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ABSTRACT 
FACULTY OF NATURAL AND ENVIROMENTAL SCIENCES  

Doctor of Philosophy 
ASSESSING THE BIO-COMPATIBILITY OF A CLICK DNA BACKBONE LINKER 

By Angela Pia Sanzone 

 

Click chemistry has the potential to be employed for the assembly of large DNA 

fragments, by purely chemical methods. However to enable this, the bio-compatibility of 

the resulting click-linked DNA must be examined.  

Click DNA linkers were incorporated into a plasmid within the gene encoding for an 

ampicillin resistance marker. The plasmid was transformed into E. coli and resulting 

colonies found to survive on LB agar plates supplemented with ampicillin. This indicated 

that the click DNA linker was replicated and transcribed correctly by the cellular 

machinery of E. coli. The observed bio-compatibility was further probed by 

demonstrating the functionality of the click-linked DNA in nucleotide excision repair 

deficient cells line.  

The bio-compatibility of the click DNA linker was then investigated in a non-essential 

gene by constructing a click-linked variant of the gene encoding for the fluorescent 

mCherry protein. Experiments carried out using a plasmid containing two click DNA 

linkers in the region of the gene encoding for the mCherry fluorophore provided further 

evidence that the click DNA linker was functional in E. coli. Moreover, using a coupled in 

vitro transcription/translation system the yield and fluorescence of the mCherry protein 

expressed from the plasmid containing the click DNA linker was similar to that from 

canonical DNA.  

Investigation of the bio-compatibility of the click DNA linker in mammalian cells 

showed that a plasmid containing the click-linked DNA, had the same viability of a 

plasmid containing canonical DNA.  

Finally, the use of click ligation for the assembly of the first 229 bp of the mCherry gene 

was investigated. Two different approaches referred as “templated click assembly” and 

“one-pot click assembly” were employed and the bio-compatibility of the click DNA 

linker was confirmed in both cases. 
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1. Introduction 

The ability to readily synthesise oligonucleotides has been central to the recent rapid 

advances in molecular and chemical biology. In turn, the emerging field of synthetic 

biology strives to allow the de novo design and synthesis of new biological systems and 

organisms with novel functions. In order to achieve such goals, there will be an ever-

increasing need for the development of new methodologies that facilitates the routine 

synthesis of large deoxyribonucleic acid (DNA) molecules. Current approaches involve 

the synthesis of multiple overlapping oligodeoxynucleotides (ODNs) by automated solid-

phase phosphoramidite chemistry, followed by their assembly via a variety of molecular 

biology techniques.  

Although widely used and relatively robust, current bench-top approaches for gene 

synthesis are time and resource intensive. The commercial synthesis of a one kilo-base 

(Kb) fragment takes around five to ten days1, and the synthesis of a fragment over 10 Kb 

substantially longer. Moreover, preparation of long sequences using polymerases is 

possible only when an appropriate DNA template is available. This does not allow the 

possibility of incorporating modified, unnatural nucleotides into the oligonucleotide at 

specific positions. In contrast, the de novo chemical synthesis of nucleic acids1 permits 

the incorporation of almost any modification in sufficient quantity for direct use in vivo 

(i.e. genes containing 5-methylcytosine for use in epigenetic studies) and requires no 

DNA template. However, at present the synthesis of genes or larger DNA molecules by 

purely chemical methods is not possible. This is principally because the solid-phase 

phosphoroamidite chemistry used for oligonucleotides synthesis is not amenable to the 

synthesis of DNA strands over  100 bases. The synthesis of longer DNA strands 

                                                      

1
 Unless stated otherwise, the term nucleic acid used in this thesis refers only to deoxyribonucleic 
acid (DNA). 



Angela Pia Sanzone Chapter 1 Introduction 

 

2 

 

increasingly leads to reduced coupling efficiencies, resulting in truncated species and 

errors. Consequently, there remains a real necessity to efficiently produce long and pure 

nucleic acid molecules. 

In 2010 a simple and efficient method for the chemical ligation (click DNA ligation) of 

oligonucleotides through the use of the Copper (I)-catalysed Azide-Alkyne Cycle 

addition (CuAAC) reaction2 was introduced by El-Sagheer et al.3. This allowed for the 

formation of a modified DNA backbone linker between two ODNs that it was efficient in 

aqueous media, while being compatible with functional groups present in nucleic acids. 

However, the use of this type of chemistry in synthetic biology, molecular biology and 

cell biology, would only be of use if the phosphate backbone surrogate produced by the 

CuAAC reaction was bio-compatible. In particular, the cellular DNA-replication and 

transcription machinery would need to correctly read-through and transfer with high 

fidelity the genetic information of the DNA molecules produced with modified DNA 

backbone linker.  

The work presented in this thesis is part of a larger research plan, which through 

collaborative work with Prof. Tom Brown’s group (University of Southampton), aims to 

investigate the potential of the CuAAC reaction for the rapid assembly of very large 

fragments of DNA. Here, the bio-compatibility of the click-linked DNA, produced via the 

CuAAC reaction between two oligonucleotides, is assessed in living systems.  

1.1. Literature Review 

1.1.1. Synthetic biology 

The ability to modify the genetic material of living organisms by splicing together one or 

more genes from one species with the DNA of another, alongside recent advances in the 

synthesis, analysis and modelling of DNA, have fuelled the development of a new 

research field called “synthetic biology”4,5. 
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Synthetic biology is an emerging multidisciplinary research area, which lies at the 

interface between bioscience and engineering. The term “synthetic biology” was first 

used in literature by the molecular biologist Waclaw Szybalski to describe the 

construction of new cells with rearranged genetic material6. Some years later, Barbara 

Hobom used this term in a similar fashion, to report advances in recombinant DNA 

technology7. The use of the term synthetic biology for these types of phenomena is 

generally defunct now, and terms such as “genetic engineering” or “bio-engineering” are 

used instead to describe “basic” genetic modifications to bacteria and other micro-

organisms. Furthermore, in 2000, Eric Kool used the term synthetic biology in reference 

to the synthesis of unnatural organic molecules by chemists that have functions in living 

organisms. Whereas in 2009, Drew Endy described synthetic biology as the discipline 

that, by modifying existing biomolecules, allows to understand life mechanisms8. Thus, 

overall, the term synthetic biology describes a field of research that encompasses many 

different branches of science (i.e. functional genomics, chemical biology, metabolic 

engineering, bioinformatics, etc.) rather than a single discipline, with the final aim of 

harnessing and understanding the principles of biology for myriad of applications in 

biology and medical science9. 

Over the past four decades, vast improvements have been made in the way DNA can be 

manipulated. Despite this, the short comings associated with gene synthesis persist, and 

commonly the waiting period for DNA to be synthesised (and following recombining) is 

a rate-limiting step in synthetic biology research. At present, the significant amount of 

time required to synthesise long molecules of DNA, using traditional methods, 

inherently limits the ability to rapidly explore microbial functions and to assemble 

“tailored-made” genomes for specific purposes.  

For these reasons, an increasing number of researchers have aimed to develop new 

approaches to DNA synthesis, such as the generation of de novo DNA and the large scale 

synthesis of genes and multi-gene DNA molecules from ODNs10. Such technologies could 

dramatically increase the efficiency associated with traditional recombinant technology 
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(Figure 1-1) and lead to a better understanding of natural biological processes9. These 

advances would also provide researchers with a great deal more freedom, such as 

allowing for the synthesis of any specified DNA, irrespective of size, and without the 

need for available restriction sites in plasmids to suit the subsequent manipulation of the 

prepared DNA sequence10. Furthermore, since DNA is the vehicle of almost every 

biological process9, these techniques would in principle further increase DNA synthesis 

capacity and speed, providing the foundation for many synthetic biology approaches and 

increasing research productivity5 regardless of the application of interest. 

 

Figure 1-1 Pathways from synthetic design to final synthetic product. Step specific to synthetic 

genes are shown in green. Following steps (in blue and orange) are more common to DNA 

manipulation and screening. The figure was adapted from Carr10 
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Several commercial companies (e.g. DNA 2.0, GeneScript, Genewiz, Eurofins MWG 

Operon, etc.) are striving to improve their expertise in synthesising DNA in order to 

generate from small DNA fragments to whole genes and genetic elements. Additionally, 

in the last decades significant advances have been made that expand potential 

applications and reduce production costs11-14. Therefore, synthesis capabilities have 

moved from single genes to chemically synthesised genomes15,16 and their introduction 

into common hosts to completely reprogram a cell17. With such potential, synthetic 

biology applications at the DNA level are quickly becoming more powerful and practical 

than conventional genetic manipulation techniques.  

1.1.2. DNA 

1.1.2.1. DNA primary structure18 

DNA is a molecule that stores and propagates the genetic information in humans and 

almost all living systems that is made of monomeric units called nucleotides. Each 

nucleotide is formed by a phosphate group, a pentose sugar and a heterocyclic base. In 

DNA, there are four heterocyclic bases, either a purine base: guanine (G) or adenine (A), 

or pyrimidine base: cytosine (C) and thymine (T) (Figure 1-2).  

http://www.google.it/url?sa=t&rct=j&q=mwg%20eurofins&source=web&cd=1&sqi=2&ved=0CGAQFjAA&url=http%3A%2F%2Fwww.eurofinsdna.com%2F&ei=_ku_T6yVKILbtAaw_5noCg&usg=AFQjCNF3ekiFCdQmeHwGwLC-Q3CIiTp15A
http://www.google.it/url?sa=t&rct=j&q=mwg%20eurofins&source=web&cd=1&sqi=2&ved=0CGAQFjAA&url=http%3A%2F%2Fwww.eurofinsdna.com%2F&ei=_ku_T6yVKILbtAaw_5noCg&usg=AFQjCNF3ekiFCdQmeHwGwLC-Q3CIiTp15A
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Figure 1-2 Chemical structures of DNA purine and pyrimidine heterocyclic bases. 

The bases are covalently bonded to C1 of the sugar moiety by a glycosidic bond; for 

purine bases via the N9 –atom, and for pyrimidine bases, via the N1–atom. 

The pentose sugar of DNA is named 2′-deoxy-D-ribose. Generally this is composed of five 

carbon atoms with a number of hydroxyl (-OH) groups attached, with the 2′-deoxy-D-

ribose name derived from the fact that it lacks a hydroxyl group at the 2'-position if 

compared to ribose. The base-sugar unit is called nucleoside (Figure 1-3). 
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Figure 1-3 Nucleosides structures 

When the nucleotides of DNA are linked, they form a chain. The resulting DNA strand 

possesses directionality; since the linkage occurs from5'phosphate of one nucleoside to 

the 3' OH of another, its direction is designated as 5' to 3'. 
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1.1.2.2. DNA secondary structure 

The critical leap in understanding the importance of DNA only arose via the discovery of 

the mechanism of DNA replication in 1953 through the study of the secondary structure 

of B-DNA by James Watson, Francis Crick and associates19-21. The structure they 

suggested contained two right-handed helical chains (duplex) running in opposite 

directions; one oriented in the 5' to 3' direction, with the opposite strand in the 3'-

5'direction. The two strands of DNA are held together by hydrogen bonds between the 

bases of paired nucleotides on opposite strands. Base pairing is regulated by the “Watson 

and Crick base pairing rules”: generally adenine binds thymine, while guanine binds 

cytosine (Figure 1-4)22. 

 

Figure 1-4 Hydrogen bonding in the Adenine-Thymine (A-T) and Cytosine-Guanine (C-T) 

Watson-Crick DNA base pairs 

According to this model, the hydrophobic bases are on the inside of the helix and the 

negatively charged phosphates on the outside, with the sugar moiety being roughly 

perpendicular to the attached bases. The stability of the duplex is derived from both 

hydrogen bonding and base stacking. 

http://www.atdbio.com/content/14/Transcription-Translation-and-Replication#DNA-replication
http://www.atdbio.com/content/53/DNA-duplex-stability#Hydrogen-bonding
http://www.atdbio.com/content/53/DNA-duplex-stability#Base-stacking
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Although different DNA conformations have been characterised using X-ray 

crystallography (i.e. A, B and Z)23, for the purpose of this thesis the term DNA refers to 

the B structure of DNA (Figure 1-5).  

 

Figure 1-5 B-DNA double helix showing DNA major and minor groove 

The B-DNA conformation is the most abundant biological form, occurring in conditions 

of high humidity/low salts. It is an antiparallel right-handed duplex with a periodicity 

between 10 to 11 base pairs, hence a helical pinch of 34 Å. The attachment of bases to the 

sugar-phosphate backbone through glycosidic bonds is asymmetrical and results in the 

formation of two different grooves that run along the entire length of the DNA molecule. 

Both are lined with potential hydrogen bond acceptors and donors; usually small 
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molecules (e.g. distamycin and neptropsin) interact with the DNA in the minor groove 

while proteins bind to it in the major groove. 

1.1.2.3. Oligonucleotides 

Oligonucleotides are short single stranded DNA molecules, typically with twenty or 

fewer bases24. ODNs are formed by several nucleotides, in which the phosphodiester 

bonds link the 5'-phosphate group of one nucleotide to the 3'-hydroxyl group of another 

(Figure 1-6). The sequence of nucleotides residues in an oligonucleotide is defined from 

the 5' terminus to the 3' terminus.  
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Figure 1-6 Chemical structures of the oligonucleotide dGCAT 

1.1.3. DNA synthesis 

DNA synthesis allows for the production of nucleic acids strands. In nature, DNA 

synthesis in cells requires the concerted action of a number of proteins clustered 

together (Figure 1-7)8. The replication process starts when the helicase enzyme unwinds 

and separates the strands of the DNA helix with each strand being used as a template for 

the construction of a new strand. At the point when DNA is separated into single strands 
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and new DNA begins to be synthesised, a replication fork is formed. There are two 

replication forks, each acting as starting point for DNA replication25, which takes place 

simultaneously and via an identical mechanism at each fork26,27. Once the DNA is 

unwound, single strand binding proteins (SSB) coat the single strands and prevent them 

re-joining during replication, and are displaced once the synthesis of new DNA begins28. 

Interestingly, DNA polymerases cannot initiate DNA synthesis de novo, and require a 

primase enzyme, which uses the original DNA sequence as a template to synthesise a 

short RNA primer (around 20 -30 nucleotides in length)29. Once primed, the DNA 

polymerase can begin to synthesise new DNA, until it eventually encounters one of the 

previously synthesised short RNA fragments. The synthesis of new strands proceeds by 

extending the short RNA primers sequences in the 5'to 3' direction. As polymerase can 

synthesise nucleic acids strands only in the5'to 3' direction linking the 5' phosphate 

group of an incoming nucleotide to the 3' hydroxyl group at the end of the growing chain 

and the synthesis has to be performed simultaneously, it has been demonstrated that 

only one strand, the leading strand, is synthesised continuously. The other strand -the 

lagging strand- is copied in short discontinuous sections, called Okazaki fragments30. 

The dissociation of the DNA polymerase is prevented by sliding clamp proteins, which 

also aids the progress of the polymerase. As replication proceeds, RNAaseH recognises 

the RNA-DNA hybrid used to initiate replication by DNA polymerase, and degrades the 

RNA by the hybridization of its phosphodiester bonds. The gaps in the sequence created 

by RNAaseH are filled in by another DNA polymerase that extends the 3' end of 

neighbouring Okazaki fragments. When this process is completed, several nicks on the 

lagging strand and a single nick on the leading strand and can remain. The enzyme 

called DNA ligase repairs these nicks, thus completing the newly replicated DNA 

molecule. 

In this way, the newly produced DNA (called daughter strands) consists of half of the 

parent DNA molecule and half of a newly formed molecule (semi-conservative DNA 

replication). 
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Figure 1-7 DNA replication. 1-helicase unwinds and separates the two DNA strands forming the 

replication fork. 2-the two strands of DNA are maintained separate by SSB proteins. 3- Primase 

synthesises a short RNA primer. 4- DNA polymerase extends the RNA primer in the 5'—3' 

direction. 5- Okazaki fragments are produced. 6- RNA primer are excised and the gaps are 

filled. 7- DNA Ligase links Okazaki fragments to form a continuous strand. Figure adapted from 

Alberts31 

 

1.1.3.1. DNA chemical synthesis 

Studies aimed at developing efficient synthetic methods for synthesising DNA currently 

tend to rely on chemical synthesis of DNA via solid phase synthesis. The chemical 

synthesis of ODNs is particularly valuable for the preparation of short DNA sequences 

(around 50 nucleotides in length). Although over the past few years several methods of 

solid phase synthesis have been investigated (e.g. H-phosphonate32 and phosphotriester 
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methods33, the phosphodiester approach34 and the development of phosphitetriester 

method35), at present the method of choice remains oligonucleotide synthesis through 

the phosphoramidite method. This method was pioneered by Prof. Marvin Caruthers and 

is also known as solid phase oligonucleotides synthesis36. The success of this method 

comes from its speed of coupling and 98% coupling efficiency37. The coupling is usually 

completed within ca. 1 minute. Additionally, irreversible side-reactions can usually be 

avoided and the phosphoramidite building blocks are readily available as well as the 

easy-to-operate automatic synthesisers37. 

Phosphoramidite synthesis relies on 3' to 5' synthesis. It generally involves the addition 

of one nucleotide residue at a time to an immobilised protected nucleotide or 

oligonucleotide. Solid phase synthesis begins with the attachment of the first nucleotide 

to a solid support (e.g. pore- glass beads, highly cross linked polystyrene). The assembly 

of the chain is nowadays typically carried out using DNA synthesisers. No purification is 

carried out until the sequence is fully assembled and released from the solid support37. 

Each assembly cycle consists of four steps, at the end of which one nucleotide is coupled 

(Figure 1-8). These steps are detritylation, coupling, capping and oxidation37. 

At the beginning of the solid phase synthesis the first base is pre-attached to the resin. 

However, this base is inactive because it is protected by a 5'-DMT (dimethoxytrityl) 

group. During the detritylation step the5'DMT group is removed by addition of the 

trichloro acetic acid (TCA). This leaves a reactive 5' hydroxyl group on the first base. 

During the coupling step, a phosphoramidite monomer is activated by tetrazole (acting 

as a weak acid), forming a tetrazolyl phosphoramidite intermediate. This newly formed 

group reacts with the hydroxyl group of the recipient forming the 5' to 3' linkage.  

At this point a capping step is introduced to block unreacted 5'-hydroxyl groups 

remaining from the previous coupling step. Capping ensures that unreacted 5' hydroxyl 

groups do not react with the next incoming phosphoramidite to produce 
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oligonucleotides with missing bases. Therefore if these deletions accumulate the final 

product would result in a mixture of different oligonucleotides species carrying incorrect 

genetic information, hampering subsequent biochemical experiments.  

Once the capping step is completed, an oxidation step follows. During this step the 

phosphite linkage between the first and the second base in the growing oligonucleotide 

chain is stabilised. This is done by treatment with iodine in water, leading to the 

oxidation of the phosphite into phosphate. The resultant phosphotriester is a DNA 

backbone protected with a group that prevents undesirable reactions at phosphorus 

atoms during subsequent synthesis cycles38. 

Once the cycling step is finished, aqueous ammonia or a mixture of ammonia and 

methylamine is added to cleave the newly formed oligonucleotide from the solid 

support. The oligonucleotide, still dissolved in concentrated aqueous ammonia is then 

incubated at high temperatures to remove protecting groups from the bases and 

phosphates. The ammonia is then removed by evaporation and the oligonucleotide can 

be either desalted or purified, according to the final application.  

Oligonucleotides purification is carried out either by high performance liquid 

chromatography (HPLC) or polyacrylamide gel electrophoresis (PAGE) according to the 

type of oligonucleotide and purity and yield requirements. Generally, HPLC is used when 

purifying short sequences (up to 50 base pairs), while PAGE is employed when purifying 

longer sequences.  
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Figure 1-8 Schematic representation of phosphoramidite oligonucleotide synthesis cycle 

After purification oligonucleotides are characterised by mass spectrometry, usually 

matrix-assisted laser desorption-ionization time-of-flight mass spectrometry (MALDI-

TOF MS) for short ODNs and electrospray ionization mass spectrometry (ESI-MS) for 

longer ODNs. 
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1.1.3.2. DNA enzymatic synthesis 

A second common method of synthesising ODNs is via enzymatic synthesis using the 

Polymerase Chain Reaction (PCR) technique. PCR is a method for the amplification of 

DNA, developed by Kary Mullis, that allow the production of copies of DNA strands in a 

much faster way than previously known methods39,40. During a PCR reaction, a specific 

sequence of DNA is denatured and each of the parent molecules are used to produce a 

complimentary “daughter strand”. A typical PCR reaction consists of a series of repetitive 

cycles, each of which involves three main steps: denaturing, annealing and extension 

(Figure 1-9). 

 

Figure 1-9 Schematic diagram of the PCR process. 1- denaturation, the two strands of DNA are 

separated by increasing the temperature (around 94  C to 98  C). 2- annealing, DNA primers 

bind to the separated strands (50 °C-60 °C). 3- elongation, parent strands are extended by the 

heat-stable DNA polymerase (72 °C) 
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During the denaturation step, the DNA template is split into separate strands by 

disrupting the hydrogen bonds with its complementary bases. Denaturation is achieved 

by using high temperatures (usually between 94–98 °C). Following template 

denaturation, the reaction temperature is lowered to 50–65 °C to allow the 

oligonucleotide primers to hybridise to the complementary sequence of DNA template. 

As this cooling phase is rapid and the single strands are long, and parent complex it is 

unlikely to re-form. At this point, the temperature is adjusted for the optimal activity of 

the polymerase used (usually around 72 °C). This is the extension step, during which the 

polymerase begins to add dNTPs to the 3' OH group of both primers allowing the 

formation of new DNA strand complementary to the DNA template strand and doubling 

the number of copies of the target region. At the end of this first cycle, the newly formed 

strands have a defined 5' end of the primer and a not precisely defined 3' end. Increasing 

the number of cycles a strand, more defined in length, is generated and used as the 

template for the newly synthesised sequence. The resulting DNA strand has a defined 

length that is limited to both ends by the 5' end of each of the two primers. New DNA 

synthesis stops when the reaction temperature is increased during the denaturation step 

of the following cycle. In the second cycle, the double strand DNA is formed by an 

original strand and a newly synthesised one produced during the first cycle. Therefore 

the primers anneal to the original template but also to the strands synthesised in the first 

cycle. The second cycle ends with the production of two single DNA strands. While in 

the third cycle the first correct length double stranded DNA is formed. After few cycles, 

there is an exponential increase in the number of copies of the target sequence. 

1.1.4. Oligonucleotides Assembly 

1.1.4.1. Enzymatic assembly 

Typically a set of individually designed oligonucleotides are made on an automated 

solid–phase synthesiser, purified and then joined by specific annealing and standard 

ligation or polymerase reaction. To date, many methods for ligating DNA fragments have 

been described15-17,41-47.  
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The earliest and foremost enzymatic gene synthesis techniques originated in the 1970’ s 

when Gupta and his colleagues produced a 207 bp long DNA, coding for a yeast alanine 

transfer RNA (tRNA) molecule41. The process took two years and consisted in the use of 

several short oligonucleotides enzymatically linked using a recently discovered ligase 

enzyme41-43. Following the invention of PCR in the mid-1980’ s and improvement on this 

technique, a plethora of PCR- based ligation protocols were developed (i.e. Ligase Chain 

Reaction, Polymerase Cycling Assembly, Gibson Assembly)15,17,42-47. 

1.1.4.1.1. DNA ligases 

The activity of DNA ligases was discovered in the 1960’s48. Ligases play a pivotal role in 

DNA replication, repair, and recombination49-51. They require a bivalent cationic metal 

such as Mg2+ or Mn2+ to be effective49. These enzymes catalyse the formation of 

phosphodiester bonds at single-stranded breaks (nicks) in double stranded DNA50. There 

are two classes of DNA ligases. The first are only found in bacteria and use NAD+ as a 

cofactor. The second use ATP as a cofactor and are found in eukaryotes, viruses and 

bacteriophages48. Although to date there has been no published data that directly 

compares the activities of all the various nucleic acid ligases, it is believed that these 

enzymes operate through a similar biochemical mechanism that consists of three 

reversible steps (Figure 1-10)50,52. 
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Figure 1-10 Schematic diagram of DNA ligases mechanism. 1, adenylation of DNA ligase by 

ATP; 2, the adenyl group of the enzyme-nucleotide intermediate is transferred to the 5' 

phosphate group on the DNA strand; 3, the adenyl group is displaced and a phosphodiester 

bond in the DNA is formed 

During the first step, known as adenylation, a lysine residue on the DNA ligase forms a 

bond with an ATP (viral or eukaryotic ligase) or a NAD (bacterial ligases), generating an 

adenylate intermediate complex. In the second step, called deadenylation, the adenylate 

is transferred from the 5' phosphoryl-group of the substrate oligonucleotide. The 

resulting pyrophosphate bond is then subjected to a nucleophilic attack by the 3'- 

hydroxyl terminus of the neighbouring oligonucleotide on the activated 5' phosphoryl 

group of the second oligonucleotide, which results in the release of a phosphate, and the 

formation of the phosphate linkage. Finally, AMP and ligase are released.  

Ligases have been isolated from a variety of sources. The most studied are from E. coli, 

T4 phage (T4 DNA ligase) and more recently thermophilic bacteria (ampligase)53. T4 

DNA ligase was the first DNA ligase to be purified and characterised54. This enzyme is 

encoded by gene 30 of the T4 bacteriophage52. It catalyses the ATP-dependent formation 
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of a phosphodiester bond between the 3' hydroxyl end of a double-stranded DNA 

fragment and the 5' phosphate end of the same or another DNA fragment. In vivo T4 

DNA ligase is involved in the replication and recombination of phage DNA, and in vitro 

it is widely used for generating recombinant DNA molecules in which DNA fragments of 

interest are inserted into vector molecules. Its capacity to join both staggered and blunt 

ends makes it a valuable tool for a variety of molecular biology methods. However, due 

to its low Michaelis constant (Km <0.1µM) it is less suitable for preparative ligations of 

nucleic acids in large quantities55,56. Ampligase DNA ligase is a thermophilic and 

thermostable DNA ligase purified from the thermophilic bacterium Thermus 

thermophilus HB850. Ampligase allows hybridisation stringency and ligation specificity50 

at a variety of temperatures. 

1.1.4.1.2. Polymerase Cycling Assembly (PCA) 

The PCA technique is currently one of the most efficient methods for assembling 

overlapping oligonucleotides in equi-molar quantities in full gene constructs57. In 

essence, it is a variation of the PCR process in which a thermo-stable DNA polymerase 

reaction is used to “stitch” together two or more overlapping fragments57. Neighbouring 

oligonucleotides that are complementary to one another hybridize during the annealing 

step. The polymerase then extends the oligonucleotides to completion in the 3' direction. 

The double stranded DNA, just formed, is then denatured into single stranded DNA. 

During the annealing step, these longer products can hybridise with new neighbouring 

sequences. After repeated cycles, the oligonucleotides continually increase in length 

until the desired full- length double stranded DNA is formed (Figure 1-11). PCA is usually 

followed by a final PCR reaction that amplifies the full length product42. 
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Figure 1-11 Schematic diagram of PCA process. 

The PCA method was first described in 1995 by Stemmer and colleagues while 

assembling a 900-bp TEM-1- β lactamase encoding gene (bla) in a single reaction, from a 

total of 56 oligonucleotides, each 40 nucleotides in length. PCA has also been used for a 

“two error free steps” methodology where the final aim was the synthesis of the 32 Kb 

gene cluster encoding the sequence for erythromycin polyketide synthase (PKS). The 

authors first constructed multiple 500 bp sequences in lengths called “synthons”, and 

then joined these into multi-synthons of 5,000 bp. These segments were subsequently 

assembled into the final product by conventional cloning strategies44. However, with this 
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technique only intentionally overlapping primers anneal and extend — if two primers 

miss-anneal and then are extended, an undesired DNA product would result. Thus if 

miss-priming occurs more than once, many side products of different lengths would be 

formed together with the desired product, decreasing the yield and purity.  

1.1.4.1.3. Ligase Chain Reaction (LCR) 

LCR allows the synthesis of DNA from overlapping oligonucleotides, phosphorylated at 

the 5' end, with the products being long enough to guarantee unique annealing. Similar 

to PCR, an LCR involves cycles of denaturation, annealing and ligation. This begins by 

mixing oligonucleotides together with a thermo-stable ligase in a buffered solution, 

which are first heat denatured and then slowly cooled down. However, this method 

relies on ODNs self-assembling so if any unintended duplexes form, incorrect products 

can be generated. Thus, miss-annealing events can be avoided only by using unique 

ODNs-overlap. Furthermore, ODNs should not form hairpins or other structures that 

can be in competition with the formation of the desired duplexes. Finally, the melting 

temperatures of the overlap between ODNs should be as uniform as possible; this allows 

assembly to take place under stringent thermal conditions, reducing the probability of 

unwanted duplexes forming58. Often, LCR is used in conjunction with a final assembly 

reaction by PCA42. For example, it was used by Smith and colleagues in a 14 day-long 

experiment aimed to assemble the complete infectious genome of the bacteriophage 

φX174 (5,386 bp) from a single pool of chemically synthesised oligonucleotides. Here, 

PCA was anticipated by gel purification of pooled oligonucleotides and ligation of the 

oligonucleotides under stringent conditions16. 

1.1.4.1.4. Chew back, anneal and repair (Gibson assembly) 

The Gibson assembly method was first used in 2008 to synthesise a 582,970 bp M. 

genitalium genome 15,46. Hundreds of overlapping DNA “cassettes”, each approximately 5- 

7 Kb in length, assembled from chemically synthesised oligonucleotides, were joined via 
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in vitro recombination to produce intermediate assemblies of approximately 24, 72 and 

144 Kb in a BAC vector (Figure 1-12). DNA instability in E. coli became a problem at a size 

of 290 Kb, so the authors changed their cloning host to S. cerevisiae, which was able to 

stably maintain longer sequences in the form of artificial chromosomes 42. 

 

Figure 1-12 Gibson assembly. A-In vitro recombination reaction, taking cassettes 1-4 assembly 

as example. B- preparation of BAC vector for the assembly reaction using PCR amplification. 

Amplified BAC vector has been gel purified and added to the reaction of A. C- the final reaction 

product containing BAC vector DNA and the four cassettes. Figure adapted form Gibson et al.15 

The principle behind this landmark experiment was that the overlapping DNA molecules 

could be efficiently joined using three enzymes in a two-step thermo cycle 

recombination method: (i) an exonuclease that chewed back the ends of the DNA 

fragments and exposed single strand overhangs, which allowed them to anneal to their 

complements; (ii) a DNA polymerase that filled the gaps generated in the annealed 

product; (iii) a DNA ligase that covalently sealed the resulting nicks in the assembly. The 

technique was further improved through the use of the5' T5 exonuclease, Phusion DNA 

polymerase and Taq DNA ligase47, which allowed the assembly and cloning of molecules 

larger than 300 Kb in only one single isothermal step reaction. 
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This method can be applied to join either ssDNA or dsDNA strands and has become one 

of the most common methods for in vitro assembly. The method was recently used to 

synthesise the entire 16.3 Kb mouse mitochondrial genome from 600 overlapping 60 bp 

ODNs59. An isothermal assembly method was also used in combination with yeast 

assembly to create the 1.08- mega-base pairs (Mbp) Mycoplasma mycoides JCVI-syn1.0 

genome, which was activated in a recipient cell to produce the first “synthetic cell”17. The 

genome assembly process consisted of adding overlapping DNA fragment to yeast. Once 

inside the yeast cells, the yeast machinery recognised the two DNA fragments with the 

same sequence and assembled them together at this overlapping region. Genome 

assembly was carried out in three stages(Figure 1-13). The first stage involved taking ten 

cassettes at a time to build 110 different, 10,000 bp segments. In the second stage, these 

10,000 bp segments were taken ten at a time to produce 11 different, 100,000 bp 

segments. In the final step, all of the 11 different, 100 kb segments were assembled into a 

complete synthetic genome, and propagated as a single yeast artificial chromosome60. 

After being assembled the M. mycoides genome has been isolated from the yeast cell and 

transplanted into a M. capricolum. The synthetic DNA was accepted by the recipient M. 

capricolum cell without being broken down. Subsequently all the proteins required for 

life, including restriction enzymes which degraded the native M. capricolum genome, 

were encoded. After transplantation and replication on agar plate the “new born 

synthetic” cell did not show any of the proteins of the recipient cell. Synthetic genome 

was distinguished from the native DNA by the incorporation of four “watermark” 

sequences. 
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Figure 1-13 The assembly of a synthetic M. mycoides genome in yeast. First the short sets of 

synthetic DNA base pairs are recombined into larger (blue arrow) and larger (green arrow) 

DNA assemblies. Finally the large DNA fragments are recombined into the complete genome 

(red circle). Figure adapted from Smith et al.17 

1.1.4.2. Chemical assembly 

Although enzymatic methods are one of the most common strategies in current use for 

combining oligonucleotides there are still several obstacles blocking the de novo 

synthesis of entire genes as a continuous DNA strand. This is mainly due to intrinsic 

limitations of these techniques. For example, the presence of high degrees of secondary 

structures and a high bias for AT or GC content can interfere with the annealing and 

assembly of ssDNA, resulting in failure during LCR or PCA. Repetitions of a DNA 

sequence often result in large deletions42,61.  
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As a result, there is a tendency for biochemists to mimic enzymatic process with non-

catalytic chemical reactions. Theoretically, if a chemical ligation method was available, it 

would increase the maximum attainable size of chemically synthesised DNA, 

transforming DNA synthesis into a generic, predictable and scalable process, even 

enabling the generation of any DNA42,62,63. However, to achieve clean and efficient 

chemical ligation of oligonucleotides is a challenging aim63. It has been attempted as far 

back as the 1960’s when Khorana and colleagues synthesised a 77 nucleotides tRNA 

gene64, which took several years65. Some progress was made years later through the use 

of cyanogen bromide as a coupling agent66. This method, called “chemical ligation”, 

consisted of the condensation of the oligonucleotides on a complementary template 

using the water soluble reagents carbodiimide or cyanogen bromide. The main 

advantage of this approach was the high rate of reaction and the absence of by-

products66. An alternative strategy is to design and synthesise chemical linkage that 

mimics the natural phosphodiester from functional groups that are orthogonal to those 

normally present in DNA67. This has partly been achieved by using reactions between 

oligonucleotides with3'–phosphorthiodate and 5'-tosylate or iodide68,69. However this 

approach does not fulfil the three criteria for a robust chemical method for gene 

synthesis63 such as i) functional groups should be stable in aqueous media; ii) 

oligonucleotides should be synthesised with reactive groups at each end for use in 

multiple ligation reactions; iii)the ligation reaction should start when participating 

ODNs have been hybridised to complementary splints (so that the DNA strands are 

organised in the desired order by template preassembly and the synthesis of a very stable 

backbone linker)63. 

Thus, a highly selective and efficient chemical reaction that would give a bio-compatible 

DNA backbone linker that functions as a substrate for DNA replication enzymes and that 

works with high efficiency on a short time scale could facilitate the process63,70. In this 

scenario, the efficient and highly selective copper-catalysed azide-alkyne cycloaddition 

reaction (CuAAC), the best known example of click chemistry, has proven to be a 

remarkably useful tool for joining purified oligonucleotides by chemical methods71.  
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1.1.4.2.1. Click chemistry and the CuAAC reaction 

The term “click chemistry” was coined in 2001 to describe a class of efficient, selective 

and stereospecific reactions wide in scope, that can be used to link molecules together 

quickly and in high yield, as well as be tolerant of a wide range of functional groups2.  

