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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

Chemistry 

Thesis for the degree of Doctor of Philosophy 

ADVANCING A GENETICALLY ENCODED CYCLIC PEPTIDE SCREENING 

PLATFORM 

Jaime Elizabeth Townend 

 

The effective combination of a bacterial Reverse Two-Hybrid System screening 

platform and a SICLOPPS randomised library has been previously used for the 

identification of cyclic peptide inhibitors of various protein-protein 

interactions.  

A more robust Reverse Two-Hybrid System was designed and constructed to 

utilise a fluorescent protein reporter as well as an antibiotic resistance gene 

and HIS3 to enable selection of an inhibitor. The functionality of the new 

system was tested with the HIF1α/HIF1β and p6/UEV heterodimeric 

interactions and the cyclic peptide inhibitors that had been previously 

identified for these interactions. 

Next, a split-intein with improved properties was used to construct a second 

generation SICLOPPS library, which was tested to show that it displayed more 

efficient splicing. The increased toxicity of the Nostoc punctiforme DnaE split-

intein employed in the new library was reduced by the addition of the SsrA 

protein degradation tag to enable the identification of more varied cyclic 

peptide inhibitors in future SICLOPPS screens.  
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Chapter 1:  Introduction 

 

1.1 The Importance of Studying Protein-Protein 

Interactions 

 

Protein-protein interactions (PPIs) are fundamental to almost all biological 

processes such as DNA replication and repair, gene expression and protein 

function and behaviour. Through their association and dissociation, proteins 

govern the majority of these cellular processes via cell signalling (known as 

signal transduction), including those involved in disease.1 PPIs therefore 

provide a key target for novel therapeutics. PPIs may involve high or low 

affinity attractions and the resulting complex may be stable or transient 

depending on its biological role. Some homodimers have such a high affinity 

(K
d
 ~10-9 to 10-12 M) that they exist almost permanently as the homodimer 

complex.1  

Although there is huge potential for tackling disease through the disruption of 

PPIs, it has proved challenging to develop therapeutics for this class of 

interaction for a number of reasons. Firstly, PPI interfaces are typically vast 

areas when compared to protein/small molecule interactions;1 the recognition 

sites between proteins are usually over 1000 Å2.2,3 Many of these large 

interacting surfaces also include non-contiguous recognition sites for protein 

dimerisation, which further complicates drug design and suggests that a small 

drug-like molecule may not produce an inhibitory effect on protein binding. 

Through X-ray crystallography, these interacting surfaces have been shown to 

be, for the most part, flat and featureless rather than a deep and well-defined 

binding pocket as is the case with ion channels, enzymes and G-protein 

coupled receptors (GPCRs).4 Typically in drug design, for example when finding 

an antagonist of an enzyme binding site, the native molecule may be used as a 

starting point for developing a therapeutic.5  As protein pairs interact through 

entire domains and naturally occurring small molecules that bind to these vast 

regions are uncommon, it is unlikely that a small molecule or protein region 
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will be available as this starting point. Analysis of PPI interfaces by X-ray 

crystallography and site-directed mutagenesis has led to the discovery of PPI 

‘hot spots’. Hot spots are small regions generally located in the centre of the 

PPI interface that are critical for protein binding and provide a large amount of 

binding energy.6,7 They are found on both sides of the interaction and the same 

hot-spot can be used to bind multiple proteins.8 Where the crystal structure is 

known, the identification of these hot spots may aid drug design by providing 

a specific region to target.  

