuitable for
in vivo applications. It is known that the 2’-aminoethyl
modification on N-linked nucleosides renders oligonucleo-
tides strongly resistant to enzyme digestion.[14] We therefore
investigated whether the same is true of 2’-aminoethoxy
modified C-nucleosides by evaluating an oligonucleotide
containing several AE-MAP residues (TFO-8).

The oligonucleotides used in this enzymatic degradation
resistance study (Table 4) are identical in their basic se-
quence to those containing Me-MAP and MOE-MAP which
were studied previously.[12] Oligonucleotides modified with
dMAP (TFO-9) and dC (TFO-10) were compared with AE-
MAP (TFO-8). TFO-8, -9 and -10 were incubated in a
medium containing fetal bovine serum (FBS) for various pe-
riods from 1–24 h and their stability was determined by de-
nature PAGE analysis (Figure 8).

Figure 6. DNase I footprinting of TFOs containing AE-MAP (TFO-7);
dMAP (TFO-5) and MeC (TFO-4). The experiment was performed in
10 mm Tris-HCl pH 7.5 containing 50 mm NaCl. TFO concentrations (nm)
are shown at the top of each gel lane. Tracks labeled “Con” are control
lanes in the absence of added TFO. The track labeled “GA” is a marker
specific for purines. The locations of the two triplex target sites are indi-
cated by the bars.

Figure 7. DNase I footprinting of TFOs containing AE-MAP (TFO-7) at
pH 8.0 and AE-MAP (TFO-7), AE-MeC (TFO-6), MeC (TFO-4), Me-
MAP (TFO-1) and dC (TFO-3) at pH 9.0. The experiments were per-
formed in 10 mm Tris-HCl pH 8.0 or 9.0 containing 50 mm NaCl. TFO
concentrations (nM) are shown at the top of each gel lane. Tracks labeled
“Con” are control lanes in the absence of added TFO. The track labeled
�GA� is a marker specific for purines. The locations of the two triplex
target sites are indicated by the bars.
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The controls TFO-10 (dC) and TFO-9 (dMAP) were rap-
idly degraded, with the appearance of shorter length bands
after only 1 h incubation. The dMAP-containing TFO was
extensively degraded after 6 h incubation, and there was no
intact TFO after 24 h. TFO-10 was slightly more resistant to
degradation than TFO-9: about half of the intact TFO re-
mained after 6 h incubation. By comparison, the TFO con-
taining AE-MAP (TFO-8) was largely intact even after 24 h
incubation though minor degradation was observed. This is
probably due to the loss of the “unprotected” 3’-thymidine.
No further degradation of TFO-8 was observed in our ex-
periments probably due to the presence of the 2’-aminoe-
thoxy group and the protonated primary amine which may
inhibit both enzyme binding and phosphodiester cleavage.
Clearly AE-MAP confers much more resistance towards nu-
cleases-mediated oligonucleotide degradation than the 2’-de-
oxyribose analogues dMAP and dC. Interestingly dMAP is
particularly susceptible to enzymatic degradation.

Conclusion

AE-MAP phosphoramidite monomer has been synthesized
from 1-O-methyl-3,5-di-O-benzyl-a-d-ribofuranoside (1)
and dibenzylated 2-amino-5-bromo-3-methyl-pyridine (9).
UV-melting and DNase I footprinting studies on TFOs con-
taining AE-MAP indicate that it is a potent triplex-stabiliz-
ing monomer that confers high nuclease resistance on oligo-

nucleotides. AE-MAP binds more tightly to the desired GC
base pair than CG, AT and TA and incorporation of AE-
MAP into oligonucleotides suppresses duplex formation
with complementary antiparallel Watson–Crick strands, in
contrast to the corresponding sequences containing AE-MeC.
These properties suggest that TFOs containing the C-nu-
cleoside AE-MAP have potential in site-directed gene
knock-out and inhibition of gene expression.
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Figure 8. 20% PAGE denaturing gel showing the time-course of TFO
degradation in serum, following incubation of TFO-8, -9 and -10 at
pH 7.0, 37 8C. Samples were incubated for 1, 3, 6, 12 and 24 h. The nega-
tive control (Cnt) was incubated at 37 8C for 24 h in the absence of
serum. The gel was visualized by UV shadowing.

Table 4. Oligonucleotides used in nuclease degradation experiments.[a]

TFO code X Stability

TFO-8 AE-MAP +

TFO-9 dMAP �
TFO-10 dC �

[a] TFO Sequence=TXTTXTTTTTTXTTXTTXXT.
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Templated DNA strand ligation by the ring-strain promoted

alkyne–azide [3+2] cycloaddition reaction is very fast; with

dibenzocyclooctyne, the reaction is essentially complete in 1 min.

It is inhibited by the presence of a single mismatched base pair

suggesting applications in genetic analysis.

The CuAAC ‘click reaction’ (CuI-catalysed [3+2] alkyne azide

cycloaddition) has been used in a vast range of applications

due to its high efficiency and orthogonality with almost all

other functional groups and solvents.1 It has found favour in

the nucleic acids field2 as a method of joining together single

strands of DNA, cross-linking complementary strands,2,3

cyclising single and double strands,4,5 labelling oligonucleo-

tides with reporter groups,2,6–9 attaching DNA to surfaces,2

producing analogues of DNA with modified nucleobases2,7,10,11

and backbones,2,12–14 synthesising large chemically modified

RNA constructs15 and creating biochemically active PCR

templates.12 However, CuI has undesirable cytotoxicity even

at low concentrations16 so it is not fully compatible with in vivo

applications. Unfortunately, the uncatalysed DNA-templated

AAC reaction with terminal alkynes is exceedingly slow in

comparison17 unless highly activated alkynes are used, and

these are unstable in water. Clearly, it would be advantageous

to have the option to carry out click chemistry on DNA in the

absence of metal ion catalysis. For carbohydrates this problem

has been elegantly solved16,18–22 by the introduction of the ring

strain-promoted azide–alkyne [3+2] cycloaddition reaction

(SPAAC).23,24 This involves the reaction between an azide

and a strained alkyne such as a cyclooctyne. Here, we have

adopted this approach for nucleic acids and describe the use of

cyclooctyne derivatives in CuI-free templated DNA ligation

(Fig. 1).

The aim of this study was to discover alkynes that would

react quickly with azides at low concentration under

DNA-templated conditions, but remain unreactive in a

non-templated mode. This should be achievable, as DNA

templation accelerates reaction rates by several orders of

magnitude.17 To achieve this objective we have synthesised

two activated cyclooctyne derivatives (Fig. 2) for conjugation

to amino-functionalised oligonucleotides; the non-substituted

cyclooctyne (NSCO, 1) and the previously reported dibenzo-

cyclooctynol (DIBO, 2).25 We anticipated that alkyne 2 would

be more reactive towards azides than 1 because the aromatic

rings are expected to impose additional ring strain and electron

withdrawing properties.25 For the method to be suitable for

the controlled simultaneous ligation of several oligonucleotides it

is important that the ligation reaction occurs only in the

presence of a complementary DNA template so that only

the desired products are formed. Therefore it was necessary

to compare reactivity under both templated and non-

templated conditions.

Initially both alkynes were attached post-synthetically to the

50-end of an aminohexyl-labelled oligonucleotide (ODN-1, 2,

Table 1). The NHS ester of 6-azidohexanoic acid was added to

a 30-amino alkyl labelled oligonucleotide to provide the azide

oligonucleotide (ODN-3) which has a fluorescein dye at the

50-end to allow visualisation at low concentrations. HPLC

purification was carried out on all oligonucleotides and the

products were characterised by mass spectrometry (ESI).

Templated and non-templated ligation reactions between

azide ODN-3 and alkyne ODN-1 and ODN-2 were carried

out in the absence of CuI.

Of the two cyclooctynes tested, DIBO (2) was much faster in

templated ligation (Fig. 3). Reactions with this alkyne

proceeded cleanly and were essentially complete within

1 min at 2 mM DNA concentration. NSCO (1) also reacted

cleanly but required more than 30 min for complete reaction.

In both cases the non-templated reactions gave little or

no product under otherwise identical conditions (Fig. 3).

Importantly, introduction of a single mismatch base pair

between template ODN-11 and DIBO-labelled ODN-1 was

sufficient to inhibit the ligation reaction (Fig. 3 lanes 17, 18),

pointing to future applications in genetic analysis.

Interestingly the addition of CuI strongly inhibited the

SPAAC reaction (Fig. 4a lanes 4, 5, 8, 9 and ESIw). There
are two possibilities here: either the alkyne is deactivated on

complexation to CuI, or degrades when exposed to the metal

ion. Treatment of the cyclooctyne ODNs with CuI indicated

that no degradation occurred (analysis by mass spec and gel
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electrophoresis). To test the stability of the putative complex

with cuprous ion, the alkyne oligonucleotides were treated

with CuI then all small molecules were removed by sephadex

gel-filtration before carrying out the SPAAC reaction. This

process did not restore the reactivity of the alkyne suggesting

that the alkyne-CuI complex survived gel-filtration (Fig. 4a). It

is known that CuI readily forms a complex with cyclooctyne26

(Fig. 4b) and we assume that such a complex prevents

the SPAAC reaction from occurring. The complex was not

sufficiently stable to be observed by mass spectrometry of the

oligonucleotides. Ethylenediamine tetraacetic acid (EDTA)

(100 equ.) partially restored the reactivity of the cyclooctyne

oligonucleotide (ESIw).

Fig. 1 SPAAC click DNA ligation between azide-labelled and cyclooctyne-labelled oligonucleotides. (a) schematic of reaction (FAM =

6-carboxyfluorescein). (b, c) chemical structures of NSCO and DIBO alkynes respectively at the ligation point.

Fig. 2 (1, 2) Activated cyclooctynes for labelling amino-modified

oligonucleotides. (3) DIBO phosphoramidite for insertion during

solid-phase oligonucleotide synthesis.

Table 1 Oligonucleotide sequences. F = fluorescein, z = amino C7
labelled with 6-azidohexanoic acid, CK = aminohexyl labelled with
NSCO (1), DIBOK = aminohexyl labelled with DIBO (2), DIBOK1 =
dibenzocyclooctynyl derived from phosphoramidite (3). X, Y and
Z = ligated triazole products derived from ODN-3 with ODN-1,
ODN-2 and ODN-4 respectively. FzDIBO = 6-fluoresceinamidopro-
pylazide + DIBO

Code Oligonucleotide sequences

ODN-1 DIBOK-GCGATCAATCAGACG
ODN-2 CK-GCGATCAATCAGACG
ODN-3 F-CTTTCCTCCACTGTTGCz
ODN-4 DIBOK1-GCGATCAATCAGACG
ODN-5 TTTATTGATCGCGCAACAGTGTTT
ODN-6 F-CTTTCCTCCACTGTTGC�XGCGATCAATCAGACG
ODN-7 F-CTTTCCTCCACTGTTGC�YGCGATCAATCAGACG
ODN-8 F-CTTTCCTCCACTGTTGC�ZGCGATCAATCAGACG
ODN-9 FzDIBOK1-GCGATCAATCAGACG
ODN-10 CTTTCCTCCACTGTTGCGCGATCAATCAGACG
ODN-11 TTTATTCATCGCGCAACAGTGTTT

Fig. 3 SPAAC templated and non-templated reactions comparing

DIBO and NSCO alkyne oligonucleotides. Lanes 1–3: templated

reactions using DIBO ODN-1; 0 min, 5 min, 30 min, RT, lanes 4–6:

non-templated reactions using DIBO ODN-1; 0 min, 5 min, 30 min,

RT, lanes 7–9: templated reactions using NSCO ODN-2; 0 min, 5 min,

30 min, RT, lanes 10–12: non-templated reactions using NSCO

ODN-2; 0 min, 5 min, 30 min, RT, lane 13: azide ODN-3, lanes 14–16:

templated reactions using DIBO ODN-1; 1 min, 3 min, 5 min, RT, lanes

17 and 18 discrimination between fully matched and mismatched

templated reactions using DIBO ODN-1 and templates ODN-5, (fully

matched, lane 17) and ODN-11 (single base pair mismatch, lane 18);

5 min, 45 1C. All reactions performed at 2 mM oligonucleotide conc. in

0.2 M aq. NaCl for the specified time then mixed with formamide and

loaded directly onto a 20% polyacrylamide gel.