Although the term click chemistry includes different reactions (i.e. cycloaddition, non 

aldol carbonyl chemistry and addition of multiple carbon-carbon bonds), the Cu (I) 

azide alkyne Huisgen cycloaddition (CuAAC) reaction (Figure 1-14) is of particular 

relevance to the current project because of its ability to join together synthetic 

oligonucleotides65-2. 

 

Figure 1-14 Schematic diagram of Cu (I) azide- alkyne Huisgen cycloaddition reaction. During 

the reaction the copper catalyses the reaction between an organic azide and terminal alkyne 

to form a triazole product. Figure adapted from Rostovtsev et al.2 

1.1.4.2.2. CuAAC reaction in DNA ligation 

The CuAAC reaction has been extensively used in the field of nucleic acid 

research63,70,72,73 as a method to attach DNA to surfaces70; as a means to facilitate template 

synthesis63; for labelling of oligonucleotides with reporter groups74-77; and most recently 

for the ligation of biochemically active oligonucleotides63,70,78. This broad range of uses of 

the CuAAC reaction in nucleic acid research is due to: (i) the ability of alkynes and 

azides to be attached to nucleic acids by simple methods; (ii) the reaction can be 

performed in different solvents including water, which is ideal for DNA chemistry79; and 

(iii) the resultant triazole is extremely stable 70. 
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Initial investigations carried out by El-Sagheer et al.3 allowed the synthesis of DNA 

strand containing an unnatural T-triazole-T linker, called linker A by the authors, 

between a 3′-azido-dT and 5′-propargylamido-dT (Figure 1-15) in the presence of a 

complementary template oligonucleotide (splint). The resultant click-ligated DNA 

strand was then used as template in PCR reactions with different DNA polymerases. 

 

Figure 1-15 Synthesis and PCR amplification of an unnatural triazole-based DNA backbone 

(DNA backbone Linker A). Figure adapted from El-Sagheer et al3 

Although the success of the click ligation and the ability of the DNA triazole linker A to 

be capable of being read by different thermo-stable DNA polymerases, sequencing 

analysis of amplicons revealed loss of one thymidine at the ligation site. The inability of 

DNA polymerase to read the base sequence around the triazole linker A was attributed 

to the presence of a rigid amide bond, the absence of a 3′-oxygen atom and the lack of a 

5′-methylene67.Nonetheless, this work represented the first example of chemical DNA 

ligation combined with PCR amplification. The results obtained also implied the 

possibility of the production of a truly bio-compatible synthetic DNA linker system.  

Not-later, the same group designed and synthesised a more flexible second generation 

linker (click DNA backbone linker B) in which the limits of linker A were rationalised, 

(Figure 1-16).  
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Figure 1-16 A, first generation triazole linker (DNA backbone Linker A); B, second generation 

triazole linker (click DNA backbone linker). C, canonical DNA linker. The number of chemical 

bonds between the C3' and C4' atoms of adjacent sugar rings is written in blue. Figure adapted 

from El-Sagheer et al.63 

The new click DNA linker was constructed from oligonucleotides made entirely by 

phosphoramidite method, one bearing a 5'-azide functional group and the other a 3' 

alkyne and it was missing the amide bond and with the 5' methylene group and 3'–

oxygen atom to better resemble a natural phosphodiester (Figure 1-16 C). The ability of 

DNA polymerase to correctly read through the new generation click DNA linker was 

demonstrated by successful amplification and sequencing of three synthesised DNA 

templates, 81 mers long containing one triazole each67. Furthermore, authors successfully 

amplified and sequenced a 300-mer PCR template synthesised from three 100-mer 

oligonucleotides ligated with two click DNA linkers.  
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1.1.5. Aims, objectives and thesis structure 

The main aim of the current research was to assess the bio-compatibility of the click 

DNA linker with the ultimate objective of using it for the preparation of large DNA 

molecules. This investigation aim was addressed by: 

 Assessing the fidelity of DNA-replication of an essential gene constructed from 

click-linked DNA in E. coli; 

 Investigating the fidelity of DNA replication and transcription of a non-essential 

gene constructed from click-linked DNA in E. coli; 

 Probing the bio-compatibility of the click-linked DNA in mammalian cells; 

 Assessing the bio-compatibility of multiple click DNA linkers in E. coli. 

This thesis consists of 7 chapters. Chapter 1 describes the aims of the current project and 

it reviews the current state of knowledge and scientific aspect related to it. 

Chapters 2-5 aim to assess the bio-compatibility of the click DNA backbone linker in E. 

coli and mammalian cells as well as its utility in assembly of large DNA molecules. 

Chapter 6 draws overall conclusion obtained from this work and suggests some issues 

for further works.  

Chapter 7 describes the research design, technical details and procedures that were used 

for the experiments contained in this thesis. 

 





 

 

 

2. Assessment of the bio-

compatibility of an essential gene 

constructed from click-linked 

DNA in E. coli 

2.1. Introduction 

In vitro experiments demonstrating the ability of DNA polymerases to correctly read 

through the click DNA linker (section 1.1.4.2.2)67, suggested that the new generation 

triazole was likely to behave like its natural counterpart in vivo. However, the utility of 

the CuAAC reaction for producing longer oligonucleotides could only be fully realised if 

DNA containing the click DNA linker was able to transfer the genetic information with 

high fidelity during replication80.  

This chapter describes investigations into the bio-compatibility of DNA containing the 

click DNA linker in E. coli.  
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2.2. Results and Discussion 

2.2.1. Design and construction of T7 luciferase plasmid containing a click 

DNA backbone linker in each strand of its antibiotics marker gene 

The bio-compatibility of click-linked DNA (synthesised by Dr. Afaf El- Sagheer from 

Prof. Tom Brown’s research group) was investigated by the construction of a plasmid 

containing one click DNA linker in each strand of its antibiotic marker gene, using a PCR 

based technique. The plasmid containing the click-linked DNA was constructed using 

the T7 Luciferase (Figure 2-1) as backbone, which contained a TEM-1 β- lactamase (bla) 

gene conferring ampicillin resistance81. A control plasmid containing canonical DNA was 

also constructed as a positive control. 

 

Figure 2-1 T7 Luciferase plasmid map 

ScaI and PvuI restriction sites, present in the middle portion of the bla gene, were chosen 

for the introduction of the click-linked DNA containing the triazole linkers in the T7 

Luciferase plasmid. These restriction sites were chosen as they were unique within the 

plasmid sequence itself as well as in its bla portion sequence. Click-linked primers 

containing the click DNA linkers were designed (relevant primers sequences shown in 

Table 2-1) to contain MeCtC (cytosine- cytosine click DNA linker) near the 3' terminus of 
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each strand. Ideally, a cytosine or guanine was taken as the last 3' nucleotide to 

encourage stronger binding interactions and more efficient PCR reaction82. Additionally, 

each primer was flanked by the chosen restriction site and a spacer sequence (GTTGTT) 

to further increase the ability of restriction enzymes to bind more efficiently to DNA. 

Control primers (ODN 40 and ODN 42 in Table 2-1) were identical to the click-linked 

primers, with the exception that MeCtC were substituted by canonical C-C bases.  

Table 2-1 Oligonucleotides used in this study 

ODN Sequence (5'-3') APPLICATION 

39 GTTGTTAGTACTCA
Me

CtCCAGTCACAGAAAAGC 
Forward primer containing 

triazole linker 

40 GTTGTTAGTACTCACCCAGTCACAGAAAAGC Forward control primer  

41 GTTGTTCGATCGTTGTCAGAAGTAAGTTGG
Me

CtCGCAGTGTTATCACT 
Reverse primer containing 

triazole linker 

42 GTTGTTCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACT Reverse control primer  

(*): ScaI restriction site;(*) PvuI restriction site; (*) 
Me

CtCt5-methyl C-triazole-C linker 

The first attempt to amplify the bla fragment using click-linked primers showed a 

migration pattern of the same size of the control reaction. However, quantification of 

PCR products depicted in Figure 2-2 clearly showed that the yield of the click PCR 

reaction product (lane 3) was significantly less than that of the positive control (lane 2); 

DNA concentration of positive control resulted to be 55 ng/µL whereas DNA 

concentration of click fragment resulted to be 9.8 ng/µL. 
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Figure 2-2 PCR product of bla fragment with triazole and normal oligonucleotides. Lane 1, DNA 

ladder in Kb; lane 2, amplification of bla fragment using control primers (ODN 40 and ODN 42); 

lane 3, amplification of bla fragment using click-linked primers (ODN 39 and ODN 41). Expected 

size 130 bp. Annealing temperature= 52 °C. 2% agarose gel. 

Thus, the parameters of the protocol that may have led to the generation of a lower yield 

product were investigated. According to the literature82,83, there are many variables that 

are known to influence the final product of an amplification reaction (e.g. primer 

annealing temperature, primers concentration, Mg2+ concentration, presence of 

inhibitors, etc.). Among these, one of the most critical parameters is the primer 

annealing. As general rule annealing temperatures lower than the optimum setting could 

generate the amplification of non-specific PCR products. In contrast, increasing the 

annealing temperature (Ta) by more than the optimum amount may reduce the yield of 

desired product83. Because of this, the annealing temperature was empirically 

investigated. A PCR gradient, covering a range of temperatures (45- 52 °C) below the 

calculated one (52 °C) was performed using standard cycling conditions. However, the 

yield of PCR products was not affected by a lower Ta (Figure 2-3), indicating that other 

parameters should be also investigated. 
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Figure 2-3 Experimental determination of optimal annealing temperature: the calculated 

primer annealing temperature was 52 °C. The bla fragment between ScaI and PvuI was 

amplified. Using the gradient function of the universal block, a gradient of 42 to 52 °C was set. 

Lane 1, 2 log ladder; Lanes 2-9, control PCR product with annealing temperature at 52 °C, 51.4 

°C, 51 °C, 49.2 °C, 47.9 °C, 47 °C, 46.5 °C, 45 °C; Lanes 10-17, triazole PCR product with 

annealing temperature at 52 °C, 51.4 °C, 51 °C, 49.2 °C, 47.9 °C, 47 °C, 46.5 °C, 45 °C. 2% 

agarose gel. 

The effect of primer concentration on PCR performance was investigated next. In 

general, primers have to compete with accumulating product to find their target 

sequence, which could become limiting for the reaction during the latter cycles of a 

PCR84. To test whether the ratio between primers and product concentration influences 

the yield of the product, reactions were performed with increasing amounts of primers 

(Table 2-2), but otherwise all other conditions were kept the same constant. 
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Table 2-2 Optimisation of GoTaq reaction mixture 

Component 
Stock 

Concentration 
REACTION 1 
Final Volume 

REACTION 2 
Final Volume 

REACTION 3 
Final Volume 

GoTaq Buffer 5X  10 μl 10 μl 10 μl 

10 mM dNTPs 0.2mM each dNTP 5 μl 5 μl 5 μl 

Forward primer 0.16 μM 1 μl 2 μl 3 μl 

Reverse primer 0.16 μM 1 μl 2 μl 3 μl 

Template 100 ng/μl 1 μl 1 μl 1 μl 

GoTaq polymerase 10 X  0.25 μl 0.25 μl 0.25 μl 

Sterile Distilled Water 
Makes volume up to 50 

μl 
31.75 μl 29.75 μl 27.75 μl 

The degree to which the yield increased varied significantly for the reaction tested and 

an increase in product yield was noticed (Figure 2-4). 
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Figure 2-4 Experimental determination of optimal primers concentration. Lane 1, 2 log ladder; 

Lane 2 click PCR product according condition in reaction 1 (Table 2-2); DNA concentration= 15 

ng/µL. Lane 3 click PCR product according condition in reaction 2 (Table 2-2); DNA 

concentration= 25ng/µL. Lane 4 click PCR product according condition in reaction 3 (Table 2-2); 

DNA concentration= 50 ng/µL. Lane 5 control PCR product according condition in reaction 1 

(Table 2-2); DNA concentration= 55 ng/µL 

In particular, although a high primer concentration might increase unspecific priming, 

the investigation carried out clearly showed that when using click-linked primers, 

concentration made a critical contribution to the yield of the final amplified product. 

Upon addition of increasing amounts of primers, the total product yield increased 

dramatically, indicating that the primer concentration was the main limiting factor for 

this reaction. It was reasoned that this might have occurred because the click-linked 

primers became exhausted before the reaction was completed, leading to the desired 

product with a lower yield. Therefore, electrophoresis of the PCR reaction carried out 

using click-linked primers with a concentration three times higher than canonical 

primers substantially improved the yield and the quality of the product of the PCR 
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amplification. As depicted in Figure 2-5, a product identical in length and yield to that 

from the positive control PCR carried out using control primers was observed. 

 

Figure 2-5 PCR product after click-linked primers optimised condition. Lane 1, DNA ladder in 

Kb; lane 2, amplification of bla fragment using ODN 40 and ODN 42; lane 3, amplification of bla 

fragment using ODN 39 and ODN 41. 2% agarose gel. 

The products of PCR carried out using click-linked primers with optimised 

concentration conditions and PCR carried out with control primers were purified and 

digested with ScaI and PvuI restriction endonucleases. Simultaneously, the T7 Luciferase 

plasmid was first cleaved (with the same restriction endonucleases and conditions used 

for the PCR products) and then treated with thermo-sensitive shrimp alkaline 

phosphatase (TSAP). TSAP treatment removes the 5' phosphate groups and therefore 

prevents re-ligation of the vector.  

As shown in lane 2 in Figure 2-6, gel electrophoresis of T7 Luciferase plasmid, after ScaI/ 

PvuI digestion, showed two bands of 4219 and 113 bp; of these the higher molecular 

weight band was gel -purified to remove the insert. Digested PCR products (lanes 3 and 4 
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in Figure 2-6) were purified using QIAquick PCR Purification Kit according 

manufactures’ instruction. 

 

Figure 2-6 ScaI/ PvuI digested PCR products and T7 Luciferase plasmid. Lane 1, DNA ladder in 

Kb; Lane 2, double digested T7 Luciferase control; Lane 3, double digested positive control PCR 

product; Lane 4, double digested modified PCR product. 2% agarose gel. 

The linearised plasmid backbone and purified digested amplicons were then ligated 

using T4 DNA ligase. After ligation T4 DNA ligase was heat killed to prevent the ligase 

from continuing to bind to the DNA and potentially inhibiting the transformation85 and 

the ligation mix was transformed into chemically competent E. coli cells (Figure 2-7).  
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Figure 2-7 Assembly of a T7-Luciferase plasmid containing click-linked DNA within its bla gene. 
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2.2.2. Bio-compatibility of T7 click Luciferase vector in high efficiency E. coli 

5 

To assess the fidelity of the new generation click DNA linker, ligation products (digested 

T7 Luciferase and click-linked DNA or canonical DNA or water as insert) produced as 

outlined in section 2.2.1 were initially transformed into the high-efficiency E. coli 5 

strain. It was surmised that after transformation in chemically competent E. coli 

5strain, if E. coli was able to replicate and transcribe from the DNA made using click 

chemistry, two situations could be observed. In the first one, the number of colonies 

from the construct containing the click-linked DNA would be about the same as the 

number of colonies from the construct from canonical DNA. In the second situation a 

number of colonies similar to the negative control plate would grow if E. coli was not 

able to recognise the modified DNA as a bio-compatible DNA molecule.  

Thus, the phosphorylated vector was ligated with: i) no insert; ii) with canonical 

fragment; iii) with click fragment. During the first attempt ligation was carried out 

according to manufacturer instruction (ratio vector to insert 1:2, and incubation at room 

temperature for four hours). Following the transformation of 5µl of each ligation mix 

into chemically competent E. coli 5α cells (Figure 2-8), the number of observed colonies 

containing the canonical DNA backbone, was almost double that of the number of 

colonies containing the click DNA linkers (approximately 35 and 17 colonies, 

respectively). 
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Figure 2-8 Transformation of ligation mixture after 4 hours incubation at room temperature in 

high efficiency E. coli 5 . The plate on the left is the negative control -no insert- (1 colony), the 

middle plate contains transformants of plasmids with the click DNA linkers in its bla gene (17 

colonies), and the plate on the right contains transformants of plasmids with canonical DNA 

insert in its bla gene (35 colonies).Picture taken using a not fluorescent filter. 

This result, together with the ambiguity in literature concerning the appropriate reaction 

conditions, suggested that there was at least one problematic parameter in the ligation 

reaction mix/procedure. Therefore different ligation parameters important for the 

ligation of PCR-amplified DNA fragments into plasmid vectors and efficient 

transformation into bacterial cells that would follow were analysed86. This was carried 

out in order to improve the ligation reaction, to achieve efficient transformation and to 

understand if the DNA containing the click DNA linkers causes any problems during 

DNA replication. The parameters that were covered were: temperature, duration of 

ligation, vector-to-insert molar ratio and total DNA concentration. Unless stated 

otherwise, the effect of each parameter was monitored via the number of recombinant 

colonies obtained. To facilitate the initial contact between the insert fragment and the 

linearised phosphorylated vector the overall concentration of DNA in the ligation 

mixture did not exceeded100 ng87. The ligation was optimised for temperature and 

duration of ligation. Room temperature, 4°C and 16 °C were tested, along with 4 hours 

and 16 hours ligation times. At each of the indicated times a 5 µl aliquot of ligation 

mixture was removed and analysed via transformation assay. The results of this 
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investigation are summarised in Figure 2-9. The data indicates that extending the 

ligation time dramatically influenced the overall efficiency of transformation. After 4 

hours incubation at room temperature few transformed species were present in all 

examined cases. Moreover, it was observed that the number of colonies with the natural 

backbone was almost double of the number of colonies containing the click DNA linkers 

(123 vs 64).  

 

Figure 2-9 Graph showing the effect of time and temperature of ligation on transformation 

when a ratio 1:3 is used. Dephosphorylated ScaI/PvuI vector and bla click fragment were 

incubated in the standard ligation reaction either at room temperature for 4h, 4°C or 16 °C 

overnight. The ligation products were analysed by transformation assay. Each set of 

experiment was repeated in triplicate (raw data in Appendix A1). 

Following overnight incubation, a higher number of trasformants was detected and the 

number of colonies in the triazole plates increased in relation to the positive control. 

This finding indicated that click-linked DNA required significantly longer time to reach 

the same ligation efficiency of natural DNA. This may be due the distortion induced by 

the triazole linkage to the DNA backbone which may make the binding of the ligase less 
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efficient88. A further optimisation was achieved when the temperature was increased 

from 4 °C to 16 °C. This is likely to be due to reduced ligase activity at lower temperatures 

and to the fact that at 16 °C a better balance between the enzyme activity and the 

stability of the annealed DNA overhangs. In contrast, higher temperatures (i.e. room 

temperature) may cause reduction of cloning efficiencies by melting annealed DNA 

overhangs and increasing the overall molecular motion in the ligation reaction89. Using 

the optimised conditions (16 °C overnight),the molar ratio of the vector-to-insert in the 

ligation was also investigated and four different molar ratios of vector to insert were 

tested (1:1, 1:2, 1:3,1:5). However, no effect on the transformation efficiency was observed 

at different molar ratios. Thus, the ligation of the linearised T7 Luciferase plasmid 

backbone and purified digested PCR products was carried out using a 1∶3 vector-to-insert 

ratio for 16 hours at 16 °C. The resulting ligation mixtures were then transformed into 

chemically competent E.coli cells and cultured on LB agar plates supplemented with 

ampicillin. 

As depicted in Figure 2-10, following the transformation experiment using the above 

optimised conditions, it was observed that only 1 colony was present on the negative 

control plate. In contrast, 127 colonies were observed on the click DNA linkers 

containing plate, and 129 colonies were observed on the positive control plate.  
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Figure 2-10 Indicative transformation result showing the bio-compatibility of click DNA in high 

efficiency E. coli 5. A, represents transformants from positive control (129 colonies). B, 

represents transformants of plasmids containing click DNA linkers in its bla gene (127 

colonies). C, represents negative control (with water instead of the insert). Picture taken using 

a fluorescent filter. 

To generate statistically significant data, this experiment was repeated 21 times, with 

similar results observed each time (Table 2-3). 
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Table 2-3 Bio-compatibility of T7 bla click vector in high efficiency E. coli 5 α 

Replicate Number of colonies 
on positive control 

plates 

Number of colonies on 
click plates 

Number of colonies on 
negative control plates 

1 458 432 4 

2 391 376 4 

3 356 351 3 

4 290 282 4 

5 243 240 4 

6 191 185 3 

7 150 149 1 

8 138 132 0 

9 169 163 3 

10 130 127 1 

11 177 165 1 

12 201 197 2 

13 153 144 0 

14 141 138 0 

15 46 44 1 

16 32 31 0 

17 63 61 1 

18 114 109 1 

19 21 20 0 

20 108 103 2 

21 26 25 1 

%Mean 100% 96.5% 1.00% 

Error 0.15 0.14 0.001 

Figure 2-11 compares the percentage of surviving cells after transformation of positive 

control, click-linked DNA containing plasmid and negative control. The average of 

colonies containing click-linked DNA was the 96.5% of positive control whereas the 

negative control was about the 1%.  
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Figure 2-11 Bio-compatibility of click DNA in high efficiency E. coli 5. Comparison of colony 

growth in the positive control, click and negative control plates. Each experimental was 

repeated twenty-one times for each sample. 

The plasmid and bla gene were isolated from 50 colonies from both the triazole DNA and 

positive control plates, and were then sequenced using ODN 1 and ODN2 (Table 7-3) to 

verify that the modified oligonucleotides had been inserted correctly. When comparing 

the sequences from plasmid containing the click DNA linkers and the canonical DNA, it 

was observed that, in contrast to what had been observed with the first generation 

triazole linker A3, both strands were identical with no bases having been misread(Figure 

2-12). Thus indicating that the click DNA linkers behaved as the natural DNA. Moreover, 

in all 50 instances, sequencing analysis confirmed that the bases around the MeCtC linker 

were replicated correctly. The observed survival and growth of E. coli containing the 

click-linked gene (at a similar level to the natural gene), strongly indicated that the click 

DNA linkers did not affect the encoded genetic information, and that the click-linked 

DNA was functional in E. coli.  
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Figure 2-12 Representative sequence alignment diagram of the bla gene containing the triazole 

linkages B with the canonical DNA after transformation in chemically competent high-

efficiency E. coli 5 strain. The position of MeCtC is shown in red while restriction enzymes 

binding sites are shown in yellow. 

2.2.3. Bio-compatibility of T7 click Luciferase vector in repair-deficient 

(ΔUvrB)E. coliJW0762-2 

The results shown in section 2.2.2 suggested that E. coli polymerases were able to 

correctly amplify the DNA sequence in the proximity of the click DNA linkers. However, 

if E. coli nucleotide excision repair (NER)90 was activated after being recognised the click 

DNA linker could be excised and replaced with a canonical phosphodiester linkage. In 

vitro studies have shown this process is carried out by a UvrABC complex together with 

UvrD protein91. NER is initiated when a UvrA dimer binds to two UvrB molecules 
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forming a dimer called UvrA2B2; this dimerization of the UvrB- blocks premature binding 

of UvrC92. At this point, one UvrB monomer binds the DNA, while the other remains 

loosely connected92,93. If damage is not detected, the same process is repeated by the 

second UvrB monomer, ensuring damage detection on both strands93. When DNA 

damage is found, a UvrC monomer is recruited and the ATPase activity of UvrB releases 

the UvrA dimer and a β hairpin of UvrB is inserted into the helix, locking it in place94 and 

forming an unwound UvrB-DNA complex (Figure 2-13)92,93,95. 
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Figure 2-13 Schematic representation of the bacterial NER pathway. A UvrA2B2 complex, formed after dimerization of UvrA and binding of it to two 

monomers of UvrB, binds to the DNA double helix. Once a DNA damage is found UvrA dissociates from the complex, UvrC is recruited. At this point UvrB 

excises the 3' end of damaged DNA and UvrC the 5' end. UvrB binds to DNA damage and a DNA Pol I synthesises the correct DNA. A ligase seals the nick. The 

figure was adapted from Verhoevenet al.92
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The newly formed UvrABC complex catalyses an incision between the fourth and the 

fifth phosphodiester bonds at 3' end of the damaged DNA and between the second and 

eight phosphodiester bonds at the 5' end94. Now a UvrD helicase loads onto the free 3' 

end of the damaged strand and displaces it. Meanwhile UvrB is still bound to damaged 

DNA, a DNA polymerase replaces the excised DNA, synthesising a new strand using the 

correct strand as template94. Finally a DNA ligase seals the nicks by joining the 3' end of 

the new synthesised DNA to the 5' end of the existing strand96.  

With this mechanism in mind, it was reasoned that if the bio-compatibility of the DNA 

containing the click DNA linker was a consequence of NER, repair-deficient colonies 

containing the click-ligated bla gene would not survive on selective media. Therefore, 

this phenomenon was investigated using a UvrB-deficient E. coli strain97. 

Ligation mixtures of linearised T7 Luciferase plasmid backbone and purified digested 

PCR products (click-linked, canonical DNA or water as insert) produced as outlined in 

section 2.2.1 were transformed into chemically competent E. coli UvrB deficient strain. 

As depicted in Figure 2-14, following 28 transformation experiments, it was observed that 

the average of colonies containing the click-linked DNA was 93.42% of the total number 

transformed using the native plasmid whereas the negative control was about the 11.8%. 

The detailed results of individual experiments are reported in Appendix A2 for brevity. 
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Figure 2-14 Bio-compatibility of click DNA in UvrB deficient strain of E. coli JW0762-2. 

Comparison of colony growth in the positive control, click and negative control plates. Each 

experimental was repeated twenty-eight times for each sample. Raw data in Appendix A2 

Moreover, sequencing of the bla gene from 21 of the colonies observed, revealed that the 

region around the click DNA linkers was replicated accurately in all cases (Figure 2-15). 

This strongly supported the hypothesis that nucleotide excision repair does not play a 

role in the observed bio-compatibility of the artificial backbone linker.  

 

Figure 2-15 Bio-compatibility of click DNA in repair-deficient (ΔUvrB) E. coli JW0762-2 strain. A, 

growth of colonies in the ΔUvrB E. coli JW0762-2strain. B, representative sequence alignment 

of the click DNA linkers and normal bla fragments from the experiment with ΔUvrB E. coli 

JW0762-2 strain. 
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2.3. Summary 

In this chapter the functionality of an essential gene containing two click DNA linkers in 

E. coli was demonstrated. Having established the optimum conditions for cloning the 

click-linked DNA fragment, this was successfully incorporated into the gene encoding 

ampicillin resistance, within a plasmid vector. The plasmid was then efficiently 

transformed into E. coli and it was observed that the resulting colonies survived on LB 

agar plates containing 100 ng/µl of ampicillin. This indicated that the click DNA linkers 

was correctly copied and transcribed by the cellular machinery. The result was 

confirmed through the sequencing of 50 different colonies. The underlying mechanism 

of observed bio-compatibility was further probed by demonstrating the functionality of 

click –DNA in nucleotide excision repair (NER) deficient cells line. 





 

 

 

3. Assessing the bio-compatibility 

of a non- essential gene 

constructed from click-linked 

DNA in E. coli 

3.1. Introduction 

In chapter 2, the bio-compatibility of the bla gene containing the click-linked DNA in E. 

coli was demonstrated. This result, together with a parallel study carried out by Prof. 

Tom Brown’s group88 which confirmed the ability of T7 RNA polymerase to read through 

the modified DNA strands containing the click DNA linker during in vitro transcription, 

suggested that DNA containing the click DNA linkers could be employed in many 

applications63. 

However, it was reasoned that the success of the experiments carried out in chapter2, 

could be a consequence of the selective pressure applied by ampicillin. Also, in the study 

carried out in chapter 2, the two click DNA linkers were placed at a distance of 83 bp 

from each other. However, as shown by Dallmann et al 98 when two bases (T-T) are 

joined by a click DNA linker a thermodynamic destabilization of the double helix, in the 

4-5 base pairs surrounding the linkage site could occur. Thus, it was thought that in the 

experiment carried out in chapter 2, duplex distortion may have been minimised by the 

large distance between the two click DNA linkers. 
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Therefore other experiments were carried out in order to investigate these parameters 

further. These experiments are described in this chapter. 

3.2. Results and Discussion 

3.2.1. Construction of a pRSET-click mCherry plasmid 

To evaluate the bio-compatibility of a click-linked gene that does not exert selective 

pressure on its host E. coli, a plasmid carrying a non-essential gene containing a click 

DNA linker in each strand was constructed. The gene coding for mCherry99,100 was 

chosen for the investigation for two reason. Firstly, the fluorescent protein did not bring 

selective pressure to E. coli. Secondly the red fluorescence phenotype allowed the easy 

identification of colonies containing the target gene. The click DNA linker was 

introduced into each strand of the gene encoding mCherry by a site directed 

mutagenesis (SDM) based technique101. SDM was chosen because of its applicability to 

any type of vectors and inserts as well as for its ability to manipulate genes and evaluate 

the effect of the proposed mutation in few simple steps102,103. pRSET-mCHERRY vector 

constructed by Prof. Rodger Tsien’s laboratory (Tsien Labs, USA)100 was selected as 

template for SDM technique for different reasons. Firstly, it is designed to be used in 

both cloning and protein expression100. Furthermore, as illustrated in Figure 3-1, the 

pRSET-mCHERRY vector already carries in its sequence i) the non-essential gene coding 

for the fluorescent mCherry protein which would facilitate the construction of the click-

ligated containing and positive control plasmid; ii) a pUC origin of replication that 

results in 200- 700 plasmid copies per cell and rapid protein expression; iii) a marker 

gene for ampicillin resistance that allowed cells selection104; iv) a N-terminal His 6-tag 

that allowed the easy and efficient purification of the tagged mCherry protein; v) a T7 

promoter for a tighter gene expression regulation; vi) a T7 terminator for efficient 

transcription termination. 
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Figure 3-1 Plasmid map of the pRSET-mCHERRY vector. The features of this vector include a T7 

promoter sequence, a N-terminal His6-tag, an ampicillin resistance gene, and the mCherry 

gene. 

Two sets of complimentary primers were designed, one for assessing the bio-

compatibility of the click DNA linker (ODNs 3 and 5, Table 7-3) and the other for the 

positive control (ODNs 4 and 6, Table 7-3). As depicted in Figure 3-2 b, forward and 

reverse primers of the first set contained a click DNA linker in the region coding for the 

glycine of the methionine 71, tyrosine 72 and glycine 73 (MYG) of mCherry fluorophore. 

Primers were also designed to include a silent codon change from GGC to GGA in the 

MYG fluorophore coding for glycine, which was not expected to alter the intracellular 

mCherry protein level as both codons have similar relative abundance in E. coli(GGC 

codon is equal to 3% and GGA is equal to 2.8% )105. However, the codon change 

introduced was important as it allowed the introduction of a silent BamHI restriction 

site; the use of this BamHI as a watermark made it possible to distinguish the progeny of 

the mutated plasmid from the DNA template (Figure 3-2a). A click DNA linker was 

introduced into each strand of the MYG fluorophore because this region is critical for the 

fluorescence of the protein. Thus, any kind of mutations (substitutions, deletions or 

insertions) in this region due to the presence of the click DNA linker were expected to 

generate a distinguishable non-fluorescent phenotype. 
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The two click DNA linkers were placed at a distance of 4 bp from each other to 

investigate the influence of their distance on the bio-compatibility. Finally, all the 

changes described above were located in the middle of the primers to increase the 

efficiency of the SDM reaction. Each primer was flanked with a G or a C nucleotide106 to 

the 3' end in order to stabilise annealing between the oligonucleotides and the DNA 

template. Primers used for the positive control were identical to that described above, 

except that the click DNA linkers were not included. 

 

Figure 3-2 Oligonucleotides design. a, Parental pRSET-mCHERRY sequence; in magenta is 

shown the MYG fluorophore (M= methionine, Y= tyrosine, G= glycine). b, oligonucleotides 

containing the click DNA linker; the oligonucleotides used for site directed mutagenesis 

contained a silent C to A mutation (shown in blue), that introduces a BamHI restriction site not 

present in the DNA template. MeCtC bases joined by the click DNA linker are shown in red. c, 

positive control oligonucleotides design. 
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Both sets of primers were synthesised by Dr. Afaf El- Sagheer of Prof. Tom Brown’s 

research group. SDM primers were initially incorporated and extended over the entire 

length of the plasmid pRSET-mCherry using Pfu DNA polymerase and a temperature 

gradient from 52.5 °C to 59 °C. Moreover, for the reasons already discussed in section 

2.2.1, the concentration of the primers containing the click DNA linker was three-times 

higher than the concentration of primers used for the positive control. A negative 

control using water instead of primers was also performed. SDM products were analysed 

via agarose gel electrophoresis. As shown in Figure 3-3, bands of the expected size (3577 

bp) were observed when SDM was carried out using positive control primers (Figure 3-3, 

lanes 2-9) or primers containing the click DNA linker (Figure 3-3, lanes 10-17). However, 

in all cases bands were not fully visible by gel electrophoresis (Figure 3-3). As expected, 

no bands were identified during electrophoresis analysis of SDM carried out using water 

instead of water. 

 

Figure 3-3 SDM reaction products using Pfu DNA polymerase. Lane 1 shows the DNA ladder in 

Kb; Lane 2, 3, 4, 5, 6, 7, 8 and 9 SDM products using positive control primers, annealing 

temperature at 59 °C, 58.6 °C, 57.6 °C, 56.6 °C, 55.1 °C, 53.8 °C, 52.9 °C and 52.5 °C 

respectively; Lane 10, 11, 12, 13, 14, 15, 16, 17 SDM products using primers containing the 

click DNA linker, annealing temperature at 59 °C, 58.6 °C, 57.6 °C, 56.6 °C, 55.1 °C, 53.8 °C, 

52.9°C and 52.5 °C respectively. 

The observation of faint bands, either when SDM was carried out using positive control 

primers, or primers containing the click DNA linker suggested that further optimisation 
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of the reaction was necessary 101,107,108. Therefore the same reactions were repeated using a 

DNA polymerase with higher yield, fidelity and speed than Pfu DNA Polymerase 109 such 

as KOD DNA polymerase.  

As depicted in Figure 3-4, electrophoresis analysis of SDM products processed with KOD 

DNA polymerase showed a greater increase in yield of bands than samples previously 

processed using Pfu DNA polymerase. Moreover, as already observed in section 2.2.1, 

little or almost no difference in yield was observed over the range of annealing 

temperatures examined (52.5 -59°C). This finding confirmed that annealing temperature 

does not play an important role for the final yield of the product.  

 

Figure 3-4 SDM reaction products using KOD DNA polymerase. Lane 1 shows the DNA ladder in 

Kb; Lane 2, 3, 4, 5, 6, 7, 8 and 9 SDM products using positive control primers, annealing 

temperature at 59 °C, 58.6 °C, 57.6 °C, 56.6 °C, 55.1 °C, 53.8 °C, 52.9 °C and 52.5 °C 

respectively; Lane 10, 11, 12, 13, 14, 15, 16, 17 SDM products using primers containing click 

DNA linker, annealing temperature at 59 °C, 58.6 °C, 57.6 °C, 56.6 °C, 55.1 °C, 53.8 °C, 52.9 °C 

and 52.5 °C respectively. 

Therefore KOD DNA polymerase and an optimal annealing temperature of 54 °C 

(calculated using pDRAW software) was employed for the final construction of the 

pRSET-mCherry plasmid containing the click DNA linkers and the positive control 

plasmid. However, as shown in lanes 2 and 4 in Figure 3-5, at the end of SDM reactions 

two DNA pools (methylated parental and SDM product) existed. In order to leave only 
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the SDM products and remove the parental methylated plasmid a digestion with DpnI 

restriction endonuclease was performed. 