Despite difficulties in targeting PPIs, small molecule inhibitors of them have 

been successfully developed; these inhibitors comprise peptidomimetics, 

stapled peptides and alpha-helices, and peptides containing non-natural amino 

acids.9,10 Among these inhibitors are several produced using a randomised 

genetic screen of libraries containing up to one hundred million cyclic 

peptides,11,12 including a small cyclic peptide inhibitor of the bifunctional 5-

aminoimidazole-4-carboxamide ribonucleotide formyltransferase/IMP 

cyclohydrolase (encoded by ATIC) homodimerisation, which has an interacting 

surface area of 5000 Å2.13  

Analysis of PPIs can be carried out using a wide variety of biological techniques 

including co-immunoprecipitation, tandem affinity purification, isothermal 

titration calorimetry (ITC), fluorescence resonance energy transfer (FRET) and 

chemical cross-linking.14-17 With many protein crystal structures yet to be 

characterised and many interacting protein partners as yet unidentified, a cell 

based genetic screening platform that does not require structural knowledge 

of the interacting proteins for inhibitor design is advantageous. 

 

1.2  Two Hybrid Assays 

The yeast two-hybrid system, developed by Fields and Song in 1989, was the 

first genetic method to study PPIs to be published.18 This study involved the 

Saccharomyces cerevisiae yeast protein GAL4, a transcription activator 

necessary for expression of downstream genes required for the metabolism of 

galactose to glucose [Figure 1-1A]. GAL4 binds DNA through its N-terminal 

domain whilst the C-terminal domain contains the activating regions for 

promoting transcription.  The N-terminal domain is essential for recognising 
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the upstream activating sequence (UAS
G
) transcriptional activation site, found 

in the promoter region of GAL1, and without this domain the protein is unable 

to activate transcription [Figure 1-1B].  Keegan et al. in 1986 demonstrated that 

just the first 74 N-terminal residues are needed for binding to the UAS
G
 site, 

and that this derivative of the protein in fact acts as a transcriptional 

repressor.19 Fields and Song showed that if the C-terminus of GAL4 was 

replaced with one protein of a known interacting pair (protein X), and the C-

terminus of GAL4 was instead fused to its interacting partner (protein Y), that 

transcriptional activation of GAL4 was restored [Figure 1-1D]. The N-terminal 

domain/protein X is able to recruit the protein Y/C-terminal domain to the 

UAS
G
 activation site, producing a detectable output to measure the interaction. 

In this case the two yeast proteins SNF1 and SNF4 were utilised for reassembly 

of GAL4 and the transcriptional activation was measured by the activity of β-

galactosidase (encoded by the downstream lacZ gene) using blue/white 

screening. This was the first assay to provide a genetic method for detecting 

interactions between any two proteins not involved with transcriptional 

regulation, with the ability to use this in combination with small molecule 

libraries to screen for therapeutics.  

 

Figure 1-1– A: transcriptional activation of GAL1-lacZ by binding of the native GAL4 

protein to the UAS
G
, B: No transcriptional activation by DNA binding of the N-terminal 

DNA binding domain/protein X hybrid, C: No DNA binding of the C-terminal 

transcription activation domain/protein Y hybrid, D: Restoration of transcriptional 

activation through an interaction between protein X and protein Y. 
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This two-hybrid system was further developed to identify an unknown 

interacting partner of the known yeast protein SIR4 (fused to the N-terminal 

DNA-binding domain of GAL4), using a random library of yeast genomic 

sequences that had been fused to the C-terminal transcription activation 

domain.20  

Two-hybrid assays have since been established in various strains of both 

prokaryotes and eukaryotes (detailed in the Stynen et al. review)21; bacterial 

host systems like Escherichia coli (E. coli) have several advantages over the 

yeast two-hybrid system such as higher transformation efficiency, faster 

screening with large libraries and a reduced chance of protein analogues.21 

The λ bacteriophage repressor has since been used extensively in bacterial 

two-hybrid systems. Encoded by the cI gene and formed of two interacting 236 

amino acid (aa) cI proteins,22 the λ repressor homodimer recognises and binds 

a specific DNA sequence [Figure 1-2] through the N-terminal domain (residues 1 

– 102) of each protein [Figure 1-3A]. The C-terminal domain (132 – 236) of each 

cI molecule permits dimerisation, without which the distinct N-terminal region 

dimerises inefficiently, leading to reduced DNA binding at the operator site.  