Fig. 4 (a) SPAAC templated and non-templated reactions using

alkyne oligonucleotides pre-treated with CuI. Lane 1: azide ODN-3,

lanes 2 and 3: control, templated and non-templated SPAAC reactions

using the DIBO alkyne oligonucleotide (ODN-1), lanes 4 and 5:

templated and non-templated reactions using DIBO oligonucleotide

(ODN-1) pre-treated with CuI, lanes 6 and 7: control; templated and

non-templated SPAAC reactions using the NSCO alkyne oligonucleo-

tide (ODN-2), lanes 8 and 9: templated and non-templated reactions

using NSCO oligonucleotide (ODN-2) pre-treated with CuI. All

reactions carried out at 2 mM DNA conc. in 0.2 M NaCl for 30 min

at room temperature before loading directly onto a 20% polyacrylamide

gel. (b) Cu(I)-cyclooctyne complex.26
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Ultraviolet melting studies on duplexes containing the

alkynes NSCO (1) and DIBO (2) showed a decrease of

B7 1C in melting temperature (Tm) compared with the

unmodified duplex which had a Tm of 66.1 1C (ESIw). The
similarity in Tm for both ligated oligonucleotides was expected

as both triazole linkers are quite long. If the linker was short

there might be a difference in stability between duplexes

containing the two different alkynes as DIBO is more bulky,

and might also participate in aromatic stacking interactions

with the nucleobases.

It would be more convenient if the alkyne functionality

could be added to oligonucleotides during solid-phase

synthesis rather than post-synthetically. This would provide

the necessary orthogonality to facilitate the synthesis of

cyclooctyne oligonucleotides which also contain sensitive

fluorescent dyes or other labels which have to be added as

active esters after solid-phase synthesis. With this in mind, and

to evaluate the effect of the length of cyclooctyne linker on

click reactivity, we prepared the phosphoramidite derivative 3

of DIBO (Fig. 2 and ESIw). The cyclooctyne was completely

stable to oligonucleotide synthesis and deprotection conditions,

including heating in conc. aqueous ammonia for 5 h at 55 1C.

Pure alkyne-labelled oligonucleotides were readily obtained

and these gave efficient templated ligation with azide oligo-

nucleotides (ESIw). UV melting of the duplex containing the

ligated product (ODN-8) from phosphoramidite 3 (propyl-

carbamoyl linker) gave a similar Tm to that obtained from the

ligated product (ODN-6) derived from the alkyne active ester

(amidohexyl linker) (ESIw).
Oligonucleotide labelling with fluorophores is of major

importance for DNA diagnostics, sequencing and related

applications.27 Some fluorophores can be incorporated into

oligonucleotides during solid-phase synthesis but many are

labile, and therefore unsuitable for direct insertion. In such

cases an alternative strategy is to introduce fluorophores post-

synthetically by the use of amine/NHS ester, thiol/iodoacetamide

or thiol/maleimide chemistry. These methods have limitations,

as the electrophiles rapidly decompose in aqueous media.

In recent years click chemistry has become an important

alternative; it provides the highest conjugation efficiency and

uses very stable, robust alkynes and azides. Oligonucleotide

labelling using the copper-free SPAAC reaction would

constitute a significant advance and could in principle be

carried out in vivo. To evaluate this chemistry, labelling

of ODN-4 with 6-carboxyfluorescein azide (10 eq.) was

performed at 37 1C for 1 h, resulting in complete conversion

to labelled oligonucleotide ODN-9 as two isomeric fluorescent

products (ESIw). While working on this manuscript two

independent reports have appeared on the use of this

methodology for adding tags to DNA.28,29

In summary, two cyclooctynes have been incorporated into

oligonucleotides and used in SPAAC reactions. Templated

DNA ligation was very fast and a single base pair mismatch

was sufficient to strongly inhibit the reaction. It should be

possible to use this approach for multiple simultaneous

templated DNA ligation reactions if participating oligo-

nucleotides are labelled with either two alkynes or two azides.

The SPAAC reaction is orthogonal to amide bond formation

and the Diels–Alder reaction on DNA30 and, unlike the

CuAAC reaction, does not require catalysis with toxic metals.

Importantly the cyclooctyne and azide oligonucleotides are

both stable in aqueous buffer. The SPAAC reaction on DNA

has potential for applications in biology, genomics and

nanotechnology.

AHE-S and TB have received funding from the European

Union’s Seventh Framework Programme (FP7/2007-2013)

under grant agreement no 201418 (READNA).
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a b s t r a c t

A convenient method of oligonucleotide labeling using click chemistry has been developed. A 20-me-
syloxyethyl ribothymidine phosphoramidite monomer was incorporated into DNA at several loci during
solid phase oligonucleotide synthesis and converted to 20-azidoethyl ribothymidine in high yield on the
synthesis resin. The resultant azide oligonucleotides were doubly and triply labeled with alkyne-
modified cyanine dyes and their biophysical properties were studied. The influence of the dye struc-
tures and method of labeling on the fluorescence properties of the DNA probes is discussed and com-
pared with a standard labeling method using active esters of Cy-Dyes.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorescence remains the principal detection method in DNA
diagnostics, sequencing, genomics, and forensic analysis.1,2 Fluo-
rescent probes have found wide applications in the detection of
genetic variations in DNA and identification of single nucleotide
polymorphisms. The most commonly used probes are Molecular
Beacons,3e7 Scorpion primers,8,9 TaqMan probes,10,11 Hairpin
primers,12 and Hybridization probes.13 Currently there is a drive to
develop novel fluorescence techniques to provide highly sensitive
and rapid nucleic acid interrogation methods that are compatible
with high throughput sequence analysis. Continual improvements
in nucleic acid labeling chemistry and fluorophore design are vital
to support these developments, and the new technologies require
a supply of dyes with varying fluorescence characteristics.14 Among
the most widely employed fluorophores in nucleic acid-based ap-
plications are the cyanine dyes. They are used as donors/acceptors
in fluorescence resonance energy transfer (FRET) to measure dis-
tances in biological systems,15e17 in nucleic acids sequencing, in
fluorescence in situ hybridization (FISH), in DNA microarrays,18e20

and for bio-imaging in living cells.21e25

Twomain strategies are used for the attachment of fluorophores
to oligonucleotides; addition during solid-phase synthesis, and

post-synthetic labeling. The first method requires the availability of
phosphoramidite monomers with the dye attached to an artificial
backbone, a sugar or a nucleobase. This approach is not feasible if
the dye is unstable to oligonucleotide deprotection conditions. The
second strategy, post-synthetic labeling, is accomplished by re-
action of an active ester derivative of a fluorophore with an amino-
modified oligonucleotide. Although this method is more widely
employed than any other oligonucleotide labeling strategy, it is low
yielding when multiple fluorophore additions are required. An al-
ternative labeling chemistry, the copper-catalyzed 1,3-dipolar cy-
cloaddition reaction between a terminal alkyne and an azide
(CuAAC reaction), has become an importantmethod for attachment
of reporter groups to nucleic acids, peptides, sugars, and other
biomolecules.26 The term ‘click chemistry’ was introduced to de-
scribe this and other highly efficient and selective chemical reac-
tions.27e30 The CuAAC reaction for the post-synthetic labeling of
alkyne-modified DNA has been reported by Carell,31,32 Seela33 and
others,26 and has recently been used for fluorescent labeling of
uridine using phenoxazinium-azide and coumarin-azide.34 There
are many examples of labeling alkyne-modified oligonucleotides
with azide-functionalized dyes, but there are only limited reports of
the use of alkyne-derivatized fluorophores and azide labeled oli-
gonucleotides. Seo et al. successfully labeled a 50-azide oligonu-
cleotide with an alkyne derivative of fluorescein in the absence of
Cu(I), but this method required large excess of the dye, high tem-
perature and long reaction times.35 Lietard et al. described* Corresponding author. Tel.: þ44 (0) 2380 592974; fax: þ44 (0) 2380 592991;

e-mail address: tb2@soton.ac.uk (T. Brown).
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a method for the introduction of an azide into the 50-end of the
oligonucleotide by coupling bromohexenyl phosphoramidite to the
oligonucleotide and converting the bromo group to azide.36 Both
methods, despite being efficient, are restricted to labeling at the 50-
end. Recently, Aigner et al. described the synthesis of the 20-azido-
20-deoxyuridine and 20-azido-20-deoxyadenosine-30-phospho-
diester monomers for incorporation into RNA by manual phos-
photriester coupling to the RNA strand.37 This approach avoided the
undesired reaction between an azide and P(III) in the same mole-
cule.38 The same group has synthesized 30-azido-modified tRNA
using a 30-azido-30-deoxyadenosine-functionalized solid support
for the synthesis of RNA,39 and Wagenknecht has reported the
conversion of 5-iodo-dU to 5-azido-dU in oligonucleotides on
a solid support.40

We have been exploring simple and efficient methods of in-
troducing multiple azide groups into oligonucleotides in order to
carry out ‘reverse click labeling’ with reporter groups, and in this
paper we describe a suitable method for achieving this objective.
We also describe the convenient synthesis of a series of alkyne-
functionalized cyanine dyes (Fig. 1) and their use in labeling
HyBeacon probes. The fluorescent labels are attached to the 20-
position of the ribose sugar of thymidine and do not prevent base
pairing. Our approach can be used to introduce fluorophores onto
any thymidine nucleotide in a DNA sequence, and for multiple
labeling. Reverse click labeling is particularly useful for func-
tionalizing oligonucleotides with Cy-Dyes, given the availability
of a wide range of ethynyl Cy-Dyes. The reverse-click oligonu-
cleotide labeling methodology is outlined below and the syn-
thesis of the ethynyl Cy-Dyes is described in the Supplementary
data.

2. Results and discussion

2.1. Synthesis of azide-functionalized oligonucleotides and
dye-labeling

Our dye-labeling method is described in Fig. 2. In the first step
the 20-mesyloxyethyl ribothymidine41,42 is converted to a phos-
phoramidite monomer, which is introduced into oligonucleotides
during solid-phase synthesis. The mesyl group is then displaced by
azide while the DNA remains attached to the solid support. This
‘mesyl to azide’ conversion strategy was adopted because of the
well-known incompatibility of the azide functionality with P(III)
chemistry (Staudinger reaction).43,44 Although it is possible to
successfully carry an azide group through oligonucleotide synthesis
(e.g., using 30-azide attached to a resin)39 it is not possible to
combine the azide group with P(III) in the same monomer, hence
azides cannot be used as phosphoramidite monomers and this
limits the synthesis of oligonucleotides containing multiple azides.
In contrast to azide, the mesyl group is fully compatible with
phosphoramidite oligonucleotide synthesis. Suitable conditions for
the azide displacement reaction were found to be sodium azide in
anhydrous DMF with a reaction time of 20 h at 65 �C, under which
the azide displacement step proceeds in high yield (Fig. 3A).