 

Figure 3-5 Gel electrophoresis of SDM/DpnI products (expected size 3577 bp); Lane 1, 2log 

DNA ladder; lane 2,positive control pRSET-mCherry SDM product; lane 3 positive control 

pRSET-mCherry SDM product followed by DpnI digestion; Lane 4,pRSET-mCherrySDM product 

containing the click DNA linkers; Lane 5, pRSET-mCherry SDM product containing the click DNA 

linkers followed by DpnI digested (expected size 3577 bp); Lane 6, negative control (pRSET- 

mCHERRY SDM using water instead of primers); Lane 7, negative control followed by DpnI 

digestion; Lane 8 pRSET- mCHERRY template plasmid. 0.8% agarose gel 

As the full degradation of the parental plasmid strictly dependent on DpnI incubation, 

the SDM products were incubated with DpnI restriction enzyme for 1, 2, 3, 6, 8 hours and 

overnight. The result of this investigation is depicted in Figure 3-6. As it can be observed 

shorter incubation times resulted in colonies on the negative control plates whereas 

almost no colonies were observed after 6 hours of incubation.  
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Figure 3-6 Optimization of the incubation time with DpnI restriction endonuclease. 

Thus, the full degradation of the parental methylated plasmid was carried out at 37 °C for 

6 hours. The resulting positive control pRSET-mCherry, pRSET-mCherry containing the 

click DNA linkers and negative control were then gel purified to further eliminate any 

residual parental plasmid and transformed into chemically competent E. coli cells and 

cultured on LB agar plates supplemented with ampicillin. 

3.2.2. Bio-compatibility of the pRSET-click mCherry plasmid containing the 

click DNA linkers in E. coli 

To test the bio-compatibility of the click DNA linker, the positive control pRSET-

mCherry, pRSET-mCherry containing the click DNA linkers and negative control 

described above (section 3.2.1) were transformed into chemically competent KRX E. coli 

cells. This strain was used because it was engineered for both cloning and protein 

expression; these cells have higher transformation efficiency than other strains 

commonly used for protein expression, like Rosetta™ 2 pLysS, BL21(DE3) pLysS and BL21 

(DE3) as well as providing tightly controlled protein expression110. Moreover, 
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transformation of the plasmid in the KRX strain allowed the immediate identification of 

colonies with the functional mCherry gene by the red-fluorescent phenotype. 

After transformation into chemically competent KRX E. coli cells, the positive control 

pRSET-mCherry, pRSET-mCherry containing the click DNA linkers and negative control 

constructs were cultured on LB agar plates supplemented with ampicillin and 0.1% 

rhamnose. Rhamnose was added to induce mCherry protein expression as the T7 RNA 

polymerase gene transcription was exerted by a rhamnose promoter. Figure 3-7 shows a 

pictures of plates after UV light exposure. The plate on the left shows 84 colonies 

carrying the positive control pRSET-mCherry whereas the plate on the right shows 74 

colonies carrying the pRSET-mCherry plasmid containing the click DNA linkers. In both 

cases all colonies displayed red fluorescence.  

 

Figure 3-7 Indicative transformation result showing the bio-compatibility of click DNA linker in 

chemically competent KRXE. coli cells. A, positive control pRSET- mCherry transformants; B, 

pRSET-mCherry containing the click DNA linkers. All colonies showed the expected mCherry 

fluorescence when viewed under a UV light source. Picture taken using a fluorescent filter. 
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This result was confirmed with replication of the same experiment ten times. Table 3-1 

reports the detailed results of each individual experiment. 

Table 3-1 Number of colonies after transformation of pRSET-mCherry, pRSET-mCherry 

containing the click DNA linkers and negative control plasmids into KRX E. coli 

Replicate Number of colonies 
on positive control 

pRSET-mCherry 
plates 

Number of colonies on 
pRSET-mCherry 

containing the click 
DNA linkers plates 

Number of colonies on 
negative control 

pRSET-mCherry plates 

1 38 38 0 

2 84 74 1 

3 35 31 0 

4 58 54 0 

5 71 64 1 

6 45 35 0 

7 54 40 0 

8 60 57 1 

9 42 32 0 

10 34 31 0 

%Mean 100% 86.75% 0.57% 

Error 0.16 0.14 0.003 

The single colony growth observed, on the negative control plate in replicate 2-5 and, 

was deemed a background colony of the parental plasmid. Overall statistical analysis is 

shown in the histogram in Figure 3-8. As it can be observed the average of colonies 

carrying the pRSET-mCherry plasmid containing the click-linked DNA was 86.7% of the 

positive control whereas the negative control was about 0.5%.  
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Figure 3-8 Bio-compatibility of non-essential mCherry gene containing click DNA linker. 

Comparison of colony growth in the positive control pRSET-mCherry , pRSET-mCherry 

containing the click DNA linkers and negative control plates. Each experiment was repeated 

ten times for each sample. Results are presented as percentage mean and standard error of 

the mean 

Thirty colonies from both positive control pRSET-mCherry plates and pRSET-mCherry 

containing click DNA linkers were picked, over-expressed, isolated and screened by 

BamHI digestion to further verify the incorporation of the desired changes. Because the 

parental pRSET-mCHERRY plasmid already encompasses a BamHI restriction site at 

nucleotide 192, it was supposed that if primers were correctly inserted in the parental 

plasmid, after restriction digestion, a second BamHI site would be observed in the region 

encoding the MYG fluorophore(at nucleotide 421). As expected, electrophoresis analysis 

of digested products showed only one band at 3577 bp corresponding to the linearised 

parental plasmid (lane 2 in Figure 3-9) whereas digestion of the positive control pRSET- 

mCherry (lane 3 Figure 3-9) and pRSET-mCherry containing the click DNA linkers(lane 4 

Figure 3-9) resulted in two bands, one at 229 bp and the other at 3348 bp. This was 

observed in all investigated cases. 
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Figure 3-9 Indicative BamHI restriction digestion screening. Lane 1, 2 log ladder. Lane 2 

parental pRSET-mCHERRY plasmid. Lane 3, positive control pRSET-mCherry plasmid. Lane 

4,pRSET-mCherry plasmid containing the click DNA linkers. The presence of the additional 

BamHI watermark incorporated by SDM results in the highlighted 229 bp fragments in lane 3 

and 4. 

The observation of the band at 229 bp demonstrated the introduction of the watermark 

via SDM and thus the incorporation of the click-linked primers containing the two click 

DNA linkers.  

To further verify if the region surrounding the MYG fluorophore was affected by the 

presence of the two click DNA linkers, twenty out of the above 30 colonies were 

sequenced using the T7 promoter and T7 terminator sequences. Again, no mutation 

nearby the click ligation sites were observed. 
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Figure 3-10 Indicative sequencing result of the mCherry fluorophore from colonies 

transformed with the pRSET-mCherry plasmid containing the click-linked DNA. The click DNA 

linkers are shown on each strand. 

Additionally, the correct fidelity of the DNA containing the click DNA backbone linkers 

was also assessed in the progeny of single colonies. This was done by isolation, 

purification and redistribution of positive control pRSET-mCherry and pRSET-mCherry 

containing the click DNA linkers plasmids from 10 colonies. Figure 3-11, shows the 

redistribution of purified plasmids from transformants in E. coli. The presence of red 

colonies in pRSET-mCherry plate containing the click DNA linkers demonstrated the 

true fidelity of replication. 
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Figure 3-11 Representative redistribution of purified plasmids containing the triazole backbone 

linkage from transformants in E. coli. Left, positive control pRSET-mCherry plate; Right, pRSET-

mCherry containing the click DNA linkers plate. Picture taken using a fluorescent filter. 

3.2.3. Protein expression from click-pRSET-mCherry 

To test the effect of the click DNA linker on the transcriptional activity of the mCherry 

gene in vitro, a commercially available coupled transcription-translation system from 

Promega designed for protein expression was employed. As the in vitro kit contains T7 

RNA polymerase S30 Extract and the translation components111,112, it was reasoned that if 

the click DNA linker slowed the T7 RNA polymerase activity, lower quantities of protein 

would be observed than that from the canonical DNA. In addition, if a mistake due to 

the polymerase miss-reading the two bases joined by the click DNA linker occurred 

during the translation then no fluorescent protein would be observed.  

According to the manufacturers’ instructions, the use of circular DNA it is recommended 

as a template for the system. Moreover if SDM products are employed they are first sub-

cloned, over-expressed in E. coli and finally used as a template for the system. However, 

replication of DNA containing the click DNA linker in E. coli yields a DNA product 
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characterised by a canonical phosphodiester backbone instead of the click DNA linker. 

For this reason, the SDM mixture containing the click-linked DNA was used directly as a 

template to avoid the loss of click DNA linker by sub-cloning.  

No mCherry protein was observed in initial experiments carried out using positive 

control pRSET-mCherry, pRSET-mCherry containing the click DNA linker or negative 

control with ∼0.1 μg of DNA as template. It was reasoned that the absence of mCherry 

protein signal could be due to low template DNA concentration. For this reason 10 

parallel SDM reactions were carried out for each sample in order to increase the DNA 

concentration ten-fold. The resulting SDM products from each sample were mixed, 

digested with DpnI, gel purified (as previously described in section 3.2.2) and used as 

templates for the in vitro coupled transcription/translation system according to the 

manufacturers’ instructions. Visualisation and quantification of produced mCherry 

protein was carried out by western blot113 using Primary GE Heath Care Anti-His 

Antibody or Primary Penta-His Antibody and Conjugated Dylight Secondary Antibody or 

Horseradish Peroxidase-conjugated secondary antibody. No signal was observed when 

Primary GE Heath Care Anti-His Antibody and Conjugated Dylight Secondary Antibody 

were employed. Whereas, visualisation of mCherry protein using Primary Penta-His 

antibody and Horseradish Peroxidase-conjugated secondary antibody showed an easily 

identifiable band corresponding at the protein size (30kDa) in the reactions where the 

positive control pRSET-mCherry and pRSET-mCherry containing the click DNA linkers 

were used as template (Figure 3-12); in contrast, no product was observed when the 

negative control plasmid (green band in Figure 3-12) was employed as the template for 

the in vitro coupled transcription-translation system.  
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Figure 3-12 Western blot of in vitro coupled transcription-translation identifying mCherry 

protein level expressed from positive control pRSET-mCherry (blue line), pRSET-mCherry 

containing the click DNA linkers (red line) and negative control (green line). Below the blot is 

shown a histogram of the average intensity of each band after three repeats. The theoretical 

size of the mCherry protein was calculated using the ExPASy Molecular Biology Server. Raw 

data in Appendix B1 

Quantification of the intensity of the bands on the western blot did not indicate 

significant difference between the intensity of mCherry expressed from positive control 

pRSET-mCherry and pRSET-mCherry containing the click DNA linkers plasmids. As 

illustrated in the histogram in Figure 3-12 after three replicates, the mCherry level from 

pRSET-mCherry containing the click DNA linkers plasmid was the 95.5% of the positive 

control pRSET-mCherry. As expected, the level of protein coming from the negative 

control was only the 0.840%. 

Moreover, because of the conflicting SDM conditions recommended in literature 

102,106,108,114-116, the optimisation of the mCherry expression level by treating the SDM 

products with T4 DNA ligase was attempted. However, as noticed in Figure 3-13 this 

extra step was unnecessary, as blots showed higher mCherry level when the SDM 
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product was not treated with T4 DNA ligase. This could be due to the fact that T4 DNA 

ligase treatment reduces the overall DNA concentration in the mixture. Therefore, the 

preparation of DNA plasmid for subsequent analysis was carried out without T4 DNA 

ligase treatment.  

 

Figure 3-13 Western blot of in vitro coupled transcription-translation identifying mCherry 

protein level expressed from positive control pRSET-mCherry and pRSET-mCherry containing 

the click DNA linkers with and without treatment  with T4 DNA ligase. 

Although the western blot results suggested that the click DNA backbone linker did not 

affect mCherry levels produced in the in vitro system, because of the indirect nature of 

this method, the fluorescence signal associated with mCherry of each in vitro coupled 

transcription-translation reaction mixture was measured. As depicted in Figure 3-14 a 

similar pattern to the western blot analysis was observed. Emission spectra analysis of in 

vitro coupled transcription-translation mixtures from the positive control pRSET-

mCherry and from pRSET-mCherry containing the click DNA linkers plasmids (blue and 

red lines respectively in Figure 3-14) showed an equally strong fluorescence signal at 610 

nm99; whilst no fluorescence emission associated with mCherry protein was observed in 

the mixture containing the negative control (green line in Figure 3-14). 
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Figure 3-14 Fluorescence of mCherry expressed from in vitro coupled transcription-translation 

mixture from positive control pRSET-mCherry (blue line) compared to in vitro coupled 

transcription-translation mixture from pRSET-mCherry containing the click DNA linkers (red 

line) and negative control (green line). Excitation at 610 nm with an average of three readings. 

Results from western blot and fluorescent emission analysis indicated that mCherry 

activity level was not influenced by the presence of the click DNA linker in the MYG 

region of mCherry. However, to further investigate the effect of the click DNA linker on 

replication and transcription the total level of mCherry expression was assessed in the 

whole transformants population. In order to examine this, the transformation recovery 

solution was used as initial culture for the mCherry protein expression. Therefore, the 

recovery solutions including SOC, chemically competent E. coli KRX cells and positive 

control pRSET-mCherry or pRSET-mCherry containing the click DNA linkers or the 

negative control were incubated at 37 °C. After one hour the volume was increased to 5 

mL with fresh LB and cells were grown until OD600 of 0.6 was reached. At this point, 

mCherry expression was induced by adding 1% of rhamnose and a time course 

experiment at 1, 2, 3, 4 and 12 hours after induction was carried out. Protein was then 

visualised on SDS gel to monitor the difference in protein level between the recovery 

solution containing the positive control pRSET-mCherry, pRSET-mCherry containing 

click DNA linkers and the negative control. Gel visualisation, shown in Figure 3-15, did 
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not reveal substantial differences between solutions from positive control pRSET-

mCherry and pRSET-mCherry containing the click DNA linkers. Moreover, it was 

observed that in both cases mCherry protein started to be more visible after three hours. 

After 12 hours induction a clear band corresponding to the mCherry protein size (30kDa) 

was identified for solutions from positive control pRSET-mCherry and pRSET-mCherry 

containing the click DNA linkers. In contrast, no bands were identified from solutions 

containing the negative control. Results shown in Figure 3-15 indicated that an 

incubation time of twelve hours was necessary for the production of the mCherry 

protein; longer incubation time was not assessed due to sample constraints. 

 

Figure 3-15 “In vivo” time course mCherry expression experiment. Expression was induced 

with 0.1% rhamnose. Aliquots were removed at indicated intervals. Protein was made visible 

using Comassie blue staining. Pre-stained protein marker (7-175 kDa), NEB. 
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Recombinant mCherry protein produced from positive control pRSET-mCherry and 

pRSET-mCherry containing the click DNA linkers using the optimised conditions were 

then purified using Nickel beads (Figure 3-16). As expected a clear band corresponding to 

the expected mCherry size (lane 2 in Figure 3-16) was visualised after over-expression of 

the protein from positive control pRSET-mCherry (lane 3 in Figure 3-16) and pRSET-

mCherry containing the click DNA linkers(lane 4 in Figure 3-16). No bands were 

observed on negative control (lane 5 in Figure 3-16). 

 

Figure 3-16 SDS-PAGE of Nickel affinity purified mCherry protein (expected size 30 kDa). Lane 1 

NEB Color Plus Pre-stained Protein ladder. Lane 2 mCherry protein. Lane 3 mCherry protein 

from positive control pRSET-mCherry. Lane 4 mCherry protein from pRSET-mCherry containing 

the click DNA linkers. Lane 5 mCherry protein from negative control. 

Exposure of eppendorf tubes with the purified protein from the positive control pRSET-

mCherry, pRSET-mCherry containing the click DNA linkersand the negative control to 

UV light showed a similar fluorescent pink solutions in the first two cases whilst no 

coloration was observed for the solution with the negative control (Figure 3-17). 
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Figure 3-17 A, Purified mCherry from positive control pRSET-mCherry (left), pRSET-mCherry 

containing the click DNA linkers (middle) and the negative control (right) before exposure to 

UV light. B, Purified mCherry from positive control pRSET-mCherry (left), pRSET-mCherry 

containing the click DNA linkers (middle) and the negative control (right) after exposure to UV 

light at 365 nm 

Quantification of the fluorescence signal associated to the purified mCherry protein in 

the above tubes was also carried out. As depicted in Figure 3-18, the solution in the 

positive control pRSET-mCherry tube showed a strong fluorescence emission at 610 nm; 

a similar level of fluorescence was observed when the solution with the pRSET-mCherry 

containing the click-linked DNA was excised whilst no fluorescence emission associated 

with mCherry protein was observed from the solution with the negative control (green 

line in Figure 3-18). 
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Figure 3-18 Fluorescence of mCherry expressed from transformation recovery solutions from 

positive control pRSET-mCherry (blue line) compared to transformation recovery solutions 

from pRSET-mCherry containing the click DNA linkers(red line) and negative control (green 

line). Excitation at 610 nm with an average of three readings. 

3.3. Summary 

The work presented in this chapter builds on the previous one. Here, the ability of the 

click DNA linker to mimic the DNA phosphodiester linkage in non-essential gene was 

assessed. This was done via the construction of a pRSET-mCherry plasmid containing 

two click DNA linkers in the mCherry fluorophore. Oligonucleotides containing the click 

DNA linker were used as primers for site-direct mutagenesis (SDM). The two click DNA 

linkers, separated by 4 bp, were located in the region of mCherry gene encoding the 

protein fluorophore. The construction of the plasmid was then followed by expression 

and quantification of the fluorescent mCherry protein encoded from the DNA backbone 

surrogate.  

Experiments carried out in this chapter further probed that is functional in E coli. It was 

demonstrated that despite the presence of two click DNA linkers, only 4 bp apart, in the 
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mCherry fluorophore, only red fluorescent colonies were observed. Moreover, the level 

of protein expressed from the pRSET-mCherry plasmid containing the click DNA linkers 

was comparable to that from positive control pRSET-mCherry plasmid. This was probed 

both in vitro and “in vivo”. 

 





 

 

 

4. Assessing the bio-compatibility 

of the click DNA linker in MCF-7 

human breast cancer cells 

4.1. Introduction 

The proven functionality of click ligated DNA in E. coli, discussed in chapter 2 and 3, 

supported the possibility of applying the methodology in mammalian cells. However, the 

well-known differences between prokaryotic and eukaryotic systems, illustrated in 

Figure 4-1117, raised concerns that the click DNA backbone linker may not transfer 

efficiently to mammalian systems and therefore limit the scope of the click DNA ligation 

technology.  
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Figure 4-1 Key features of the prokaryotic and eukaryotic systems compared. In both systems 

DNA replication occur in the 5'-3'direction. In prokaryotes there is only one origin of 

replication. In eukaryotic DNA there are several origins of replication. In prokaryotes 

transcription and translation occur in the cytoplasm thanks to one RNA polymerase. In 

Eukaryotes there are three RNA polymerases and RNA is synthesised in the nucleus and 

proteins are made in the cytoplasm. 

In order to explore this aspect, in this chapter, preliminary studies on the effect of the 

click DNA linker in MCF-7 human breast cancer cells are presented. 
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4.2. Results and Discussion 

4.2.1. Construction of pMCHE SalNot MYG-click plasmid for microinjection 

assay 

To assess the bio-compatibility of the click-ligated DNA in mammalian cells a plasmid 

suitable for this purpose was constructed in two steps (Figure 4-2).  

 

Figure 4-2 Illustration of the construction of the pMCHE- N1 SalNot MYG plasmids. The pEGFP-

N1 plasmid was used as the backbone. Step 1: the EGFP gene was cut out from the pEGFP- N1 

vector and replaced by mCherry in the region between SalI and NotI to form the pMCHE-N1 

SalNot plasmid. Step 2: pMCHE-N1 SalNot plasmid was used as the template in SDM for the 

construction of the positive control pMCHE SalNot MYG, pMCHE SalNot MYG-click and 

negative control plasmids. BamHI restriction site at 876 nucleotide was inserted as watermark 
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The pMCHE-N1 SalNot plasmid was derived from pEGFP-N1 plasmid (Figure 4-3). The 

pEGP-N1 plasmid was chosen as original backbone because i) of its ability to produce 

high protein expression in mammalian cells; ii) it contained a strong cytomegalovirus 

promoter (PCMV IE), which drives a readily detectable expression levels within a short time 

118; iii) of the presence of a Kozak consensus sequence located immediately upstream of 

the gene encoding the protein of interest which enhances translational efficiency in 

eukaryotic systems119; iv) it provided a SV40 origin of replication and SV40 promoter that 

facilitate expression and DNA replication in human cells expressing the SV40 large T 

antigen120,121; v) the vector backbone contained a pUC origin of replication for 

propagation in E. coli.  

The pMCHE-N1 SalNot was constructed using a PCR based technique that allowed the 

cloning of the mCherry gene in place of the EGFP gene in the pEGFP-N1 plasmid (Figure 

4-3). SalI and NotI were chosen as restriction sites to cut out the EGFP gene from the 

vector backbone. Primers (ODNs 9 and 10, in Table 7-3) used for PCR amplification of 

the mCherry gene were designed by taking 15 bp from the DNA sequence at the 

beginning of the desired gene, and the reverse complement 15 bp from the C-terminal 

end of the gene. Moreover, the forward primer included a Kozak sequence 

(CGCCACCATG) and the SalI restriction site sequence whereas the reverse primer 

included a stop codon (TAA) and the NotI restriction site sequence. Finally, both primers 

were flanked by a spacer (GTTGTT) and a cytosine or guanine was taken as the last 3' 

nucleotide. 
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Figure 4-3 A, pEGFP-N1 plasmid map. B, pMCHE-N1 SalNot plasmid map
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The designed primers were then used to amplify the mCherry gene from pRSET-

mCHERRY (Tsien Labs, USA)100. Electrophoresis analysis of the amplification, illustrated 

in Figure 4-4, showed a product corresponding to expected size of the mCherry (724 bp). 

 

Figure 4-4 PCR product of amplified mCherry gene. Lane 1, DNA ladder in Kb; lane 2, 

amplification of mCherry gene using ODN 9 and ODN 10 (Table 7-3) as primers. Annealing 

temperature = 57°C. 2% agarose gel. 

The amplified product was first purified and then digested for two hours using SalI-HF 

and NotI-HF restriction enzymes. Meanwhile also the pEGFP- N1 vector was digested 

anddephosphorylated using the same restriction enzymes. In Figure 4-5 the digestion 

products are illustrated. The band corresponding to pEGFP-N1 backbone (indicated with 

the red arrow) was excised. 
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Figure 4-5 SalI HF/NotI HF digested PCR product and pEGFP-N1 plasmid. a, Lane 1 shows 2 Log 

ladder. Lane 2 shows the double digested mCherry PCR product (expected size 724 bp). b, Lane 

1, shows 2 log ladder. Lane 2 shows the double digested pEGFP-N1 plasmid (expected sizes 761 

and 3972 bp); the band at 3972 bp (indicated with the red arrow) was excised from the gel. 2% 

agarose gel. 

Digestion was followed by purification of digested products. Ligation of purified digested 

vector backbone and digested purified mCherry was then carried out using T4 DNA 

ligase to form the pMCHE-N1 SalNot (Figure 4-2). The pMCHE-N1 SalNot was then 

transformed into DH5αF’ E .coli chemically competent cells and transformation mixture 

was plated on LB agar plates supplemented with kanamycin. After overnight incubation 

at 37 °C only cells that acquired the fully ligated plasmid survived (Figure 4-6a) whereas 

no colonies where observed on the negative control plate (Figure 4-6b). 
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Figure 4-6 Transformation of pMCHE-N1 SalNot construct in chemically competent DH5α E .coli 

cells. A, plate containing pMCHE-N1 SalNot construct. B, plate containing negative control 

(double digested pEGFP-N1 backbone and water instead of insert). Picture taken using a not 

fluorescent filter. 

Two colonies were picked up and the expected constructs confirmed by sequencing. As 

illustrated in Figure 4-7, sequencing, carried out using primers 11 and 12 (Table 7-3), 

confirmed the correct insertion of the mCherry gene in both colonies. 
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Figure 4-7 Representative sequencing result. The mCherry gene sequence is highlighted in red 

The click DNA linkers were introduced in the mCherry fluorophore in the pMCHE-N1 

SalNot plasmid using the SDM protocol and primers detailed in chapter 3. More 

specifically, ODNs 3 and 5 (Table 7-3) were used for the construction of pMCHE SalNot 

MYG-click plasmid and ODNs 4 and 6 (Table 7-3) for the construction of the positive 

control plasmid pMCHE SalNot MYG. The above products were subsequently digested 
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with DpnI restriction endonuclease. The SDM/DpnI products were gel purified and 

dialysed to eliminate any residual of parental pMCHE-N1 SalNot plasmid. To verify if 

mutagenic primers had been successfully introduced, sequencing of the purified 

mixtures was performed. As illustrated in Figure 4-8, the presence of BamHI confirmed 

the correct introduction of the mutagenic primers. 

 

Figure 4-8 pMCHE SalNot MYG-click plasmid sequencing 

4.2.2. Assessing the bio-compatibility of the click DNA linkers in MCF-7 

human breast cancer cells 

After verification of the introduction of mutagenic primers in the mixtures by 

sequencing, the bio-compatibility of the click DNA linkers in mammalian cells was 

verified by microinjecting the dialysed SDM product into MCF-7 human breast cancer 

cells. MCF-7 cells where chosen as they are not SV 40 transformed so the plasmid used is 

not replicated in this cell lines.  

Microinjections experiments described in this section were carried out by Dr. Charles 

Birts (a member of Dr. Tavassoli’s group), and the data was interpreted by Angela Pia 

Sanzone. 

Microinjection was chosen rather than transfection, or other DNA delivery methods122, as 

it allows a facile and precisely controlled application and identification of foreign DNA123. 

Moreover, in contrast to transfection this method allow the generation of statistically 

relevant conclusions although a lower concentration of DNA was employed and few cells 

injected124. 
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The dialysed, DpnI-treated pMCHE SalNot MYG-click plasmid was introduced into the 

nucleus of MCF-7 human breast cancer cells by microinjection. Dialysed pMCHE Sal 

Not, pMCHE SalNot MYG and negative pMCHE SalNot MYG in MCF-7 cells were also 

microinjected as controls (Figure 4-4). Control assays were also conducted to assess the 

cells viability, as microinjection is known to causes physical stress to the cells125. Prior to 

perform the microinjections, samples were diluted to 20 ng/µl in PBS. This choice was 

driven by several reasons. First, over several hundred to a thousand copies of DNA per 

cells the gene expression is saturated so the advantages of delivering extra DNA get lost. 

Second, when DNA is too concentrated, DNA injections becomes difficult because of the 

viscosity and aggregation within the injection needles. Thirdly, when highly 

concentrated DNA is injected problems connected with overexpression (i.e. gene 

product toxicity) can occur118.  

However DNA could be injected into either the cytoplasm or the nucleus in the 

experiments described here direct inject into the nucleus was intentionally chosen to 

overcome limitations associated with cytoplasm delivery (i.e. degradation, time between 

transfection and mitosis)126-128. To allow the easy identification of injected cells, cells were 

co-injected with a fluorescent marker, FITC-dextran. Cells were imaged 24 and 96 hours 

after injection. It was reasoned that the effect of the click DNA linker in MCF-7 could be 

investigated by the analysis of surviving cells after microinjection of the plasmid. In 

general, the data obtained with this method showed morphologically healthy cells 

during and after injection. As can be noticed in Figure 4-9, cells injected with the 

mixture containing the click DNA linker (as well as cells injected with FITC-dextran 

alone or positive controls), did not result in change of the cell volume or the loss of 

integrity of the cellular components. Some cells showed the green FITC-dextran marker 

in the cytoplasm (Figure 4-9), which was likely the result of cells having gone through 

mitosis; when cells divide, the nuclear membrane is broken down so it is possible that 

significant amounts of FITC-dextran within it mixed with the cytoplasm and stay there 

in the two daughter cells.  
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Figure 4-9 Representative MCF-7 cells populations microinjected with pMCHE SalNot, pMCHE SalNot MYG, pMCHE SalNot MYG-click , pMCHE SalNot 

MYG negative control. Microinjected cells were visualised by fluorescence microscopy. A, injected cells population after 24 hours injection. B, injected 

cell population after 96 hours injection 
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From the descriptive statistic (Figure 4-10) of cells imaged after 24 and 96 hours it was 

noticed that after 24 incubation, 68.57% of cells co-injected with canonical DNA and the 

60% of cells co-injected with DNA containing the click DNA linkers, expressed the 

mCherry fluorescent protein. Imaging after 96 hours (Figure 4-10B and Figure 4-10) 

showed higher percentage of injected cells expressing the mCherry protein; in particular, 

94.73% of cells co-injected with normal DNA and 91.3% of cells co-injected with click-

linked DNA. 

 

Figure 4-10 Percentage of injected cells expressing mCherry protein after 24 and 96 hours. 

After 24 hours the 68.57% of cells injected with canonical DNA expressed the mCherry protein; 

whereas the 60% of cells injected with DNA containing the click DNA linkers expressed the 

fluorescent protein. After 96 hours the 94.73% of cells injected with canonical DNA expressed 

the mCherry protein; whereas the 91.3% of cells injected with DNA containing the click DNA 

linkers expressed the fluorescent protein. 

The observed red fluorescence in cells injected with DNA containing the click DNA 

linkers-already after 24 hours- indicated that DNA constructed using the CuAAC 

reaction was able to be transcribed in their nucleus. In addition, the increased mean 

percentage of cells injected exhibiting the red fluorescence after 96 hour imaging may 
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indicate that the mCherry maturation half time may take longer than 24 hours, as 

already reported in previous literature100,129. However, because imaging after 24 hours and 

96 hours was not carried out on the same cell populations it was thought that sampling 

error may have caused the difference of the percentage of mean between 24 hours and 96 

hours post-imaging. Unfortunately, time constraints did not allowed further 

investigations into this issue. 

4.3. Summary 

The use of click-ligated DNA could be extended to mammalian cells. As a first step 

toward this goal, in this chapter the bio-compatibility of the DNA containing the click 

DNA linkers has been investigated in MCF-7 human breast cancer cells by direct 

injection of DNA containing the unnatural backbone linker into the cell’s nucleus. 

Preliminary exploratory experiments showed that cell viability was preserved. 

Furthermore, it was shown that 60% of cells injected with a pMCHE SalNot MYG 

plasmid carrying a mCherry gene containing the click DNA linker displayed the red 

colouration already after 24 hours. Longer post incubation imaging time gave rise to 91% 

of injected cells exhibiting the mCherry phenotype. 



 

 

 

5. Assessing the bio-compatibility 

of multiple click DNA linkers in E. 

coli 

5.1. Introduction 

The observed bio-compatibility of the click DNA linker (already discussed in Chapter 2, 3 

and 4), supported the possibility of using click ligation for a full synthetic gene synthesis 

approach. This, could allow the incorporation of modified bases (i.e. base analogues for 

epigenetic studies, fluorophores for in vivo imaging and many others) in long DNA 

strands by purely synthetic methods. However, the realisation of this goal is strictly 

dependent on the ability to synthesise oligonucleotide chains, ligated with multiple click 

DNA linkers, and for multiple click-linkers on the same DNA strand to be bio-

compatible.  

In this chapter, the possibility of using multiple click DNA linkers to assemble a large 

number of oligonucleotides in E. coli was investigated. 
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5.2. Results and Discussion 

5.2.1. Construction of pRSET-mChe Sal plasmid 

To assess the bio-compatibility of the DNA containing more than two click DNA linkers 

in E. coli, a plasmid (referred as pRSET-mCherry Sal) suitable for this purpose was 

constructed in two steps. In the first step, a pRSET-mCherry MYG SUB was developed 

(Figure 5-1). This sub-cloning step was carried out to avoid sequencing of the whole DNA 

plasmid that has been through site directed mutagenesis procedure130. In the second 

step, the final pRSET-mChe Sal plasmid with the BamHI site at nucleotide 192 

substituted by a SalI site was constructed using pRSET-mCherry MYG SUB plasmid as 

backbone (Figure 5-4). This substitution was necessary to ensure BamHI uniqueness. 

In order to construct the pRSET-mCherry MYG SUB plasmid the mCherry gene from one 

of the sequenced positive control pRSET–mCherry clone constructed in section 4.2.1 was 

subsequently sub-cloned out of the plasmid back into the original pRSET-mCHERRY 

vector between NdeI and PstI restriction sites to form the pRSET-mCherry MYG SUB 

plasmid (Figure 5-1).  
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Figure 5-1 Step1. Construction of the pESET-mCherry MYG SUB plasmid. The DNA sequence 

between NdeI and PstI was cut out from the positive control pRSET-mCherry plasmid and 

introduced into original pRSET-mCHERRY vector to form the pRSET-mCherry MYG SUB 

As depicted in Figure 5-2, electrophoresis analysis of digested plasmid showed band of 

expected sizes (3118 bp and 459 bp). Bands at 3118 bp in lane 2 and at 459 bp in lane 3 

corresponding to the vector backbone and insert, respectively, were gel purified.  



Angela Pia Sanzone Chapter 5: Results and Discussion 

 

98 

 

 

Figure 5-2 NdeI/PstI digested pRSET-mCHERRY and positive control pRSET-mCherry plasmids. 

Lane 1, 2 log ladder. Lane 2, double digested pRSET-mCHERRY plasmid (expected sizes 3118 bp 

and 459 bp). Lane 3, double digested positive control pRSET-mCherry (expected sizes 3118 bp 

and 459 bp). Bands indicated with red arrows have been excised. 

After gel purification, products were ligated using T4 DNA ligase overnight at 4 °C with a 

ratio 1:2 and the day after transformed in chemically competent E. coli DH5α . 

 

Figure 5-3 Transformation in chemically competent E. coli DH5α. A, The 459 bp insert was 

cloned into linearised pRSET-mCHERRY plasmid (now missing of the DNA portion between the 

NdeI and PstI restriction sites) to form the pRSET-mCherry MYG SUB. B, Negative control using 

water as insert. Picture taken using a not fluorescent filter. 
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Sequencing of two colonies from the plate containing the pRSET–mCherry MYG SUB, 

confirmed the success of the cloning experiment. At this point, the pRSET–mCherry 

MYG SUB was used as backbone for the construction of the pRSET-mChe Sal plasmid. 

As illustrated in Figure 5-4, the BamHI (GGATCC) site at 192 nucleotide in the pRSET–

mCherry MYG SUB was substituted by a SalI (GTCGAC) site using ODNs 15, 16, 17 and 18 

listed in Table 7-3 and a two-step PCR mutagenesis strategy131. The strategy consisted in a 

first step involving two PCR reactions in which pRSET–mCherry MYG SUB plasmid was 

used as DNA template. PCR 1 was carried out using ODNs 15 and 16 as primers; ODN 16 

encompassed the nucleotide 192. PCR 2 was carried out using ODNs 17 and 18 as primers; 

ODN 17 encompassed the nucleotide 192.  

 

Figure 5-4 Step 2. Two-step PCR mutagenesis strategy aimed to the substitution of the BamHI 

site at nucleotide 192 with a SalI site. A pRSET–mCherry MYG SUB template was used in PCR1 

and PCR 2. PCR 1 and PCR 2 product were then used as template for PCR 3 and extended using 

outside primers (ONDs 15 and 18). 

This generated two fragments of 372 bp and 361 bp respectively (respectively lanes 2-3 in 

Figure 5-5A). Once amplified, PCR products were purified and mixed using equal 
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concentration. The two fragments were assembled into a full-length DNA sequence 

using the two outer primers of the previous reaction(ODNs 15 and 18). This generated a 

740 bp fragment (lane 4 in Figure 5-5A), that was subsequently digested using PciI and 

PstI restriction enzymes. Concurrently the pRSET-mCherry MYG SUB was digested using 

the same restriction sites. Digestion generated DNA fragments of the expected sizes. In 

in Figure 5-5B in lane 2 is shown the digested product of PCR 3 (expected size= 740 bp) 

whereas in lane 3 is shown the digested vector backbone (expected sizes 2887 bp and 740 

bp). The band indicated with the red arrow at 2887 bp was gel purified and ligated in a 

ratio 1:2 with the purified digested product of PCR 3 using T4 DNA ligase.  