The first bacterial two-hybrid system made use of this known interaction by 

fusing a GCN4 leucine zipper to the N-terminal domain of the cI protein in 

order to understand the importance of amino acid side chains in the leucine 

zipper. The fusion protein was able to dimerise forming a stable repressor 

complex that exhibited reduced β-galactosidase expression [Figure 1-3B].23 
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Figure 1-2 – Crystal structure of the complete lambda repressor bound to a DNA 

operator site (shown in grey) with each monomer shown in either red or blue (PDB 

3BDN).24 

 

Binding of the λ repressor confers immunity to λ infection; it is therefore 

possible to genetically screen for interacting proteins by replacing the C-

terminal of the repressor with the protein of interest. A further study in 1995 

reported how the homo- or heterodimerisation of a protein lead to the 

immunity or sensitivity to λ infection respectively.25 Yeast two-hybrid systems 

have been further developed to select against PPIs. Termed the reverse two-

hybrid system, the association of two interacting proteins leads to cell death. 

This genetic system provides a powerful tool for screening drugs that disrupt 

the formation of protein complexes.26,27 
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Figure 1-3 – A: Process of λ repressor dimerization conferring immunity to λ infection, 

B: An interacting heterologous protein is able to form the λ repressor, allowing 

immunity to λ infection, C: A non-interacting heterologous protein does not form the 

repressor dimer and the cells have no immunity to λ infection. 

 

1.3 The Bacterial Reverse Two-Hybrid System 

 

The bacterial Reverse Two-Hybrid System (RTHS) is a technique used by the 

Tavassoli group that allows specific, isopropyl β-D-1-thiogalactopyranoside 

(IPTG) inducible protein-protein interactions to be investigated.28,29 It links the 

dimerisation of two proteins to cell death, hence the term Reverse Two-Hybrid 

System. When combined with an inhibitor library, a RTHS provides a fast and 

powerful tool for screening potential new drugs that are able to target a 

specific protein of interest.  
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The RTHS design is based upon a bacteriophage 434 repressor that, like the λ 
repressor, encodes a protein that regulates transcription.30 The phage 

chromosome contains what is known as the right operator (O
R
), which is 

comprised of three binding sites for repression (O
R
1-3), and it is here that the 

bacteriophage 434 repressor binds as a dimer in its native environment.31,32 

This dimerisation and DNA binding event acts as a genetic switch for 

regulation of the bacteriophage life cycle between the lysogenic cycle (viral 

reproduction as part of the host genome) and the lytic cycle (lysis of the host 

cell and release of viruses).33 When bound to O
R
1 and O

R
2, the repressor 

suppresses the rightward promoter, P
R
, which in turn activates the leftward 

promoter, P
RM

, leading to transcription of more repressor protein [

Figure 1-4].34 If the repressor dimers do not occupy O
R
1 and O

R
2 then 

transcription involving P
R
 is permitted and genes required for lytic growth 

(including the Cro protein) are transcribed.   
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Figure 1-4 – The bacteriophage 434 repressor and operators, where P
RM

 is the leftward 

promoter and P
R
 is the rightward promoter. 

 

The N-terminus of each monomer is responsible for DNA binding by insertion 

of a recognition α–helix into the major groove, whilst the C-terminus allows 

dimerisation.33 Only dimers can successfully bind the O
R
 sites; this ensures 

precise control over gene expression with changing protein concentration. The 

bacteriophage 434 monomers contain a conserved helix-turn-helix motif, 

found in other DNA binding proteins [Figure 1-5].35 These distinct features of 

the repressor allow protein homodimerisation to be investigated through the 

replacement of the C-terminal with a recombinant protein. 
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Figure 1-5 – The DNA binding domains of the bacteriophage 434 repressor dimer 

shown bound to a DNA operator site (in grey) with each domain shown in either red or 

blue (PDB 2OR1).36 

 