The dye-labeling reactions were carried out on the oligonucle-
otide synthesis resin to take advantage of the ease by which the
excess free dye can be removed by washing the solid support with
organic solvents. A tris-hydroxypropyl triazole ligand was used to
accelerate the reaction and prevent oligonucleotide degradation.45

The copper(II) sulfate and sodium ascorbate provided a source of
Cu(I). The ethynyl Cy-Dyes were dissolved in DMSO and the

Fig. 1. Structures of Cy5, Cy3, and Cy3B derivatives synthesized in this study; ethynyl-dyes (Et), N-pentynyl-dyes (Np), and phenyl-ethynyl-dye (Ph).
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reaction was heated for 2 h at 55 �C. After dye-labeling, oligonu-
cleotides were cleaved from the resin, deprotected, purified by
reverse phase HPLC and characterized by mass spectrometry and
capillary electrophoresis (Supplementary data). The efficiency of
multiple dye-labeling was generally very good (Fig. 3BeE). The
fluorescent probes described in this paper were labeled whilst at-
tached to the synthesis resin, but the method is also suitable for
post-synthetic solution-phase labeling as demonstrated in Fig. 3E.
The latter approach is necessary for dyes, which are unstable to
oligonucleotide deprotection conditions.

2.2. Synthesis and photophysical properties of Cy-Dyes

The above labeling method requires the availability of fluores-
cent dyes functionalized with terminal alkynes. Our synthesis of
the ethynyl and N-pentynyl Cy-Dyes was based on published
methods,14,21,46e50 and is described in the Supplementary data. A
conjugated alkyne (ethynyl-dyes) causes a bathochromic shift in
the absorption and fluorescence emission spectra of w10 nm rel-
ative to the parent Cy-Dye, and an additional aromatic ring (Cy3.5
and Cy5.5) causes a bathochromic shift of w20 nm (Table 1). The
triple bond and aromatic ring combined (Cy3.25 and Cy5.25) cause
a bathochromic shift ofw30 nm, which is consistent with previous
reports.51,52 After click labeling, the triazole has a similar effect to
the alkyne on the absorption and emission spectra of the dyes. As
expected, absorption and emission maxima of labeled oligonucle-
otides also exhibit a small bathochromic shift (Table 4).

We used the synthetic methodology in Fig. 2 to synthesize
a series of Cy-Dye labeled HyBeacon probes. HyBeacons53 are single
stranded oligonucleotides containing two or more internal

fluorophores. They exhibit high fluorescence when hybridized to
a complementary strand and low fluorescence when single
stranded. Fluorescence is quenched in the single strand due to the
interactions between the dyes, and also by interactions with the
nucleobases.54 These quenching interactions cannot occur in the
rigid double strand, which is highly fluorescent. HyBeacon probes
have been used in DNA sequence detection, allelic discrimina-
tion,41,53,55 human STR analysis,56 and the analysis of human ge-
netic polymorphisms.57

2.3. Fluorescence properties of click-labeled HyBeacons

Our previous fluorescence studies indicated that HyBeacons
labeled with Cy-Dyes exhibit favorable fluorescence properties
when the labels are located in theminor groove at the 20-position of
the ribose sugar.41 This is most likely due to restriction of rotation
around the polymethine chain caused by DNA binding. Therefore in
this study the same principle was followed. The system chosen for
evaluation of the HyBeacons was the R516G mutation in the CFTR
gene, which we have used previously.41 This enabled comparisons
to be made between HyBeacons labeled by the NHS-ester method
and by click chemistry. Three different inter-nucleotide separations
were used in order to find the optimum distance between two
fluorophores in the dual-labeled HyBeacons (Table 2).

HyBeacons were hybridized to the wild type (WT) target or
mutant type (MT) target to form duplexes and fluorescence melting
studies were carried out. The HyBeacons with the fluorophore
separation, which gave the best melting curves are shown in Fig. 4.
The optimum dye separation was either 5 or 7 nucleotides. The
melting curves of all other oligonucleotides are presented in the
Supplementary data.

Photoisomerization of Cy-Dyes is a very efficient deactivation
process that has been widely studied.58,59 After absorption of light,
Cy-Dyes isomerize from the first excited singlet state through
a partially twisted intermediate to a ground state photoisomer,
which is non-fluorescent. The twisted state and ground state
photoisomer are able to return back to the thermodynamically

Fig. 3. A: Reversed-phase HPLC analysis of the mesyl to azide functional group con-
version (dCGCTTCXGTATCXATATTCATC3, X¼B in Figs. 2 and 3¼30-propanol.). BeE:
Reversed-phase HPLC purification of dye-labeled oligonucleotides. B: on-resin ethynyl-
Cy3 labeling (dCGCTTCXGTATCXATATTCATC3), C: on-resin N-pentynyl-Cy5.5 labeling
(dCGCTTCXGTAXCTATATTCATC3), D: on-resin ethynyl-Cy5.25 labeling (dCGCTXC
TGTAXCTATAXTCATC3), E: N-pentynyl-Cy3 labeling in solution (dCGCTTCXGTATCXA-
TATTCATC3). *Indicates correct dye-labeled product. UV monitoring at 295 nm. Full
HPLC conditions are reported in the Experimental section. Product peaks eluted be-
tween 18 and 24 min, peaks to the left of the product are failure sequences and un-
labeled oligonucleotides.

Table 1
Absorption maximum (Amax), emission maximum (Emmax), and quantum yield (F)
of free Cy-Dyes in ethanol

Cy-Dye Amax l [nm] Emmax l [nm] 3
a [M�1 cm�1] F

Et-Cy5 (1) 655 675 67,000 0.20�0.02
Np-Cy5 (2) 645 664 230,000 0.24�0.02
Et-Cy5.25 (3) 673 693 135,000 0.08�0.00
Np-Cy5.5 (4) 682 704 260,000 0.11�0.01
Ph-Cy5 (5) 680 703 201,000 0.10�0.01
Et-Cy3 (6) 560 577 95,000 0.08�0.00
Np-Cy3 (7) 550 563 116,000 0.05�0.00
Et-Cy3.25 (8) 580 598 85,000 0.04�0.01
Np-Cy3.5 (9) 590 607 70,000 0.09�0.00
Et-Cy3B (10) 567 584 118,000 0.76�0.05

a Extinction coefficients ( 3) measured in methanol. Excitation wavelength was
610 nm (Cy5 derivatives) and 540 nm (Cy3 derivatives). Extinction coefficients are
the average of three independent measurements.

(a) (b)

Fig. 2. (a) 20-Mesyloxyethyl ribothymidine phosphoramidite monomer. (b) Conversion
of 20-mesyloxyethyl ribothymidine A to 20-azidoethyl ribothymidine B; (i) NaN3, DMF,
65 �C, 20 h (ii) labeling with Cy-Dyes R (Fig. 1): CuSO4, sodium ascorbate, tris-
hydroxypropyl triazole ligand,45 DMSO, 55 �C, 2 h to give dye-labeled oligonucleo-
tide C.

Table 2
Oligonucleotide sequences (HyBeacon probes and targets) used for the click
chemistry labeling

Oligonucleotide name Oligonucleotide sequence n

HyB-3-Dye CGCTTCXGTAXCTATATTCATC3 3
HyB-5-Dye CGCTTCXGTATCXATATTCATC3 5
HyB-7-Dye CGCTTCXGTATCTAXATTCATC3 7
WT target CTATGATGAATATAGATACAGAAGCGTCAT d

MT target CTATGATGAATATGGATACAGAAGCGTCAT d

X: 20-azidoethyl-rT (the labeling position for Cy-Dyes), n: nucleotide spacing be-
tween the two X units, WT: wild type, MT: mutant, 3: 30-propanol.
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stable ground state trans-isomer. It is known that Cy-Dyes with
short polymethine chains undergo photoisomerization more ef-
fectively than those with longer chains. Consequently Cy3 is more
sensitive to temperature than Cy560e62 and the fluorescence in-
tensity of cyanine dyes is inversely dependent on tempera-
ture.58,60,63 In double stranded DNA this process is inhibited if the
dye can fit into the minor groove. However, when the duplex melts
and the minor groove collapses the trans to cis photoisomerization
of the Cy-Dye can occur more readily, leading to loss of fluores-
cence. In contrast, Cy3B exhibits the smallest general temperature
dependent fluorescence due to its rigid locked structure, which
prevents rotation around the polymethine bridge to produce
a particularly stable fluorophore.61

The best melting curves were observed for the 5 and 7 nucleo-
tide separation for all Cyanine dyes, andwild type (WT) andmutant
type (MT) targets displayed the expected difference in melting
temperature due to reduced duplex stability caused by the mis-
matched base pair (Supplementary data). This confirms that the
observed melting curves are a function of DNA duplex melting
and not an artifact of the introduction of dyes into the minor
groove. The UV melting studies also confirm that the 20-modified
thymidine nucleotides do not strongly destabilize the DNA
duplex (Table 5).

Click-labeled HyBeacons perform better than 20-amino-
ethoxy-T modified HyBeacons labeled with N-hydrox-
ysuccinimide esters of Cy-Dyes41 (Fig. 5). This comparison
indicates that the triazole moiety and/or the length and struc-
ture of the linker between the nucleoside and the dye have an
influence on the HyBeacon effect. It also highlights the impor-
tance of varying the structure of the fluorophore and the
method of attachment to DNA to optimize the performance of
HyBeacon probes. Melting curves of other Cy-Dye labeled
HyBeacons are given in the Supplementary data.

Large changes in emission intensity were observed at room
temperature between single and double stranded HyBeacons. The
fluorescence of single-stranded HyBeacons and HyBeacon-target
(WT and MT) duplexes was measured under identical conditions
using the absorption maximum of each dye as the excitation
wavelength. The experiments were carried out at 25 �C for con-
sistency and emission scans were repeated on five separate sam-
ples tominimize errors. Themost remarkable quenching properties
were observed for the pentamethine cyanines. For example,
ethynyl-Cy5 exhibited 80e90% quenching for 5 and 7 nucleotide
separation and ethynyl-Cy5.25 gavew90% quenching (Table 3). For
optimum quenching in the single strand, the triple bond/triazole
should be placed directly on the indole ring. The quenching data for
all dyes is presented in the Supplementary data.

The large decrease in fluorescence intensity on HyBeacon du-
plex melting observed for some of the Cy-Dyes can be explained by
dye-dye interactions. Fig. 6A shows the absorption (solid) and
emission (dashed) spectra of a single stranded oligonucleotide
labeled with ethynyl-Cy5 (red) and the double stranded form
(blue). The emission of the single stranded oligonucleotide when
excited at 658 nm is very low. The changes in the shape of the
absorption spectra observed in the single-stranded HyBeacon are
caused by aggregation of the dyes. Free dyes in aqueous solution
form dimers and higher oligomers.64 The monomeric Cy-Dye has
an absorption spectrum like that of the double stranded HyBeacon
(Fig. 6A, blue, solid line). For dimeric Cy-Dyes, the absorption
spectrum changes and resembles that of a single-stranded
HyBeacon (Fig. 6A, red, solid line).