 

Figure 5-5 A, PCR products. Lane 1, 2 log ladder. Lane 2, PCR 1 product (expected size 372 bp). 

Lane 2, PCR 2 product (expected size 361 bp). Lane 4, PCR 3 product (expected size 740 bp). B, 

PciI/PstI digested product. Lane 1, 2 log ladder. Lane 2, digested PCR 3 product (expected size 

740 bp). Lane 3, digested pRSET-mCherry MYG SUB (expected size 2887 bp and 740 bp). Lane 4 

un- digested pRSET-mCherry MYG SUB. 2% agarose gel. 

After transformation in chemically competent E. coli DH5α, the presence of the pRSET-

mCherry Sal plasmid was verified by random selection of 8 positive colonies. As shown in 
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Figure 5-6, screening by SalI and BamHI digestion of the 8 colonies showed that in 5 out 

of the 8 colonies the SalI was successful introduced.  

 

Figure 5-6 SalI/BamHI digestion screening. Lane 1, 2 log ladder. Lanes 2-8 digested pRSET-

mChe Sal transformants (expected sizes 368 bp and 3116 bp); lanes showing the 368 bp 

correspond to the positive clones. 2% agarose gel. 

This result was further confirmed by sequencing colonies in lane 6 and 7 using the T7 

promoter and T7 terminator sequences. 

The codon coding for aspartic acid (residue 63) was mutated to encode for serine and the 

codon coding for the proline (residue 64) was mutated to encode for threonine, 

potentially affecting the mCherry structure and so functionality132. Despite the 

generation of these two semiconservative substitutions133 (Figure 5-7c), it was reasoned 

that as the substitutions occurred in the fused part of the protein and not in its 

functional part (Figure 5-7a and b) the newly introduced codons were not expected to 

cause conformational or functional changes to the mCherry protein.  
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Figure 5-7 pRSET-mCHERRY derivative plasmids. A, pRSET-mCherry MYG SUB with BamHI restriction site at 192 nuclotide; B, pRSET-mChe SalI plasmid with 

SalI site at 192 nucleotide; For brevity mCherry gene is represented with a red bar, refer to Appendix C for full gene sequence. C, alignment of the predicted 

amino acid sequence of mCHERRY protein from pRSET-mCherry MYG SUB and pRSET-mChe SalI: * Identical or conserved residues; : conserved amino acid 

substitution; . semi-conserved amino acid substitution. 
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After having verified the expected sequences of the clones, this hypothesis was validated 

by transformation and expression of the plasmids carrying the original and the new 

codons in KRX E. coli cells. Protein expression was checked by SDS-PAGE gel after 

induction with 0.1 % rhamnose. According to this, the new pRSET-mCheSal plasmid was 

efficiently transcribed in E. coli (Figure 5-8) with no significant differences in protein 

expression level (Figure 5-9) when compared to protein expression from its parental 

plasmid.  

 

Figure 5-8 mCherry expression from pRSET-mCherry MYG SUB and pRSET-mChe Sal plasmids. 

A, transformation of original and new plasmids in chemically competent E. coli KRX cells. The 

plate on the left is the negative control (no insert), the middle plate contains transformants of 

pRSET-mCherry MYG SUB and the plate on the right shows transformants of pRSET-mChe Sal 

plasmids. Picture taken using a fluorescent filter. 
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Figure 5-9 SDS-PAGE analysis of protein expression; Lane 1 Protein marker ladder, Lane 2 

readily visible mCherry protein from pRSET-mCherry MYG SUB (original construct) and Lane 3 

shows the mCherry protein from pRSET-mChe Sal (new construct); 20 µl protein solution per 

well was loaded into 12% SDS-PAGE gel and stained by Comassie blue 

The red colouration of colonies on both plates together with the SDS-PAGE result 

confirmed that although the codon changes may affect the protein structure, they did 

not significantly alter the mCherry functionality and expression level. 

5.2.2. ODNs design, synthesis and purification 

Next, the bio-compatibility of DNA containing more than two click DNA linkers was 

investigated in E. coli. Two sets of ODNs were designed, synthesised and purified. The 

first set contained six ODNs (ODN 2522, 2523, 2524, 2525, 2526, 2527 in Table 5-1) of 

differing lengths (66- 100 mer) encompassing the first 229 nucleotides of the gene 

encoding the red fluorescent mCherry protein.  
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Table 5-1 Set 1. ODNs for click experiments 

ODN 5'-3' sequence 

2522 TCGACCGCCACCATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATTCATCAAGGAGTTCATGCGC
k
 

2523 T
z
TCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCC

k
 

2524 T
z
ACGAGGGCACCCAGACCGCCAAGCTTAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACG 

2525 GATCCGTACATGAACTGAGGGGACAGGATGTCCCAGGCGAAGGGCAGGGGGCCACCCTTGGTCACC
k
 

2526 TTAAGCTTGGCGGTCTGGGTGCCCTCGTAGGGGCGGCCCTCGCCCTCGCCCTCGATCTCGAAC
k
 

2527 T
z
CGTGGCCGTTCACGGAGCCCTCCATGTGCACCTTGAAGCGCATGAACTCCTTGATGATGGCCATGTTATCCTCCTCGCCCTTGCTCACCATGGTGGCGG 

T
z
= 5'-azido dT; C

k
=3'-propagyl-5-Me-dC 
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As illustrated in Figure 5-10, ODNs were designed to adjoin on the same strand and 

overlap to complementary oligonucleotides from the second strand to ensure quality 

hybridization during assembly134. Each ODN was joined to the other by a click DNA 

linker; in total four click DNA linkers were present. Each ODN contained 5'-azide and 3'-

alkyne group to the termini as part of their automated solid-phase synthesis (Figure 

5-10A). In order to facilitate the introduction of the insert in the pRSET-mChe Sal 

plasmid, during the design of ODNs the SalI and BamHI restriction site sequence were 

introduced in the ODN 2522 and 2527 respectively. Additionally, a Kozak sequence for 

optimal translation135 was also included into ODN 2522 so that the same ODNs could be 

used for investigation both in prokaryotic and eukaryotic systems. As this insertions 

caused a frame shift, an additional base (cytosine) was included between the restriction 

enzyme site and the Kozak sequence to correct the shift on reading frame, essential to 

allow for translation of the DNA to the protein. In order to allow the easy identification 

of the synthetic DNA from the native, a restriction site (Hind III) was added through a 

silent mutation in ODN 2526. As this change did not alter the amino acid sequence of 

mCherry it was not expect to effect the protein function. 

The second set of ODNs (ODN 2576, 2577, 2578, 2579, 2580, 2581 in Table 5-2) was 

identical to set 1 with the exception that each ODN was phosphorylated at the 5' termini 
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Table 5-2 Set 2. ODNs for control experiments 

ODN 5'-3' sequence 

2576 P-TCGACCGCCACCATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATTCATCAAGGAGTTCATGCGC 

2577 P-TTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCC 

2578 P--TACGAGGGCACCCAGACCGCCAAGCTTAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACG 

2579 P-GATCCGTACATGAACTGAGGGGACAGGATGTCCCAGGCGAAGGGCAGGGGGCCACCCTTGGTCACC 

2580 P-TTAAGCTTGGCGGTCTGGGTGCCCTCGTAGGGGCGGCCCTCGCCCTCGCCCTCGATCTCGAAC 

2581 P--TCGTGGCCGTTCACGGAGCCCTCCATGTGCACCTTGAAGCGCATGAACTCCTTGATGATGGCCATGTTATCCTCCTCGCCCTTGCTCACCATGGTGGCGG 

P= 5' phosphate  
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Figure 5-10 Graphical scheme illustrating ODNs (with their specific sequence and length) in set 1 and set 2. A, set 1: ODNs 2522, 2523, 2524, 2525, 2526 and 

2527; ODNs are joined each other by a triazole backbone linkages B. B, set 2: ODNs 2576, 2577, 2578, 2579, 2580, 2581; ODNs are joined each other by the 

triazole backbone linker or the phosphate backbone linker 
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This method of construct design shows several advantages over the conventional 

method. For example i) the presence of complimentary overlaps which are unique is not 

compulsory; ii) it allows incorporation of every kind of DNA modification (i.e. mutations, 

insertion, deletion); iii) it is not contained by ODNs size or overlap. Thus, the successful 

assembly of a fragment of DNA containing multiple click DNA linkers would 

demonstrated the potential for using this method for the synthesis of large DNA 

fragments. 

Once designed ODNs of set 1 and set 2 were synthesised by Prof. Tom Brown’ s group. As 

DNA synthesis involves a large number of individual reactions that lead to the 

accumulation of impurities (for details see section1.1.3.1), the resulting crude 

oligonucleotides were purified by gel electrophoresis on denaturing polyacrylamide gel 

containing urea. PAGE was selected rather than others separation techniques as it allows 

purification of ODNs of any length; moreover, the presence of urea reduces the 

interferences from secondary structure. The percentage of polyacrylamide in the gel 

varied depending on the size of the ODN purified. In Table 5-3 are shown the features of 

ODNs of set 2 and polyacrylamide gel percentage used. Set 1 ODNs were purified using 

the same methodology, however, data are not presented here as purification was carried 

out by Dr. Afaf El Sagheer of Prof. Tom Brown’ s group. 
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Table 5-3 Polyacrylamide gel % specific for set 2 ODNs 

ODN  
Expected 

Molecular Weight 

Observed Molecular 

Weight (MW) 

ODN length (mer) Gel % 

2576  20525 20525.73 66 12 

2577  22469 22470.37 72 12 

2578  27955 27955.24 91 10 

2579  20558 20558.62 66 12 

2580  19389 19391.05 63 12 

2581  30725 30724.28 100 10 

After PAGE electrophoresis, oligonucleotides were visualized by UV back shadowing 

(Figure 5-11, left side),excised and eluted in water using the crush-and-soak technique. As 

can be observed in Figure 5-11, before PAGE purification crude ODNs consistently 

appeared always as a mix of a main visible band and lower MW smears. This was 

expected and could be explained as the side products of the synthesis. In contrast, only a 

major single band was detected after PAGE purification indicating that the purification 

step was important for the high purity of the crude oligonucleotide. After desalting 

(using NAP-10 columns), the presence of impurities that were not apparent from PAGE 

was investigated by MALDI-TOF analysis and the absence of significant contaminations 

was confirmed (Figure 5-11, right side). 
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Figure 5-11 Set 2 ODNs purification. On the left polyacrylamide gel electrophoresis of crude 

and gel purified ODNs in adjacent lanes. On the right mass spectrum of each ODN following gel 

purification. 
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5.2.3. Assembly strategies 

To turn click ligation into a method of choice for the production of large constructs of 

any reasonable length sequence, what remained to investigated was the functionality of 

the DNA strands containing multiple click DNA linkers. For this to succeed two slightly 

different assembly strategies, respectively referred as “templated click assembly” and 

“one pot click assembly” were outlined(Figure 5-12). In both approaches ODNs set1 

(relative sequences showed in Table 5-1) were employed. Each approach was validate 

using ODNs set 2 (relative sequences showed Table 5-2) and traditional molecular 

biology techniques. These experiments are referred to as “templated T4 DNA ligase 

assembly” and “one pot ampligase assembly”, respectively in this study. 
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Figure 5-12 Schematic overview for assembly strategies using click ligation. A, “templated click 

assembly”. 1- After synthesis ODNs and splints are assembled in the correct fashion; splints are 

then removed by PAGE electrophoresis. 2- DNA strands are annealed. 3- synthetic DNA ligated 

to plasmid and transformed in E. coli. B, “one pot click assembly”. 1- ODNs synthesis. 2- ODNs 

and plasmid are assembled are mixed all together in one tube and the plasmid containing now 

the synthetic DNA is then transformed in E. coli. 

Initial investigations were carried out using the “templated assembly” method. As the 

name suggests, this approach was template-mediated, meaning that while ligation was 

occurring the ODNs to be ligated were held in proximity by hybridisation to a third 

ODN called “splint”136 (relevance sequences are shown in Table 7-3). Ligation was 
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mediated by 40 mer splints (identical for the two sets) with a sequence complementary 

of 20 nt on either side (Figure 5-13). 
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Figure 5-13 Schematic demonstrating the assembly of six ODNs of different lengths using “templated click assembly”and “templated T4 DNA ligase 

assembly” methods.
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ODNs from set 1 were first annealed with splints(2522, 2523, 2524 with 2321 and 2322 and 

2525, 2526, 2527 with 2323 and 2324). After that, ODNs were click ligated to form two 

DNA strands, one in the5'-3' and the other in the3'-5'direction and splints were removed 

by gel purification. Equal amounts of the two click ligated strands were then mixed and 

annealed. The integrity of the annealed double stranded DNA was verified by agarose gel 

electrophoresis (Figure 5-14). Electrophoresis showed a detectable higher molecular 

weight band around 229 bp representing annealed DNA with a lower molecular weight 

band around 100 bp representing non-annealed ODNs (Figure 5-14, lane 2). Un-annealed 

ODNs were detected as the annealing step is not 100% efficient and usually at least half 

of the single stranded ODNs were observed to remain un-annealed. By comparing the 

intensity of the annealed DNA band (higher molecular weight) to the un-annealed 

(lower molecular weight) the annealing efficiency was estimated to be 50%. As shown in 

lane 3 and 4 in Figure 5-14 the single stranded ODNs run in a similar fashion to un-

annealed ODNs (at around 150 bp). This was expected as agarose gel is not denaturing, 

thus, single stranded ODNs do not resolve at the expected size of 229 bp because of the 

formation of secondary structure. 



Angela Pia Sanzone Chapter 5: Results and Discussion 

 

117 

 

 

Figure 5-14 Annealed click ligated DNA strand. Lane 1, DNA ladder in Kb; lane 2, annealed 

ODNs; lane 3, 5'-3' strand; lane 4, 3'-5' strand. 5% agarose gel. 

As positive control the same methodology as above was repeated this time using ODNs 

from set 2 (2576, 2577, 2578 with 2321 and 2322 and 2579, 2580, 2581 with 2323 and 2324) 

with the exception that the time ligation was carried out using enzymatic ligation 

method instead of the click ligation. In this case the reaction was accomplished by the 

use of T4 DNA ligase, whose substrate was the pair of ODNs to be joined, one bearing 

the 5' PO4
- donor group and the other bearing a free 3' OH group. The two enzymatically 

ligated strands are shown in Figure 5-15. Following PAGE electrophoresis, both 5'-3' 

(Figure 5-15, lane 1) and 3'-5' (Figure 5-15, lane 2) strands were gel purified.  
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Figure 5-15 T4 DNA ligated ODNs. Final products are indicated with arrow (expected sizes 229 

bp). Lane 1, ligation of ODNs 2576, 2577, 2578,2321,2322; Lane 2, ligation of ODNs 2579, 

2580, 2581, 2324, 2325. 5% polyacrylamide gel. 

Equal amounts of the two enzymatically ligated strands were then mixed and annealed. 

Once annealed, the resulting click and enzymatically assembled double stranded 

synthetic fragments were ligated to phosphorylated SalI/BamHI digested pRSET-mChe 

Sal vector constructed in section 5.2.1 and the ligation products were transformed in 

chemically competent E. coli KRX cells. A mock ligation with water instead of the double 

stranded DNA fragment was also carried out, as negative control. Ligation reactions were 

carried out at 16°C overnight using three different vector-to insert ratios (1:1, 1:2, 1:3) and 

each experimental set was carried out with three replicates. It was reasoned that the 

expression of mCherry would occur only if the synthetic DNA fragments was correctly 

integrated into the plasmid, resulting in easily identifiable red colonies.  

Following transformation and overnight incubation on LB-agar plates, the growth rate 

and the phenotype of the resulting colonies was assessed. As previously observed, in all 

cases investigated few colonies were observed on the water control ligation plates, 

indicating the complete digestion of vector. Interestingly, the number of colonies on the 
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T4 DNA plates was almost two fold higher than colonies in the click DNA containing 

plates (Table 5-4).  

In contrast, in all cases the percentage of red colonies was higher in click DNA 

containing plates than in positive control DNA containing plates: for all the ratios 

studied almost ¾ of the colonies assembled with click reaction were red whereas redness 

was observed in ½ of colonies assembled using T4 DNA ligase. It was also noticed that in 

case of colonies assembled with T4 DNA ligase a better efficiency (in terms of red 

colonies) was achieved when applying a vector-to-insert ratio equal to 1:2. In contrast, 

raising the concentration of insert did not have a significant effect of the final product 

when DNA was assembled using click reaction; this result is in agreement to our 

previously reported results (section 2.2.1). In all cases no colonies were observed on the 

negative control plates, containing water instead of insert. 

Table 5-4 Colonies growth after transformation in chemically competent KRX E. coli cells. 

Experiments were repeated in triplicate. 

Ligation Ratio T4 DNA Click DNA 

 Total number of 
colonies 

% of red colonies Total number of 
colonies 

% of red colonies 

1:1 119 53.78% 77 74.02% 
1:3 131 57.25% 62 70.96% 
1:5 93 56.98% 40 67.5% 

The higher percentage of red colonies in click assembled DNA plates compared to T4 

ligated DNA plates, provides evidence that click-DNA ligation reaction may be 

successfully used for the construction of functional long DNA sequences. However the 

presence of white colonies in the background suggested the need of investigation on the 

accuracy of synthetic DNA construct by these methods. Ten colonies (five white and five 

red) assembled with T4 DNA ligase and ten (again five white and five red) assembled 

with click reaction were randomly selected. DNA was then extracted and analysed by 

HindIII digestion (Figure 5-16). Having introduced the HindIII restriction site as 
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watermark it was reasoned that after HindIII digestion successful cloning of the mCherry 

insert would be identified in colonies showing the watermark. 

 

Figure 5-16 HindIII screening of selected colonies. Lane 1, 2 log ladder; Lanes 2 and 13 native 

DNA without HindIII site (pRSET mCHERRY MYG SUB ); Lanes 2-12, DNA insert assembled using 

T4 DNA ligase (of which DNA loaded onto lanes 3-7 was from colonies with white coloration, 

whereas DNA loaded onto lanes 8-12 was from colonies with red coloration); Lanes 14-23, 

DNA insert assembled using template click reaction ligase (of which DNA loaded onto lanes 14-

18 was from colonies with white coloration, whereas DNA loaded onto lanes 19-23 was from 

colonies with red coloration). 

Screening via Hind III digestion produced a second band at the expected size (around 

570 bp), indicating the successful introduction of Hind III watermark, in 7 out of the 10 

screened colonies for each set of experiment. In both sets of experiment one red colony 

out of five screened did not have the Hind III watermark. Surprisingly, 4 out of 5 white 

colonies in DNA assembled using T4 DNA ligase (Figure 5-16, lanes 3-6) and 3 out 5 in 

DNA assembled using click reaction (Figure 5-16, lanes 15, 16, 18) showed the presence of 

the Hind III watermark, meaning that the synthetic insert may had been correctly 

assembled despite the colonies coloration. Possible reasons for this may be that the 
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synthetic insert (or part of it) was introduced in the plasmid but it accumulated several 

mutations (possible due to incorrect ODNs synthesis) within the synthetic inserts that 

led to the incorrect mCherry protein folding. Or mutations that rendered the plasmids 

unable to overexpress target genes (i.e. mutations to the T7 RNA polymerase binding 

sites or to the Shine Dalgarno region) may have occurred causing a delay in the ability to 

express the fluorescent protein. Furthermore, colonies exhibiting red colour could still 

have some genetic variations in the area surrounding the triazole backbone linkages and 

thus showing it not fully bio-compatible but was still able to maintain fluorescent colour. 

To address these points, all screened colonies were sequenced in both the forward and 

reverse direction so that false negatives due to inaccurate sequencing runs could be 

eliminated. Moreover, ODN 20 (Table 2-1) used for forward sequencing contained a 

proximal T7 RNA polymerase promoter so that if mutations in the region in the 

immediate vicinity of the transcription site occurred, the colourless phenotype could be 

easily explained; ODN 21 (Table 2-1)was used as primer for reverse sequencing.  

Analysis of sequenced DNA (Table 5-5) confirmed the already observed absence of 

watermark in the red colonies loaded in Figure 5-16, lanes 10, 20, indicating that these 

colonies may have arisen from re-circularisation of pRSET mChe Sal vector.  

Table 5-5 Schematic summary of sequence analysis of clones in which DNA insert has been 

assembled either with templated T4 DNA ligase or templated click assembly approach 
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Sequenced red colonies (containing DNA insert assembled using both “templated click 

assembly” and “templated T4 DNA ligase assembly” methods) were confirmed to have 

oligonucleotides assembled into the full-length product and all matched the expected 

sequence (Figure 5-17). 

 

Figure 5-17 Sequence alignment diagram of sequences derived from colonies exhibiting red 

colouration containing DNA insert assembled using “templated click assembly” and “templated 

T4 DNA ligase assembly” methods. Ligation sites are indicated with red arrows. 
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Interestingly the expected sequence was observed for both methods as well as with 

colonies which exhibited white colouration. The only deviation from the expected 

sequence were found in two colonies isolated from T4 DNA ligation. These were two 

deletion (either G or C) at random points within the insert.  

The results indicated that plasmid mutations were not a significant cause for the absence 

of fluorescence in the analysed colonies. However, it is well known that random errors 

introduced during ODNs synthesis depend mostly on the quality of synthetic source 137. 

The possibility the deletions occurred due to errors in the synthesis process was also 

excluded. The synthetic inserts were constructed from overlapping oligonucleotide 

chains so it is highly unlikely that the same error would occur in complementary 

oligonucleotides, unless the same deletion is observed in all sequenced colonies, which 

was not the case. Thus, the absence of colour was attributed to a delay in the expression 

of mCherry.  

To test this possibility the colour of sequenced white colonies was monitored after 36, 

48, 60, 72, and 96 hours. White colonies started to exhibit a red colouration after 72 

hours. Moreover, the DNA plasmid from white colonies was isolated and re-introduced 

into chemically competent E. coli KRX cells. In all cases newly transformed E. coli KRX 

colonies displayed red colouration. In agreement with previous literature138, it was 

reasoned that the delay in mCherry protein expression may have been caused by 

chromosomal mutations and not from inaccurate ODNs synthesis, plasmid mutations or 

assembly methods. 

Overall analysis of results confirmed the bio-compatibility of DNA containing multiple 

triazole backbone linkers. Based on the results showed here, from ten initial 

transformants more than half clones had the expected sequence. The Hind III watermark 

and red coloration was observed in more than half of the analysed colonies. 

Furthermore, in all these cases, the CT triazole was correctly converted to CT, without 

mutations in the area surrounding the linkage site. However, in terms of assembly 
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methodology no discernible difference was observed between DNA assembled using 

traditional molecular biology (templated T4 DNA ligase assembly) and click ligation 

(templated click assembly) approaches. Indeed, despite the proven bio-compatibility of 

DNA containing click DNA linkers, the analysed results did not show conclusive 

evidence to support the use of the templated click assembly approach as a method to 

assembly large DNA molecules. Additionally, although the use of DNA splints holds the 

reactants in close proximity allowing the assembly of multiple alkyne/azide fragments in 

the correct order and eliminating the formation of unwanted side products, the 

templated assembly method suffers from a number of disadvantages. First, the need to 

go through several purification and annealing steps and secondly the difficulties in 

designing complimentary bridging ODNs as more as the length of DNA to be assembled 

increases. 

Thus, rather than conducting the reaction in a sequence of separate stages an alternative 

method would be to employ a “one-pot” ligation approach in which the pool of ODNs is 

synthesised and assembled, in absence of complementary template oligonucleotides. If 

the bio-compatibility and utility of the one pot click assembly approach were 

demonstrated this could enable the use of click ligation as a pure chemical ligation 

method for the production of error free synthetic DNA fragments.  

In order to investigate the feasibility of this one pot click strategy, a mix prepared by Dr. 

Afaf El- Sagheer, containing equal amounts of click ligated ODNs from set 1 (2522, 2523, 

2524, 2525, 2526, 2527) was directly ligated by Angela Pia Sanzone to the linear 

BamHI/SalI digested pRSET-mChe Sal plasmid overnight at 16 °C. Meanwhile Angela Pia 

Sanzone also assembled the positive control, one pot ampligase assembly, by ligation of 

all ODNs from set 2 (2576, 2577, 2578, 2579, 2580, 2581) using DNA ampligase 

enzyme50,53. Once the ampligase had completed the ligation of adjacent 3' hydroxylated 

and 5' phosphorylated termini, the assembled ODNs were ligated to linear BamHI/SalI 

digested pRSET-mChe Sal plasmid using the same conditions as for the click assembly. 

After overnight ligation of the one pot click assembled DNA and of the one pot 
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ampligase assembled DNA, to the vector, 5 µl of each ligation mixtures was transformed 

into chemically competent E. coli KRX cells. Ampicillin selection (Table 5-6) yielded 

approximately 37 colonies for the control experiment (one pot ampligase assembly); half 

of these (51.35%) displayed a red colouration. Transformation carried out with the insert 

assembled using one pot click assembly approach yielded approximately 29 colonies. Of 

which 58.62% showed red coloration. Sequencing analysis of 5 white and 5 red colonies 

for each set of experiments confirmed the presence of the Hind III watermark in all 

clones and thus indicating the assembled DNA insert was correctly insert with both 

assembly methods used.  

Table 5-6 Schematic analysis of colonies growth after assembly of DNA insert DNA insert either 

with one pot ampligase assembly or with one pot click assembly approach and transformation 

chemically competent E. coli KRX cells 

 

Detailed sequence analysis of colonies in which DNA insert was assembled using one pot 

ampligase assembly approach showed several mutations and deletions in white colonies 

at random points far away from the linkages sites. Three colonies showed deletions of 

either C, A or T and in two cases A was replaced by a G. Furthermore one colony showed 

4 bases missing (A, C, G, A) in the portion linking ODN 2577 and 2588. In contrast, only 

one of the sequenced clones assembled with one pot click assembly showed a mutation 

(a missing T). All sequenced red colonies from the ampligase and click methods did not 

show any mutations or deletion. Having observed that all mutations arose only in white 

colonies, their colouration was monitored after 36, 48, 60, 72, and 96 hours and their 
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DNA plasmid was isolated and reintroduced into chemically competent E. coli KRX cells. 

In agreement with results of experiments carried out with template assembly approach 

again white colonies started to exhibit a red colouration after 72 hours and all re-

transformed constructs into chemically competent E. coli KRX cells gave rise to red 

colonies. 

Overall it can be concluded that the bio-compatibility of multiple click DNA linkers has 

been demonstrated. It has also been noticed that the use of a one pot click methodology 

provides an advantage over the template methodology and the one pot ampligase 

methodology. This could be due to the click reaction having higher efficiency than 

ligation by ampligase. The one pot click methodology potentially enables facile and rapid 

synthesis of large DNA fragments, significantly simplifying and causing a step-change in 

current approaches to gene and genome synthesis. 

5.3. Summary 

In this chapter two oligonucleotide assembly methods using click ligation have been 

designed and demonstrated. The first one, called “template click assembly” approach 

showed click DNA linkers to be fully compatible in E. coli. However, the method did not 

show major advantages when results were compared to traditional template mediated 

assembly method employing T4 DNA ligase. A more encouraging result was achieved 

while employing “one pot click assembly” approach. In this case (although the 

transformation efficiency was reduced) not only the bio-compatibility of multiple click 

DNA linkers was demonstrated, but also oligonucleotides were assembled and cloned in 

a single step. The developed methodology yielded sufficient colonies to allow the 

sequence verification of assembled DNA fragments. Moreover, no further optimisation of 

the oligonucleotides employed was required, allowing for a straight forward 

implementation. 



 

 

 

6. General Conclusions and 

Further Works 

The aim of the work presented in this thesis was to assess the bio-compatibility of DNA 

strands joined by a click DNA linker67 in E. coli and mammalian cells.  

Initial investigations, presented in chapter 2, demonstrated that an essential gene 

containing two click DNA linkers (separated by 82 bp) was functional in bothE. coli and 

E. coli NER deficient cell lines. At the time this was one of the first examples of bio-

compatible DNA containing an unatural backbone linker67,139. Hence, this finding 

provided some meaningfull insight into the possibility of using click ligation70 for the 

synthesis of long DNA fragments by a purely chemical method. 

Following on from this, the next logical step was to investigate the requirement for 

theselective pressure from the click-linked gene on the host in the observed bio-

compatibility. Thus, in Chapter 3 the investigation into the bio-compatibility of DNA 

constructs containing the click linkerswas extended to a non essential gene. Data 

described in this chapter showed the ability of the E. coli cellular machinery to read 

through the non essential gene encoding the mCherry protein that contained two click 

DNA backbone linkers (4 bp apart) in the sequence encoding the protein fluorophore. 

Moreover, using an in vitro coupled transcription/translation system it was 

demonstrated that the click-linked DNA was transcribed with a similar efficiency to its 

natural countpart. 

Preliminary data presented in Chapter 4, showed the bio-compatibility of the click DNA 

linkers in MCF7 human breast cancer cells, while in Chapter 5 a methodology for the one 
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pot assembly of the first part of the mCherry gene (229 bp) containing four click DNA 

linkers was developped and the bio-compatibility of the resulting DNA construct was 

demonstrated.  

Therefore findings discussed in this thesis provided evidence of the bio-compatibility of 

the click DNA linkers synthesised by Prof. Brown’s group. This supported the theory that 

click ligation could be a valid alternative to enzymatic DNA assembly and may be used 

for the full chemical synthesis of large DNA constructs.  

However, in order to validate this hypothesis, further work would be necessary, such as: 

- Cloning of the click linked DNA in E.coli UvrA, E.coli UvrC and E.coli UvrD 

cell strains would aid in further understanding the specific mechanism that 

involves the UvrABC system during replication of click-linked DNA, which 

has not as yet been fully elucidated. 

- In order to fully understand if click linked DNA is correctly replicated in 

mammalian cell lines, the response of the mammalian DNA repair machinery 

needs to be investigated. Additionally a way to confirm the presence of click 

linked DNA in microinjected mammalian cells should be utilised. 

- Optimum conditions and a more detailed analysis for the one pot click 

assembly need to be found in order to develop a more robust assembly 

method.  

- A full length click linked gene should be synthesised and its bio-

compatibility should be proved. Direct comparison of the bio-compatibility 

of this gene with the same one assembled using Gibson assembly method 15 

should be carried out. 

 

-  



 

 

 

7. Materials and Methods 

7.1. General equipment and reagents 

Plastic ware was purchased from Greiner Bio One (U.K.), Millipore (U.K) and Whatman 

(U.K). PCR reactions were carried out using an Eppendorf Master Cycler and BioRad 

MyCycler Thermal Cycler. Agarose and SDS gels were imaged on a BioRad Universal 

Hood II Imager using Quantity one software from BioRad (BioRad Laboratoires Ltd., 

UK). Cell density and ODNs concentration were measured using Cary 100 Bio UV visible 

spectrophotometer. 

Cell density was measured using a Thermo Electron Corporation BioMate 3 (Thermo 

Fischer Scientific, USA) spectrophotometer. Ultra- sonication was performed using a 

Soniprep 150 plus sonication apparatus. SDS-gels, including those for immunoblotting, 

were produced using the mini-protean tetra cell system from BioRad, which was also 

employed for blotting of proteins. Immunoblots were imaged using a Chemi-Doc MP 

system from Bio Rad. The Glomax multi detection system plate reader was employed for 

fluorescence measurements.  

Oligonucleotide gel purification was performed using a PAGE apparatus from BioRad.  

Molecular biology reagents and restriction enzymes were purchased from New England 

Biolabs (USA), Fisher Scientific (UK) and Promega (UK) and were used as directed by the 

manufacturer. Chemical reagents were purchased from Sigma Aldrich (UK), Fisher 

Scientific (UK) or Merck (UK) and were used as received (unless otherwise stated). 
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7.1.1. Bacterial strains and cell lines 

Bacterial strains and cell lines used in this study are listed in Table 7-1.  

Table 7-1 Name, genotype and source for the bacterial strains and cell lines used 

Name Genotype Use Supplier 

E. coli Strains 
 

  

DH5α F’ 

F– Φ80lacZ∆M15 ∆(lacZYA-argF) U169 
recA1 endA1hsdR17 (rK–, mK+) phoA 

supE44 λ– thi-1 gyrA96 relA1 
Chapter 4, 5, 6 

Invitrogen 
(U.K) 

NEB 5 α (High 
Efficiency) 

F´ proA
+
B

+
 lacI

q
 ∆(lacZ)M15 zzf::Tn10 (Tet

R
) / 

fhuA2∆(argF-lacZ)U169 phoA glnV44 
Φ80Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 

thi-1 hsdR17 

Chapter 3 
New England 
BioLabs (NEB, 

U.K.) 