A chimeric repressor based on the 434 bacteriophage and the Salmonella 

bacteriophage P22 was tested in 1985.35 The study replaced some of the 

solvent-exposed residues of the 434 recognition helix with the equivalent 

residues of the P22 bacteriophage repressor. This lead to repressor binding of 

the P22 operator exclusively, demonstrating that certain essential residues in 

the recognition helix are responsible for specific DNA binding.35 A later study 

combined the bacteriophage 434 repressor and the chimeric P22 repressor to 

form a dimer capable of recognising and binding to a hybrid 434/P22 

operator.37 This permitted the in vivo investigation of heterodimeric PPIs, where 

Di Lallo et al. linked the heterodimerisation of interacting proteins to 

repression of the transcription of a downstream lacZ gene.37,38  

The current RTHS used within the Tavassoli group was first developed by 

Horswill et al. in 2004.28 In a similar manner to the RTHS in yeast, the 

association of two interacting proteins causes cell death when exposed to 

selective conditions. The two interacting proteins, X and Y, are fused to the 

434 and P22 repressors respectively. Dimerisation of interacting proteins X 

and Y leads to reconstitution of the 434-P22 active repressor protein, which 

prevents reporter gene expression by blocking RNA polymerase. 

 

 

Figure 1-6 – The DNA sequences of the hybrid operator sites used within the Di Lallo 

RTHS (A) and the Horswill RTHS (B), where TcS marks the transcription start site and 

TlS makes the translation start site.28,38 

ATTTGACAA ACAAGAT ATCTTAAAT GAAAAT  ACAAGAA ATCTTAAAT ATGGAGGCGATATG 

OR2434& OR2P22& OR1434& OR1P22&)35& )10& SD&

TcS&
TlS&

ATTTGACAA ACAAGAT ATCTTAAAT GAAAAT  ACAAGAA ATCTTAAAT ATCTAGAGGATCCTTTATG 

OR2434& OR2P22& OR1434& OR1P22&)35& )10& SD&

TcS&
TlS&

A"

B"
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Both the 434 repressor and the chimeric repressor have been utilised as 

features of the RTHS to enable the study of a vast array of PPIs. For a 

homodimeric RTHS, the protein of interest is fused to the 434 repressor 

through the construction of a plasmid using standard molecular biology 

cloning techniques. In the case of heterodimeric interactions, each protein in 

the interacting pair is fused to either the 434 or P22 repressor.  

The SNS118 strain of E. coli has been engineered to contain 434 operators on 

its chromosome and is therefore suitable for a homodimeric RTHS; the SNS126 

strain possesses a 434 and a P22 operator for heterodimeric PPIs [Figure 1-6]. 

There are two sites available for binding of the dimer on the E. coli 

chromosome; this is to prevent ‘leakiness’ of the RTHS and make it more 

robust, as a polymerase may get through one DNA bound dimer, but is 

unlikely to get through two. This feature increases the reliability of the screen.  

The reporter construct in Horswill’s RTHS consists of three genes; HIS3, kanR 

and lacZ [Error! Reference source not found.]. The HIS3 gene encodes the 

enzyme imidazoleglycerol-phosphate dehydratase (IGPD). HIS3 is found in the 

yeast Saccharomyces cerevisiae and is analogous to the E. coli gene hisB. The 

protein product of HIS3 catalyses the sixth step only in histidine production. 3-

amino-1,2,4-triazole (3-AT) is a competitive inhibitor of the product of the HIS3 

gene therefore increasing pressure on the system to transcribe more of the 

HIS3 gene product to overcome the inhibition by 3-AT. hisB encodes the 

bifunctional protein imidazoleglycerol-phosphate dehydratase/histidinol-

phosphatase. The N-terminal domain enables the conversion of L-

histidinolphosphate into histidinol whilst the C-terminus of this protein 

provides the IGPD function, thereby catalysing the eight and sixth steps of 

histidine biosynthesis in E. coli respectively.39,40 The parent strain used for 

constructing the hetero- and homodimeric systems is the BW27786 strain of E. 