It is likely that in a single-stranded HyBeacon the dyes aggregate
to form a dimer, while upon duplex formation they are pulled apart
to produce an absorption spectrum corresponding to the mono-
meric state of the dyes. When two identical dye molecules form
a dimer, the optical transition from the ground to higher states is

Fig. 4. Fluorescence melting curves (left) and derivatives (right) of HyBeacons with optimal dye-spacing when hybridized to complementary WT target. A, B: HyBeacons labeled
with Cy5 dyes; C, D: HyBeacon labeled with Cy3 dyes.
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intense, but the transition from higher to lower is optically for-
bidden.64 This photophysical phenomenon could explain the very
low fluorescence intensity of single-stranded HyBeacons and the
large change in emission intensity between the single and double

stranded forms, which is a desirable feature of HyBeacon probes.
Two main types of aggregation can occur leading to either H or
J-aggregates. H-aggregates occur when neighboring dyes form di-
mers with a small offset of less than 8 �A. If the dyes possess addi-
tional positively charged groups they can also form J-aggregates,
with a larger offset between monomers to lower the repulsion

Table 3
Comparison of fluorescence emission intensity of single and double stranded
HyBeacons

Dye Oligonucleotide name DI [%]

Et-Cy5 (1) HyB-5-EtCy5 88.6�0.9
Et-Cy5.25 (3) HyB-5-EtCy5.25 90.1�0.9
Np-Cy5.5 (4) HyB-7-NpCy5.5 83.8�2.1
Ph-Cy5.25 (5) HyB-7-PhCy5.25 91.9�1.3
Et-Cy3B (10) HyB-7-EtCy3B 76.9�2.3

DIdchange in the emission intensity between ss and ds HyBeacons; Standard de-
viation was calculated from five repeats; Emission intensity of all the samples was
measured at 25 �C.

Table 4
Parameters used for the fluorescence melting studies

Oligonucleotide namea l ex [nm] lem [nm]

HyB-EtCy5 658 680
HyB-NpCy5 647 667
HyB-EtCy5.25 675 695
HyB-NpCy5.5 685 704
HyB-PhCy5.25 682 700
HyB-EtCy3 560 582
HyB-NpCy3 550 566
HyB-EtCy3.25 581 604
HyB-NpCy3.5 590 610
HyB-EtCy3B 570 586

a For all HyBeacons with 3, 5, and 7 nucleotide spacing, and for WTdWild type
and MTdMutant type combinations.

Table 5
UV melting of oligonucleotides labeled with Cy-Dyes with five base pair separation
between dyes

Oligonucleotide Tm [�C] DTm [�C]

Unmodified CGCTTCTGTATCTATATTCATC 57.19 d

HyB-5-EtCy5 49.76 �7.43
HyB-5-NpCy5 54.57 �2.65
HyB-5-EtCy5.25 48.01 �9.18
HyB-5-NpCy5.5 50.20 �7.02
HyB-5-PhCy5.25 52.03 �5.19
HyB-5-EtCy3 44.18 �13.0
HyB-5-NpCy3 54.39 �2.80
HyB-5-EtCy3.25 53.29 �3.90
HyB-5-NpCy3.5 51.18 �6.00
HyB-5-EtCy3B 52.89 �4.30

DTm [�C]ddifference in melting temperature of the oligonucleotide with two ad-
ditions of the Cy-Dyes (5 bp) and unmodified sequence.

Fig. 6. A: absorption (solid) and emission (dashed) spectra of an ethynyl-Cy5 labeled
HyBeacon. Single stranded (red, no target) and double stranded (blue, wild-type tar-
get). Excitation l¼658 nm. B: comparison of the emission intensity of a single-stranded
and double-stranded ethynyl-Cy5 click-labeled HyBeacon (red), the equivalent Hy-
Beacons labeled with Cy5 NHS-ester (blue), FAM NHS-ester (black), and Cy3 NHS-ester
(green).

Fig. 5. Comparison of the melting curves between HyBeacons labeled by click chem-
istry and by standard amide bond formation using NHS-esters of Cy-Dyes.
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between the charged groups.65 Dimer formation causes splitting of
the excited state due to exciton coupling between the dyes. Elec-
tronic transitions for H-aggregates are allowed to the upper state
only, leading to a hypsochromic shift of the absorption spectrum.
Upon non-radiative relaxation to the lower excited state the mol-
ecule is not fluorescent because fluorescence from the lower ex-
cited state is forbidden. In contrast, electronic transitions of J-
aggregates from the ground state to the lower excited state are
allowed. This causes a bathochromic shift of the absorption spec-
trum and strong fluorescence.66e69 Based on the observed differ-
ences in the absorption spectra of single and double stranded
HyBeacons it is likely that the two dyes in a single-stranded
HyBeacon are forming H-aggregates.

In stark contrast to click-labeled Cy5 HyBeacons (Fig. 6B, red),
the fluorescence emission of the equivalent oligonucleotides la-
beled with the commercially available NHS-ester of Cy5 (Fig. 6B,
blue) displayed less than 50% difference in emission intensity be-
tween double and single stranded forms at 25 �C. This was also
observed for other fluorescent dyes attached to DNA by similar
linkages (Fig. 6B). The large differences between single and double
stranded emission intensities for some click-labeled HyBeacons
show the importance of dye structure and the length and position
of the linker that joins the dye to the DNA. Thus HyBeacon probes
labeled by click chemistry are potentially useful in applications
where low background emission at room temperature is important,
such as FISH (fluorescence in situ hybridization) and in vivo
imaging.

3. Conclusions

Click chemistry has been successfully employed for the fluo-
rescent labeling of HyBeacon oligonucleotide probes. Our ap-
proach, using a 20-mesyloxyethyl ribothymidine phosphoramidite
allows multiple monomer incorporation at any thymidine position
in the oligonucleotide. Themesyl group can be readily converted to
azide post-synthetically, and subsequent labeling with alkyne
derivatives of fluorescent dyes is efficient. Studies on a wide range
of Cy-Dyes show that the optimum position of the triple bond for
efficient click conjugation is directly on the aromatic ring of the
dye. Comparisons with oligonucleotides labeled with NHS-esters
showed that oligonucleotides labeled by click chemistry possess
superior HyBeacon characteristics, which could be due to the
shorter linker between the dye and the DNA. The large difference
in emission intensity observed between single and double
stranded oligonucleotides that are doubly labeled with Cy5 and
Cy3B suggests that such probes could be useful for in vivo imaging
of RNA targets.

4. Experimental

4.1. Phosphitilation of the 20-mesyloxyethyl ribothymidine:
50-O-(4,40-dimethoxytrityl)-20-O-(2-methanesulfonylethyl)-5-
methyluridine-30-O-(2-cyanoethyl-N,N-diisopropyl)
phosphoramidite

50-O-(4,40-Dimethoxytrityl)-20-O-(2-methanesulfonylethyl)thy-
midine41 (4.23 g, 6.20 mmol, 1 equiv) was co-evaporated three
times with anhydrous DCM and dried overnight under vacuum.
This 20-mesyloxyethyl-rT was dissolved in distilled DCM (40 mL)
followed by the addition of anhydrous DIPEA (2.7 mL, 15.5 mmol,
2.5 equiv). 2-Cyanoethyl-N,N0-diisopropylchlorophosphoramidite
(1.95 mL, 8.68 mmol, 1.4 equiv) was added dropwise and the re-
action mixture was stirred under argon for 4 h, then transferred to
the separating funnel containing degassed DCM (40 mL). The re-
action mixture was then washed with degassed saturated aqueous
KCl (3�40 mL). The organic layer was separated, dried over anhy-
drous sodium sulfate, filtered and then the solvent was removed
under reduced pressure. The crude product was purified by column
chromatography (70% EtOAc/hexanewith 1% pyridine) under argon
pressure to obtain phosphoramidite of 20-mesyloxyethyl-rT (2.64 g,
2.99 mmol, 48%) as a white foam. Rf: 0.44 (1% pyridine in EtOAc/
hexane 8:2); 31P NMR (300 MHz, CD3CN) d 151.08, 150.54 ppm; 1H
NMR (300 MHz NMR, CD3CN) d 8.57 (1H, d, J¼4.03 Hz, NeH), 7.56
(1H, s, H-6), 7.51e7.40 (2H, m, HeAr), 7.39e7.21 (7H, m, HeAr),
6.94e6.79 (4H, m, H-11), 5.91 (1H, t, J¼4.03 Hz, H-10), 4.58e4.42
(1H, m, H-30), 4.42e4.26 (2H, m, H-19/18), 4.24e4.11 (2H, m, H-20,
H-40), 4.09e3.83 (3H, m, H-18/19, H-21), 3.76 (6H, d, J¼2.1 Hz,
OCH3�2), 3.66e3.52 (3H, m, H-21, H-23), 3.51e3.38 (1H, m, H-50),
3.37e3.24 (1H, m, H-50), 3.04 (3H, d, J¼2.56 Hz, H-20), 2.68 (1H, t,
J¼5.85 Hz, H-22), 2.49 (1H, t, J¼6.04 Hz, H-22),1.38 (3H, d, J¼9.0 Hz,
H-7), 1.24e1.08 (9H, m, H-24), 1.03 (3H, d, J¼6.6 Hz, H-24) ppm.

4.2. Oligonucleotide synthesis

Oligonucleotides were synthesized on an Applied Biosystems
394 automated DNA/RNA synthesizer using a standard 0.2 or
1.0 mmol phosphoramidite cycle of acid-catalyzed detritylation,
coupling, capping, and iodine oxidation. Standard DNA phosphor-
amidites and reagents were purchased from Link Technologies,
Applied Biosystems and Proligo. All b-cyanoethyl phosphoramidite
monomers were dissolved in anhydrous acetonitrile at 0.1 M con-
centration. The coupling time for unmodified monomers was 25 s
and for 20-mesyloxyethyl-rT was 8 min. Coupling efficiencies were
determined by the automated trityl cation conductivity monitoring
facility and in all cases were >98%.

4.3. Postsynthetic oligonucleotide labeling with alkyne-
modified cyanine dyes

4.3.1. Conversion of 20-mesyloxyethyl ribothymidine to 20-azidoethyl
ribothymidine (Fig. 2). The oligonucleotide containing two 20-
mesyloxyethyl-rT nucleotides bound to the resin (1 mmol scale) was
transferred to a 3 mL glass vial. Sodium azide (40 mg, 615 mmol,
615 equiv) was then added in 1 mL of anhydrous DMF and the re-
action was heated at 65 �C for 20 h. The reaction mixture was then
cooled to room temperature and the resin was washed with DMF
(3�1 mL), EtOH/H2O 1:1 (3�1 mL), acetonitrile (3�1 mL), and Et2O
(3�1 mL).

To confirm conversion of the mesyl group to azide a small
amount of oligonucleotide was deprotected and cleaved from the
resin by treatment with concd aqueous NH3 (1 mL) in a sealed tube
for 4 h at 55 �C. The solution was transferred to a flask and evap-
orated to dryness and after evaporation the oligonucleotide was
desalted by gel filtration using a NAP-10 column (GE Healthcare),
then purified by HPLC and characterized by mass spectrometry and
Capillary Electrophoresis.