BW25113 
∆(araD-araB)567, ∆lacZ4787(:rrnB-3), 

lambda
-
, rph-1, ∆(rhaD-rhaB)568, hsdR514 

Chapter 3 
Coli Genetic 
Stock Center 

JW0762-2 
Δ(araD-araB) ΔlacZ4787(::rrnB-) λ 

ΔuvrB751::kan
 -
 rph-1 Δ(rhaD-rhaB) 

Chapter 3 
Coli Genetic 
Stock Center 

KRX Competent 
Cells 

F´, traD36, ΔompP, proA+,B+, lacIq, 
Δ(lacZ)M15] ΔompT,bendA1, recA1, 

gyrA96(Nal r), thi-1, hsdR17 (rK–, mK+), 
e14–(McrA–), relA1, supE44, Δ(lac-proAB), 

Δ(rhaBAD)::T7 RNA polymerase 

Chapter 4 and 6 Promega 

Cell Lines    

MCF-7 Human breast cancer cell line Microinjections 

donation 
from Somers 

Cancer 
Research 

(University of 
Southampton, 

UK) 

7.1.2. Plasmids 

Plasmids used in this study are illustrated in Table 7-2. 
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Table 7-2 Plasmids used in this study 

Name Resistance Use Source 

T7 Luciferase  Ampicillin Chapter 2 Promega 

Positive control T7 
Luciferase 

Ampicillin Chapter 2 Promega 

T7 click Luciferase Ampicillin Chapter 2 Promega 

pRSET-mCHERRY Ampicillin Chapter 3, 4, 5 and 6 TsienLab 

Positive control pRSET-
mCherry 

Ampicillin Chapter 3 and 5 This study 

pRSET-mCherry click Ampicillin Chapter 3 This study 

pEGFP-N1 Kanamycin Chapter 4 Clontech 

pMCHE- N1 SalNot Kanamycin Chapter 4 This study 

pMCHE- N1 SalNotMYG Kanamycin Chapter 4 This study 

pMCHE- N1 SalNotMYG 
click 

Kanamycin Chapter 4 This study 

pRSET-mCherry MYG SUB Ampicillin Chapter 5 This study 

pRSET-mChe Sal Ampicillin Chapter 5 This study 

7.1.3. Oligonucleotides 

Oligonucleotides used in this study were chemically synthesised by Eurofins MWG 

Operon (Ebersberg, Germany) or Prof. Tom Brown’ s group (University of Southampton, 

UK). All the oligonucleotides were re-suspended in deionized water. Oligonucleotides 

are listed in Table 7-3. 
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Table 7-3 Oligonucleotides used in this study 

ODN Sequence (5'-3') Application Supplier 

39 GTTGTTAGTACTCAMeCtCCAGTCACAGAAAAGC Chapter 3 Brown group 

40 GTTGTTAGTACTCACCCAGTCACAGAAAAGC Chapter 3 Brown group 

41 GTTGTTCGATCGTTGTCAGAAGTAAGTTGGMeCtCGCAGTGTTATCACT Chapter 3 Brown group 

42 GTTGTTCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACT Chapter 3 Brown group 

1 CTGGATCTCAACAGCGG Chapter 3 Eurofins MWG 

2 CCAGTCTATTAATTGTTG Chapter 3 Eurofins MWG 

3 AGTTCATGTACGGATMeCtCAAGGCCTACG Chapter 4 and 5 Brown group 

4 AGTTCATGTACGGATCCAAGGCCTACG Chapter 4 and 5 Brown group 

5 CGTAGGCCTTGGATMeCtCGTACATGAAC Chapter 4 and 5 Brown group 

6 CGTAGGCCTTGGATCCGTACATGAACT Chapter 4 and 5 Brown group 

T7 promoter TAATACGACTCACTATAGGG Chapter 4 and 6 Brown group 

T7 terminator GCTAGTTATTGCTCAGCGG Chapter 4 and 6 Brown group 

7 AGTTCAATGTACGGcTCCAAGGCCTACG Chapter 5 Brown group 

8 CGTAGGCCTTGGAgCCGTACAGAACT Chapter 5 Brown group 

9 GTTGTTGTCGACGCCACCATGGTGAGCAAGGG Chapter 5 Brown group 

10 GTTGTTGCGGCCGCTTTACTTGTACAGCTCGTC Chapter 5 Brown group 

11 CGGTGGGAGGTCTATATAAGCAGAGCTGG Chapter 5 Brown group 

12 CCTCTACAAATGTGGTATGG Chapter 5 Brown group 

15 GGCCTTTTGCTCACATGTTCTTTCCTGCG Chapter 6 Eurofins MWG 

16 GCTCACCATGGTGGCGGTGTCATCG Chapter 6 Eurofins MWG 



Angela Pia Sanzone Chapter 7: Material and Methods  

 

133 

 

17 CGATGACGATAAGTCGACCGCCACCATGGTGAGC Chapter 6 Eurofins MWG 

18 GATTGAACTCGCCGTCCTGCAGGGAGGAGTCCTGG Chapter 6 Eurofins MWG 

2576 P-TCGACCGCCACCATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATTCATCAAGGAGTTCATGCGC Chapter 6 Brown group 

2522 TCGACCGCCACCATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATTCATCAAGGAGTTCATGCGCk Chapter 6 Brown group 

2577 P-TTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCC Chapter 6 Brown group 

2523 TzTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCk Chapter 6 Brown group 

2578 P-TACGAGGGCACCCAGACCGCCAAGCTTAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACG Chapter 6 Brown group 

2524 TzACGAGGGCACCCAGACCGCCAAGCTTAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACG Chapter 6 Brown group 

2579 P-GATCCGTACATGAACTGAGGGGACAGGATGTCCCAGGCGAAGGGCAGGGGGCCACCCTTGGTCACC Chapter 6 Brown group 

2525 GATCCGTACATGAACTGAGGGGACAGGATGTCCCAGGCGAAGGGCAGGGGGCCACCCTTGGTCACCk Chapter 6 Brown group 

2580 P-TTAAGCTTGGCGGTCTGGGTGCCCTCGTAGGGGCGGCCCTCGCCCTCGCCCTCGATCTCGAAC Chapter 6 Brown group 

2526 TTAAGCTTGGCGGTCTGGGTGCCCTCGTAGGGGCGGCCCTCGCCCTCGCCCTCGATCTCGAACk Chapter 6 Brown group 

2581 P-TCGTGGCCGTTCACGGAGCCCTCCATGTGCACCTTGAAGCGCATGAACTCCTTGATGATGGCCATGTTATCCTCCTCGCCCTTGCTCACCATGGTGGCGG Chapter 6 Brown group 

2527 TzCGTGGCCGTTCACGGAGCCCTCCATGTGCACCTTGAAGCGCATGAACTCCTTGATGATGGCCATGTTATCCTCCTCGCCCTTGCTCACCATGGTGGCGG Chapter 6 Brown group 

2321 CCCTCCATGTGCACCTTGAAGCGCATGAACTCCTTGATGA Chapter 6 Brown group 

2322 GCGGTCTGGGTGCCCTCGTAGGGGCGGCCCTCGCCCTCGC Chapter 6 Brown group 

2323 ACCCAGACCGCCAAGCTTAAGGTGACCAAGGGTGGCCCC Chapter 6 Brown group 

2324 GGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGG Chapter 6 Brown group 

20 GATCTCGATCCCGCGAAATTAA Chapter 6 Eurofins MWG 

21 CCCGTTTAGAGGCCCCAAGGGGTTATGCTAG Chapter 6 Eurofins MWG 
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7.1.4. Buffers and solutions 

Buffer used in this study are listed in Table 7-4. 

Table 7-4 Molecular biology buffers and solutions used in this study 

Application Buffer/Solution Components 

DNA 
Electrophoresis 

50X TAE buffer 
2 M Tris base, 1 M Glacial acetic acid, 50 mMEDTA           

(pH 8.0 adjusted using dilute NaOH) 

Preparation of 
Chemically 

Competent Cells 
TBFI buffer 

30 mM Potassium Acetate, 100 mM Rubidium Chloride, 10 
mM Calcium Chloride, 50 mM Manganese Chloride, 15% 

v/v Glycerol                                                                                  
(pH 5.8 adjusted using 1 % acetic acid) 

 TBFII buffer 
10 mM MOPS, 10 mM Rubidium Chloride, 75 mM Calcium 

Chloride, 15% v/v Glycerol                                                     
(pH 6.5 adjusted using dilute NaOH) 

Table 7-5 Biochemistry buffers and solution used in this study 

Application Buffer/Solution Components 

Protein 
Purification 

MHW buffer 

20 mMTris base, 10 mM Imidazole , 400 mMNaCl, 1 Na3VO4, 
1mMNaF, 1 mM DTT, 1 Protease Inhibitor cocktail tablet (Roche), 

20% (v/v) Glycerol, 1% (v/v)Triton X-100 

 Ni Wash buffer 
20 mMTris base, 10 mM Imidazole, 500 mMNaCl, 10% (v/v) 

Glycerol, 1% (v/v) Triton X-100 

 Elution buffer 
20 mMTris base, 500 mM Imidazole, 200 mMNaCl, 5% (v/v) 

Glycerol, 0.1% (v/v)Triton-X 100 

SDS-PAGE 
Electrophoresis 

4 X loading buffer 
200 mMTrisHCl (pH 6.8), 8% (v/v) SDS, 0.08% Bromophenol Blue, 

50 mM EDTA, 40 % (v/v) Glycerol, 50 mM DTT 

 
1 X cathode SDS-PAGE gel 

running buffer 
100 mMTris base(pH 8.2), 100 mMTricine, 0.1% (v/v) SDS 

 
10 X anode SDS-page gel 

running buffer 
2 M Tris base (pH 8.9) 

 Coomassie blue staining 
0.075 g Coomassie blue G250, 40% v/v ethanol, 10% v/v acetic 

acid. 

Western Blot Transfer buffer 40 mMGlycin, 48 mMTris base (pH 8.3), 20% (v/v) Methanol 

 Ponceu S Red solution 1% (v/v) acetic acid, 0.1 % Ponceu S 

 PBS-Tween buffer 
0.14 M NaCL, 0.0027 MKCl, 0.05 % Tween

TM 
20, 0.01 M PBS (pH 

7.4) 
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Table 7-6 Buffers and solution used for oligonucleotides synthesis, purification and annealing 

Method Buffer/Solution Components 

Oligonucleotides 
Urea PAGE 10X TBE buffer 1 M Tris, 0.9 M Boric Acid, and 0.01 M EDTA 

Oligonucleotides 
Annealing Annealing buffer 

50 mM potassium acetate,20 mMTris-acetate, 10 mM 
Magnesium Acetate,1 mMDithiothreitol 

(pH 7.9 at 25°C) 
 

7.1.5. Culture and expression media 

7.1.5.1. Luria Broth (LB) medium 

6.25 g of LB powder was suspended in 250 mL of distilled water (equivalent to 10 g of 

tryptone, 5 g of yeast extract and 10 g of sodium chloride per litre) and autoclaved for 20 

minutes at 115 °C on the liquid media cycle. The solution was left to cool to room 

temperature before use. 

7.1.5.2. LB agar plates 

12 g of LB Miller agar mixture was dissolved in 300 mL of distilled water (equivalent to 10 

g of tryptone, 5 g of yeast extract, 10 g of sodium chloride and 15 g of granulated agar per 

litre) and autoclaved for 20 minutes at 115 °C on liquid media cycle. The media was left to 

cool to below 50 °C before any antibiotic was added. The media was mixed by gentle 

swirling to prevent bubbles forming then poured into sterile petri dishes. 

7.1.5.3. Super optimal culture (SOC) medium 

Filter sterilised solutions of 1 M MgCl2 solution,2 M MgSO4 solution and 20% (w/v) 

glucose were mixed in a 1:1 ratio, and then to sterile LB growth medium to make up 10% 

of the final volume. The solution was mixed by inversion before filtering through a sterile 

0.22 μm filter (Millipore, UK) and stored at 4  C before use. 
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7.1.6. Antibiotic stocks and working concentrations 

Antibiotic stocks were prepared under sterile conditions by diluting the given antibiotic 

in distilled sterilised water (or ethanol in the case of chloramphenicol), then filtered 

through sterile 0.22 μm filter (Millipore, UK) and stored in at either 4 °C or -20 °C as 

stated in Table 7-7. Final concentrations used for selection of plasmid or chromosomal 

resistance were used as stated in Table 7-7. 

Table 7-7 Antibiotic stock solutions and working concentrations used 

Antibiotic 
Stock Solution 

(mg/mL) 
Storage (°C) 

Final concentration 
(µg/mL) 

   Plasmid Chromosome 

Ampicillin 100 -20 100 50 

Kanamycin 50 4 50 25 

7.2. Molecular Biology Methods: DNA 
Manipulation 

7.2.1. Preparation of bacterial cultures and maintenance 

Strains of E. coli were originated from single colonies grown and selected on solid LB agar 

plates containing the appropriate selective antibiotic. All bacterial cultures were grown 

shaking at 250 rpm in LB broth(section 7.1.5.1), in the presence of the appropriate 

selective antibiotic; unless otherwise stated, bacteria growth was performed over-night at 

37 °C. Stock cultures were stored in 10% DMSO at –80 °C. 

7.2.2. Preparation and transformation of chemically competent cells 

A subculture of the E. coli strain was prepared for overnight with the appropriate 

antibiotics as described in section 7.1.6. A 1% subculture in fresh LB media 

(supplemented with then appropriate antibiotic if the strain was maintaining a plasmid) 
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was prepared and incubated at 37 °C until an OD600 of 0.4-0.6 had been reached. The 

culture was centrifuged (3100 rpm, 15 minutes, 4 C). The supernatant was decanted and 

the cell pellet re-suspended in 10 ml of ice-cold TBFI buffer (Table 7-4) then centrifuged 

(3100 rpm, 15 minutes, 4 C). Supernatant was discarded and the cell pellet re-suspended 

in 2 ml of ice-cold TBFII buffer (Table 7-4). The solution was incubated on ice  and 

aliquots frozen on dry ice before being stored (–80 °C). 

Transformation was carried out by thawing out a 100 μl aliquot on ice for 15 minutes then 

adding 5 μl (typically 1-100 ng) of purified plasmid or ligation mixture. The mixture was 

maintained on ice for a further 30 minutes and then heat shocked for 30 seconds at 42 °C 

in a water bath. The cells were then immediately returned on to ice for 2 minutes and 

transferred to a culture tube containing SOC media (section 7.1.5.3). The recovery 

solution was incubated at 37 °C for 1 hour before plating 100 μl onto LB agar 

plates(section7.1.5.2) containing the appropriate antibiotic of the plasmid and incubated 

overnight at 37  C. 

7.2.3. DNA preparation 

Plasmid DNA required for ligations, transfections, PCR and plasmid manipulations were 

prepared through mini prep purifications. Mini prep purification was performed using a 

QIAprep Spin Miniprep Kit (QIAgen, UK), following the manufactures instructions.  

Unless otherwise stated, after DNA transformation a single colony from an LB agar plate 

was cultured at 37  C with shaking at 220 rpm overnight in 5 mL of LB containing the 

appropriate selective antibiotic. The culture was centrifuged (3,100 rpm, 4 °C, 15 minutes) 

and the resultant pellet was resuspended in cell re-suspension buffer (QIAgen, buffer A). 

Bacteria were then lysed in cell lysis solution (QIAgen, buffer B). Lysate was neutralised 

with neutralisation solution (QIAgen, buffer N) and centrifuged (13,000 rpm, room 

temperature, 15 minutes). The supernatant containing the plasmid DNA was added to a 

spin column and centrifuged. The DNA bound to the column was washed with wash 
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solution (QIAgen, buffer PB), centrifuged (13,000 rpm, 1 minute) and ethanol 

precipitated using QIAgen, PE buffer and again centrifuged (13,000 rpm, 1 minute). To 

avoid carry-over of residual ethanol, the column was subjected to an additional 

centrifugation (13,000 rpm, 2 minutes). 50 μl of H2O was added to elute the DNA from 

the column and the column was centrifuged once again (13,000 rpm, room temperature, 

1 minute).  

7.2.4. DNA quantification 

DNA obtained from minipreps (section7.2.3) was quantified using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, USA). Sample concentration was 

estimated by its light absorption at 260 μm λ (OD260). DNA quality and purity was 

assessed by comparing the light absorption values of the sample at 230 μm (OD230) 

compared to OD260 and at 280 μm (OD280) compared to OD260. Ratio OD260/OD230 

greater than 1.5 indicated negligible DNA contamination by organic compounds or 

guanidium salt (present in DNA purification columns); ratio OD260/OD280 greater than 

1.8 was index of protein-free samples. 

7.2.5. PCR reaction 

PCR reactions were used to amplify gene (or gene portion) that would be processed and 

inserted into plasmids. PCR mixtures were prepared as described in Table 7-8. The 

solution was mixed thoroughly using a vortex before the polymerase enzyme was added, 

then gentle mixing was applied to add the polymerase enzyme using a pipette. The 

general PCR Cycle set up is summarised in Table 7-9. The duration of each phase and 

the temperatures chosen for DNA denaturation and elongation were determined by 

the type of DNA polymerase employed. Annealing temperature (Ta) was chosen 

according the characteristics of the primers and was optimised via use of 

temperature gradient. 
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Table 7-8 Composition of GoTaq (Promega) reaction mixture 

Component Final Volume Stock Concentration 

GoTaq Buffer 10 μl 5X 

10 mM dNTPs 5 μl 0.2mM each dNTP 

Forward primer 1 μl 0.16 μM 

Reverse primer 1 μl 0.16 μM 

Template 1 μl 100 ng/μl 

GoTaq polymerase 0.25 μl 10 X 

Sterile Distilled Water 31.75 μl Makes volume up to 50 μl 

Table 7-9 Thermal cycling conditions for GoTaq DNA polymerase-mediated PCR amplification 

Step Temperature Time Number of Cycles 

Initial Denaturation 95 °C 1.30 minutes 1 

Denaturation 95 °C 30 seconds 

¯\ 
30 
_/ 

Annealing 

X °C (calculated from primers 
using pDraw32-AcaClone 

software) 
30 seconds 

Extension 72 °C 1 m/Kb 

Final Extension 72 °C 5 minutes 1 

Soak 4 °C ∞ 1 

PCR products were purified using QIAquick PCR Purification Kit (QIAGEN, UK) as per 

the manufacturer’s instructions. 

7.2.5.1. Colony PCR 

PCR mixture was prepared as described in Table 7-10 and aliquoted into 0.2 ml tubes. A 

sample of each individual colony was carefully picked from an agar plate and transferred 

to PCR tubes containing the prepared mixture. Positive controls were also set up by 

adding 0.1 μl template of the insert to a tube, and negative controls set up by the 

addition of the original plasmid to a separate aliquot of PCR mix. PCR was then carried 

out as described in Table 7-9. 
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Table 7-10 Composition of colony PCR reaction. 

Component Final Volume Stock Concentration 

GoTaq Buffer 2 μl 5X 

10 mM dNTPs 1 μl 0.2mM each dNTP 

Forward primer 0.2 μl 0.16 μM 

Reverse primer 0.2 μl 0.16 μM 

GoTaq polymerase 0.05 μl 10X 

Sterile Distilled Water 6.35 μl Makes volume up to 10 μl 

7.2.5.2. Site Directed Mutagenesis (SDM) 

SDM was performed using Pfu or KOD DNA polymerases. The duration of each phase, 

and the temperatures chosen for DNA denaturation and elongation were determined by 

the type of DNA polymerase employed. Annealing temperature (Ta) was a function of 

the characteristics of the primers and was optimised by gradient PCR for each pair of 

primers and their relative template. Reaction mixtures and PCR Cycle used with Pfu 

DNA polymerase are described in Table 7-11 and in Table 7-12, respectively.  

Table 7-11 Composition of Pfu (Promega)- SDM reaction mixture 

Component Final Volume Stock Concentration 

Pfu Buffer 5vμl 5X 

10 mM dNTPs 4vμl 0.2mM each dNTP 

Forward primer 0.2 μl 0.3μM 

Reverse primer 0.2 μl 0.3μM 

Pfu polymerase 0.15 μl 10 X 

Sterile Distilled Water 37.6μl Makes volume up to 50 μl 
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Table 7-12 Thermal cycling conditions for Pfu-SDM 

Step Temperature Time Number of Cycles 

Initial Denaturation 94 °C 1 minute 1 

Denaturation 94 °C 30 seconds 

¯\ 
12 
_/ 

Annealing 

X °C (calculated from primers 
using pDraw32-AcaClone 

software) 
30 seconds 

Extension 68 °C 5 minutes 

Soak 4 °C ∞ 1 

Reaction mixtures and PCR Cycle used with KOD DNA polymerase are described in 

Table 7-13 and Table 7-14, respectively. 

Table 7-13 Composition of KOD(Toyobo)- SDM reaction mixture 

Component Final Volume Stock Concentration 

MgSO4 4 μl 25 mM 

KOD Buffer 5μl 5X 

10 mM dNTPs 5μl 0.2mM each dNTP 

Forward primer 1.5μl 0.16 μM 

Reverse primer 1.5μl 0.16 μM 

KOD polymerase 1μl 10 X 

Sterile Distilled Water 31μl Makes volume up to 50 μl 

Table 7-14 Thermal cycling conditions for KOD-SDM 

Step Temperature Time Number of Cycles 

Initial Denaturation 95 °C 2 minute 1 

Denaturation 95 °C 20 seconds 
¯\ 
8 
_/ Annealing 

X °C (calculated from primers 
using pDraw32-AcaClone 

software) 
10 seconds 

Extension 70 °C 25s/Kb  

Soak 4 °C ∞ 1 
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Following temperature cycling, the solution was allowed to cool to room temperature 

(over 1 hour). DpnI restriction enzyme was directly added to the mixture (2 µL) and 

incubated (6 h, 37 °C). The SDM product was separated from any remaining template by 

resolving the fragments on a 0.8% agarose gel, followed by gel purification with 

QIAquick Gel Extraction Kit. 5 μl of purified product was transformed into chemically 

competent E. coli cells. The clones that indicated correct introduction of the desired 

mutation were screened by sequencing (see section 7.2.10). 

7.2.6. DNA restriction digestion 

DNA was digested by restriction endonuclease for analysis, or to produce intermediate 

fragments for cloning.  

Restriction digestions were performed in a 50μL reaction volume and contained 1-5 μg of 

DNA, 1-5 U of restriction endonuclease (s), and appropriated buffer (as directed by New 

England Biolabs, USA) for the chosen restriction endonuclease and adding bovine serum 

albumin (BSA) when required by the restriction endonuclease (s)used. Most of the 

Restriction digestions were performed by incubating the reaction volume at 37 °C 

overnight and inactivated by incubating at 65 °C for 20 minutes; different incubation and 

inactivation temperatures were used as required by specific restriction endonuclease, 

according to the manufacturer’s instruction. 

7.2.7. Dephosphorylation of plasmid DNA 

Dephosphorylation of 5' termini digested PCR fragments (or gel purified plasmid 

segments) was performed by the direct application of 1 μl (0.04 u) of thermo-sensitive 

alkaline phosphatase (TSAP; Promega, UK) directly in the 50 μl restriction digestion 

reaction (following heat inactivation of the restriction endonuclease if applicable) for 1 

hour at 37 °C. Following this treatment the TSAP was inactivated by incubation at 74 °C 

for 15 minutes (unless a heat sensitive restriction endonuclease was present in the 
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reaction mixture). The DNA fragment was then purified using the QIAquick PCR 

Purification Kit (QIAGEN). 

7.2.8. DNA electrophoresis 

DNA samples (10-100 ng/µL) were mixed with 1 µL loading dye (GoTaq green buffer, 

Promega) before being loaded onto agar gels (0.8-4 % agarose, 2µl ethidium bromide 

1%w/v, 1Tris-acetate-EDTA (TAE) prepared as described in Table 7-4with the appropriate 

DNA ladder (New England Biolab, USA) in a separate lane. Electrophoresis was 

performed at room temperature in 1X TAE buffer (80-100 V, 30 minutes-1 hour). 

Table 7-15 Gel concentration required for DNA separation 

Gel Concentration (%) DNA size (Kb) 

0.50 1-30 

0.75 0.80-12 

1.00 0.5-10 

1.25 0.4-7 

1.50 0.2-3 

2-5 0.01-0.5 

7.2.8.1. Gel Purification of digested DNA fragments 

DNA was separated by electrophoresis, then extracted and purified from agarose gels 

using the QIAquick Gel Extraction Kit (QIAgen, UK), according to the manufacturer 

instructions. Briefly, the band of interest was visualized under UV light, excised from the 

agarose gel using a sterile razor and transferred to an eppendorf/microcentrifuge tube. A 

membrane binding solution was added to the DNA. The mixture was vortexed for 30 

seconds and incubates at 50–65°C,vortexing every two minutes until the gel slice was 

fully dissolved. The dissolved gel mixture was transferred to the minicolumn and 

incubated at room temperature for 1 minute. It was then washed twice with a membrane 

wash solution (with ethanol added). After the washes, the minicolumns were transferred 
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into a clean 1.5 ml microcentrifuge tube and the DNA was eluted with Nuclease-Free 

Water. The DNA was quantified through UV spectrophotometry at 260 nm wavelength. 

All the solution used for DNA preparation were provided by the manufacturer. 

7.2.9. DNA Ligation 

The vector DNA was digested with the appropriate restriction enzymes, isolated by 

electrophoresis and purified by gel extraction. The desired fragment was purified and 

isolated by electrophoresis and gel extraction using QIAquick Gel Extraction Kit 

(QIAgen, UK) as described in section 7.2.8.1. The ligation was set up in a reaction volume 

of 10 μl containing 100 ng of total DNA, 200 U of T4 DNA Ligase (Promega) and 1X of T4 

DNA Ligase buffer (Promega). The amount of DNA in the reaction was calculated to 

have a fixed molar ratio between the vector and the insert; molar ratios of 1 to 1, 1 to 2,  1 

to 3 or 1 to 5 were tested each time. The ligations were incubated at room temperature 

for 4 hours, or at 4 °C or at 16 °C overnight. Table 7-16 summarizes ligation protocols. 

Table 7-16 Ligation mixture 

Component Final Volume 

100 ng total DNA xμl 

Ligase Buffer 1X 1 μl 

T 4 DNA Ligase 1 U 

Sterile Distilled Water Makes volume up to 10 μl 

The ligase was then inactivated for 10 minutes at 70  C, followed by incubation on ice for 

10 minutes. The mixture was then transformed directly into chemically competent cells. 

7.2.10. Sequencing 

All new constructs, PCR products and cloning and site directed mutagenesis products 

were sequenced by Prof. Tom Brown’ s group or Eurofins MWG Operon.  
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Plasmid DNA was sequenced from samples diluted in water at a concentration of 

2pmol/µl in a minimum volume of 15µl. 

7.2.11. Cloning 

Cloning protocols were used to produce the different constructs used in this thesis.  

Specific primers which included 5' and 3' restriction enzymes were designed to amplify 

regions of interest by PCR reactions (section 7.2.5). the vector was dephosphorylated 

(section 7.2.7). PCR products and vectors were digested with appropriate enzyme 

(section 7.2.6). PCR products, annealed ODNs and digested vector were analysed by 

DNA electrophoresis (section 7.2.8), quantified (section 7.2.4) and gel extracted (section 

7.2.8.1). Inserts and vectors DNA was ligated (section 7.2.9) and transformed into E. coli 

chemically competent cells (section 7.2.2). QIAprep Spin Miniprep Kit was utilised to 

isolate plasmid DNA (section 7.2.3) from bacteria colonies. DNA was screened by colony 

PCR (section 7.2.5.1), restriction analysis (section 7.2.6) and sequencing (section 7.2.10) to 

ensure it encoded the product of interest. 

7.3. Biochemistry: Protein Analysis Methods 

7.3.1. Protein expression  and purification in E. coli 

Expression vectors were transformed into KRX E. coli chemically competent expression 

strain and incubated on LB agar plates at 37 °C overnight under the appropriate selection 

conditions. A colony for each construct was picked and cultured overnight at 37 °C in LB 

media supplemented with antibiotics. Subsequently, a 1% sub-culture was then started in 

10 mL of fresh, sterile LB media. This was cultured at 37 °C with a rotary shaker until 

OD600 of 0.4-0.6 was reached. Protein expression was induced by the addition of 

rhamnose to a concentration of 0.1% (1:200 dilution of 20% rhamnose) and shaking 

overnight at 18 °C. The expression was analysed by taking a 1 mL sample of the culture 
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which was centrifuged (4,000 rpm, 4 °C, 15 minutes). The cell pellet was frozen at -8o °C 

overnight. The pellet was then re-suspended in 2 ml of MHW buffer (Table 7-5) and 

lysed by sonication (6 cycles of 6x10 second bursts with 10 second intervals, the solution 

was rested on ice for 1 minute between each cycle) until the solution became clear. Care 

was taken not to overheat the solution or to produce frothing. The lysate was then 

centrifuged again (8,000 rpm, 20 minutes, 4 °C). The supernatant was separated from the 

cell pellet and applied to 100 µL of a slurry of Ni-NTA resin (Ni SepharoseTM 6 Fast Flow, 

GE Healthcare) for his-tagged protein pre-washed with Ni wash buffer (Table 7-5). After 

one hour incubation at 4°C shaking, the beads with bounced protein were washed three 

times with 1 ml Ni wash buffer and eluted with 25 µl of elution buffer (Table 7-5). The 

purified protein was analysed using 12% polyacrylamide SDS-PAGE (section 7.3.3) and a 

Tecan M200pro fluorescent plate reader. 

7.3.2. In vitro Protein Expression 

The S30 T7 High Yield Protein Expression System from Promega was used for mCherry in 

vitro expression. Reactions were set up following manufacturer’s instructions, with the 

exception that 1 µg of purified SDM product was used instead of plasmid DNA as 

template. The template was dialysed against distilled water for 2 hours using Millipore 

filter (Merck Millipore “V” Series Membrane, 0.025 µm) prior to use. The reaction 

mixtures were incubated at 37 °C for 1 hour, with shaking at 300 rpm, followed by the 

addition of a 30 µl slurry of Ni–NTA resin (Ni SepharoseTM 6 Fast Flow, GE Healthcare) 

pre-washed with Ni wash buffer (Table 7-5). The mixtures were incubated at 4 °C with 

shaking for 1 hour. The Ni–NTA resin was washed three times with 1 ml Ni wash buffer. 

The bound protein was eluted with 25 ml of elution buffer (Table 7-5). The product was 

analysed by western blot (section 7.3.5). 



Angela Pia Sanzone Chapter 7: Material and Methods 

 

147 

 

7.3.3. SDS-polyacrilamide gel electrophoresis 

Protein electrophoresis was performed to isolate proteins resulting from protein 

purification or to separate protein prior to western blot analysis. Prior to electrophoresis, 

protein samples were prepared by adding an equal volume of 4XSDS gel- loading buffer 

(Table 7-5)and incubated at 95°C for 10 minutes. Samples were separated by SDS gel 

electrophoresis (SDS-PAGE) on 12 % polyacrylamide gels(section 7.3.4) in running 

buffers (Table 7-5)and applying voltage 150 V. Proteins on the gel were either transferred 

to a nitrocellulose membrane for western blot analysis(section 7.3.5) or stained (section 

7.3.4.1)to be visualised. 

7.3.4. Preparation of SDS- page gels 

Preparation of polyacrylamide gels was performed without protein contamination and all 

devices were cleaned with 70% ethanol prior to use. 

Polyacrylamide gels were prepared by polymerising a short 4 % polyacrylamide layer on 

top of a main 12 % layer. The resolving gel was prepared by mixing the components as 

directed in Table 7-17, mixing prior to the addition of the ammonium persulphate 

followed by the TEMED. The solution was poured between the glass slides and allowed 

to set with 200 μL of 50% (v/v) isopropanol solution applied to the top of the gel. Once 

set the isopropanol was removed and the gel surface washed with 200 μL of distilled 

water. The stacking gel was prepared in the same manner, as detailed in Table 7-17, and 

poured into the mould onto of the resolving gel. The comb was immediately inserted 

into gel and allowed to set prior to use. Gels were stored at 4 °C for a maximum of 1 week 

if necessary. 
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Table 7-17 Composition of 12% SDS-page gel 

Component  Stacking gel 4 % (ml) Resolving gel 12 % (ml)  

Distilled water  3.075 10.2 

0.5 M Tris-HCl pH 6.8 1.25 7.5 

20% SDS 0.025 0.15 

(30%/0.8% w/v) Acrylamide/Bis-
acrylamide 0.67 12.0 

10% (w/v) Ammonium persulfate 0.025 0.15 

TEMED 0.005 0.02 

7.3.4.1. Protein staining: Coomassie blue staining 

SDS page gels were stained using a Coomassie based protocol to verify protein 

expression or transfer in western blot analysis. Coomassie based staining was performed 

by incubating the SDS page gels in the Coomassie Blue staining solution (Table 7-5) for 

10 minutes on a rocker. After this solution was removed hot water was added until the 

gel became clear, after that the gels visualised on a White Light Transiluminator. 

7.3.5. Western blotting 

Following SDS-PAGE, resolved protein were transferred onto aPROTRAN nitrocellulose 

membrane (BioRad). The transfer was prepared by placing the polyacrylamide gel and 

nitrocellulose membrane between two stratified layers, each composed of two pieces of 

filter papers internally and by a thick sponge. Blotting was conducted at 250 mA, 4 °C for 

two hours in transfer buffer (Table 7-18). Proteins transferred to the nitrocellulose 

membrane were stained by incubating the membrane in Ponceau S red solution (Table 

7-5) for 5 minutes, after which the solution was removed and the membrane was rinsed 

with transfer buffer. The membrane was blocked overnight at 4°C in blocking buffer (5 % 

non-fat milk powder and 0.1% PBS-Tween solution) with 1:1000 dilution of anti-His 

primary. Next, the membrane was washed three times in PBS containing 0.1% Tween-20 

(PBS-Tween) for 5 minutes, with mild agitation. This was followed by incubation with 

5% milk in PBS-Tween containing secondary antibody for 1 h at room temperature. The 
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membrane was subsequently washed three times in PBS-Tween solution for 10 minutes 

to eliminate excess antibody. The antibodies used and their working dilutions are 

specified in Table 7-7.After the last wash in PBS-Tween solution, according to the 

secondary antibody used, the membrane was directly imaged on a ChemiDoc MP 

imaging system or first incubated for 5 minute with enhanced chemiluminescence (ECL) 

solution and then imaged. Finally, the protein was quantified with Image Lab software 

(BioRad). The treated membrane was exposed to a light for a variable period of time 

during which images were registered every 30 seconds to determine the best exposure 

duration, using the ChemiDoc MP. 

7.3.5.1. Antibodies 

To detect proteins of interest while performing western blot analyses, different primary 

and secondary antibodies were used (Table 7-18). 

Table 7-18 Table reporting all antibodies utilised in this study and their dilution 

Antibody Western Blot Dilution Supplier 

Primary Anti-His Antibody 1: 1000 GE Healthcare 

Primary Penta-His antibody 1:1000 QIAgen 

Conjugated Dylight Secondary 
Antibody 

1:10000 Fisher 

Horseradish Peroxidase-
conjugated secondary 

antibody 
1: 1000 GE Healthcare 

7.4. Oligonucleotide Synthesis and Purification 

Unless stated otherwise, synthesis and purification procedures of the oligonucleotides 

used in this study were carried out by Prof. Tom Brown’ s group and Dr. Afaf El Sagheer 

(School of Chemistry, University of Southampton, UK). 
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7.4.1. Oligonucleotides synthesis 

All oligonucleotides were synthesised on an Applied Biosystems 394 automated 

DNA/RNA synthesiser using a standard cycle of detritylation, coupling, capping and 

iodine oxidation. Stepwise coupling efficiencies and overall yields were determined by 

the automated trityl cation conductivity monitoring facility and in all cases were > 

98.0%. Cleavage of the oligonucleotides from the solid support and deprotection was 

achieved by exposure to concentrated aqueous ammonia solution for 60 minutes at room 

temperature followed by heating in a sealed tube for 5 hours at 55 °C.  

The oligonucleotides were purified by reversed-phase HPLC on a Gilson system using an 

XBridgeTM BEH300 Prep C18 or with denaturing urea polyacrylamide gel electrophoresis 

(Urea PAGE). 

7.4.2. Oligonucleotides purification by urea PAGE 

A mixture containing equal volumes of formamide and oligonucleotide was first 

denatured at 80°C for 5 minutes and then chilled in ice for 3 minutes prior loading on 

urea PAGE gel. ODNs were separated on polyacrylamide/ urea gels at a constant power 

of 20 W in 10X TBE buffer (pH 8.0, Table 7-6), for 3-4 hours. Gels were visualised on a 

fluorescent TLC plate and illuminated with a UV lamp (254 nm). For purification the 

bands were excised, and the gel pieces were crushed and incubated with 1 mL of sterile 

water at 37°C for 16 hours. The oligonucleotides were then gel-filtrated, desalted using 

NAP-10 columns (Sephadex NAPTM Colum)according to the manufacturer’s instructions, 

aliquoted into an eppendorf tube and stored at –20°C. Purified oligonucleotides were 

characterized by micro TOF. 
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7.4.3. Preparation of urea polyacrylamide gels 

Once PAGE apparatus was assembled according manufacturer instructions, gels were 

prepared dissolving 7 M urea in denaturing gel mix, according gel % as indicated in 

Table 7-19. 

Table 7-19 Denaturing gel mix 

Gel % 
40% of 

Polyacrylamide 
(ml) 

10X TBE 
buffer (ml) 

Water (ml) 10% APS (µl) TMED (µl) 

12 21 7 19 60 600 

10 17.5 7 22.5 60 600 

8 14 7 26 60 600 

5 8.75 7 31.25 60 600 

4 7 7 33 60 600 

After polymerisation, the glass plates were secured into the electrophoresis system and 

samples were loaded. 

7.5. Mammalian cell assays 

Mammalian cells assay were carried out to test the bio-compatibility of DNA containing 

the click backbone linker. The following procedures were carried out by Dr.Charles Birts 

(Somers Cancer Research Building, University of Southampton, UK). 