coli, that contains a hisB(Δ165-355) deletion that removes the IGPD activity.28   
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Figure 1-7 – The heterodimeric Reverse Two-Hybrid System - A: Dimerisation of X & Y 

proteins allows binding to P22 and 434 operator sites on the E.coli chromosome, 

preventing transcription of essential downstream genes which leads to cell death on 

selective media, B: When dimerisation is prohibited i.e. through the use of a cyclic 

peptide inhibitor, transcription of the downstream genes can occur and cells that 

contain a potential inhibitor are able to grow.  

 

Kanamycin is used for selection of colonies where the kanR gene is expressed 

(therefore transcription is occurring as there are no repressors bound to the 

operators; no protein-protein dimerisation).  The kanR gene is transcribed into 

the enzyme aminoglycoside 3'-phosphotransferase, which confers antibiotic 

resistance. The RTHS is exposed to differing concentrations of 3-AT and 

kanamycin to test the strength of the protein-protein interaction, if there is 

one, to identify if the proteins bind strongly or weakly to each other.  

The expression of the recombinant genes is controlled with the tacI promoter 

(P
Tac

). This is a hybrid promoter that uses the sequence from the -35 region of 

the trp promoter and the -10 region of the lac UV5 promoter, and provides 

higher expression levels than their composite parts.41 P
Tac

 also contains the lacIq 

mutation that causes higher expression levels of the lac repressor to provide 

tighter regulation of gene expression.42  
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P
Tac

 controls the lac operon; the lacI gene encodes the lac repressor. The lac 

repressor forms a tetramer, which has a strong affinity for the lac operator site 

(O
lac

). When lactose (a source of carbon for E. coli) is absent from cells the 

repressor is bound to the O
lac 

site, blocking RNA polymerase and preventing all 

but a basal level of transcription. When the cells are exposed to lactose, which 

is then converted to allolactose, or a synthetic inducer such as IPTG, they bind 

to the repressor and induce a conformational change that causes a reduction 

in its affinity for the O
lac

 site. Transcription of the integrated repressor/gene 

fusions can then take place [ 

Figure 1-8].43 The lac repressor used within this RTHS contains the lacIq mutation 

to enable tight regulation of induction of transcription of the downstream 

genes.  

 

 

 

Figure 1-8 – A representation of the how the lac repressor is used within the RTHS to 

control expression of the recombinant fusion proteins P22-X and 434-Y. 

 

In order to use the RTHS as a genetic screening platform, the cassette 

encoding the recombinant fusion proteins is integrated into the E. coli host 

chromosome. Our library is genetically encoded within a plasmid that is 

delivered to the RTHS. Integration onto the chromosome rather than 

transformation of plasmids allows uniform expression of the recombinant 

proteins and eliminates the risk of plasmid ejection. Some PPIs exhibit toxic 

effects towards the E. coli cells (this has been seen during this research with 

the construction of several new systems) and integration ensures fewer copies 

of the protein per cell, reducing the risk of toxicity.  
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Minimal"transcrip5on"RNA"
polymerase"

RNA"
polymerase"
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In the RTHS, the dimerisation of two interacting proteins is linked to cell death 

or ‘shutdown’ of cell growth, the expression of which is induced by IPTG. 

Expression of the inteins from the library vector is arabinose inducible. 

Therefore, when the media is supplemented with IPTG, shutdown of cell 

growth should be observed whilst in the presence of a PPI inhibitor, arabinose-

containing media should grow out fully unless the construct expressed is 

toxic. To identify inhibitors of the PPI, cultures are grown on media containing 

both IPTG and arabinose. If restoration of cell growth is observed on these 

conditions then that specific peptide sequence is a potential inhibitor. 