4.3.2. Oligonucleotide labeling by click chemistry on the resin
(Fig. 2). The oligonucleotides bound to the resin containing 20-
azidoethyl-rT (6 mg of the resin, 0.2 mmol in 100 mL of H2O) were
degassed with argon and then the following were added: tris-
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hydroxypropyl triazole ligand (0.3 mg, 0.7 mmol, 3.5 equiv),
CuSO4$5H2O (100 mg, 0.4 mmol, 2 equiv) in 4 mL of H2O, and sodium
ascorbate (800 mg, 4 mmol, 20 equiv) in 8 mL of H2O. The solution
was degassed by flushing with argon, and a solution of the dye
(1 mg) in 50 mL of DMSO was added and the reaction was heated at
55 �C for 2 h. The reactionwas cooled to room temperature and the
resin was washed with acetonitrile (3�1 mL), DCM (3�1 mL), and
Et2O (3�1 mL). Oligonucleotides were cleaved from the resin by
treatment with NH3 (2 mL) for 18 h at room temperature in a sealed
tube. The solution was evaporated to dryness, the oligonucleotides
were dissolved in 2.5 mL of water and the unreacted dye was re-
moved by gel filtration on a Sephadex NAP-25 gel-filtration column
(GE Healthcare). The oligonucleotides were purified by reversed-
phase HPLC (Fig. 1) and desalted by NAP-10 gel filtration.*
Reversed-phase HPLC purification was carried out on a Gilson
system using an ABI Aquapore column (C8), 8 mm�250 mm, pore
size 300�A. The following protocol was used: run time 30 min, flow
rate 4 mL per min, binary system, gradient: 0 min (0% buffer B),
3 min (0% buffer B), 5 min (10% buffer B), 21 min (70% buffer B),
25 min (100% buffer B), 27 min (0% buffer B), 30 min (0% buffer B).
Elution buffer A: 0.1 M ammonium acetate, pH 7.0; buffer B: 0.1 M
ammonium acetate with 50% acetonitrile, pH 7.0. Elution of oligo-
nucleotides was monitored by ultraviolet absorption at 295 nm and
in all cases the main peak corresponding to double labeled oligo-
nucleotides was collected. Fully labeled oligonucleotides eluted
between 18 min and 24 min (see Fig. 3). After HPLC purification
oligonucleotides were desalted using NAP-10 Sephadex columns,
aliquoted into tubes and stored at�20 �C. Purified oligonucleotides
were characterized by mass spectrometry and capillary electro-
phoresis (Supplementary data).

*The oligonucleotides labeled with ethynyl Cy-Dyes were fil-
tered through a column of Dowex (Naþ form) before purification by
HPLC. This was done to remove traces of tetrabutylammonium
fluoride (TBAF) used in the final step of dye synthesis.

4.4. Fluorescence melting

Fluorescence melting samples were prepared using labeled ol-
igonucleotides at a concentration of 0.15 mM and a target oligonu-
cleotide concentration of 0.5 mM. GoTaq colorless PCR Buffer
(Promega) at pH 8.5 was used and the MgCl2 concentration was
3 mM. Sample volume was 200 mL.

Single wavelength fluorescence analysis was performed on
a PerkineElmer LS 50B luminescence spectrometer fitted with
a PerkineElmer PTP1 Peltier temperature controller. The samples
were analyzed in a 200 mL quartz cuvette (1 cm pathlength) with
a collection angle of 90�. Samples were heated from 30 �C to 80 �C
at a rate of 1 �C/minwith a 1 �C step size and 30 s equilibration time,
recording the emission intensity at each step.

4.5. UV melting analysis

UVmelting samples were prepared in 10mM sodium phosphate
buffer with 100 mM NaCl at pH 7. Concentration of labeled oligo-
nucleotides and target oligonucleotide was 1 mM. Melting analysis
was performed on a Cary 4000 UV/vis spectrometer with Cary
temperature controller. Samples were analyzed in 1 mL quartz
cuvettes. UVmelting was carried out from 20 �C to 84 �C, then from
84 �C to 20 �C with the temperature changing 1 �C/min. UV ab-
sorption was recorded every 0.1 �C.

4.6. Quantum yield determination

Cyanine dyes and reference samples were dissolved in ethanol
and diluted to an optical density of �0.01 at the desired excitation
wavelength. Reference for the Cy3 dye quantum yield

measurements was Rhodamine: F¼1 in EtOH.70 Reference for the
Cy5 dyes quantum yield measurements was Cy5 NHS-ester: F¼0.3
in EtOH.71

The same excitation wavelength was used for the Cy-Dye sam-
ples and the reference, and was chosen to not overlap with the
emission spectra. The optical densities of the samples were mea-
sured on the Cary 50 Bio UV/vis spectrophotometer. Emission
spectra were recorded on PerkineElmer LS 50B luminescence
spectrometer using a 1 mL quartz cuvette, 1 cm pathlength.

The quantum yields were calculated according to:

F ¼ FR
I
IR

ODR

OD
h2

h2R

Fdquantum yield of the sample, FRdquantum yield of the refer-
ence, Idintegrated intensity (area) of the sample, IRdintegrated
intensity (area) of the reference, ODdoptical density of the sample,
ODRdoptical density of the reference, hdrefractive index of the
sample solvent, hRdrefractive index of the reference solvent.

4.7. Extinction coefficients

Samples of cyanine dyes were converted to the chloride form
using Dowex 1x2-200 ion-exchange resin (chloride) and dried in
vacuo at 50 �C, over phosphorus pentoxide for 48 h. Samples were
prepared either in MeOH or EtOH and visible absorbance readings
were recorded for four different concentrations at 20 �C. The
starting concentration was selected to give an absorbance reading
of w1.0 and serial dilutions of this sample gave a range of con-
centrations. Samples were analyzed in 1 mL cuvette on a Cary 4000
UV/vis spectrometer.

The extinction coefficients were calculated according to the
BeereLambert law:

3¼ A
cl

h
M�1 cm�1

i

3dextinction coefficient of the sample, Adabsorbance of the
sample at lmax, cdconcentration (M), ldpathlength (1 cm).
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Two new dibenzocyclooctyne–thymidine monomers were incorporated

into oligonucleotides and crosslinked to azide-labelled complementary

strands across the DNA grooves. Equivalent reactions were successful

using a (bicyclo[6.1.0]nonyne) alkyne. Oligonucleotides containing

internal cyclooctyne and amino groups were simultaneously reacted

with azides and NHS esters of different fluorescent dyes to produce

functional genetic probes.

The CuI-catalyzed [3+2] alkyne azide ‘‘click’’ cycloaddition

reaction (CuAAC)1–3 has been enormously influential in the

nucleic acid field (reviewed in ref. 4). However, CuI is cytotoxic5

so this chemistry is not ideal for in vivo applications. Moreover,

the reaction must be performed in an oxygen-free environment

to prevent copper-catalyzed DNA damage, severely hindering

the development of automated high-throughput biological

applications. Thus there is a need for an equivalent reaction

that does not require metal ion catalysis. This has been

achieved in the carbohydrate field using the ring strain-promoted

azide–alkyne [3+2] cycloaddition reaction (SPAAC),6 which

has recently been adopted for DNA strand end-ligation and

50-labelling.7–9 There are many potential applications of copper-

free click chemistry on nucleic acids in biology and nanotechnology,

and to fully realise them amore flexible approach to the synthesis of

cyclooctyne oligonucleotides is urgently needed. Here we present a

method for the placement of multiple cyclooctyne derivatives at any

location within an oligonucleotide sequence in the presence of other

modifications, and demonstrate its applications.

We have synthesised two alternative thymidine phosphor-

amidite monomers, both functionalised with dibenzocyclooctyne

(DIBO), chosen for its high reactivity with azides (Fig. 1).7 One

monomer has the DIBOmoiety attached to the 20-oxygen of ribose

by an amidoethoxy linker (20-DIBO-K) and the other has DIBO

joined to the 5-position of thymine by a propargyl linker

(5-DIBO-K). They were efficiently incorporated into 14-mer

oligonucleotides and four complementary azide oligonucleotides7,10

were synthesised (Table 1). These have the azide attached to

the 20-position of the sugar of thymidine (Z1 and Z2) or the

5-position of the thymine base (Z3, Z4), on linkers of varying

length (Fig. 1). All eight combinations of complementary

DIBO and azide oligonucleotides were clicked together across

an ApT step (Table 1 and S1, ESIw) to investigate the properties

of the products when the crosslink is between adjacent base

pairs. All reactions were efficient and in most cases were

complete within 5 min at room temperature (Fig. 2 and

S1–S5, ESIw). The products containing the shortest crosslinks

(ODN-12 and ODN-16, Fig. S2 and S3, ESIw) formed relatively

slowly, requiring 30 min, but despite this the reactions were

clean. The SPAAC crosslinking chemistry worked equally well

at a TpA step (Fig. S6–S9, ESIw).
The DIBO–azide SPAAC crosslinking reactions produce

four diastereoisomers, originating from the two enantiomers

of DIBO and the two triazole regioisomers. In applications

where a mixture of stereoisomers might be undesirable the

symmetrical fused cyclopropyl cyclooctyne derivative BCN

(bicyclo[6.1.0]nonyne) is an alternative to DIBO.11 This achiral

alkyne reacts with azides to give two enantiomeric products

(diastereomers when in DNA). To evaluate BCN in DNA strand

crosslinking we prepared oligonucleotides containing the 20-BCN-K

Fig. 1 DIBO, BCN and azide derivatives of thymidine used in

oligonucleotides for SPAAC crosslinking reactions. R = DNA.

Functional groups are in the minor groove (m) for Z1, Z2,
20-DIBO-K

and 20-BCN-K, and in the major groove (M) for Z3, Z4 and
5-DIBO-K.
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nucleoside from a 20-aminoethoxy-T modified oligonucleotide10

and BCN NHS ester11 (Fig. 1). The BCN oligonucleotides

reacted rapidly and cleanly with complementary azide DNA

strands (Fig. 2d and S10, ESIw). The synthesis of a series of

BCN-labelled thymidine phosphoramidite monomer is currently

in progress and we envisage that they will be an important

addition to the copper-free DNA chemistry toolkit.

The SPAAC reaction for DNA labelling is orthogonal to

other post-synthetic labelling methodologies, and this makes it

potentially valuable in the synthesis of fluorescent genetic

probes. To investigate this we synthesized two FRET HyBeacons

by site-specific labelling of the parent oligonucleotides with two

different fluorescent dyes (Fig. 3a). HyBeacons are fluorogenic

oligonucleotides, typically containing two internal dye-labels

attached to specific nucleobases.10,12 The inherent fluorescence

quenching properties of the DNA bases and attached fluoro-

phores cause fluorescence emission to be low in the unstructured

single-stranded state. Upon hybridization to their DNA target the

rigid double-strand removes the fluorophores from the vicinity of

the nucleobases and increases the separation between the dyes

(Fig. 3c). The resultant increase in fluorescence can be used in

melting curve analysis to discriminate between DNA sequences

that differ by only a single nucleotide. This powerful technology is

becoming increasingly important in genetic and forensic analysis

due to the emergence of high-resolution DNAmelting instruments,

for which HyBeacons are ideally suited.

We designed the HyBeacons to target the R516G locus of

the human CFTR gene. OneHyBeacon (ODN-7) was synthesised

with a single addition of 5-DIBO-K and NH2C6dT and a second

(ODN-8) was made with two additions of each monomer

(Table 2). The HyBeacons were labelled simultaneously with

fluorescein azide (at 5-DIBO-K) and Texas Red NHS ester

(at NH2C6dT). This orthogonal single tube labelling strategy

is possible because the SPAAC reaction has no stringent buffer

requirements, and is therefore compatible with the high pH

required for the reaction of dye-NHS esters with amino-

modified DNA. The labelling reactions proceeded smoothly

and afforded products that eluted on reversed-phase HPLC as

single peaks, and which were readily separable from unlabelled

impurities (Fig. S11, ESIw). The two purified HyBeacons

(ODN-9, ODN-10) were subjected to fluorescence melting

experiments with a complementary strand (ODN-11) and

both gave high quality fluorescence melting curves (Fig. 3d).