7.5.1. Cell line, culture conditions and cell passage 

Cell lines MCF-7 were cultured at 37 °C in a humidified atmosphere containing 10% CO2 

(HERA Vell, Heraeus), with DMEM media supplemented with 10% (v/v) FCS. All media 

were pre-warmed to 37 °C before use, and the culture media was renewed every 48-72 

hours. 
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Cell passaging was performed by removing the culture medium and washing the cells 

with HBSS solution. Following this cells were treated with trypsin (typically 1 mL for a 75 

cm2 flask) and incubated at 37 °C for 5 min or until all cells had detached. Fresh growth 

medium was then added and cells plated at the required density. 

7.5.2. Preparation of MCF-7 cells for microinjection with click DNA 

The media (trypsin and DMEM) was pre-warmed in a 37 °C water bath. The fume hood 

and gloves were sprayed with ethanol to ensure sterility. The growth media was removed 

and the cells were washed with 10 mL of HBSS. 1 ml of trypsin was added to the flask 

(ensuring that the entire surface was covered), and the flask was left in the incubator for 

5 minutes. The flask was checked under the microscope to ensure the cells had 

detached. DMEM was added to the flask and the suspension transferred into a falcon 

tube (to prevent cells from adhering to the plate again). The cells were counted using a 

hemocytometer and diluted to 1 x 105 cells/ml. 200 µl of cells was added to the centre of 

the 60mm dish (where the marking for microinjection was) and incubated for 90 

minutes at 37°C to allow cells to re-attach. 3 ml DMEM was added to the plate and 

incubated at 37 °C overnight. 

7.5.3. Microinjection 

Cells for microinjection were grown on 60 mm dishes filled with 3 ml culture medium. 

DMEM growth media was replaced with Leibovitz’s L-15 medium containing 10% (v/v) 

serum to control pH during microinjection. Injections were performed with an 

eppendorf microinjection system (Femtojet and InjectMan N12), mounted on an Axiovert 

35M microscope with heated stage. DNA was diluted to 20 ng/µl in sterile cell culture 

grade PBS (Gibco) and was injected directly into the nucleus of cells. 70 kDa Dextran-

FITC was co-injected to allow injected cells to be identified. The injection pressure was 

set between 65-100 hPa and injection time was set to ½ sec. Approximately 100 cells were 

injected in 1hour per samples 
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7.6. Bioinformatics Techniques 

The electronic versions of the constructs used in this thesis as well as analysis and 

manipulation of DNA sequences (i.e. creation of new PCR-based fragment, assembly of 

fragments and vector construction) was carried out using Serial Cloner Software. 

The basic local alignment search tool (BLAST) 140 was used to compare sequences of 

interest against various gene and genome data bases (i.e. NCBI 

http://www.ncbi.nlm.nih.gov).  

Clustal W program 141 was used for the analysis of multiple DNA sequence alignments. 

ExPASy (ExpertProteinAnalysisSystem) portal operated by the Swiss Institute of 

Bioinformatics(SIB)140 was used as a proteomics server to analyse protein sequences and 

structures.  

Imaging and analysis of 1-D electrophoresis gels as well as colonies counting was carried 

out using Quantity One software (BioRad).Imaging and analysis of SDS-PAGE gels and 

western blots was carried out using Image Lab software (BioRad). Oligonucleotides 

PAGE gel were imaged using Gene Snap Sygene Software. 

All statistical analysis were performed using Excel software. All data were normalised 

with the average of control colonies. Results are presented as percentage mean and error 

bars are standard error of the mean (SEM). Raw data are reported in appendix as 

specified within the text. 

7.7. Experimental overviews 

The overviews of the experiments carried out in this study are presented following. 

Unless specified otherwise all analysis were conducted in triplicate. 

7.7.1. Experimental overview chapter 2 

An overview of experiments carried out in chapter 2 is depicted in Figure 7-1. 

http://www.ncbi.nlm.nih.gov/
http://en.wikipedia.org/wiki/Swiss_Institute_of_Bioinformatics
http://en.wikipedia.org/wiki/Swiss_Institute_of_Bioinformatics
http://en.wikipedia.org/wiki/Proteomics
http://en.wikipedia.org/wiki/Protein
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Figure 7-1 Overview of experiments relevant to Chapter 2. Experiments included the equivalent natural DNA and negative controls (in which water was used 

instead of DNA) for comparison
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7.7.1.1. PCR optimisation ofbla click fragment 

The portion of the TEM-1 β- lactamase (bla) gene between the ScaI and PvuI sites was 

amplified by PCR with GoTaq DNA polymerase (Promega) using ODN 39 (5'-

GTTGTTAGTACTCAMeCtCCAGTCACAGAAAAGC-3') and ODN 41 (5'-

GTTGTTCGATCGTTGTCAGAAGTAAGTTGGMeCtCGCAGTGTTATCACT-3') as forward 

and reverse primers respectively. Reaction mixture in Table 2-2, gradient Ta (52 °C, 52.4 

°C, 51 °C, 49.2 °C, 47.9 °C, 47 °C, 46.5 °C, 45 °C) and extension time of 30 seconds were 

employed. As positive control the TEM-1 β- lactamase (bla) gene was amplified also using 

ODN 40 (GTTGTTAGTACTCACCCAGTCACAGAAAAGC) and ODN 42 

(GTTGTTCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACT) as primers with 

reaction mixture indicated in reaction1 of Table 2-2 and annealing temperature of 52 °C. 

The reaction mixtures were loaded onto a 2% agarose gel. 

Table 7-20 PCR reaction mixture 

Component 
Stock 

Concentration 
REACTION 1 
Final Volume 

REACTION 2 
Final Volume 

REACTION 3 
Final Volume 

GoTaq Buffer 5X 10 μl 10 μl 10 μl 

10 mM dNTPs 0.2mM each dNTP 5 μl 5 μl 5 μl 

ODN 39 0.16 μM 1 μl 2 μl 3 μl 

ODN 41 0.16 μM 1 μl 2 μl 3 μl 

Template 100 ng/μl 1 μl 1 μl 1 μl 

GoTaq polymerase 10 X 0.25 μl 0.25 μl 0.25 μl 

Sterile Distilled Water up to 50 μl up to 50 μl up to 50 μl up to 50 μl 

7.7.1.2. Digestion of PCR products and T7 Luciferase plasmid 

The PCR products were digested with ScaIHF and PvuI restriction endonucleases  

according to the manufacturer’s protocol and was purified using QIAquick PCR 

purification kit. The Luciferase T7 plasmid was also digested with ScaI-HF and PvuI, and 
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treated with thermo-sensitive alkaline phosphatase  to prevent re-circularization during 

ligation. The linear plasmid was gel-purified using QIAquick gel extraction kit to remove 

the undigested plasmid. 

7.7.1.3. Ligation reactions and transformation into E. coli. 

Digested PCR products and linearized plasmid were ligated using T4 DNA ligase at 

different conditions (room temperature for 4 hours, 4 °C overnight and 16 °C overnight) 

in a total volume of 10 μL with a vector∶ insert ratio 1:1, 1:2 and 1∶3. Negative control 

ligations (using water instead of insert) were also set up as above. Ligation mixtures were 

transformed into chemically competent E. coli (NEB 5α,BW25113 and JW0762-2) using 

the standard protocol. Transformants were recovered in 895 μL of SOC at 37 °C with 

shaking for 1 hour. This was followed by plating of 100 μL of each recovery solution onto 

LB agar plates containing 100 μg/mL of ampicillin. The plates were incubated overnight 

at 37 °C and the day after colonies were counted using a Gel Doc XRþ system and 

Quantity One Software.  

7.7.1.4. Sequencing of the bla gene 

Fifty colonies were picked from plates containing the plasmids with the triazole 

backbone linkages B and positive control plates transformed into chemically competent 

E. coli (NEB 5α). After over-expression the plasmids from each culture were isolated 

using QIAprep Spin miniprep kit. Plasmids were then sequenced by the automated 

fluorescent Sanger method using ODN 1 (5'-CTGGATCTCAACAGCGG-3') and ODN 2 (5'-

CCAGTCTATTAATTGTTG-3') as primers. Twenty-one colonies from the plasmids with 

the triazole backbone linkages B and positive control plates transformed into chemically 

competent E. coliJW0762-2 were sequenced using the same primers. 

7.7.2. Experimental overview chapter 3 

An overview of experiments carried out in chapter 3 is depicted in Figure 7-2. 
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Figure 7-2 Overview of experiments relevant to Chapter 3. Experiments included the equivalent natural DNA and negative controls (in which water was used 

instead of DNA) for comparison 
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7.7.2.1. Construction of positive control pRSET-mCherry and pRSET-

mCherry click plasmids 

The triazole backbone linkages B were introduced into pRSET-mCHERRY plasmid using 

SDM mutagenesis technique. ODNs 3 (5'-AGTTCATGTACGGAT MeCcAAGGCCTACG-3') 

and 5 (5'-CGTAGGCCTTGGATMeCcGTACATGAA-3') were introduced in the plasmid 

using Pfu DNA polymerase (according condition in Table 7-11 and Table 7-12) or KOD 

DNA polymerase (using conditions in Table 7-13 and Table 7-14) with a temperature 

gradient (59 °C, 58.6 °C, 57.6 °C, 56.6 °C, 55.1 °C, 53.8 °C, 52.9 °C and 52.5 °C). As positive 

control the above procedures were repeated using ODN 4 (5'-

AGTTCATGTACGGATCCAAGGCCTACG-3') and 6 as primers (5'-

CGTAGGCCTTGGATCCGTACATGAACT-3'). After SDM, DpnI restriction endonuclease 

was directly added to SDM products, and incubated at room temperature for 1 hour, 2 

hours, 3 hours, 6 hours, 8 hours and overnight. After statistical analysis of growth 

colonies 6 hours incubation was selected and digested SDM products were gel purified. 

At this point 5 µL of each purified SDM products were added to a 50 ml aliquot of 

chemically competent E. coli KRX cells and incubated for 30 min on ice. The mixture was 

heat-shocked at 42 °C for 30 seconds and then placed on ice for 2 minutes. An amount of 

450 mL of SOC was added to the mixture and the cells were incubated with shaking at 37 

°C for 1 hour. Transformants were recovered in 45μL of SOC at 37 °C with shaking for 1 

hour. This was followed by plating of 100 μL of each recovery solution onto LB agar 

plates containing 100 μg/mL of ampicillin and of 0.1% rhamnose. The plates were 

incubated overnight at 37 °C. 

7.7.2.2. Assessing the bio-compatibility of pRSET-mCherry click plasmid 

Transformation was repeated 10 times to allow statistical analysis. After transformation 

colonies on plate containing the plasmid with the triazoles backbone linkages B, the 

positive control and the negative control plasmid were manually counted. Moreover, 

twenty colonies from each plate were randomly selected and grow overnight in 5 mL LB 
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supplemented with 100 mg/ml ampicillin at 37 °C. The plasmids were isolated and 

purified and the mCherry gene sequenced using T7 promoter and T7 terminator as 

primers. Ten more random colonies were picked and assessed for the presence of the 

BamHI watermark by restriction digestion using BamHI HF restriction endonuclease 

according to the manufacturer’s instructions. 

7.7.2.3. In vitro mCherry expression 

The S30 T7 High Yield Protein Expression System(Promega, L1110) was used for in vitro 

mCherry expression. Reactions were set up following the manufacturer’s instructions, 

except that 1 mg of purified SDM product was used instead of plasmid DNA as template. 

The template was dialysed against distilled water for 2 hours using Millipore filter (Merk 

Millipore ‘V’ Series Membranes, 0.025 mm) prior to use. The reaction mixtures were 

incubated at 37 °C for 1 hour, with shaking at 300 rpm, followed by the addition of a 30 

mL slurry of Ni–NTA resin (Ni SepharoseTM 6 Fast Flow, GE Healthcare) pre-washed 

with Ni wash buffer (Table 7-6). The mixtures were incubated at 4 °C with shaking for 1 

hour. The Ni–NTA resin was washed three times with 1 mL Ni wash buffer. The bound 

protein was eluted with 25 mL of elution buffer (Table 7-6). The product was analysed by 

western blot. 

7.7.2.4. Western blot analysis 

Proteins were separated on a 12% SDS-polyacrylamide gel, electro-blotted on a 

PROTRAN nitrocellulose membrane (Bio-Rad) and subjected to immune-blot analysis. 

Primary GE Heath Care Anti-His Antibody or Primary Penta-His Antibody primary 

antibodies were diluted according conditions in Table 7-18 in PBS containing 5% non-fat 

powdered milk and 0.1% Tween-20 and incubated with the membrane overnight at 4°C. 

The day after Conjugated Dylight Secondary Antibody or Horseradish Peroxidase-

conjugated secondary antibodies were diluted with 5% milk in PBS-Tween according 

conditions in Table 7-18and incubated for 1 h at room temperature. Bound immune-
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complexes were detected using Immune Star Western C (Bio-Rad) Chemiluminescent 

reagents (Bio-Rad, UK). Detection was then followed by imaging and analysis on a 

ChemiDoc MP imaging system (Bio-Rad), and quantification with Image Lab software 

(Bio-Rad). 

7.7.2.5. mCherry expression in E. coli 

Each DpnI/SDM product was transformed into chemically competent KRX E. coli cells. 

After 1 hour shaking at 37 °C the volume of the recovery mixtures was increased with LB 

to 5 mL and grown until OD600 of o.6 had been reached. The expression was then 

induced with 0.1% rhamnose and shaken at 18 °C overnight. The cell pellet was then 

isolated and re-suspended in 2 mL MHW buffer (prepared as detailed in Table 7-18) and 

rocked on ice for 10 minutes. The samples were then sonicated (6 cycles of 6x10 second 

bursts with 10 second intervals, the solution was rested on ice for 1 minute between each 

cycle) until the solution became clear. Care was taken not to overheat the solution or to 

produce frothing. The sample was then centrifuged at 8,000 rpm for 20 minutes at 4 °C. 

The supernatant was then applied to 100 µL of a slurry of Ni-NTA resin prewashed with 

Ni wash buffer (Table 7-18). After 1 hour of incubation at 4 °C  shaking, the beads with 

bounded protein were washed three times with 1 mL of Ni wash buffer (Table 7-18) prior 

to re-suspension in 25µL of elution buffer (Table 7-18). The purified protein was analysed 

using 12% polyacrylamide SDS-PAGE and a Tecan M200pro fluorescent plate reader. 

7.7.3. Experimental overview chapter 4 

An overview of experiments carried out in chapter 4 is depicted in Figure 7-3. 
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Figure 7-3 Overview of experiments relevant to Chapter 4. Experiments included the equivalent natural DNA and negative controls (in which water was 

used instead of DNA) for comparison 
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7.7.3.1. Construction of the pMCHE- N1 SalNot plasmid 

mCherry gene was amplified from pRSET-mCherry plasmid by PCR using Go Taq DNA 

polymerase (section 7.2.5) using ODN 9 (5'- 

GTTGTTGTCGACGCCACCATGGTGAGCAAGGG-3') and ODN 10 (5'- 

GTTGTTGCGGCCGCTTTACTTGTACAGCTC-3'). An annealing temperature equal to 

57°C and extension time of 40 sec were employed. The amplified product was digested 

using SalI-HF and NotI-HF restriction enzymes. Meanwhile a pEGFP- N1 vector was 

digested and deposphorylated(section 7.2.6 and 7.2.7) using the same enzymes. The 

digested vector and insert were ligated overnight at 4°C then transformed into DH5αF’ E 

.coli chemically competent cells and grown overnight on LB agar kanamicin containing 

plates. Positive colonies were identified by colony PCR and confirmed by sequencing 

using ODN 11 (5'-CGGTGGGAGGTCTATATAAGCAGAGCTGG-3') and ODN 12 (5'- 

CCTCTACAAATGTGGTATGG-3'). 

7.7.3.2. Preparation of DNA template for microinjection assay 

DNA template for microinjection assay was prepared using SDM technique. ODN 3 (5'-

AGTTCATGTACGGAT MeCcAAGGCCTACG-3') and ODN 5 (5'-

CGTAGGCCTTGGATMeCcGTACATGAA -3') were introduced into were introduced into 

pMCHE- N1 SalNot plasmid using KOD DNA polymerase according conditions in Table 

7-13 and Table 7-14. Annealing temperature was set at52.5 °C. SDM product was digested 

with DpnI restriction endonuclease, gel purified and transformed in chemically 

competent KRX E. coli cells. As positive control the above procedures were repeated 

using ODN 4 (5'-AGTTCATGTACGGATCCAAGGCCTACG-3') and 6 as primers (5'-

CGTAGGCCTTGGATCCGTACATGAACT-3').Introduction of mutagenic primers was 

verified by sequencing of the purified mixtures.  
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7.7.3.3. Microinjection 

The above mixtures have been microinjected in the nucleus of MCF-7 human breast 

cancer cells. Microinjections were carried out by Dr. Charles Birts of Dr. Ali Tavassoli’ s 

group using an eppendorf microinjection system installed on an Axiovert 35 M 

microscope with a heating stage. Details on microinjection conditions and preparation of 

MCF7 cells are given in section 7.5. Injected cells were imaged after 24hours and 96 

hours. 

7.7.4. Experimental overview chapter 5 

An overview of experiments carried out in chapter 5 is depicted in Figure 7-4. 
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Figure 7-4 Overview of experiments relevant to Chapter 5. Experiments included the equivalent natural DNA and negative controls (in which water was 

used instead of DNA) for comparison 



Angela Pia Sanzone Chapter 7: Material and Methods 

 

165 

 

7.7.4.1. Construction of pRSET-mCherry MYG SUB plasmid 

The mCherry gene from one of the sequenced positive pRSET-mCherry clone (section 

7.7.2.2) was subsequently sub-cloned out of the plasmid back into the original pRSET-

mCHERRY plasmid vector between NdeI/PstI restriction sites via NdeI/PstI digestion, 

ligation using T4 DNA ligase overnight at 4 °C with a plasmid-insert ratio 1:2 and 

transformation into chemically competent E. coliDH5α. Positive clones have been 

identified via sequencing using T7 promoter and T7 terminator as primers. 

7.7.4.2. Construction of pRSET-mChe Sal plasmid 

pRSET-mChe Sal plasmid was constructed via two-step site PCR mutagenesis. A first 

PCR was carried out using conditions in section 7.2.5. ODN 15 (5'-

GGCCTTTTGCTCACATGTTCTTTCCTGCG -3') and ODN 16 (5'-

GCTCACCATGGTGGCGGTGTCATCG -3') were used as primers and pRSET-mCherry 

MYG SUB as template.The annealing temperature was set at 56°C and extension was 

carried out for 40 sec Meanwhile a second PCR was performed using ODN 17 (5'-

CGATGACGATAAGTCGACCGCCACCATGGTGAGC-3') and ODN 18 (5'-

GATTGAACTCGCCGTCCTGCAGGGAGGAGTCCTGG -3') as primers and pRSET-

mCherry MYG SUB as template according conditions in section 7.2.5. At this point a 

third PCR was carried out using protocol in section 7.2.5, ODN 15 and ODN 18 as primers 

and equimolar quantity of product from the first and the second PCRs as template. The 

product of the third PCR and pRSET-mCherry MYG SUB plasmid were then digested 

using PciI/PstI restriction enzymesin NEB buffer 4and BSA at 37°C for 3 hours) and 

ligated to the phosphorylated Pci/PstI digested pRSET-mCherry MYG SUBvectorwith a 

ratio 1:2. Ligation mixture was then transformed into chemically competent E. coli DH5α 

F’ and grown overnight on ampicillin containing LB agar plates. Eight positive clones 

were selected, screened by SalI/BamHI digestion and finally and sequenced using T7 

promoter and T7 terminator to check their correctness of sequences. 
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7.7.4.3. Small scale expression and purification 

pRSET-mCherry MYG SUB and pRSET-mChe Sal plasmids were transformed into 

chemically competent E. coli KRX cells and incubated on LB agar plates at 37 °C 

overnight. A colony from each plate was picked and cultured overnight at 37 °C in LB 

media supplemented with ampicillin. A 1% sub-culture was then started in 10 mL of 

fresh, sterile LB media. This was growth overnight at 18 °C until an OD600 of 0.4-0.6 had 

been reached. The expression was then induced with 0.1% rhamnose and cultured for a 

further 3, 6 or 16 hours. The expression was then induced with 0.1% rhamnose and 

shaken at 18 °C overnight. The cell pellet was then isolated and re-suspended in 2 mL 

MHW buffer (prepared as detailed in Table 7-18) and rocked on ice for 10 minutes. The 

samples were then sonicated (6 cycles of 6x10 seconds bursts with 10 second intervals, 

the solution was rested on ice for 1 minute between each cycle) until the solution became 

clear. Care was taken not to overheat the solution or to produce frothing. The sample 

was then centrifuged at 8,000 rpm for 20 minutes at 4 °C. The supernatant was then 

applied to 100 µL of a slurry of Ni-NTA resin prewashed with Ni wash buffer (Table 7-18). 

After 1 hour of incubation at 4 °C  shaking, the beads with bounded protein were washed 

three times with 1 mL of Ni wash buffer (Table 7-18) prior to re-suspension in 25 µL of 

elution buffer (Table 7-18). The purified protein was analysed using 12% polyacrylamide 

SDS-PAGE. 

7.7.4.4. ODNs purification 

ODNs were synthesised by Prof. Tom Brown’s group according conditions outlined in 

section 7.4.1. ODNs with triazole backbone linkages were purified by urea PAGE by Dr. 

Afaf El Sagheer of Prof. Tom Brown’s group whereas control ODNs were purified by 

Angela Pia Sanzone according procedure outlined in section 7.4.2. 
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7.7.4.5. Templated CLICK Assembly 

Two tubes (Table 7-21), each containing linear ODNs and splints (5 nmol each) were 

annealed in a solution containing 0.2 M NaCl by heating at 90 °C for 5 minutes then 

cooled slowly to room temperature (2 hours) after which the temperature was 

maintained at 0 °C for 15 minutes. A solution of Cu I click catalyst was prepared from 

tris-hydroxypropyltriazole ligand (1.4 µmol in 0.2 M NaCl, 20.0 µL), sodium ascorbate 

(2.0 µmol in 0.2 M NaCl, 4.0 µL) and CuSO4.5 H2O (0.2 µmol in 0.2 M NaCl, 2.0 µL). 

This solution was added to the annealed oligonucleotides and the reaction mixture was 

kept at 0 °C for 30 minutes, then at room temperature for 2 hours. Reagents were 

removed using NAP-10 gel-filtration column and the ligated DNA was analysed. 

Table 7-21 Annealed CLICK ODNs and splints 

TUBE ODNs 

1 2522, 2523, 2524, 2321,2322 

2 2526, 2527, 2527, 2323, 2324 

*= splints  

5 µl of each assembled strand (now missing the splints) were annealed in 10 µl of 1X 

annealing buffer (Table 7-6) by heating at 90 °C for 5 minutes then cooled slowly to 

room temperature (2 hours) after which the temperature was maintained at 0°C for 15 

minutes. Purified/assembled DNA was directly ligated to 50 ng of SalI/BamHI- digested 

pRSET-mChe Sal vector using T4 DNA ligase. After overnight ligation at 16°C of the 

assembled DNA to the vector, 5 µl of the ligation mixture was transformed into 

chemically competent E. coli KRX cells using the supplier's directions and plated on 20% 

rhamnose/amp containing plates. Colonies were then selected for plasmid isolation 

using a mini-prep procedure and analysed by DNA sequencing. 
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7.7.4.6. Templated T4 DNA LIGASE Assembly (control experiment) 

Two tubes (Table 7-22), each containing linear ODNs and splints (5 nmol each) were 

annealed in a solution containing 0.2 M NaCl by heating at 90 °C for 5 minutes then 

cooled slowly to room temperature (2 hours) after which the temperature was 

maintained at 0 °C for 15 minutes. T4 DNA ligase (3 u/µl) and 1X T4 DNA ligase buffer 

were added to the annealed ODN solutions. The reaction mixture was left at 4 °C 

overnight. The day after T4 DNA ligase was inactivated at 70 °C for 10 minutes and 

reagents contained in each tube were removed by Nap-10 gel filtration and purified on 

5% denaturing polyacrylamide gel electrophoresis.  

Table 7-22 Annealed ODNs and splints 

TUBE ODNs 

1 2576,2577,2578,2321,2322 

2 2579, 2580, 2581, 2323, 2324 

*= splints  

5 µl of each assembled strand (now missing the splints) were annealed in 10 µl of 1X 

annealing buffer (Table 7-6) by heating at 90 °C for 5 minutes then cooled slowly to 

room temperature (2 hours) after which the temperature was maintained at 0 °C for 15 

minutes. Purified/assembled DNA was directly ligated to 50 ng of SalI/BamHI- digested 

pRSET-mChe Sal vector using T4 DNA ligase. After overnight ligation at 16°C of the 

assembled DNA to the vector, 5 µl of the ligation mixture was transformed into 

chemically competent E. coli KRX cells using the supplier's directions and plated on 0.1 % 

rhamnose/amp containing plates. Colonies were then selected for plasmid isolation 

using a mini-prep procedure and analysed by DNA sequencing. 
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7.7.4.7. One Pot CLICK assembly 

5 nmol of gel purified oligonucleotides (2522, 2523, 2524, 2525,2526 and 2527) were 

annealed in 0.2 M NaCl (475 µL) by heating at 90 °C for 5 minutes then cooled slowly to 

room temperature (2 hours) after which the temperature was maintained at 0°C for 15 

minutes. A solution of Cu I click catalyst was prepared from tris-hydroxypropyltriazole 

ligand (1.4 µmol in 0.2 M NaCl, 20.0 µL), sodium ascorbate (2.0 µmol in 0.2 M NaCl, 4.0 

µL) and CuSO4.5H2O (0.2 µmol in 0.2 M NaCl, 2.0 µL). This solution was added to the 

annealed oligonucleotides and the reaction mixture was kept at 0 °C for 30 minutes, then 

at room temperature for 2 hours. Reagents were removed using NAP-10 gel-filtration 

column and the ligated DNA was analysed. Assembled DNA was directly ligated to 50 ng 

of SalI/BamHI- digested pRSET-mChe Sal vector using T4 DNA ligase. After overnight 

ligation at 16°C of the assembled DNA to the vector, 5 µl of the ligation mixture was 

transformed into chemically competent E. coli KRX cells using the supplier's directions 

and plated on 0.1 % rhamnose/amp containing plates. Colonies were then selected for 

plasmid isolation using a mini-prep procedure and analysed by DNA sequencing. 

7.7.4.8. One Pot AMPLIGASE assembly (control experiment) 

Equimolar amounts of each purified oligonucleotides (2576, 2577, 2578, 2579, 2580 and 

2581) were mixed and ligated at high temperature using Ampligase DNA Ligase (Cambio 

Ltd, UK) according manufacturer’s instructions. Assembled DNA was ligated directly 

to50 ng of SalI/BamHI-digested pRSET-mChe Sal vector using T4 DNA Ligase. After 

overnight ligation at 16°C of the assembled DNA to the vector, 5 µl of the ligation 

mixture was transformed into chemically competent E. Coli KRX cells using the 

supplier's directions and plated on 0.1 % rhamnose/amp containing plates. Colonies were 

then selected for plasmid isolation using a mini-prep procedure and analysed by DNA 

sequencing. 
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Appendix A 

A.1 Effect of time and temperature of ligation on transformation 

Table A-1 Dephosphorylated ScaI/PvuI vector and bla click fragment were incubated in the 

standard ligation reaction (ratio 1:3) either at room temperature for 4h, 4°C and 16 °C 

overnight. Raw data of number of colonies after transformation of each ligation product. Each 

set of experiment was repeated in triplicate 

Incubation 
Conditions 

Replicate Number of 
colonies on 

positive control 
plates 

Number of 
colonies on 
click plates 

Number of 
colonies on 

negative control 
plates 

4 hours at room 
temperature 

1 39 19 7 

 2 41 21 9 

 3 43 24 11 

4 °C overnight 1 80 79 4 

 2 85 81 6 

 3 91 84 8 

16 °C overnight 1 113 108 4 

 2 116 113 4 

 3 120 120 3 
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A.2 Bio-compatibility of click DNA in UvrB deficient strain of E. coli JW0762-2 

Table A-2 Bio-compatibility of T7 bla click vector in high efficiency E. coli 5 α 

Replicate Number of colonies 
on positive control 

plates 

Number of colonies on 
click plates 

Number of colonies on 
negative control plates 

1 8 8 1 

2 0 2 0 

3 1 0 0 

4 4 5 1 

5 4 1 0 

6 6 3 0 

7 3 0 0 

8 2 0 0 

9 14 6 2 

10 0 5 1 

11 10 5 1 

12 6 7 0 

13 6 2 1 

14 4 4 0 

15 7 9 0 

16 2 4 0 

17 21 24 3 

18 10 8 2 

19 17 11 1 

20 10 15 1 

21 3 3 0 

22 2 2 0 

23 1 6 1 

24 2 2 0 

25 1 4 1 

26 3 2 0 

27 4 0 1 

% 
Mean 

100% 93.52% 11.84% 

Error 0.181 0.178 0.02 
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Appendix B 

B.1 Western Blot Quantification 

Table B-1 Raw data western blot quantification 

Replicate Positive control  Click Negative control 

1 97.72 81.75 1.16 

2 96.53 95 0.1 

3 97 98 0.02 

% 
Mean 

100% 95.02% 0.43% 

Error 0.003 0.054 0.003 
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<Serial Cloner V1.3> -- <19 Jul 2013   14:13>

Restriction map of Untitled Sequence #1

Showing restriction enzymes cutting maximum 1 time [using RELibrary as a Restriction Enzyme Library]

###

  

  g gat ccC GCC ACC ATG GTG AGC AAG GGC GAG GAG GAT AAC ATG GCC ATC ATC AAG GAG TTC ATG CGC TTC AAG GTG CAC ATG GAG GGC TCC 

GTG AAC GGC  < 100

    D   P   A   T   M   V   S   K   G   E   E   D   N   M   A   I   I   K   E   F   M   R   F   K   V   H   M   E   G   S   V 

N   G   

  c cta ggG CGG TGG TAC CAC TCG TTC CCG CTC CTC CTA TTG TAC CGG TAG TAG TTC CTC AAG TAC GCG AAG TTC CAC GTG TAC CTC CCG AGG 

CAC TTG CCG

               10           20           30           40            50           60           70            80           90 

  

  CAC GAG TTC GAG ATC GAG GGC GAG GGC GAG GGC CGC CCC TAC GAG GGC ACC CAG ACC GCC AAG CTG AAG GTG ACC AAG GGT GGC CCC CTG CCC 

TTC GCC T  < 200

  H   E   F   E   I   E   G   E   G   E   G   R   P   Y   E   G   T   Q   T   A   K   L   K   V   T   K   G   G   P   L   P   

F   A   W   

  GTG CTC AAG CTC TAG CTC CCG CTC CCG CTC CCG GCG GGG ATG CTC CCG TGG GTC TGG CGG TTC GAC TTC CAC TGG TTC CCA CCG GGG GAC GGG 

AAG CGG A

              110          120          130           140          150          160           170          180          190 

  

  GG GAC ATC CTG TCC CCT CAG TTC ATG TAC GGA TCC AAG GCC TAC GTG AAG CAC CCC GCC GAC ATC CCC GAC TAC TTG AAG CTG TCC TTC CCC 

GAG GGC TT  < 300

     D   I   L   S   P   Q   F   M   Y   G   S   K   A   Y   V   K   H   P   A   D   I   P   D   Y   L   K   L   S   F   P   

E   G   F   

  CC CTG TAG GAC AGG GGA GTC AAG TAC ATG CCT AGG TTC CGG ATG CAC TTC GTG GGG CGG CTG TAG GGG CTG ATG AAC TTC GAC AGG AAG GGG 

CTC CCG AA

              210          220           230          240          250           260          270          280           290 

  

  C AAG TGG GAG CGC GTG ATG AAC TTC GAG GAC GGC GGC GTG GTG ACC GTG ACC CAG GAC TCC TCC CTG CAG GAC GGC GAG TTC ATC TAC AAG 

GTG AAG CTG  < 400

    K   W   E   R   V   M   N   F   E   D   G   G   V   V   T   V   T   Q   D   S   S   L   Q   D   G   E   F   I   Y   K   V 

K   L   

  G TTC ACC CTC GCG CAC TAC TTG AAG CTC CTG CCG CCG CAC CAC TGG CAC TGG GTC CTG AGG AGG GAC GTC CTG CCG CTC AAG TAG ATG TTC 

CAC TTC GAC

               310          320          330          340           350          360          370           380          390 

  

  CGC GGC ACC AAC TTC CCC TCC GAC GGC CCC GTA ATG CAG AAG AAG ACC ATG GGC TGG GAG GCC TCC TCC GAG CGG ATG TAC CCC GAG GAC GGC 

GCC CTG A  < 500

  R   G   T   N   F   P   S   D   G   P   V   M   Q   K   K   T   M   G   W   E   A   S   S   E   R   M   Y   P   E   D   G   

A   L   K   

  GCG CCG TGG TTG AAG GGG AGG CTG CCG GGG CAT TAC GTC TTC TTC TGG TAC CCG ACC CTC CGG AGG AGG CTC GCC TAC ATG GGG CTC CTG CCG 

CGG GAC T

              410          420          430           440          450          460           470          480          490 

  

  AG GGC GAG ATC AAG CAG AGG CTG AAG CTG AAG GAC GGC GGC CAC TAC GAC GCT GAG GTC AAG ACC ACC TAC AAG GCC AAG AAG CCC GTG CAG 

CTG CCC GG  < 600

     G   E   I   K   Q   R   L   K   L   K   D   G   G   H   Y   D   A   E   V   K   T   T   Y   K   A   K   K   P   V   Q   

L   P   G   

  TC CCG CTC TAG TTC GTC TCC GAC TTC GAC TTC CTG CCG CCG GTG ATG CTG CGA CTC CAG TTC TGG TGG ATG TTC CGG TTC TTC GGG CAC GTC 

GAC GGG CC

              510          520           530          540          550           560          570          580           590 

  

  C GCC TAC AAC GTC AAC ATC AAG TTG GAC ATC ACC TCC CAC AAC GAG GAC TAC ACC ATC GTG GAA CAG TAC GAA CGC GCC GAG GGC CGC CAC 

TCC ACC GGC  < 700

    A   Y   N   V   N   I   K   L   D   I   T   S   H   N   E   D   Y   T   I   V   E   Q   Y   E   R   A   E   G   R   H   S 

T   G   

  G CGG ATG TTG CAG TTG TAG TTC AAC CTG TAG TGG AGG GTG TTG CTC CTG ATG TGG TAG CAC CTT GTC ATG CTT GCG CGG CTC CCG GCG GTG 

AGG TGG CCG

               610          620          630          640           650          660          670           680          690 

  

  GGC ATG GAC GAG CTG TAC AAG TAA GAA TTC  < 730

  G   M   D   E   L   Y   K   *   E   F   

  CCG TAC CTG CTC GAC ATG TTC ATT CTT AAG

              710          720          

mCherry MYG SUBB



<Serial Cloner V1.3> -- <19 Jul 2013   14:09>

Restriction map of Untitled Sequence #1

Showing restriction enzymes cutting maximum 1 time [using RELibrary as a Restriction Enzyme Library]

###

  

  G TCG ACC GCC ACC ATG GTG AGC AAG GGC GAG GAG GAT AAC ATG GCC ATC ATC AAG GAG TTC ATG CGC TTC AAG GTG CAC ATG GAG GGC TCC 

GTG AAC GGC  < 100

    S   T   A   T   M   V   S   K   G   E   E   D   N   M   A   I   I   K   E   F   M   R   F   K   V   H   M   E   G   S   V 

N   G   

  C AGC TGG CGG TGG TAC CAC TCG TTC CCG CTC CTC CTA TTG TAC CGG TAG TAG TTC CTC AAG TAC GCG AAG TTC CAC GTG TAC CTC CCG AGG 