Following construction, the RTHS is tested for the appropriate shutdown 

conditions by ‘drop-spotting’ onto selective media with varying concentrations 

of 3-AT, kanamycin and IPTG. Once the optimal conditions have been 

determined the system can be used to screen our randomised cyclic peptide 

library, which is produced using split-inteins. 

 

1.4 Inteins  

Inteins (internal proteins) are naturally occurring, in-frame protein sequences 

embedded within a precursor protein sequence (i.e. the original translation 

product), analogous to introns in pre-mRNA.44 They are conserved regions of 

protein that are transcribed and translated along with their host protein; 

following translation of mRNA into protein, inteins rapidly excise themselves 

from the parent precursor protein [Figure 1-9] in an autocatalytic process 

known as protein splicing.45 This maturation process occurs without any 

cofactors or energy sources, such as ATP, and occurs rapidly and efficiently 

after translation as the precursor protein seldom has a chance to amass within 

the host organism. Protein splicing involves rearrangement of several bonds in 

order to produce a functional mature protein (the extein) formed via a peptide 

bond, as well as the intein, from just one translational product.46 Inteins have 

often been described as single-turnover enzymes, linked covalently to their 

extein ‘substrate’ because the reaction is catalysed entirely by the residues 

within the intein sequence.47 
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Figure 1-9 – A typical Class I intein precursor showing the different domains. The N- 

and C-terminal splice junctions of the intein are shaded in grey, conserved motifs are 

labelled A-H and conserved residues are detailed beneath. The numbering of residues 

is shown at the bottom in blue. 

 

1.4.1 Intein Origin and Structure 

Inteins were inadvertently discovered first in 1988 but not identified as post-

translational splicing products until 1990 by Kane et al. when the product from 

the TFP1 gene found in Saccharomyces cerevisiae was found to be of a 

different size than expected from the gene product length.48-50 The predicted 

length of the protein encoded by TFP1 is 119 kDa, but the functional protein 

(vacuolar H+- ATPase, VMA) was observed at just 69 kDa along with a 50 kDa 

spacer protein. The spacer protein was also identified as a DNA endonuclease. 

The study observed that the spacer region was present in the mature mRNA 

and hence RNA splicing of introns was not responsible for the anomaly. 

Further experiments lead them to believe that autocatalytic protein splicing 

was responsible for the two proteins produced and thus the study of inteins 

began.  

Inteins are named according to the host organism and intein location. For 

example, the intein found encoded within the vacuolar ATPase subunit in 

Saccharomyces cerevisiae is termed the Sce VMA intein.45,51  

There are currently over 500 known inteins registered on the intein database 

(InBase).47 These are found amongst all types of organisms; eukaryotes, 

bacteria and archaea.49,52-55 They are integrated into a wide range of proteins, 

but predominantly (greater than 70 %) in highly conserved regions of proteins 

essential for DNA replication, repair and nucleic acid metabolism.56,57 They are 

often located within regions essential for functionality of the host protein, such 
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as a catalytic site.55,58 This positioning of the intein ensures its survival as a 

suspected selfish gene; most inteins are bifunctional, possessing both a 

protein splicing domain and an endonuclease domain for endonuclease 

homing activity, which is why they are often described as ‘mobile genetic 

elements’.56  

The endonuclease domain is a site-specific enzyme that permits insertion of 

the intein gene into the same site in a homologous host gene, which does not 

contain the intein sequence, by horizontal transfer.47 Endonucleases are 

enzymes that typically recognise and cleave a palindromic DNA sequence, 

known as restriction endonucleases. By incorporating an endonuclease domain 

into the intein sequence, insertion of the intein coding sequence into 

analogous genes that lack an intein is permitted. By inserting themselves into 

genes required for cell division, inteins are only expressed when other proteins 

needed for DNA replication are expressed. This ensures that the DNA repair 

machinery within cells repairs the break in DNA caused by the homing 

endonuclease function of the intein. Deletion of this domain does not affect 

the self-splicing function of the intein.51,59,60 Homing endonuclease domains 

contain a largely conserved dodecapeptide motif, LAGLI-DADG, which forms 

block E [Figure 1-9].61  

The intein blocks are simply conserved regions of the intein structure, which 

are crucial for intein splicing and propagation. Block A is located at the N-

terminal of the intein and comprises the first nucleophilic residue required for 

protein splicing in the majority of inteins. The first residue is usually either Cys 