HyBeacon ODN-10 (with four dyes) performed particularly well,

giving particularly good signal to noise. The DIBO-T monomers

Table 1 Complementary DIBO and azide oligonucleotides. DIBO
and azide nucleoside structures are shown in Fig. 1

Code Oligonucleotides 50 to 30

ODN-1 AATATGAA5-DIBO-KTCTGT
ODN-2 AATATGAA20-DIBO-KTCTGT
ODN-3 ACAGAAZ1TCATATT
ODN-4 ACAGAAZ2TCATATT
ODN-5 ACAGAAZ3TCATATT
ODN-6 ACAGAAZ4TCATATT

Fig. 2 DNA crosslinking reactions at room temperature in 0.2 M

NaCl. Gels (a) to (c) DIBO alkyne ODN + azide ODN, gel (d) BCN

alkyne ODN + azide ODN. (a) ODN-1 + ODN-5 (MM), (b) ODN-

2 + ODN-6 (mM), (c) ODN-2 + ODN-4 (mm). (d) ODN-37 +

ODN-4 (mm). Lanes 1, 2: individual oligonucleotides, Lanes 3 to 7:

reaction after 0, 5, 15, 30, 60 min. Sequence of ODN-37 =

AATATGAA20-BCN-KTCTGT. Analysis of all other crosslinking

reactions in Fig. S1–S10 (ESIw).

Fig. 3 (a) Single tube orthogonal HyBeacon labelling with 5-azido-

hexylfluorescein (green) and Texas Red NHS-ester (red). D =
5-DIBO-K, N = NH2C6dT. Chemical structures in Fig. S12 (ESIw),
sequences in Table 2. (b) Mass spectra of HyBeacons; two-dyes ESI =

8406, requires 8404; four-dyes, ESI = 10 046, requires 10 045.

(c) FRET HyBeacon melting schematic. (d) Melting curves of two

and four-dye HyBeacons paired to an unmodified complementary

oligonucleotide (ODN-11, Table 2).

Table 2 Orthogonal labelling of HyBeacon probes (R516G locus of
the CFTR gene). 5-DIBO-K structure in Fig. 1, MA = NH2C6dT, P =
propanol, �F�z = 5-azidohexylfluorescein + 5-DIBO-K, �T�r = Texas Red
NHS-ester + NH2C6dT. Chemical structures in ESI, Fig. S12

ODN-7 CGCT5-DIBO-K CTGTAMACTATATTCATCP
ODN-8 CGC5-DIBO-KTCTGMAATCTA5-DIBO-K ATTCAMACP
ODN-9 CGCT �F�zCTGTA�T�rCTATATTCATCP
ODN-10 CGC�F�zTCTG�T�rATCTA�F�zATTCA�T�rCP
ODN-11 CTATGATGAATATAGATACAGAAGCGTCAT
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described here are important additions to the DNA labelling

toolkit; their chemical reactivity should prove to be orthogonal to

that of other nucleic acid labelling methods such as the CuAAC

reaction between alkyne oligonucleotides and azide dyes7 and thiol

labelling of oligonucleotides with maleimide or iodoacetamide

derivatives of reporter groups. The lack of a requirement for either

CuI catalysis or an anaerobic environment means that the

methodology can be readily adopted in biological laboratories.

It is also compatible with conjugation of nucleic acids to proteins

and other metal ion sensitive biomolecules, and is amenable to

automation. These are very important considerations.

For biological applications it is important to understand the

properties of the crosslinked duplexes. We therefore carried

out biophysical studies on the 14-mer duplexes with the cross-

link at an ApT step. CD studies showed that all duplexes were

in the B-form (Fig. S14, ESIw). Their melting temperatures

(55.0 to 70.5 1C, Table S1, ESIw) were much higher than the

uncrosslinked controls (36.5 to 42.0 1C), and fall into two

broad categories, those with at least one attachment to a

thymine base in the major groove (MM, Mm, mM, Tm 55.5

to 60.5 1C) and those with both attachments on the 20-position

of the sugar, towards the minor groove (mm, Tm 70.0 and

70.5 1C). The large difference in stability between the latter

examples and all other duplexes may be a consequence

of binding of the triazole linkage in the DNA minor groove

(Fig. 4 and 5).

This is not feasible for the other 6 DIBO–azide constructs,

in which the crosslink stretches from the major to the minor

groove or resides entirely in the major groove. Duplexes

crosslinked with DIBO across the minor groove of a TpA step

were also very stable, as were duplexes crosslinked across the

minor groove by BCN (Fig. 5, Tables S2 and S6, ESIw), hence
the minor groove crosslink appears to consistently produce

very stable duplexes. The above experiments indicate that in

applications where very high duplex stability is important the

precise sequence context of the linker should be taken into

consideration.

In conclusion, two new phosphoramidite monomers have

been used for internal labelling of DNA with DIBO, one with

the strained cycloalkyne located in the major groove and the

other in the minor groove. The cyclooctyne oligonucleotides

reacted efficiently with complementary azide oligonucleotides

and the 5-DIBO-K monomer was used in orthogonal site-specific

labelling of genetic probes with multiple fluorophores. For

applications in which stereoisomers of the crosslink might

be undesirable, an achiral BCN cycloalkyne was shown to

undergo equally fast and clean DNA-templated reactions

compared to DIBO. We anticipate that this SPAAC chemistry

will be applicable to the synthesis of biologically important

nucleic acid analogues that cannot be made by conventional

solid-phase synthesis, such as large RNA constructs,13 higher

order nucleic acid structures,14 crosslinked duplexes for DNA

repair studies, and fused primer–template complexes for

replication or transcription studies, where the inherent advantages

of copper-free click chemistry over the CuAAC reaction will be

particularly significant.
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Fig. 4 Crosslinked duplex ODN-16 (Table S1, ESIw) with DIBO

linker shown in purple in minor groove. Left, trinucleotide region.

Right, full 14-mer duplex. Details of modelling in ESI.w

Fig. 5 Minor groove crosslinks from DIBO (above) and BCN

(below).
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D
NA is an exciting material for nano-
technology applications. Machines
and structures of the kind already

constructed from DNA1,2 would be impos-
sible to make with other materials, and the
complexity of DNA-based nanostructures
is beyond that of those produced by any
other method. One approach that has been
particularly effective is DNA origami.3,4 This
method typically uses a biological material,
bacteriophage M13 DNA, which is a conve-
nient nanobuilding material. Large numbers
of short oligonucleotide staples promote
folding of the M13 DNA into predetermined
shapes such as DNA smilies3 and three-
dimensional nanoboxes.5 DNA origami has
the advantage of simplicity; the structures
are intramolecular in nature, so careful con-
trol of the stoichiometric ratios of staple
strands and M13 DNA is unnecessary. How-
ever, this is not a true bottom-up approach,
and it is not applicable to objects and ma-
chines at the most demanding low end of
the nanoscale, which bridges the gap be-
tween supramolecular chemistry and nano-
technology. This is a domain more suited to
approaches that utilize chemically synthe-
sizedDNA,which canbeproducedwith high
efficiency on a large scale. We are currently
developing methods to target this space
that involve the assembly of densely pack-
ed and uniquely addressable DNA nano-
structures.6 Our approach allows the site-
specific incorporation of a wide variety of
chemical modifications to create informa-
tion-rich nanoconstructs that cannot be ob-
tained by conventional thermochemical,7

electron-beam,8 photo,9 or dip-pen nano-
lithography.10,11 Nanoassembly by synthesis
is a valuable technique for the future, and

such nanoconstructs are themselves key
materials for building larger and more com-
plex structures.
The integrity of DNA nanoconstructs

assembled by hybridization relies on the
selectivity of Watson!Crick base pairs and
on the stability derived from hydrogen
bonding and base stacking.12 There are
difficulties in manipulating such materials,
as these interactions are dynamic and re-
versible. Consequently, DNA nanocon-
structs are fragile, difficult to purify, and
unsuitable for use as robust building blocks
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ABSTRACT

Thermodynamic instability is a problem when assembling and purifying complex DNA nano-

structures formed by hybridization alone. To address this issue, we have used photochemical

fixation and orthogonal copper-free, ring-strain-promoted, click chemistry for the synthesis of

dimeric, trimeric, and oligomeric modular DNA scaffolds from cyclic, double-stranded, 80-mer

DNA nanoconstructs. This particular combination of orthogonal click reactions was more

effective for nanoassembly than others explored. The complex nanostructures are stable to heat

and denaturation agents and can therefore be purified and characterized. They are addressable

in a sequence-specific manner by triplex formation, and they can be reversibly and selectively

deconstructed. Nanostructures utilizing this orthogonal, chemical fixation methodology can be

used as building blocks for nanomachines and functional DNA nanoarchitectures.

KEYWORDS: DNA nanotechnology . photochemical cross-linking .
copper-free click . orthogonal chemical fixation
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for the assembly of higher order structures.13 To
address this problem, enzymatic ligation has been used
for their fixation,14,15 but it is limited to nicks in the
backbone of linear sequences, is hindered by densely
packed and constrained DNA helices, and is not amen-
able to large-scale synthesis. We have previously em-
ployed an alternative chemical solution, click ligation,
using the CuI-catalyzed alkyne!azide cycloaddition
reaction (CuAAC), which enabled the synthesis of
a robust, hexagonal, double-stranded DNA nano-
construct.16 A different strategy has also been used
that involves soaking of prehybridized DNA nano-
structures with a solution of 8-methoxypsoralen.17,18

Subsequent UV irradiation promotes a series of [2"2]-
cycloaddition reactions between the intercalated psor-
alen molecules and thymine bases at TA steps in the
DNA. This chemistry is difficult to control, as it requires
insertion of an external agent into DNA, and induces a
large perturbation in the local B-DNA secondary
structure.19 Anthracene photodimerization has also
been employed for reversible DNA duplex cross-
linking,20 and there are examples of photochemical
ligation using 5-carboxy- and 5-carbamoylvinyl-dU.21

We now report the fixation of small, discrete pseudo-
hexagonal nanostructures of !9 nm diameter by
photochemical interstrand cross-linking (PCL) using a
3-cyanovinylcarbazole moiety (CNVK) integrated into
the DNA chain during solid-phase synthesis. It inter-
calates into the duplex, and onUV irradiation at 366 nm,
the cyanovinyl group undergoes a [2"2]-cycloaddition
reaction with the C5!C6 double bond of a pyrimidine
base in the opposite strand (Figure 1d, Supporting

Information S1.1.2).22!28 The CNVK moiety has recently
beenused in the formationofnon-modified, periodic 2D
arrays of DXAB DNA tiles, via fixation of simple, sticky-
endoverlaps of tiles that are otherwise non-fixed.29Here
we have utilized CNVK in a significantly more demanding
task: to construct the smallest possible, entirely chemi-
cally fixed, planar pseudohexagonal DNA nanoconstruct
via six simultaneous photochemical cross-linking reac-
tions. The constructwas synthesized from six short, easily
purified oligonucleotides, with superior efficiency
and yield compared with our previous method16

(Supporting Figure S1) and with more precision than
other photochemical methodologies. We have also
constructed a simpler pseudohexagonal structure
(vide infra) via just two PCL reactions. In contrast
to our previous CuAAC ligation methodology,16 this
photochemical fixation technique forms rigid inter-
base cross-links within the duplex itself, rather than via
long linkers in the major groove, and imparts signifi-
cant extra duplex stabilization.30 Moreover, the CNVK
moiety is easily incorporated during oligonucleotide
synthesis instead of via postsynthetic labeling, and
the fixation technique requires a substantially shorter
reaction time (1 h vs 24 h).
These photochemically cross-linked DNA nanocon-

structs can be purified by denaturing polyacrylamide
gel electrophoresis (PAGE) and characterized by mass
spectrometry. They are stable to heat and can be used
in the controlled assembly of larger structures, which in
turn can be fixed using an orthogonal chemical proce-
dure, the ring-strain-promoted alkyne!azide cycload-
dition (SPAAC) reaction,31 which has hitherto not been

Figure 1. Photo-cross-linked hexagon structure and assembly. (a) Representation of a photo-cross-linked hexagon. CNVK-T
cross-linkeddinucleotides and TT hinges are shown in black. (b) Hexagon sequences and secondary structure: X = CNVK, P = 30-
propanol, TT = single-stranded hinge. (c) Analytical denaturing polyacrylamide gel (10%) of construction of unmodified
hexagon (5 μM, containingODN-1 toODN-6, irradiated at 20 !C; ODN=oligodeoxynucleotide). Lane 1: un-cross-linked, lane 2:
photo-cross-linked. LH = linear hexamer, CH = cyclic hexamer (hexagon), DD = dodecamer. Red circles indicate photo-cross-
links, black dots indicate un-cross-linked CNVK nucleotides. See Supporting Figure S1 for full image. (d) Proposed structure of
CNVK-T cross-linked dinucleotide 1.24 (e) Electrospray MS spectra of purified cyclic hexamer (hexagon, CH, left) and linear
hexamer (LH, right) (negative mode). Calcd mass (hexamer): 43140.893, found: 43138.267 (CH), 43139.476 (LH).
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used in fixation of DNA nanostructures, or in conjunc-
tion with photochemical fixation methods.