CAC TTG CCG

               10           20           30           40            50           60           70            80           90 

  

  CAC GAG TTC GAG ATC GAG GGC GAG GGC GAG GGC CGC CCC TAC GAG GGC ACC CAG ACC GCC AAG CTG AAG GTG ACC AAG GGT GGC CCC CTG CCC 

TTC GCC T  < 200

  H   E   F   E   I   E   G   E   G   E   G   R   P   Y   E   G   T   Q   T   A   K   L   K   V   T   K   G   G   P   L   P   

F   A   W   

  GTG CTC AAG CTC TAG CTC CCG CTC CCG CTC CCG GCG GGG ATG CTC CCG TGG GTC TGG CGG TTC GAC TTC CAC TGG TTC CCA CCG GGG GAC GGG 

AAG CGG A

              110          120          130           140          150          160           170          180          190 

  

  GG GAC ATC CTG TCC CCT CAG TTC ATG TAC GGA TCC AAG GCC TAC GTG AAG CAC CCC GCC GAC ATC CCC GAC TAC TTG AAG CTG TCC TTC CCC 

GAG GGC TT  < 300

     D   I   L   S   P   Q   F   M   Y   G   S   K   A   Y   V   K   H   P   A   D   I   P   D   Y   L   K   L   S   F   P   

E   G   F   

  CC CTG TAG GAC AGG GGA GTC AAG TAC ATG CCT AGG TTC CGG ATG CAC TTC GTG GGG CGG CTG TAG GGG CTG ATG AAC TTC GAC AGG AAG GGG 

CTC CCG AA

              210          220           230          240          250           260          270          280           290 

  

  C AAG TGG GAG CGC GTG ATG AAC TTC GAG GAC GGC GGC GTG GTG ACC GTG ACC CAG GAC TCC TCC CTG CAG GAC GGC GAG TTC ATC TAC AAG 

GTG AAG CTG  < 400

    K   W   E   R   V   M   N   F   E   D   G   G   V   V   T   V   T   Q   D   S   S   L   Q   D   G   E   F   I   Y   K   V 

K   L   

  G TTC ACC CTC GCG CAC TAC TTG AAG CTC CTG CCG CCG CAC CAC TGG CAC TGG GTC CTG AGG AGG GAC GTC CTG CCG CTC AAG TAG ATG TTC 

CAC TTC GAC

               310          320          330          340           350          360          370           380          390 

  

  CGC GGC ACC AAC TTC CCC TCC GAC GGC CCC GTA ATG CAG AAG AAG ACC ATG GGC TGG GAG GCC TCC TCC GAG CGG ATG TAC CCC GAG GAC GGC 

GCC CTG A  < 500

  R   G   T   N   F   P   S   D   G   P   V   M   Q   K   K   T   M   G   W   E   A   S   S   E   R   M   Y   P   E   D   G   

A   L   K   

  GCG CCG TGG TTG AAG GGG AGG CTG CCG GGG CAT TAC GTC TTC TTC TGG TAC CCG ACC CTC CGG AGG AGG CTC GCC TAC ATG GGG CTC CTG CCG 

CGG GAC T

              410          420          430           440          450          460           470          480          490 

  

  AG GGC GAG ATC AAG CAG AGG CTG AAG CTG AAG GAC GGC GGC CAC TAC GAC GCT GAG GTC AAG ACC ACC TAC AAG GCC AAG AAG CCC GTG CAG 

CTG CCC GG  < 600

     G   E   I   K   Q   R   L   K   L   K   D   G   G   H   Y   D   A   E   V   K   T   T   Y   K   A   K   K   P   V   Q   

L   P   G   

  TC CCG CTC TAG TTC GTC TCC GAC TTC GAC TTC CTG CCG CCG GTG ATG CTG CGA CTC CAG TTC TGG TGG ATG TTC CGG TTC TTC GGG CAC GTC 

GAC GGG CC

              510          520           530          540          550           560          570          580           590 

  

  C GCC TAC AAC GTC AAC ATC AAG TTG GAC ATC ACC TCC CAC AAC GAG GAC TAC ACC ATC GTG GAA CAG TAC GAA CGC GCC GAG GGC CGC CAC 

TCC ACC GGC  < 700

    A   Y   N   V   N   I   K   L   D   I   T   S   H   N   E   D   Y   T   I   V   E   Q   Y   E   R   A   E   G   R   H   S 

T   G   

  G CGG ATG TTG CAG TTG TAG TTC AAC CTG TAG TGG AGG GTG TTG CTC CTG ATG TGG TAG CAC CTT GTC ATG CTT GCG CGG CTC CCG GCG GTG 

AGG TGG CCG

               610          620          630          640           650          660          670           680          690 

  

  GGC ATG GAC GAG CTG TAC AAG TAA GAA TTC  < 730

  G   M   D   E   L   Y   K   *   E   F   

  CCG TAC CTG CTC GAC ATG TTC ATT CTT AAG

              710          720          

mCherry Sal
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A triazole mimic of a DNA phosphodiester linkage has been
produced by templated chemical ligation of oligonucleotides func-
tionalized with 5′-azide and 3′-alkyne. The individual azide and
alkyne oligonucleotides were synthesized by standard phosphora-
midite methods and assembled using a straightforward ligation
procedure. This highly efficient chemical equivalent of enzymatic
DNA ligation has been used to assemble a 300-mer from three
100-mer oligonucleotides, demonstrating the total chemical synth-
esis of very long oligonucleotides. The base sequences of the
DNA strands containing this artificial linkage were copied during
PCR with high fidelity and a gene containing the triazole linker
was functional in Escherichia coli.

replicated in bacteria ∣ triazole DNA backbone ∣ click chemistry ∣
CuAAC reaction

Solid-phase DNA synthesis (1, 2) is an advanced technology
that has led to pioneering discoveries in biology and nano-

technology (3–8). Although automated solid-phase phosphorami-
dite synthesis is highly efficient, the accumulation of modifica-
tions (mutations) and failure sequences caused by side-reactions
and imperfect coupling imposes a practical limit of around 150
bases on the length of oligonucleotides that can be made. Con-
sequently very long synthetic oligonucleotides are not suitable for
use in biological applications that require sequence fidelity, so
combinations of shorter sequences are normally used in PCR-
mediated gene assembly (9, 10). This enzymatic method of DNA
synthesis has the intrinsic limitation that site-specific chemical
modifications can only be introduced in the primer regions of the
resulting constructs. Certain unnatural analogues can be inserted
throughout the PCR amplicon via modified dNTPs, but this pro-
cess is essentially uncontrolled and does not allow combinations
of different modifications to be incorporated at specific loci.
Therefore, for biological studies, important epigenetic and muta-
genic bases such as 5-methyl dC, 5-hydroxymethyl dC and 8-oxo
dG are normally put into short oligonucleotides and subsequently
inserted into larger DNA strands by enzymatic ligation. Tem-
plated enzymatic ligation of oligonucleotides can be used to pro-
duce large DNA fragments, but this is best carried out on a small
scale. In addition, some modified bases are not tolerated by ligase
enzymes. Enzymatic methods of gene synthesis are extremely
important in biology, but a purely chemical method for the assem-
bly of large DNA molecules would be an interesting and valuable
addition to current tools, with the advantages of scalability,
flexibility, and orthogonality.

It has proved challenging to achieve clean and efficient chemi-
cal ligation of canonical DNA, although significant progress has
been made using cyanogen bromide as a coupling agent (11, 12).
An interesting alternative approach is to design a chemical link-
age that mimics the natural phosphodiester bond, and that can be
formed in high yield in aqueous media from functional groups
that are orthogonal to those naturally present in DNA. This goal
has been partly achieved by the reaction between oligonucleo-
tides with 3′-phosphorothioate and 5′-tosylate or iodide (13, 14).

Three key requirements of our strategy are however, not fully
satisfied by the above; the use of functional groups that are highly
stable in aqueous media, the ability to selectively initiate the liga-
tion reaction only when participating oligonucleotides have been
hybridized to complementary splints (to arrange the DNA strands
in the desired order by templated preassembly), and the creation
of a very stable backbone linkage. We recently described a high-
yielding DNA ligation method (click ligation) based on the
CuAAC reaction (15, 16). Click chemistry has been used exten-
sively in the nucleic acids field (17–21) and it fulfils all the above
criteria (22–24). We demonstrated that although the DNA tria-
zole linkage is read through by PCR (Fig. 1B) (25), amplification
of the resulting modified DNA template caused the loss of one
nucleotide at the site of click ligation. The consistently observed
deletion mutation in the resulting PCR products indicated that
this artificial DNA linkage is not an adequate mimic of a phos-
phodiester group, suggesting that it is unlikely to behave like its
natural counterpart in vivo. This triazole DNA linker has another
limitation: synthesis of the required azide precursor oligonucleo-
tides relies on a combination of reverse phosphoramidite and
phosphotriester chemistry. These procedures impose limitations
on the length and purity of oligonucleotides that can be conve-
niently prepared, making adoption of the methodology in com-
mercial DNA synthesis laboratories unlikely. In addition, the
chemistry is not readily adaptable to the synthesis of oligonucleo-
tides containing both azide and alkyne functionalities (one at
each terminus), essential building blocks for gene assembly by
multiple chemical ligation reactions. Despite these constraints,
the previous study indicates that there is scope to produce a truly
biocompatible DNA linkage, particularly considering the flexibil-
ity of the CuAAC reaction and the wide variety of alkynes and
azides that may be utilized (21). We now describe the synthesis
and properties of a newly designed triazole phosphodiester sur-
rogate whose precursor oligonucleotides can be readily prepared
by standard phosphoramidite methods, and that is functional
both in vitro and in Escherichia coli. It is a unique example of
a biocompatible artificial DNA linkage that can be formed effi-
ciently by chemical ligation.

Results and Discussion
Synthesis and Assembly of Azide/Alkyne Oligonucleotides. When in-
corporated into a PCR template the T-triazole-Tof our previous
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artificial DNA linkage (Fig. 1B) was copied by thermostable poly-
merases as a single T (25). A possible explanation for this is the
presence of the rigid amide bond, which may cause the triazole T
in the template to turn away from the growing DNA strand during
replication. The lack of a 3′-oxygen atom and a 5′-methylene
group as recognition sites might also make this linkage a poor
polymerase substrate. With these considerations in mind an im-
proved triazole linkage was designed without an amide bond and
with 5′-methylene group and 3′-oxygen atom to better resemble a
natural phosphodiester (Fig. 1C). This unique linkage also has
the considerable advantage of being constructed from oligonu-
cleotides made entirely by the phosphoramidite method, one
bearing a 5′-azide functional group and the other a 3′-alkyne.
The functionalized resin required for the solid-phase synthesis
of oligonucleotides terminating with 3′- propargyl MedC (cytosine
equivalent, Fig. 2) was prepared from thymidine as previously
described (26). A polystyrene support was used in this case, to
achieve high coupling yields and produce 100-mer oligonucleo-
tides of the purity required for efficient click ligation. DNA

strands containing 3′-propargyl dTwere made from reverse phos-
phoramidites that required the synthesis of monomer 2c. The
5′-azide group was introduced in a 2-stage process (Fig. 2); the
5′-OH group of a normal support-bound oligonucleotide was
first converted to 5′-iodo by reaction with methyltriphenoxypho-
sphonium iodide (27) (for oligonucleotides with 5′-dT this was
simplified by direct incorporation of 5′-iodo thymidine phosphor-
amidite), then the resultant 5′-iodo oligonucleotides were reacted
with sodium azide to complete the transformation (28). Oligonu-
cleotides functionalized with both 3′-alkyne and 5′-azide were
made by performing oligonucleotide synthesis on 3′-propargyl
MedC resin then converting the 5′-terminus to azide as described
above. In this study the bases on either side of the triazole
linkage are thymine and cytosine (or 5-methylcytosine). This is
an adequate combination for the synthesis of any large DNA
strand by click ligation, but in future it should be possible to
use the same methodology for other combinations of nucleosides.

Amplification of Click DNA by Thermostable Polymerases. To investi-
gate the compatibility of linkage 1c with thermostable poly-
merases, three 81-mer DNA templates were synthesized, each
containing a single triazole linkage. We found that PCR of these
constructs produced amplicons that were faithful copies of the
original sequence (Figs. S1 and S2), with the TtT, TtC, MeCtT,
and MeCtC linkages being read through accurately (t ¼ triazole
1c). It is possible however, that PCR amplification of the chemi-
cally modified DNA might appear to be efficient even if read-
through of the artificial linkage is a rare event. The ability of
DNA polymerases to replicate through the triazole linkage was
therefore evaluated more rigorously by linear copying of an
81-mer (ODN-8; Table S1) using Large Klenow fragment. The
reaction was efficient and the full length product was obtained
in less than 5 min (Fig. S3).

Application of click DNA ligation to the synthesis of large
linear DNA constructs requires oligonucleotides that are functio-
nalized at both termini. We therefore evaluated the simultaneous
ligation of three 11-mer oligonucleotides in the presence of a
complementary 41-mer splint. The click ligation reaction was
clean (Fig. S4) and the product was characterized by electrospray
(ES) mass spectrometry (calc. 10,064, found 10,064; Table S2).
The integrity of the terminal alkyne and azide is essential for effi-
cient click ligation, so it was important to show that the large
numbers of repeated steps employed in the synthesis of long oli-
gonucleotides do not destroy these functional groups. This was

Fig. 1. DNA linkage structures. In 1a, canonical DNA; 1b, previous triazole DNA analogue (25); 1c, biocompatible triazole analogue; 1d, click ligation to
produce triazole DNA mimic 1c; and 1e polymerases read through 1b using only one of the two thymines as a template base; i.e., TtT → T (t ¼ triazole).
In 1f, PCR copies the base sequence around the unnatural linkage 1c correctly.

Fig. 2. Synthesis of alkyne/azide oligonucleotides for use in click ligation
and cyclization. (A) Assembly of 3′-alkyne oligonucleotide. (B) Conversion
to 5′-azide. Oligonucleotides can be made with 5′-azide, 3′-alkyne or both.
A dinucleotide is shown for clarity but the reactions have been carried out on
oligonucleotides up to 100-mer in length. (C) The 3′-Propargyl dT introduced
as final addition in reverse phosphoramidite assembly of DNA.
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confirmed by successfully cyclising a 100-mer with 5′-azide and
3′-alkyne functionalities. The reaction proceeded smoothly in
the absence of a complementary template oligonucleotide and
the product was characterized by gel-electrophoresis and mass
spectrometry (Fig. 3 A and B and Fig. S5). Under similar condi-
tions enzymatic cyclization failed, whereas in templated mode
both the chemical and enzymatic cyclization reactions were
successful (Fig. S6).

To demonstrate the utility of click ligation for the assembly
of large DNAmolecules, a 210-mer PCR template was assembled
from three 70-mers (Fig. S7), as well as a 300-mer from three
100-mer oligonucleotides. The oligonucleotides were designed
to have an even distribution of A, G, C, and T bases and to be
devoid of secondary structure. The ligation products were puri-
fied by gel-electrophoresis and used as templates in PCR, after
which the amplified regions were cloned, sequenced, and found
to be correct (Fig. 4). Thermostable polymerases with or without
proofreading activity (Pfu and GoTaq respectively) read through
the sequence around the click linkers to give the expected ampli-
cons (Fig. S2). In this study a total of four different base stacking
steps (Y tY , all possible combinations of pyrimidines) on either
side of the triazole were examined in several different tetramer
sequences (Table S1), and in all cases (134 clones) the bases
encompassing the triazole linkages were replicated correctly. In
addition to PCR, we were able to carry out rolling circle ampli-
fication (RCA) (29, 30) of a cyclic 100-mer containing a triazole
linkage, using the highly processive phi29 polymerase. The cyclic
template was produced in an intramolecular click ligation reac-
tion of a 5′-azide-3′-alkyne oligonucleotide (ODN-30; Table S1).
An essentially identical profile of phi29 RCA products was ob-
tained from both normal and triazole cyclic templates (Fig. 3D),
and we were even able to obtain long RCA products using GoTaq
polymerase under standard PCR cycling conditions, by repeated
read-through of the triazole linkage in a short timescale (Fig. S8).
The amplified RCA product was probed with a fluorescent Hy-
Beacon (31) to confirm that it was a true copy of the original tem-
plate rather than a nonspecific amplification product (Fig. S9).

Biocompatibility of the Click Linker in E. coli.Following the successful
in vitro experiments we next investigated the biocompatibility of
the modified DNAwithin the cellular machinery of E. coli (Fig. 5)
by constructing a plasmid containing a triazole linkage in each
strand of its antibiotic marker gene. The triazole linkages were
introduced via modified PCR primers that amplify a portion
of the TEM-1 ß-lactamase (BLA) gene between the ScaI and
PvuI restriction sites (Fig. S10). PCR with these primers yielded
a product matching the middle section of BLA, containing MeCtC
near the 3′ terminus of each strand. Electrophoresis of the am-
plicon showed it to be of the expected size and identical in length
to that from the control PCR carried out with unmodified primers
(Fig. S11). The products of both PCR reactions (using unmodi-
fied and modified primers) as well as a plasmid containing the
BLA gene (T7-Luciferase control, Promega Inc.) were digested
with ScaI and PvuI restriction endonucleases. The digested plas-
mid (now lacking the region between ScaI and PvuI in its BLA
gene) was gel-purified to remove the insert and undigested/singly
digested plasmid, and treated with shrimp alkaline phosphatase
to remove the phosphate monoesters from the 5′-termini to

Fig. 3. Cyclization and RCA of 5′-azide-3′-alkyne 100-mer. (A) Reversed-
phase HPLC (UV abs at 260 nm) and (B) mass spectrum (ES−) of cyclic 100-mer
ODN-31, required; 31.423 kDa, found 31.422 kDa. (C) Schematic of RCA
reaction. (D) RCA product from cyclic 100-mers using phi29 DNA polymerase.
Lane 1; 50 bp DNA ladder, lanes 2 and 3; RCA of cyclic triazole ODN-31 and
cyclic normal ODN-49 respectively.

Fig. 4. PCR amplification of 210- and 300-mer click-ligated triazole DNA
templates. (A) Schematic representation of click ligation of three oligonu-
cleotides. (B) Click ligation reaction: Lane 1; crude reaction mixture to synthe-
size 210-mer template from three 70-mers, lane 2; starting oligonucleotide
ODN-16 (8% polyacrylamide gel). (C) PCR using 210-mer triazole template.
Lane 1; 25 bp DNA ladder, lane 2; control PCR without click-ligated template,
lane 3; PCR using 210-mer triazole template. (D) PCR using 300-mer triazole
template. Lane 1; 25 bp DNA ladder, lanes 2, 3; PCR using short primers
ODN-26 and ODN-27, Lanes 4, 5; PCR using long primers ODN-28 and
ODN-29 (2% agarose gels with ethidium staining). (E) Sequencing data from
300-mer triazole amplicon showing that the base sequence of the template
was replicated faithfully at the two ligation sites.
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prevent self-ligation. The digested PCR products were then li-
gated into the linearized plasmid backbone via the matching ScaI
and PvuI sites using T4 DNA ligase. A control ligation reaction
was also set up containing water in place of the insert to measure
the level of ampicillin resistance arising from the presence of par-
tially digested or undigested backbone. The resulting ligation
mixtures were transformed into E. coli (NEB 5α) and grown
on LB-agar plates containing 100 μg∕mL of ampicillin (21 plates
of each type). After overnight incubation at 37 °C the number of
colonies from the triazole plasmids was 96.5% of the native,
whereas the negative control was only 1.6% (Fig. 6). We isolated
plasmid and sequenced the BLA gene from 50 of the surviving
colonies on both the positive control and the triazole DNA plates.
In all cases the base sequence at the MeCtC linkage was copied
correctly (Fig. S12).

The survival and growth of colonies containing a triazole-mod-
ified antibiotic marker gene suggests that the sequence around
the triazole linkage is amplified correctly by the E. coli poly-
merases. However, viability might also be maintained if the

region surrounding the triazole modification was excised by the
cellular DNA repair machinery via nucleotide excision repair
(NER) and replaced by a phosphodiester linkage. This possibility
was investigated using a UvrB-deficient strain of E. coli (JW0762-
2) (32). UvrB is a central component of NER, interacting with
UvrA, UvrC, UvrD, DNA polymerase I, and DNA (33) during
excision-repair (34, 35). If the biocompatibility of the click-DNA
linker was a consequence of NER, repair-deficient colonies
would not survive on selective media when transformed with the
triazole plasmid. Transformation of the repair-deficient strain of
E. coli with the triazole plasmid gave 93% of the number trans-
formed with the native plasmid (Fig. S13), and sequencing the
BLA gene from 21 of the colonies revealed that the region
around the triazole linkage was copied correctly in all cases
(Fig. S14). This strongly supports the hypothesis that NER does
not make a significant contribution to the biocompatibility of the
triazole linkages.

Rationale for Biocompatibility of Triazole Linkage in DNA. The ability
of DNA polymerases to accurately synthesize a complementary
copy of an artificial DNA linkage that bears limited structural
resemblance to a natural phosphodiester may seem surprising.
However, the X-ray structure of the Klenow fragment of Taq
polymerase (Klentaq-1) with double-stranded DNA at its active
site (36) provides some insight into the underlying mechanism of
this phenomenon. In this structure there are several polar inter-
actions between the enzyme and the phosphodiester groups of
the DNA template strand that are consistent with hydrogen bond-
ing (Fig. 7A). As the polymerase passes through the chemically
modified template-primer complex, only one of the ten template
nucleotides bound to the enzyme at any given time can encom-
pass a triazole. Hence a maximum of only two interactions can be
disrupted by the modification. In addition, some enzyme binding
at the triazole site could still occur, as the triazole moiety has
a large dipole moment and well-characterized hydrogen bond
acceptor capacity (37, 38). The requirement for dynamic and
nonspecific binding between DNA and the enzyme might also
explain why the presence of triazole linkage 1c does not compro-
mise fidelity during PCR amplification. A similar picture of
enzyme template binding emerges from the structure of DNA
bound to Taq polymerase (39), a version of the enzyme that has
3′-exonuclease activity.

We postulate that linkage 1c with its 3′-oxygen, 5′-methylene
and greater conformational flexibility is a closer analogue of a
natural phosphodiester than 1b. In contrast to 1c, it is apparent
that triazole 1b alters the characteristics of the DNA sufficiently
to prevent faithful replication. The thymine base on the 5′-side of
the triazole may not be presented at the polymerase domain in a
suitable orientation to base pair with the incoming dATP, so the
only option is for replication to continue from the next available
template base (Fig. 1E). In addition, linkage 1b is by no means an
obvious phosphodiester surrogate in terms of H-bonding accep-
tor capacity, so its binding to the polymerase may be compro-
mised. The normally favored trans-configuration at the amide
bond, and the extended rigidity of this linkage, may not allow the
N2 and N3 atoms of the triazole to substitute for phosphodiester
oxygen atoms (Fig. 7D). Regardless of the detailed mechanisms,
our results indicate that the artificial DNA linker is remarkably
biocompatible, and investigations are underway to solve the high-
resolution structure of a DNA duplex containing this triazole
linkage and determine its effects on DNA conformation and dy-
namics. Other DNA backbone mimics have been made (40, 41),
but in these constructs the entire DNA strand was modified, pre-
cluding their use in PCR or any biological application requiring
enzymatic processing. Nevertheless, these studies point to other
interesting triazole analogues that could in principle be incorpo-
rated into DNA via chemical ligation as discrete units and inves-
tigated as potential biocompatible linkages.

Fig. 6. Biocompatability of click DNA in E. coli. (A) The plate on the left is
the negative control (no insert), the middle plate contains transformants of
plasmids with the triazole DNA insert in its BLA gene (127 colonies), and the
plate on the right is the native plasmid (129 colonies). Twenty-one replicates
of each plate were performed. (B, C) Sequencing of the BLA gene from
colonies in the triazole DNA plates. In C, the MeCtC is contained on the com-
plementary strand, therefore appearing as GG. (D) Comparison of colony
growth in the control (C), native (N), and triazole (T) plates. Triazole plates
contained 96.5% of the colonies in the native plates (S:D: ¼ 1.6%) whereas
the negative control was 1.1% (S:D: ¼ 1.0%).

Fig. 5. Assembly of a T7-Luciferase control plasmid containing click-DNA
within its BLA gene. A region corresponding to the central part of BLA
was PCR-amplified using oligonucleotide primers (ODN-39, ODN-41) contain-
ing triazole linkage 1c. The PCR product was ligated into the digested plas-
mid to give an intact construct containing triazole linkages on each strand of
its BLA gene.
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Conclusion
Clean and efficient methods of linking DNA strands are of great
value in biology and nanotechnology. Chemical ligation is parti-
cularly interesting as it can be carried out on a large scale under a
variety of conditions, as it does not depend on the use of enzymes.
We have developed a triazole DNA linkage that can be created
with high efficiency using the CuAAC reaction. The chemistry
to synthesize the individual alkyne and azide containing DNA
fragments is straightforward and is compatible with standard
automated phosphoramidite oligonucleotide synthesis, and the
entire DNA assembly procedure is simple and can be carried out
routinely in service laboratories. The methodology has been used
to synthesize oligonucleotides up to 300 bases in length, and when
such constructs are used as PCR templates the entire sequence
including the bases on either side of the triazole linkage is copied
correctly. Hence, one could contemplate using click-DNA liga-
tion for the assembly of synthetic genes on a large scale. The ob-
servation that a gene containing the triazole linkage is functional

in E. coli is significant and could enable a number of applications.
For example, incorporation of site-specific base analogues could
facilitate the study of DNA replication, repair or epigenetic gene
regulation, and chemical modifications such as fluorescent dyes
could be included for in vivo imaging.

Materials and Methods
All oligonucleotide sequences are given in Table S1.

PCR and Sequencing of Triazole DNA Templates. PCR using GoTaq DNA polymer-
ase. PCR products from 81-mer, 210-mer and 300-mer templates were gener-
ated using GoTaq DNA polymerase with 4 μL of 5× buffer (green buffer) in a
total reaction volume of 20 μL with 5 ng of the DNA template, 0.5 μMof each
primer, 0.2 mM dNTP and 0.5 unit of GoTaq. The reaction mixture was loaded
onto a 2% agarose gel in 1 X Tris/Borate/EDTA buffer (TBE). PCR cycling con-
ditions: 95 °C (initial denaturation) for 2 min then 25 cycles of 95 °C (dena-
turation) for 15 s, 54 °C (annealing) for 20 s and 72 °C (extension) for 30 s.
5 X Promega green PCR buffer was provided with the enzyme (containing
Tris.HCl, KCl, 7.5 mM MgCl2, pH 8.5) to give a final Mg2þ concentration
of 1.5 mM.

PCR using Pfu DNA polymerase. PCR product from ODN-08 (81-mer C-triazole-
C template) was generated using 2 μL of 10× buffer in a total reaction volume
of 20 μL with 5 ng of the DNA template, 0.5 μM of each primer, 0.2 mM dNTP
and 1.0 unit of Pfu DNA polymerase. (10× reaction buffer ¼ 200 mM Tris-HCl
(pH 8.8), 100 mM KCl, 100 mM ðNH4Þ2SO4, 20 mM MgSO4, 1.0% Triton®
X-100 and 1 mg∕mL nuclease-free BSA.) PCR cycling conditions: 95 °C (initial
denaturation) for 2 min then 25 cycles of 95 °C for 15 s, 54 °C for 20 s, and
72 °C for 30 s. This was followed by one cycle of 72 °C for 2 min.

Sequencing of clones from the PCR product of 81-mer, 210-mer, and 300-mer
triazole templates. The PCR products were prepared as above using GoTaq
or Pfu DNA polymerase and purified on a 2% agarose gel followed by extrac-
tion using QIAquick Gel Extraction kit Cat. No. 28704. The purified PCR pro-
ducts were then cloned and sequenced by the automated fluorescent Sanger
method: 10 clones for ODN-25 (300-mer with two MeCtC linkages), 50 clones
for ODN-19 (210-mer with two MeCtT linkages), 40 clones for ODN-08 (81-mer
with MeCtC linkage), 17 clones for ODN-07 (81-mer with TtC linkage), and 17
clones for ODN-06 (81-mer with TtT linkage). ODN-08 (81-mer with MeCtC)
was amplified using both GoTaq and Pfu DNA polymerases, and 20 clones of
each were sequenced. The polymerases read the sequence around the tria-
zole linkages correctly for all 134 sequences.

Assessing the Biocompatibility of the Triazole DNA Linkage in E. coli. PCR of BLA
fragment with click primers. The region between the ScaI and PvuI sites of BLA
was amplified by PCR with GoTaq DNA polymerase using the click-linked oli-
gonucleotides ODN-39 and ODN-41, 10 μL of 5× buffer in a total reaction
volume of 50 μL with 1 ng of the DNA template, 1 μM of each primer,
0.2 mM dNTP and 1 unit of GoTaq. The reaction was repeated with normal
oligonucleotides (no triazole linker). The reaction mixtures were loaded onto
a 2% agarose gel in 1× Tris/acetate/EDTA buffer (TAE); both reactions gave
products of identical size (Fig. S11). PCR cycling conditions were: 94 °C (initial
denaturation) for 1.5 min then 35 cycles of 94 °C (denaturation) for 30 s, 46.5 °
C (annealing) for 30 s and 72 °C (extension) for 30 s. The reaction was held at
72 °C for 5 min after the 35 cycles.

Restriction digestion of PCR product and vector. The PCR products were di-
gested with ScaI HF and PvuI restriction endonucleases (NEB, Cat. No.
R3122 and R0150) according to the manufacturer’s protocol and was purified
using QIAquick PCR purification kit (QIAGEN, Cat. No. 28106). The Luciferase
T7 control plasmid (Promega, Cat. No. L4821) was also digested with ScaI HF
and PvuI, and treated with thermosensitive alkaline phosphatase (Promega,
Cat. No. M9910) to remove the 5′-phosphate groups from the linearized
plasmid DNA, thus preventing recircularization during ligation. The linear
plasmid was gel-purified using QIAquick gel extraction kit (QIAGEN Cat.
No. 28706) to remove the undigested plasmid and the excised fragment.

Ligation reactions and transformation into E. coli. The digested PCR products
(triazole and normal) and linearized plasmid were ligated for 16 h at 15 °C
(total volume 10 μL, 1∶3 vector∶insert ratio) using T4 DNA ligase (Promega,
Cat. No. M1801). Negative control ligations were set up as above, using water
instead of insert. Five microliters of each ligation mixture was transformed
into chemically competent E. coli (NEB 5α, NEB, Cat. No. C2992H) using the
standard protocol. Transformants were recovered in 895 μL of SOC at 37 °C

Fig. 7. Taq polymerase primer-template dNTP closed complex (36).
(A) Schematic of interactions between the phosphodiester linkages of the
DNA template and amino acids of the enzyme. Only template strand is
shown. mc ¼ main chain. (B) Canonical DNA; the majority of the interactions
with the polymerase involve the branched phosphate oxygen atoms, few if
any involve bridging oxygen atoms. (C) Overlay of canonical DNA and tria-
zole linkage 1c. The N2 and N3 atoms of triazoles are good hydrogen bond
acceptors (37, 38) and in principle they could substitute for the phosphate
oxygen atoms. (D) Triazole linkage 1b showing the trans-configuration of
the amide, with N2 and N3 of the triazole facing into the helix. Linkage
1b is significantly more rigid than 1a and 1c.
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with shaking for 1 h. One hundered microliters of each recovery solution was
spread onto LB agar plates and incubated at 37 °C overnight. Colonies were
counted using a Gel Doc XRþ system and Quantity One Software (both from
BioRad Laboratories). The above procedure was repeated for the UvrB-defi-
cient E. coli strain [JW0762-2, Coli Genetic Stock Center (CGSC), Cat. No. 8819]
that was supplied by the CGSC at Yale University.

Sequencing of the BLA gene. Fifty colonies were picked from plates containing
the plasmids with the triazole DNA insert in its BLA gene and 50 were picked
from the positive control plates (normal BLA gene). The colonies were grown
overnight in LB and the plasmids from each culture were isolated using
QIAprep Spin miniprep kit (QIAGEN, Cat. No. 27106). They were then
sequenced by the automated fluorescent Sanger method. We did not

observe mutations in the region between the ScaI and PvuI sites in any of
the plasmids. For the experiment on DNA repair, 21 colonies were sequenced
from repair-deficient E. coli strain JW0762-2 and all sequences were found to
be correct (Fig. S14).

ACKNOWLEDGMENTS. We thank Dr. Jerry Zon (Life Technologies) for
aminoalkyl polystyrene resin for oligonucleotide synthesis. A.H.E.-S. and
T.B. received funding from the European Community 7th Framework Pro-
gramme (FP7/2007-2013) Grant HEALTH-F4-2008-201418 entitled READNA.
A.T. is the recipient of a Cancer Research UK career establishment award
and an AstraZeneca research support grant. A.P.S. is supported by a student-
ship from the Southampton University Life Science Interface Forum. ATDBio
Ltd. provided assistance in oligonucleotide synthesis.

1. Caruthers MH (1991) Chemical synthesis of DNA and DNA analogs. Acc Chem Res
24:278–284.

2. Reese CB (2005) Oligo- and poly-nucleotides: 50 years of chemical synthesis. Org
Biomol Chem 3:3851–3868.

3. Mullis KB, Faloona FA (1987) Specific synthesis of DNA in vitro via a polymerase-
catalyzed chain-reaction. Methods Enzymol 155:335–350.

4. Gold L (1995) Oligonucleotides as research, diagnostic, and therapeutic agents. J Biol
Chem 270:13581–13584.

5. Gold L, Polisky B, Uhlenbeck O, Yarus M (1995) Diversity of oligonucleotide functions.
Annu Rev Biochem 64:763–797.

6. Seeman NC (2010) Nanomaterials based on DNA. Annu Rev Biochem 79:65–87.
7. Sobrino B, Brion M, Carracedo A (2005) SNPs in forensic genetics: A review on SNP

typing methodologies. Forensic Sci Int 154:181–194.
8. Thuong NT, Helene C (1993) Sequence-specific recognition and modification of

double-helical DNA by oligonucleotides. Angew Chem Int Ed Engl 32:666–690.
9. Gibson DG, et al. (2010) Creation of a bacterial cell controlled by a chemically synthe-

sized genome. Science 329:52–56.
10. Gibson DG, Smith HO, Hutchison CA, Venter JC, Merryman C (2010) Chemical synthesis

of the mouse mitochondrial genome. Nat Methods 7:901–905.
11. Sokolova NI, Ashirbekova DT, Dolinnaya NG, Shabarova ZA (1987) Chemical reactions

in nucleic acid duplexes.4. Cyanogen bromide as an efficient reagent in condensation
of oligodeoxyribonucleotides. Bioorg Khim 13:1286–1288.

12. Luebke KJ, Dervan PB (1991) Nonenzymatic sequence-specific ligation of double-
helical DNA. J Am Chem Soc 113:7447–7448.

13. Herrlein MK, Nelson JS, Letsinger RL (1995) A covalent lock for self-assembled oligo-
nucleotide conjugates. J Am Chem Soc 117:10151–10152.

14. Xu YZ, Kool ET (1998) Chemical and enzymatic properties of bridging 5′-S-phosphor-
othioester linkages in DNA. Nucleic Acids Res 26:3159–3164.

15. Rostovtsev VV, Green LG, Fokin VV, Sharpless KB (2002) A stepwise Huisgen cycloaddi-
tion process: Copper(I)-catalyzed regioselective “ligation” of azides and terminal
alkynes. Angew Chem Int Ed Engl 41:2596–2599.

16. Tornoe CW, Christensen C, Meldal M (2002) Peptidotriazoles on solid phase: [1,2,3]-
triazoles by regiospecific copper(I)-catalyzed 1,3-dipolar cycloadditions of terminal
alkynes to azides. J Org Chem 67:3057–3064.