or Ser and occasionally Thr, although this residue results in reduced splicing 

efficiency.62 The TXXH motif that forms block B has an important role in the 

autocatalytic nature of intein splicing. Mutation of the Thr or His residues 

within this motif results in loss of splicing activity. Blocks C, D, E and H are 

located within the homing endonuclease domain. Block F is located at the start 

of the C-terminal splice junction, and contains an aromatic residue at the start 

of the sequence block followed by Val, Tyr, Asp, Leu, a polar residue and then 

Val. This conserved sequence is followed by 1-3 non-conserved residues and 

then the motif His/Glu, Asn, Phe and a hydrophobic residue (such as Ala, Phe 

or Leu).47 The conserved penultimate His and terminal Asn residues that are 

responsible for C-terminal cleavage form block G.  
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The origin of inteins and their precise function is currently unknown; they are 

described as selfish or parasitic genetic elements as they exist only to further 

propagate themselves while serving no apparent reproductive advantage, or 

disadvantage, to the host organism. It has been suggested that inteins are the 

combination of two proteins; the self-splicing intein provides a suitable 

environment for the homing endonuclease because of its ability to excise itself 

from the host protein, thus going undetected.63 In exchange the endonuclease 

domain (which is usually found within introns) allows the intein to proliferate 

as part of other host proteins.64 It has been hypothesised that mini-inteins 

(inteins that do not contain an endonuclease domain) could have begun as self-

cleaving proteins, required for posttranslational activation of the host protein.65 

It has been speculated that this self-cleaving protein could have been 

duplicated and inserted into the protein sequence, leading to a protein that 

was able to splice rather than cleave proteins.  

 

1.4.2 The Intein Splicing Mechanism 

The mechanism by which protein splicing occurs has been studied extensively 

and consists of four main steps; 1) N-X acyl shift (where X is either O or S), 2) 

transesterification, 3) C-terminal cleavage via asparagine cyclisation and 4) acyl 

rearrangement resulting in a peptide bond.47,66,67  

Firstly the N- and C-termini of the intein must associate so that the regions 

flanking the extein are within 10 Å of each other.68 Residues found in block F 

at the N-terminus of the C-terminal intein fragment are crucial for this 

association.69 Next, for the majority of inteins, the precursor protein [Figure 

1-10, 1] is believed to initially undergo an N-S or N-O acyl shift involving the 

nucleophilic residue at the N-terminal splice junction (block A). This generates 

a tetrahedral intermediate that leads to a thioester or ester [Figure 1-10, 2], 

respectively.70  
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Figure 1-10 – The standard protein splicing mechanism. 

This is followed by transesterification with a nucleophilic side chain (serine or 

cysteine and sometimes threonine) of the +1 residue at the start of the extein 

sequence [Figure 1-9]. This step forms what is known as the block G branched 

intermediate, or the lariat species [Figure 1-10, 3]. The side chain of the highly 

conserved C-terminal asparagine residue at the splice junction enables C-

terminal cleavage of the intein [Figure 1-10, 4 and 5].71 The final step is fast 

and spontaneous, but the initial steps must be auto-catalysed by the intein.  