RESULTS AND DISCUSSION

Photo-cross-linked Hexagon Design and Assembly. The ba-
sic building block for large nanoconstructs, a mono-
meric, cyclic DNA structure,6,16 was assembled from
six 23-mer/24-mer oligonucleotides, each involved in
the formation of two sides of a hexagon, each side
being 10 base pairs in length (one helical turn of DNA)
(Figure 1b). The oligonucleotides were synthesized
by standard solid-phase phosphoramidite chemistry,
incorporating the CNVK nucleotide24 at the 50-end
(ODN-2, ODN-4, ODN-6; ODN = oligodeoxynucleotide)
or at the 30-end (ODN-1, ODN-3, ODN-5) using a 30-
propanol-modified solid support (oligonucleotide de-
sign, sequences, and ESMS data in Supporting Informa-
tion S1.1.1!S1.1.2). Flexible, single-stranded TT hinges/
nodeswere placed at the vertices of the hexagon (at the
center of each oligonucleotide) to enable cyclization of
such small nanostructures, unlike the non-DNA, terphenyl-
based nodes of Sleiman et al. for example,32!34 and CNVK
nucleotides were placed adjacent to the vertices for cross-
linking with the thymine base of the neighboring AT base
pair or the hinge. The oligonucleotide sequences were
carefully designed to ensure that only the desired hexam-
er, and no branched or alternative cyclic structures, could
form. Six PCL reactions were carried out simultaneously
upon UV irradiation (365 nm), to produce a covalently
locked, cyclic nanostructure, each side consistingof a short
(10 bp), stable duplex with one covalently cross-linked
end (Figure 1). The precise positioning of the CNVK nucleo-
tides ensures that only the desired cross-linking can occur.

PCL hexagons were synthesized by several meth-
ods: “one-pot” construction, or via trimers, and under
different annealing/irradiation protocols (Supporting
Information S1.1.4). The simplest method involved
annealing all six oligonucleotides slowly from 85 !C
to room temperature, followed by a short incubation.
Samples were UV-irradiated while cooling on ice
(365 nm), desalted, lyophilized, then purified by dena-
turing PAGE. Figure 1c shows the crude reaction
mixture for construction of the unmodified cyclic
hexamer. The reaction affords the hexagon (cyclic
hexamer, CH), the uncyclized hexamer (linear hexamer,
LH), and a small quantity of dodecamer (DD). It pro-
ceeds in greater yield and with fewer byproducts than
the analogous CuAAC click fixation strategy we have
previously described.16 The two bands for CH and LH
are clearly distinct from smaller constructs, CH showing
lower electrophoretic mobility than the linear con-
struct as previously observed,16 rationalized by a great-
er degree of interaction with the polyacrylamide gel
matrix (also Supporting Figure S1). The topology of
largeDNA structures is known to significantly influence
mobility during PAGE.35 Hexamers CH and LH were
isolated pure, in typical yields of 14!16% and 7!13%,

respectively, after a single denaturing gel purification,
an excellent result when the efficiency of hybridization,
six simultaneous PCL reactions, and extraction fromgel
are all taken into account. The yield of LH depends
on efficiency of cyclization during cooling and of
the PCL reaction itself. Slowing the rate of cooling over
the melting transition temperature range appeared
to promote cyclization, thus favoring CH over LH,
although this process is controlled by a combination
of factors. The high NaCl concentration (500 mM) is
necessary to shield negative charges for efficient hy-
bridization/cyclization.

To prove that LH was not an inactive (dead-end)
linear intermediate, the construct was isolated from
the gel, reannealed, then irradiated for 30, 60, and
90 min. This resulted in partial conversion to the cyclic
product CH, and the yield increased slightly with
prolonged irradiation (34.8%, 30 min; 44.4%, 90 min).
NoUV-induced degradationwas observed (Supporting
Figure S2). The ability to convert LH into CH, which has
a lower electrophoretic mobility, both of which have
the same mass, confirms the cyclic nature of the
construct. A pseudohexagonal structure was also con-
structed, from two CNVK-modified 70-mer oligonu-
cleotides (ODN-7, ODN-8, Supporting Figures S3, 4),
via only two photochemical cross-linking reactions.
The cyclic structure (cyclic dimer, CD) is formed easily
in high yield, in preference to the linear structure
(linear dimer, LD), with photo-cross-linking at 20 or
0 !C. This is a simpler strategy, but it requires much
longer oligonucleotides and it does not rigorously test
the efficiency of multiple, simultaneous cross-linking
reactions.

Single-Hexagon Spectroscopic Studies. Spectroscopic
methods were used to investigate the properties of
the fixed cyclic construct. Melting studies were per-
formed on the purified, unmodified “fixed” hexamers
(LH and CH) and the unfixed hybridized structure,
using SyBr Green I. This dye becomes strongly fluo-
rescent only upon intercalation into double-stranded
DNA and enables the duplex melting temperature (Tm)
to be determined by monitoring of fluorescence. Fluo-
rescencemelting was first conducted using 48 equiv of
SyBr Green I per construct (8 molecules per hexa-
gon side), in sodium phosphate buffer (500 mM NaCl),
with 0%, 20%, and 40% formamide (v/v) (Figure 2b,
Supporting Figure S5). The non-cross-linked, hybri-
dized structure denatures with an approximately linear
melting transition from 37 to 56 !C. This results from
the superposition of melting curves of all six duplexes
in the hexagon (with different individual melting
temperatures). Addition of formamide destabilizes
the unfixed hexagon such that little or no hybridization
occurs. The chemically fixed PCL constructs (LH, CH),
however, possess greatly enhanced stability, with sig-
nificant duplex present at 50 !C in the presence of 20%
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formamide denaturing agent (Figure 2a,b, Supporting
Table S1).

Melting profiles for CH and LH are similar, exhibiting
several overlapping transitions. It is important to em-
phasize that the PCL constructs cannot be destroyed
by heating and/or denaturation with formamide; the
hexagon is covalently fixed at each vertex; therefore
although melting of each side can occur, the nanocon-
structs remain intact. These experiments were also
conducted for LH and CH using only 18 equiv of SyBr
Green I (3 molecules per hexagon side), at variable
construct concentrations, to reduce the general sta-
bilizing effect due to fluorophore intercalation, and
similar melting profiles were observed (Supporting
Figure S6 and Table S2).

The photo-cross-linked hexagon is also addressable
in a sequence-specific manner by triplex-forming oli-
gonucleotides (TFOs), allowing targeting with oligonu-
cleotides containing various functionalities. A hexagon
was constructed using ODN-1, 2, 3, 5, and 6 and a
Cy3-labeled analogue of ODN-4 (ODN-4Cy3), placing
the Cy3 dye in the center of one side, adjacent to the
triplex-binding site (Figure 2c,d, Supporting Informa-
tion S1.1.4; the Cy3 hexagonwas also constructed from
two trimers, Supporting Information S1.1.4). This site
was targeted using a BHQ-2-labeled TFO (TFO-1); the
BHQ-2/Cy3 pair is suitable for through-space quench-
ing. Fluorescence triplex targeting experiments were
conducted using a 10:1 ratio of TFO to nanoconstruct
(Figure 2d, Supporting Figure S7). Significant fluores-
cence quenching due to triplex formation was ob-
served for the PCL constructs. The triplex melting
temperature (Tm) is close to themidpoint of the duplex

melting transition (Figure 2b), suggesting the TFO dis-
sociates cooperatively with the duplex (Supporting
Table S3). Fixation stabilizes the duplex target such
that the TFO is able to bind efficiently; without fixation,
little triplex formation is observed, and consequently
there was minimal fluorescence quenching. Fluores-
cence melting studies on the non-cross-linked system
(Cy3-hex) also indicated a weak triplex melting transi-
tion andpoor fluorescence quenching (Supplementary
Figure S8). These results demonstrate that a compact,
constrained, stabilized nanostructure can be addressed
by triplexes and that chemical fixation is vital for
efficient TFO binding.

Modular Construction of DNA Nanostructures. The pro-
grammed assembly of modular networks using these
hexagonal building blocks requires single-stranded,
sticky ends for connecting the modules (Figure 3a).
In order to “fix” higher order structures, we chose an
orthogonal chemicalmethod, the ring-strain-promoted
alkyne!azide cycloaddition reaction, an efficient click
reaction that utilizes the inherent ring strain in cyclooc-
tyne as a source of energy. Recently, we established
that very fast and efficient templated DNA ligation
can be achieved by reaction between oligonucleotides
functionalized with dibenzocyclooctyne (DIBO36) and
azides.37 The fused benzene rings impart significant
ring strain and also enhance reactivity due to their
electron-withdrawing properties.38 More recently, we
utilized DIBO in interstrand cross-linking of simple DNA
duplexes.39 The cross-linking reactions were fast and
highly efficient.

Hexagonal modules were constructed with one or
two branches, comprising one of two complementary

Figure 2. Fluorescence spectroscopic studies on single PCL hexagon. (a) PCL hexagon denaturation, indicating loss of
fluorescence as intercalated SyBr Green Imolecules dissociate; denatured hexagon remains intact due to covalent cross-links.
(b) Fluorescence melting analysis of unmodified hexamer (non-PCL, LH, and CH) using the fluorescent double-stranded DNA
intercalator SyBr Green I (48 equiv per construct) (Supporting Figure S5 and Table S1) with 0% and 20% v/v formamide. The
PCL hexagon can melt but not disassemble under denaturing conditions, and the cross-links significantly enhance duplex
stability. (c) Hexagon triplex formation, indicating loss of fluorescence of Cy3 dye on binding of BHQ-2-labeled triplex-
forming oligonucleotide (TFO-1). (d) Fluorescence intensity, as a fraction ofmaximumfluorescence intensity, at 10 and 30min
after addition of TFO. Significant fluorescence quenching and therefore efficient triplex formation occurs only for chemically
fixed constructs Cy3-LH and Cy3-CH (Supporting Figure S7).
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sequences only (Figure 3a,b). These were designed to
form a dimer and trimers (or to oligomerize), depend-
ing on how they are combined. Both DIBO and azide
residues are attached via the 5-position of a thymidine
nucleotide and are therefore located in the major
groove. When hybridized, these moieties are brought
adjacent to each other, enabling spontaneous cross-
linking. The branch was designed to be 20 nucleotides
long with a 4T “hinge” to enable adequate length and
flexibility for duplex stability when hybridized, while
remaining short enough tomaintain suitable structural
rigidity of the resultant oligomer. It was also necessary
to move the position of the photo-cross-link away
from the branch point (vertex) to the center of the
side in azide-modified oligonucleotide ODN-2Z and
DIBO-modified oligonucleotide ODN-2DIBO, to enable
cyclization of the branched construct. The branch
appears to cause fraying of the duplex at the vertex,
thus preventing the CNVK moiety from intercalating
and forming the photo-cross-link. Consequently, when
CNVK was placed at the vertex, little or no cyclization
occurred (data not shown). PCL hexagons were lyoph-
ilized individually, then combined in 0.6 M NaCl (5 μM).
The cross-linking reactions were simply incubated at
room temperature for at least 1 h, during which time
the desired dimer, trimer, or oligomer formed in high
yield (Figure 3c, Supporting Figure S10). It was impor-
tant not to lyophilize azide- and DIBO-modified

hexagons together, as high concentration can cause
non-templated SPAAC reactions to occur.