17. Seo TS, Li ZM, Ruparel H, Ju JY (2003) Click chemistry to construct fluorescent oligo-
nucleotides for DNA sequencing. J Org Chem 68:609–612.

18. Burley GA, et al. (2006) Directed DNA metallization. J Am Chem Soc 128:1398–1399.
19. Gierlich J, Burley GA, Gramlich PME, Hammond DM, Carell T (2006) Click chemistry as a

reliable method for the high-density postsynthetic functionalization of alkyne-
modified DNA. Org Lett 8:3639–3642.

20. Seela F, Sirivolu VR (2007) Nucleosides and oligonucleotides with diynyl side chains:
Base pairing and functionalization of 2′-deoxyuridine derivatives by the copper(I)-
catalyzed alkyne-azide “click” cycloaddition. Helv Chim Acta 90:535–552.

21. El-Sagheer AH, Brown T (2010) Click chemistry with DNA. Chem Soc Rev 39:
1388–1405.

22. Kumar R, et al. (2007) Template-directed oligonucleotide strand ligation, covalent
intramolecular DNA circularization and catenation using click chemistry. J Am Chem
Soc 129:6859–6864.

23. El-Sagheer AH, et al. (2008) A very stable cyclic DNA miniduplex with just two base
pairs. Chembiochem 9:50–52.

24. Kocalka P, El-Sagheer AH, Brown T (2008) Rapid and efficient DNA strand cross-linking
by click chemistry. Chembiochem 9:1280–1285.

25. El-Sagheer AH, Brown T (2009) Synthesis and polymerase chain reaction amplification
of DNA strands containing an unnatural triazole linkage. J Am Chem Soc 131:
3958–3964.

26. El-Sagheer AH, Brown T (2010) New strategy for the synthesis of chemically modified
RNA constructs exemplified by hairpin and hammerhead ribozymes. Proc Natl Acad Sci
USA 107:15329–15334.

27. Miller GP, Kool ET (2002) A simple method for electrophilic functionalization of DNA.
Org Lett 4:3599–3601.

28. Miller GP, Kool ET (2004) Versatile 5′-functionalization of oligonucleotides on solid
support: Amines, azides, thiols, and thioethers via phosphorus chemistry. J Org Chem
69:2404–2410.

29. Dean FB, Nelson JR, Giesler TL, Lasken RS (2001) Rapid amplification of plasmid and
phage DNA using phi29 DNA polymerase and multiply-primed rolling circle amplifica-
tion. Genome Res 11:1095–1099.

30. Tsaftaris A, Pasentzis K, Argiriou A (2010) Rolling circle amplification of genomic
templates for inverse PCR (RCA-GIP): Amethod for 5′- and 3′-genomewalkingwithout
anchoring. Biotechnol Lett 32:157–161.

31. McDowell DG, French DJ, Brown T (2000) HyBeacons: A new technology for genetic
analysis. J Med Genet 37:S17.

32. Baba T, et al. (2006) Construction of Escherichia coli K-12 in-frame, single-gene knock-
out mutants: The Keio collection. Mol Syst Biol 2.

33. Truglio JJ, Croteau DL, Van Houten B, Kisker C (2006) Prokaryotic nucleotide excision
repair: The UvrABC system. Chem Rev 106:233–252.

34. Strike P, Roberts RJ (1982) Resident enhanced repair—Novel repair process action on
plasmid DNA transformed into Escherichia coli K-12. J Bacteriol 150:385–388.

35. Caron PR, Grossman L (1988) Potential role of proteolysis in the control of UVRABC
incision. Nucleic Acids Res 16:10903–10912.

36. Li Y, Korolev S,Waksman G (1998) Crystal structures of open and closed forms of binary
and ternary complexes of the large fragment of Thermus aquaticus DNA polymerase I:
Structural basis for nucleotide incorporation. EMBO J 17:7514–7525.

37. Brik A, et al. (2005) 1,2,3-triazole as a peptide surrogate in the rapid synthesis of HIV-1
protease inhibitors. Chembiochem 6:1167–1169.

38. Angell YL, Burgess K (2007) Peptidomimetics via copper-catalyzed azide-alkyne
cycloadditions. Chem Soc Rev 36:1674–1689.

39. Eom SH, Wang JM, Steitz TA (1996) Structure of Taq polymerase with DNA at the
polymerase active site. Nature 382:278–281.

40. Isobe H, Fujino T, Yamazaki N, Guillot-Nieckowski M, Nakamura E (2008) Triazole-
linked analogue of deoxyribonucleic acid ((TL)DNA): Design, synthesis, and double-
strand formation with natural DNA. Org Lett 10:3729–3732.

41. Nuzzi A, Massi A, Dondoni A (2007) Model studies toward the synthesis of thymidine
oligonucleotides with triazole internucleosidic linkages via iterative Cu(I)-Promoted
azide-alkyne ligation chemistry. QSAR Comb Sci 26:1191–1199.

El-Sagheer et al. PNAS ∣ July 12, 2011 ∣ vol. 108 ∣ no. 28 ∣ 11343

CH
EM

IS
TR

Y
BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1101519108/-/DCSupplemental/Appendix.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1101519108/-/DCSupplemental/Appendix.pdf


Assessing the biocompatibility of click-linked
DNA in Escherichia coli
A. Pia Sanzone1, Afaf H. El-Sagheer1,2, Tom Brown1 and Ali Tavassoli1,3,*

1Chemistry, University of Southampton, Southampton, SO17 1BJ, UK, 2Department of Science and
Mathematics, Chemistry Branch, Faculty of Petroleum and Mining Engineering, Suez Canal University, Suez,
43721, Egypt and 3Cancer Research UK Centre, Faculty of Medicine, University of Southampton, Southampton,
SO16 6YD, UK

Received May 10, 2012; Revised July 14, 2012; Accepted July 16, 2012

ABSTRACT

The biocompatibility of a triazole mimic of the DNA
phosphodiester linkage in Escherichia coli has been
evaluated. The requirement for selective pressure
on the click-containing gene was probed via a
plasmid containing click DNA backbone linkages in
each strand of the gene encoding the fluorescent
protein mCherry. The effect of proximity of the
click linkers on their biocompatibility was also
probed by placing two click DNA linkers 4-bp apart
at the region encoding the fluorophore of the fluor-
escent protein. The resulting click-containing
plasmid was found to encode mCherry in E. coli at
a similar level to the canonical equivalent. The ability
of the cellular machinery to read through
click-linked DNA was further probed by using the
above click-linked plasmid to express mCherry
using an in vitro transcription/translation system,
and found to also be similar to that from canonical
DNA. The yield and fluorescence of recombinant
mCherry expressed from the click-linked plasmid
was also compared to that from the canonical
equivalent, and found to be the same. The biocom-
patibility of click DNA ligation sites at close proxim-
ity in a non-essential gene demonstrated in E. coli
suggests the possibility of using click DNA ligation
for the enzyme-free assembly of chemically
modified genes and genomes.

INTRODUCTION

Current methods for the assembly of large DNA mol-
ecules (e.g. genes) utilize a mixture of oligonucleotide syn-
thesis, PCR amplification and enzymatic ligation.(1,2)
Although extremely powerful (3,4), this approach has
several weaknesses, including the additional time and
resources required for the enzymatic steps, and the

inability to incorporate epigenetic information, or
modified bases into the whole genes and genomes. An
alternative approach to DNA assembly may be envisaged
that instead of enzymes, uses highly efficient chemical re-
actions for the ligation of oligonucleotides (5–7). Such an
approach would not only eliminate the need for enzymatic
ligation and cloning during gene synthesis to enable the
full automation of large-scale gene synthesis, but also
readily allow the incorporation of modified bases into
large DNA fragments. The resulting click-linked DNA
will however, contain an unnatural triazole linkage on
its backbone at the sites of ligation (in place of the canon-
ical phosphodiester linker). This enzyme-free approach to
DNA ligation will therefore only be of use if the unnatural
backbone linkage does not adversely affect the rate or
fidelity of DNA replication and transcription, thus func-
tioning normally in biological systems.
To this end, we recently reported (8) the rapid, clean

and efficient chemical ligation of DNA oligonucleotides
using the copper-catalysed alkyne–azide cycloaddition
(CuAAC) reaction (Figure 1) (9,10). The DNA sequence
around the linker was amplified by PCR with high fidelity,
and a TEM-1 b-lactamase gene (BLA) encoding ampicillin
resistance containing two click linkers (83-bp apart, one
on each strand), was found to be functional in E. coli at
similar levels to the equivalent plasmid with a canonical
DNA backbone. The click DNA backbone linker was also
shown to be functional in a UvrB deficient strain of
E. coli, therefore suggesting that nucleotide excision
repair does not play a key role in the observed biocom-
patibility (UvrB is the central component of nucleotide
excision repair) (8). Further work has shown that T7
RNA polymerase also reads through this linker in vitro,
although the effect of the click-linker on the fidelity
and rate of this process has not been thoroughly
evaluated (11).
The selective pressure exerted on the organism by ampi-

cillin in our previously reported experiment (8) may have
pre-selected for colonies that correctly read through
the click-linker, possibly masking the true fidelity of the
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process; errors in replication or transcription of the
click-modified BLA gene that result in a non-functional
b-lactamase would subsequently prevent the survival of
the host organism on ampicillin containing media, and
therefore not be observed. This might account for the
high rates of biocompatibility previously observed with
the click-containing BLA gene. With a view to using
click DNA ligation for the synthesis of a wide variety of
genes, we sought to re-assess the biocompatibility of click-
linked DNA when incorporated into the non-essential
gene encoding the red-fluorescent protein mCherry (12).
As the encoded fluorescent protein does not exert selective
pressure on the bacterial host, the true fidelity of
click-DNA replication and transcription will be
determined. We also sought to assess the effect of click
DNA linker proximity on biocompatibility; the click
linkers in our previous study were 83-bp apart, potentially
minimizing any distortive effects on the double helix.
Recent structural data has shown that when joining two
thymine residues, the click DNA backbone linker causes
thermodynamic destabilization of the duplex, spread over
the 4–5 bp surrounding the incorporated triazole (13).
Here, we utilize site-directed mutagenesis (SDM) for the
construction of a plasmid containing two click DNA
linkers, 4-bp apart, in the gene that encodes the fluorescent
protein mCherry. This click-linked plasmid is used to
demonstrate the full biocompatibility of click ligated
DNA in a non-essential gene in vitro and in E. coli.

MATERIALS AND METHODS

General method of oligonucleotide synthesis and
purification

Standard DNA phosphoramidites, solid supports and add-
itional reagents were purchased from Link Technologies
and Applied Biosystems Ltd. All oligonucleotides were
synthesized on an Applied Biosystems 394 automated
DNA/RNA synthesizer using a standard 0.2 or 1.0mmol
phosphoramidite cycle of acid-catalysed detritylation,
coupling, capping and iodine oxidation. Stepwise
coupling efficiencies and overall yields were determined

by the automated trityl cation conductivity monitoring
facility and in all cases were >98.0%. All b-cyanoethyl
phosphoramidite monomers were dissolved in anhydrous
acetonitrile to a concentration of 0.1M immediately prior
to use. The coupling time for normal A, G, C and T
monomers was 25 s. Cleavage of the oligonucleotides
from the solid support and deprotection was achieved by
exposure to concentrated aqueous ammonia solution for
60min at room temperature followed by heating in a
sealed tube for 5 h at 55�C. The oligonucleotides were
purified by reversed-phase HPLC on a Gilson system
using an XBridgeTM BEH300 Prep C18 10 mM
10� 250mm column (Waters) with a gradient of acetoni-
trile in ammonium acetate (0% to 50% buffer B over
30min, flow rate 4ml/min), buffer A: 0.1M ammonium
acetate, pH 7.0, buffer B: 0.1M ammonium acetate, pH
7.0, with 50% acetonitrile. Elution was monitored by UV
absorption at 295 nm. After HPLC purification, oligo-
nucleotides were desalted using NAP-10 columns and
analysed by gel electrophoresis.

The sequences of the SDM primers were as shown in
Figure 2A; the unmodified primers were synthesized by
Eurofins MWG Operon (Ebersberg, Germany) and the
click-linked primers were synthesized as outlined below.
The template plasmid for SDM was pRSET-mCherry,
kindly provided by the Tsien laboratory. Plasmids were
isolated and purified using QIAprep Spin Minipreps Kit
(QIAgen, Cat No. 27 106) following the manufacturer’s
instructions. All DNA sequencing was carried out by
Eurofins MWG Operon (Ebersberg, Germany).
Antibodies were purchased from GE Healthcare.

Synthesis of 30-alkyne and 50-azide oligonucleotides

(i) Synthesis of the 30-alkyne oligonucleotides ODN-1
and ODN-2
30-Alkyne oligos were synthesized by the attachment
of the 50-O-(4,40-dimethoxytrityl) �30-O-propargyl-5-
methyldeoxycytidine on solid support according to the
previously published method (8) and packing the resin
into a twist column (Glen Research) then assembling the

Figure 1. (A) Click DNA ligation. The CuAAC reaction is used in combination with alkyne and azide-modified DNA bases to join two oligo-
nucleotides together. (B) The structure of the equivalent canonical DNA for comparison of the triazole backbone with the natural phosphodiester.
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required sequence in the 30- to 50-direction by normal
standard phosphoramidite synthesis.

(ii) Synthesis of the 50-azide oligonucleotides ODN-3
and ODN-4
Oligonucleotides were assembled on the 1.0 or 0.2 mmol
scale (trityl-off) as described above in the general
method with a normal 50-hydroxy group on dC. To
convert 50-hydroxyl to 50-iodo on the resin, the protected
oligonucleotide attached to the synthesis column was
treated with a 0.5M solution of methyltriphenoxy-
phosphonium iodide in DMF (1.0ml) which was period-
ically passed through the column via two 1ml syringes
over 15min at room temperature. The column was then
washed several times with dry DMF (14). To convert the
50-iodo dC to 50-azido dC, sodium azide (50mg) was sus-
pended in dry DMF (1ml), heated for 10min at 70�C then
cooled down and the supernatant was taken into a 1ml
syringe and passed back and forth through the column
then left at room temperature overnight. The column
was then washed with DMF and acetonitrile and dried
by passing a stream of argon gas through it (15).
Resultant 50-azide oligonucleotides were cleaved from
the solid support, deprotected and purified by HPLC as
explained above in the general method of oligonucleotide
synthesis and purification.

Templated click ligation

The alkyne, azide and splint oligonucleotides (30.0 nmol
of each) in 0.2M NaCl (400ml) were annealed by heating
at 80�C for 5min and cooled down slowly to room tem-
perature. A solution of CuI click catalyst was prepared
from tris-hydroxypropyltriazole ligand (22) (2.1 mmol in
0.2M NaCl, 91.0 ml), sodium ascorbate (3.0 mmol in
0.2M NaCl, 6.0 ml) and CuSO4.5H2O (0.3 mmol in 0.2M
NaCl, 3.0 ml). The CuI click catalyst solution was added to
the annealed oligonucleotides and the reaction mixture
was kept at room temperature for 2 h. Reagents were
removed using NAP-10 gel-filtration column and the
ligated products were analysed and purified by HPLC
and denaturing 20% polyacrylamide gel electrophoresis.
Yield after HPLC purification was 49–50%.

Site-directed mutagenesis

PCR amplification was carried out as follows: a typical
reaction was performed in a total volume of 50 ml, con-
taining 10 ng of plasmid DNA, 0.3 mM of mutagenic
primers, 5 ml 10� KOD Hot Start reaction buffer, 4 ml
1.5mM MgSO4, 5 ml 0.2mM dNTPs, 0.02U/ml KOD
Hot Start Polymerase (Novagen, Cat. No. 71 086-3). The
reactions were hot-started by heating to 95�C for 2min.
Each reaction was subjected to eight cycles of 95�C for
20 s, 54�C for 10 s and 70�C for 2min. The solution was
allowed to cool to room temperature over 1 h.

DpnI digestion and purification of SDM products

DpnI restriction endonuclease (NEB, Cat. No. R0176L)
was directly added to the product of the above amplifica-
tion reaction, and incubated at room temperature for 6 h.
The SDM product was separated from any remaining

template by gel purification from 0.8% agarose using the
QIAquick Gel Extraction Kit (QIAgen) following the
manufacturer’s instructions.

Transformation of SDM product

A 5 ml aliquot of purified SDM product was added to a
50 ml aliquot of KRX chemical competent cells (Cat. No.
L3002, Promega), and incubated for 30min on ice. The
mixture was heat-shocked at 42�C for 30 s and then placed
on ice for 2min. An amount of 450 ml of SOC was added
to the mixture and the cells were incubated with shaking at
37�C for 1 h. An amount of 100ml aliquots of the cell
suspension were spread on LB agar plates containing
ampicillin (100mg/ml) and 0.1% rhamnose. The plates
were incubated overnight at 37�C.

Assessing the biocompatibility of click-linked DNA

The number of visible colonies on each plate was counted
and compared for the click-SDM plates with that from the
positive and negative control plates (these experiments
were repeated 10 times to generate statistically significant
data). Twenty colonies from the click-SDM plates were
selected at random and grow overnight in 5ml LB supple-
mented with 100 mg/ml ampicillin, at 37�C. The plasmid
was isolated and purified and the mCherry gene
sequenced. Ten more random colonies were picked and
assessed for the presence of the BamHI watermark by
restriction digestion using BamHI-HF restriction endo-
nuclease (New England Biolabs) according to the manu-
facturer’s instructions.

In vitro mCherry expression

The S30 T7 High Yield Protein Expression System
(Promega, L1110) was used for in vitro protein expression.
Reactions were set up following the manufacturer’s in-
structions, except that 1 mg of purified SDM product was
used instead of plasmid DNA as template. The template
was dialysed against distilled water for 2 h using Millipore
filter (Merk Millipore ‘V’ Series Membranes, 0.025 mm)
prior to use. The reaction mixtures were incubated at
37�C for 1 h, with shaking at 300 rpm, followed by the
addition of a 30 ml slurry of Ni–NTA resin
(Ni SepharoseTM 6 Fast Flow, GE Healthcare)
pre-washed with Ni wash buffer [20mM Tris base,
20mM Imidazole, 500mM NaCl, 10%(v/v) Glycerol,
1% (v/v) Triton X-100]. The mixtures were incubated at
4�C with shaking for 1 h. The Ni–NTA resin was washed
three times with 1ml Ni wash buffer. The bound protein
was eluted with 25 ml of elution buffer [Tris base 20mM,
Imidazole 500mM, NaCl 200mM, 5%(v/v) Glycerol,
0.1% (v/v) Triton-X 100]. The product was analysed by
western blot.

Western blot analysis

Samples were resolved by SDS–PAGE (12% polyacryl-
amide), and the protein transferred to a PROTRAN nitro-
cellulose membrane (Bio-Rad). Membranes were blocked
in 5% non-fat dry milk in PBS-Tween for 1 h, followed by
incubation with 5% milk in PBS-Tween with 1:1000
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dilution of anti-His antibody overnight at 4�C. This was
followed by incubation with 5% milk in PBS-Tween
containing a 1:1000 dilution of the horseradish peroxid-
ase-conjugated secondary antibody for 1 h at room tem-
perature. ImmunStar Western C (Bio-Rad) was used to
detect the horseradish peroxidase-labelled secondary
antibody, followed by imaging and analysis on a
ChemiDoc MP imaging system (Bio-Rad), and quantifi-
cation with Image Lab software (Bio-Rad).

mCherry expression in E. coli experiments

The product of SDM with click-linked primers was trans-
formed by heat-shock into KRX competent cells as
detailed above. The volume of the recovery mixture was
increased to 5ml with LB media, and grown until OD600

of 0.6 was reached. Recombinant protein expression was
induced at 18�C with 0.1mM IPTG, and shaken at 18�C
overnight. The cells were pelleted and frozen at �80�C.
The cell pellet was re-suspended in 2ml of MHW buffer
[20mM Tris base, 10mM imidazole, 400mM NaCl, 1mM
Na3VO4, 10mM NaF, 1mM DTT, Protease inhibitor
cocktail tablets (Roche), 20% (v/v) Glycerol, 1% (v/v)
Triton X-100] and lysed by sonication. The lysate was
centrifuged at 8000 rpm for 20min and the supernatant
applied to 100 ml of a slurry of Ni–NTA resin
(Ni SepharoseTM 6 Fast Flow, GE Healthcare)
pre-washed with Ni wash buffer [20 mM Tris base,
20mM Imidazole, 500mM NaCl, 10%(v/v) Glycerol,
1% (v/v) Triton X-100]. After 1 h incubation at 4�C
shaking, the beads with bounded protein were washed
three times with 1ml Ni wash buffer and eluted with
25 ml of elution buffer [Tris base 20mM, Imidazole
500mM, NaCl 200mM, 5%(v/v) Glycerol, 0.1% (v/v)
Triton-X 100]. The purified protein was analysed using
12% polyacrylamide SDS–PAGE and a Tecan M200pro
fluorescent plate reader.

RESULTS AND DISCUSSION

Construction of click-pRSET-mCherry plasmid by SDM

An optimized SDM protocol (16) was used to incorpor-
ate click linkers into each strand of the gene encoding the
fluorescent protein mCherry (12). Forward and reverse
mutagenic primers, each containing a pair of click-linked
cytosine nucleosides were designed to overlap in the
region encoding the fluorophore of mCherry (Figure
2A), which is formed by a tripeptide MYG motif (me-
thionine 71, tyrosine 72 and glycine 73) in the protein.
The primers introduced two click linkers, 4-bp apart,
into a region critical for the fluorescence of mCherry.
Once transformed into E. coli, any deletions or muta-
tions arising from the presence of the click linkers
would be expected to result in an easily identifiable,
non-fluorescent phenotype. The click SDM primers
were also designed to introduce a silent BamHI restric-
tion site, to allow the progeny of click-linked plasmids to
be readily distinguishable from those of the parent
pRSET-mCherry plasmid (Figure 2A). Introduction of
this watermark by SDM (Figure 2B) changes the codon
used for the glycine of the MYG fluorophore from GGC
to GGT, but as both codons have similar relative abun-
dance in E. coli (3.0% and 2.8%, respectively), this
change was not expected to significantly affect protein
expression levels.

The click-linked forward and reverse mutagenic primers
were synthesized by the CuAAC reaction between an
oligonucleotide with a 30-alkyne modification and
another with a 50-azide group (ODN-1 with ODN-3 or
ODN-2 with ODN-4, Table 1) in the presence of a splint
(ODN-5 or ODN-6 respectively, Table 1) and CuI

catalyst. In the presence of the splint, the conversion of
the CuAAC reaction was found to be quantitative. The
click-linked oligonucleotides were purified by HPLC
(to remove the splint) and used in subsequent experiments.

Figure 2. (A) The click-oligonucleotides used for site directed mutagenesis contained a silent C to A mutation (shown in blue), that introduces a
BamHI restriction site not present in the native mCherry gene. The click-linked bases are shown in red. (B) Assembly of the click-linked
pRSET-mCherry plasmid by site directed mutagenesis, introducing a BamHI watermark. (C) Gel electrophoresis (0.8% agarose gel) of SDM
products (expected size 3577 bp); Lane 1, 2-log DNA ladder (New England Biolabs); lane 2, pRSET-mCherry SDM with normal primers; lane 3,
pRSET-mCherry SDM with normal primers followed by DpnI digestion; lane 4, pRSET-mCherry SDM using click primers; lane 5, pRSET-mCherry
SDM using click primers followed by DpnI digestion; lane 6, negative control (pRSET-mCherry SDM using water instead of primers); lane 7,
negative control followed by DpnI digestion; lane 8, pRSET-mCherry template plasmid.
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The plasmid used in this study was pRSET-
mCherry,(12) a high copy number plasmid with a pUC
origin that encodes mCherry under the control of bac-
teriophage T7 promoter. The high copy number of the
plasmid maximizes the number of times the click-linked
DNA is replicated, therefore propagating any arising
errors in replication. The click-containing primers or
canonical equivalents (as positive control) were
incorporated into pRSET mCherry using either pfu poly-
merase, or KOD polymerase. The procedure was also
repeated with water instead of the mutagenic primers as
a negative control. The yield of SDM product was found
to be significantly higher with KOD polymerase
(Supplementary Data), in line with previous reports.(17)
KOD polymerase was therefore used in all following ex-
periments. The above products were subsequently digested
with DpnI restriction endonuclease to remove the
methylated template plasmid; note the absence of
plasmid template (band at �2 kb, reference lane 8) in
lanes 3, 5 and 7 compared to its presence in lanes 2, 4
and 6 in Figure 2C. As expected, there was no SDM
product present in the negative control reaction (lanes 6
and 7, Figure 2C). The incubation time with DpnI was
optimized (Supplementary Data), with the plasmid
template fully degraded after 6 h. The SDM product was

further purified by gel electrophoresis to ensure absence of
the template in the subsequent reactions.

Biocompatibility of pRSET-click-mCherry in E. coli

The purified products of the above SDM reactions
(click, positive control and negative control) were initially
transformed into high-efficiency E. coliDH5a to assess the
yield of the SDM protocol with each primer type. As the
strain of DH5a used lacked a chromosomal copy of T7
RNA polymerase, the red-fluorescent phenotype expected
from mCherry (whose expression is under control of a
bacteriophage T7 promoter) was not observed. The
SDM product using the click-linked primers with KOD
polymerase resulted in an average of 179 colonies on LB
agar plate supplemented with 100 mg/ml ampicillin, the
positive control SDM with canonical DNA resulted in
185 colonies, and the negative control SDM with water
in place of mutagenic primers resulted in three colonies
(Supplementary Table 1). In order to utilize the red-
fluorescent phenotype to rapidly identify functional
copies of the mCherry gene, the above SDM products
were transformed into the KRX strain of E. coli
(Promega), a high transformation efficiency derivative
that express T7 RNA polymerase under control of a
rhamnose promoter. Transformation of the SDM
product with click-linked DNA primers resulted in 78
colonies, compared to 84 colonies with the positive
control using native mutagenic primers. All colonies
were visibly pink in colour and displayed red fluorescence
when viewed under UV light (Figure 3A). A single colony
was observed on the plate containing transformants of the
negative control SDM product, indicating the number of
colonies arising from background levels of the parent
plasmid. These experiment were repeated 10 times
(Supplementary Table 2) to generate statistically signifi-
cant numbers; the colonies containing triazole-containing
plasmids were red in all cases, and contained 92.7±8.3%
of the colonies on the native plates, with the negative

Figure 3. Biocompatability of click DNA in E. coli. (A) The plate on the left contains transformants that have undergone SDM with native primers,
and the plate on the right shows transformants of SDM with the triazole-containing primers. Ten replicates of the experiment were performed, with
all colonies showing the expected mCherry fluorescence when viewed under a UV light source. (B) Comparison of the number of colonies in the
water control (W), native (N) and triazole (T) plates. The triazole plates contained 92.7±8.3% of the colonies on the native plates, whereas the
negative control plate contained <1%.

Table 1. Oligonucleotides used for the synthesis of the click-linked

mutagenic primers

Code Oligonucleotide sequences (50–30)

ODN-1 AGTTCATGTACGGATMeCk

ODN-2 CGTAGGCCTTGGATMeCk

ODN-3 zCAAGGCCTACG
ODN-4 zCGTACATGAACT
ODN-5 CATGTACGGATCCAAG
ODN-6 AGGCCTTGGATCCGTA

Ck, alkyne-modified cytidine, Cz, azide-modified cytidine.
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control plates containing< 1% of the colonies
(Figure 3B).
To confirm the origin of the plasmid within the colonies

transformed with the product of SDM with click-linked
primers, 20 colonies were picked and their pRSET-
mCherry plasmid over-expressed, isolated and sequenced.
In all cases examined, both the forward and reverse
strands contained the BamHI watermark, with no errors
observed anywhere in the sequence of the mCherry gene
(Figure 4A and B). The parental origin of an additional 10
colonies was probed by restriction digestion with BamHI.
The native pRSET-mCherry plasmid contains a BamHI
restriction site in the multiple cloning site prior to start
of mCherry; the progeny of click-containing plasmids will
contain the additional BamHI watermark introduced by
the mutagenic click-linked primers in the region encoding
the MYG fluorophore. Restriction digestion of this
plasmids with BamHI will therefore result in two bands,
one at 229 bp and another at 3348 bp, whereas digestion of
the native plasmid will lead to a single band at 3577 bp.
Two bands were observed in all colonies examined from
the click-SDM plate, demonstrating the presence of the
BamHI watermark (Figure 4C), and directly linking
their heritage to the click-containing SDM primers.
The fidelity of click-DNA replication may also be

probed by analysing the progeny of the click-pRSET
mCherry plasmids within a single colony. The trans-
formed click-containing plasmid is replicated multiple
times in each bacterium, and errors in this process may
be observed by isolating, re-transforming and assessing
plasmids from a single colony. Plasmids from 10
click-transformed colonies were isolated and re-trans-
formed into KRX cells. All resulting colonies displayed
the red-fluorescent phenotype associated with correct
replication of the click-containing mCherry gene
(Supplementary Figure S4).

Protein expression from click-pRSET-mCherry

To probe the compatibility of the click-DNA linker with
the transcription machinery, an in vitro coupled

transcription/translation system was used. As the in vitro
system only contains T7 RNA polymerase S30 Extract
and the components required for translation (18–20), in-
formation may be inferred on the effect of the click-linker
on the fidelity and rate of transcription through the linker
by T7 RNA polymerase, as reflected by the quantity of
fluorescent mCherry produced by the system; protein
quantity would be lower than that from canonical DNA
if T7 RNA polymerase is slowed by the click linker, while
any errors in translation such as skipping through the
click-linked bases by the polymerase would result in loss
of the fluorescent phenotype of the protein product. It
should be noted that such systems are optimized for use
with plasmid DNA, therefore products of SDM are typ-
ically sub-cloned and over-expressed in E. coli prior to use
as templates for in vitro protein production. In the case of
click-pRSET-mCherry however, over-expression of this
plasmid by sub-cloning would result in the loss of the
click DNA-linker, as DNA replication in E. coli results
in a phosphodiester backbone. We therefore sought to
directly use the SDM product as the template for
in vitro transcription/translation. As the quantity of
purified DNA isolated from each reaction was typically
�0.1mg, (10-fold lower than the 1 mg of plasmid recom-
mended by the manufacturer), 10 SDM reactions (of each)
were carried out in parallel with click-linked primers,
canonical primers (positive control) and water (negative
control). The products of each set was pooled and used as
the template for in vitro transcription/translation of
mCherry. The SDM product was used directly as
template for in vitro transcription/translation, as treat-
ment of the SDM product with T4 DNA ligase did not
affect the yield of the reaction (Supplementary Figure S5).
The mCherry protein produced in the reaction was readily
visualized and quantified by western blot; the yield of
in vitro mCherry production from the click-SDM
product was comparable to that from canonical-SDM
product (Figure 5A), as was the fluorescence emission
associated with mCherry at 610 nm (Figure 5B), with no
product or fluorescence observed with the negative control
template. These results indicate that transcription from

Figure 4. (A) and (B) Representative sequencing data of the mCherry gene from colonies on the triazole DNA plates. The forward strand is shown
in (A), and the complementary strand is shown in (B), with the location of the triazole backbone linkers shown on each strand. (C) Lane 1 is 2-Log
DNA ladder (New England Biolabs), lane 2 is BamHI restriction digestion of native pRSET mCherry plasmid, and lane 3 is the progeny of the
click-modified variant. The presence of the additional BamHI watermark incorporated by the click-SDM primers results in the highlighted 229-bp
fragment in lane 3.
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the click linker in vitro results in functional mCherry
protein, at similar quantity to that from the equivalent
canonical DNA.

The effect of the click DNA linker on DNA replication
and transcription in E. coli was further probed by
comparing the fluorescence of the mCherry protein
produced from click-linked DNA to that from the canon-
ical equivalent. Rather than determine the fluorescence of
mCherry within individual colonies, which will be
expected to show stochastic variation (21), we sought to
assess total mCherry levels in the population of trans-
formants. Typically a starter culture from a single
colony is used for protein expression (to ensure genomic
uniformity); in this case however, the whole transform-
ation recovery mixture was used as the starter culture
for protein expression. This allowed total mCherry expres-
sion in the population of transformants to be assessed,
averaging variations in mCherry levels between single
cells. The product of SDM with click primers, native
primers or water was transformed into KRX competent
cells, and after recovery for 1 h, the volume of the solution
was increased to 5ml with LB media, and cells were grown
until OD600 0.6. IPTG was added to induce mCherry
expression, and the resulting protein was affinity
purified. As the transformants were not placed under
selective pressure to maintain the plasmid encoding
mCherry, the amount of fluorescent protein produced
will be affected by the replication rate of the transformed
plasmid, informing on the effect of the click DNA
linker on this process. The isolated protein product from
the click-SDM and native plasmids was visibly pink in
colour, whereas the negative control solution was colour-
less (Figure 6A, insert). Analysis of the purified protein
by SDS–PAGE showed a band at 30 kDa, in line with
the mass expected for mCherry (Figure 6A). The function-
ality of the fluorescent protein produced from each
plasmid was assessed by comparing the fluorescence of
2 ml of each mCherry solution using a fluorescence plate
reader. When excited at 587 nm, the protein
expressed from click-pRSET-mCherry showed similar
levels of fluorescent emission at 610 nm to that from the
pRSET-mCherry constructed by SDM with normal

primers (Figure 6B). As expected the solution from the
negative control plasmid was not fluorescent. The rate of
mCherry expression from the normal and click-linked
SDM products was assessed by monitoring protein
levels at 1, 2, 3, 4 and 12 h after IPTG induction, and
found to be comparable (Supplementary Figure S6). The
similarity in mCherry quantity and quality produced from
the click-linked plasmid and the equivalent canonical
DNA, in both the in vitro and in vivo experiments
(Figures 5 and 6) demonstrates the full biocompatibility
of the product of click DNA-backbone ligation and
confirms its potential as an alternative to enzymatic
DNA ligation.

CONCLUSIONS

An essential prerequisite for the use of chemically
modified DNA in molecular biology is that the modifica-
tion should be benign, with the modified DNA being a
functional mimic of its natural counterpart. The triazole
linkage in Figure 1a fulfils this criterion surprisingly well,
despite its apparent dissimilarity to a normal phospho-
diester bridge; the triazole linkage is accurately and effi-
ciently read through by DNA and RNA polymerases
(8,11), making click DNA ligation a promising alternative
to enzymatic ligation. Here we have demonstrated the full
biocompatibility of a click DNA-backbone linker in a
non-essential gene, determining that the presence of select-
ive pressure is not required for its correct function in
E. coli. That the click-linked mCherry gene is replicated
and transcribed with high fidelity despite the very close
proximity of the triazole backbone linkers (4-bp apart),
demonstrates the robustness with which our click DNA
backbone linker mimics canonical DNA. These findings
suggest the possibility of an alternative, fully synthetic
approach to gene synthesis that will be of potential signifi-
cance to synthetic biology and industrial biotechnology.
This approach is also particularly relevant to the synthesis
of large DNA strands containing site-specific epigenetic
modifications, as such DNA constructs are difficult to
make by PCR-based methods.

Figure 5. (A) Western blot of the product of in vitro transcription/translation using the SDM products with water (lane 1), canonical primers (lane 2)
and click-linked primers (lane 3), and as template. The intensity of each band is quantified below the blot (average of three repeats). (B) Fluorescent
emission of mCherry (at 610 nm) from in vitro transcription/translation of pRSET-mCherry constructed by SDM from click-linked primers (red line),
normal primers (blue line); no fluorescence is observed from the negative control (black line).
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SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1–3, Supplementary Figures 1–6
and Supplementary Methods.
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