Higher order dimeric, trimeric, and oligomeric na-
nostructures were successfully purified by denaturing
PAGE (Figure 3c, Supporting Figure S10), highlighting
their excellent stability. Surprisingly, the normally
highly efficient CuAAC click reaction was very ineffi-
cient in this context compared to SPAAC. No cross-linking
was observed between azide-modified branched hexa-
gon Z-CH and the terminal alkyne-modified hexagon
analogue of DIBO-CH (K-CH) in the copper-catalyzed
reaction (Supporting Information S1.1.7, Supporting Fig-
ure S12b), despite efficient hybridization (Supporting
Figure S13). Only moderate cross-linking was observed
between oligonucleotides ODN-2Z and the terminal
alkyne analogue of ODN-2DIBO (ODN-2K) (Supporting
Figure S12a). This is further evidence of the remarkable
efficacy of the DNA-templated SPAAC fixation method,
which works well even under these demanding condi-
tions, where CuAAC fails.

AFM tapping mode imaging (Figure 4a, Supporting
Figure S14) and cross-sectional analysis of the purified
dimeric construct show pairs of cyclic structures, con-
sistent in size and shape with the hexagon dimer
structure. Both methods of trimer formation (trimer 1:
2# Z-CH" DIBO2-CH; trimer 2: 2# DIBO-CH" Z2-CH)
a4fforded predominantly linear trimeric structures
as designed (Figure 4b, Supporting Figures S15, 16).

Figure 3. Branched hexagons, modular construction of copper-free click-fixed nanoarrays, and photolytic deconstruction.
(a) Formation of hexagon trimer: hybridization of branches followed by rapid, templated ring-strain-promoted click fixation.
(b) Azidohexanoyl-labeled amino-C6-dT nucleoside, 2, and 5-propargyl-DIBO-dU nucleotide, 3. (c) Preparative denaturing
polyacrylamide gel (5%) of dimeric and trimeric nanostructures. Lane 1: construction of dimer (present as two close running
bands due to DIBO-azide triazole adduct isomeric forms, Supporting Figure S9). Lane 2: construction of trimer 1 (two Z-CH
hexagons and oneDIBO2-CH hexagon). Lane 3: construction of trimer 2 (twoDIBO-CHhexagons and one Z2-CH hexagon). See
Supporting Figure S10 for full image. (d) Analytical denaturing polyacrylamide gel (6%) of trimer deconstruction by
irradiation. Trimer 1 (left), trimer 1 deconstruction (right), showing SPAAC duplex (ODN-1!2) and individual oligonucleotides
ODN-3!ODN-6, formeddue to destruction of PCLs. See Supporting Figure S11 for full image. Red circles indicate photo-cross-
links, black dots indicate uncross-linked CNVK nucleotides, and pentagons indicate SPAAC cross-links. Z and D indicate azide-
modified and DIBO-modified hexagons Z-CH and DIBO-CH, respectively. Z2 and D2 indicate diazide- and di-DIBO-modified
hexagons Z2-CH and DIBO2-CH, respectively.
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DNA structure height was 0.7!0.9 nm, consistent
with that of a single duplex imaged in tapping mode
in air.40

Oligomers (up to 300 nm) and a cyclic oligomer
were also formed simply by incubation of Z2-CH and
DIBO2-CH in solution at room temperature and were
isolated by gel purification. Individual hexagons in
these oligomers could be distinguished and counted
(Supporting Figure S17). Longer oligomers/polymers
of 150!400 nm or greater in length were obtained
by a two-step anneal process (Supporting Information
S1.1.5, Supporting Figures S18, 19). All hexagons and
higher order structures, including the longest oligomers,
were completely soluble in water or aqueous buffer.

In addition to nanostructure stability, addressabil-
ity, and orthogonality of cross-linking methods, rever-
sibility is also a valuable feature of this photochemical
cross-linking method. Networks and arrays may be
constructed and then selectively deconstructed by
irradiation at 312 nm, while leaving nonphotochem-
ical cross-links and the constituent oligonucleotides
undamaged. To demonstrate this, we irradiated tri-
mer 1 in 50% aqueous formamide at 302 nm (UV
transilluminator) at room temperature. Irradiation for
5 min was sufficient to destroy all photochemical
cross-links (Figure 3d, Supporting Figure S11), leaving
SPAAC cross-links and the oligonucleotides intact.
The SPAAC cross-linked duplex product runs as two
distinct bands on denaturing polyacrylamide gel
due to triazole regioisomers as previously described
(Supporting Figure S9). The separation is far greater

than for the hexagon dimer (Figure 3c), as expected for
a small duplex.

CONCLUSION

The combination of photochemical and SPAAC in-
terstrand cross-linking is a powerful and versatile
chemical tool for formation of high-order DNA nano-
structures. This two-pronged approach allows for con-
struction and purification of discrete nanostructure
units, which may be easily combined for controlled
assembly of larger nanoconstructs. These chemically
fixed DNA structures are stable to heat and denaturing
agents, can be addressed in a sequence-specific man-
nerwith DNA triplex forming oligonucleotides, and can
be selectively deconstructed by irradiation. This photo-
chemical cross-linking method should also be applic-
able to fixation of DNAorigami via CNVK-modified staple
strands, due to its high efficiency in such a sterically
demanding environment. The combination of reversi-
ble and irreversible orthogonal fixation strategies and
robust, specific building blocks leads the way toward
clearly defined, designer, functional DNA nanoarchitec-
tures with a high density of information storage (e.g.,
triplex binding sites, restriction enzyme digestion
sites, incorporation of dyes, biotin, or other chemical
moieties). There are exciting prospects for this metho-
dology in DNA nanotechnology applications, such as
dynamic DNA strand replacement reactions,41 and
applications in DNA nanodevices,1,42,43 DNA-templated
polymer synthesis,44,45 and the developing field of DNA
nanobioelectronics.46,47

METHODS
Buffer Systems. 1# TBE buffer: 89 mM Tris, 89 mM boric acid,

3.2 mM EDTA, pH 8. AFM loading buffer: 10 mM HEPES, 5 mM
NiCl2, pH 7.58.

Gel Electrophoresis. Analytical and preparative denaturing
polyacrylamide gels (5!10%) containing 7 M urea were run in
1# TBE buffer for 1.5!2.5 h at 20 W and visualized by UV
shadowing or by transillumination (302 nm) after staining with
SyBr Gold nucleic acid stain (Invitrogen).

Fluorescence Nanoconstruct Melting. Fluorescence melting was
performed on a Roche LightCycler 1.5 instrument in LightCycler

glass capillaries (20 μL) in triplicate using Roche LightCycler
software v3.5.48 Samples were excited at 488 nm, and change in
fluorescence was monitored at 520 nm. For each experiment,
4.5 μL of a 5 μMmaster solution of the unlabeled PCL hexamer
or a combination of 4.5 μL of 5 μM master solutions of ODN-
1!ODN-6 was lyophilized. Samples were resuspended to a
concentration of 0.25 μM in 90 μL of a solution containing
27.44 μL of 20# SyBr Green I solution (dilution from 10 000#
concentrate in DMSO with 10 mM sodium phosphate, 500 mM
NaCl buffer, pH 7.0) and either 62.56 μL of buffer, 44.56 μL of
buffer " 18 μL of formamide, or 26.56 μL of buffer " 36 μL of

Figure 4. Analysis of dimeric and trimeric DNA hexagon nanostructures. AFM images and cross-sectional analyses. (a)
Hexagon dimer. (b) Hexagon trimer 1. Red circles indicate photo-cross-links, and pentagons indicate SPAAC cross-links. Z, D,
and D2 indicate Z-CH, DIBO-CH, and DIBO2-CH, respectively. Scale bars: 50 nm. Yellow, blue, and pink arrows indicate the ends,
peaks (hexagon center), and troughs (interhexagonduplex) of oligomers, respectively. Nanostructuredimensionmeasurements
are consistent with calculated values (Supporting Figures S14!15). See Supporting Figure S16 for trimer 2 AFM image analysis.
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formamide to give solutions containing 12 μM SyBr Green I
(approximately 48 equiv per construct) and 0, 20, and 40% v/v
formamide. Samples were denatured by fast heating to 95 !C
and held at 95 !C for 5 min. Samples were annealed by slow
cooling to 30 at 0.2 !C min!1, incubated at 30 !C for 60 min,
then melted by slow heating to 95 at 0.2 !C min!1, followed
by incubation at 95 !C for 10 min to equilibrate. Fluorescence
was measured at 1 !C intervals. SyBr Green I concentration for
commercially available 10 000# concentrate in DMSO has been
determined to be approximately 19.6 mM.49

Triplex Nanoconstruct Targeting. Fluorescence measurements
were performed in triplicate on a Perkin-Elmer LS 50 B lumines-
cence spectrometer, in a Hellma SUPRASIL synthetic quartz
fluorescence cuvette (10 mm path length), using the “Intensity”
and “TimeDrive” functions in FLWinLab software, in single-read
mode. Samples of each target were suspended in buffer
(10 mM sodium acetate, 200 mM NaCl, pH 5.5) to a concen-
tration of 16 pmol in 158 μL, and fluorescence emission was
measured. Samples were excited at 555 nm, and emission
was monitored at 568 nmwith excitation/emission slit widths
of 7.0/8.0 nm and 5 s average integration time, at 20 !C
(average of 6 sequential readings, taken after equilibration).
The fluorescence time course was started on addition and
mixing of TFO (160 pmol in 2 μL), measuring fluorescence
at 60 s intervals with the above settings, for 30 min. Final
concentration: 0.1 nM Cy3-target, 1 nM TFO. Preparation of
non-photo-cross-linked samples is described in the Support-
ing Information, S1.1.10.

Atomic Force Microscopy. AFM images were acquired on a
Multimode AFM with a Nanoscope III controller in tapping
mode. Imaging was performed in air. Samples were dissolved
to a concentration of 5 nM for dimer and trimers. Concentration
of oligomer was less than 5 nM (varied depending on oligomer
length). A volume of 10 μL of sample in AFM loading buffer
was applied to a freshly cleaved mica surface and incubated for
5!8 min (typically 6 min). Unadsorbed material and salt were
washed off gently with ultrapure water from an Elga UHQ-II
water purification system (18.2 MΩ 3 cm resistivity). The surface
was dried immediately under compressed air. Forcemodulation
point probes (Nanoworld, k = 2.8 N m1!) were used, with a
resonance frequency of 75 kHz and typical radius of curvature of
less than 8 nm. The amplitude set point was varied from 0.38 to
0.50 V, with a scanning frequency of 1.5!2.4 Hz. AFM raw data
were processed using Bruker NanoScope Analysis 1.4 software
and leveled using a third-order plane fit, and cross-sectional
analysis and nanostructure measurements (average of 20 in-
dividual constructs) were obtained using the freeware program
WSxM (Nanotec Electronica).50
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