Inteins share a great deal of sequence homology, including the residues that 

are essential for the autocatalytic splicing. These include the block B Thr 

residue that polarises the N-H and C=O bonds in the N-terminal Cys1 residue 

at the splice junction, promoting the generation of the thioester intermediate.72 

The His residue within this motif is also crucial for the self-splicing ability of 

inteins and is found in every intein with the exception of the Thermococcus 

kodakaraensis Tko CDC21-1 intein, which must compensate for the absence of 

this residue using a different initial splicing mechanism.73,74 The block B His 
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residue catalyses the N-X acyl shift by initially acting as a base to deprotonate 

the thiol sidechain of Cys1. It has been suggested that the His residue 

participates in the N-S/O acyl shift by destabilising the ground state of the 

peptide bond through bond polarisation.75 The conjugate acid of this His 

residue then provides a proton for the leaving nitrogen group.76 Mutation of 

the His residue to Ala significantly reduces or altogether prevents the acyl 

shift.77,78 A His residue in block G functions as a base during the asparagine 

side chain cyclisation aiding in the formation of succinimide [

Figure 1-12, 4]; mutation of this key residue prohibits this step from 

occurring.79,80 Despite the mechanistic steps being well known, intein 

processing has been relatively poorly characterised thus far, apart from the 

final step that irreversibly forms a thermodynamically stable product.66,81  

 

1.4.3 Other Self-Cleaving Proteins 

Extein ligation via intein processing is distinct from other types of self-

proteolysis. Hedgehog proteins, found in eukaryotes and responsible for a 

signalling pathway required for embryo formation, contain C-terminal 

autocatalytic domains (Hh-C) present in the precursor protein.82 Similarly to 

intein processing, an intramolecular N-S acyl rearrangement takes place at the 

start of Hh-C [Figure 1-11, A]. Cholesterol then binds to the C-terminus of Hh-C 

prior to attack of the newly formed thioester bond, causing the cholesterol 
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moiety to covalently join to the N-terminal signalling domain (Hh-N) of the 

hedgehog protein, allowing Hh to function through association with the cell 

membrane.83 Hh-C contains a region called Hh-C
17

, responsible for initiating 

thioester formation, which is structurally similar to the β strand core present in 

inteins.84 This region has been termed the Hedehog/intein (Hint) module.85  It is 

because of this similarity that inteins and hedgehog proteins are thought to 

have evolved from a common ancestor. Another class of proteins that contain 

motifs seen in the Hint module are the bacterial intein-like domains (BILs). BILs 

are found in a range of non-conserved protein hosts and little is known about 

their function. Two types of BILs exist; A-type and B-type. A-type BILs undergo 

protein splicing and C-terminal cleavage [Figure 1-11, B], whereas B-type BILs 

are capable of N- and C-terminal cleavage.86 BILs are different to inteins in that 

they possess no endonuclease domain and are not located in conserved 

regions of proteins essential for cell replication. Unlike inteins, BILs are 

suspected to contribute to their protein hosts functionality.87 

Figure 1-11 – A: Hedgehog autoprocessing mechanism showing the attack by 

cholesterol, B: A-type BIL protein splicing mechanism.  

 

The motif formed of the block G residues His and Asn, followed by the C-

extein Cys/Ser or Thr, has been likened to the catalytic triad found in serine 

and cysteine proteases.62  
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1.4.4 Intein Classes 

Inteins have been categorised into three classes based on variations in their 

conserved sequences and the subtle differences in the mechanism of splicing.88 

Class I inteins encompass the majority of naturally occurring inteins whose 

splicing mechanism comprises four steps, the first involving a Cys or Ser 

residue at the N-terminal of the intein. This residue is not found in Class II and 

III inteins and so do not undergo the initial acyl shift found in Class I splicing 

mechanisms. Instead, the first step in the class II intein splicing mechanism is 

the attack of the N-terminal splice junction by the Cys+1 residue of the C-

extein [

Figure 1-12, 1a]. In class III inteins, a block F Cys that attacks the N-terminal 

splice junction forms a branched intermediate [
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Figure 1-12, 8]. This species undergoes transesterification in which the N extein 

is relocated to form the same block G branched intermediate that class I and II 

inteins also form.89  

Figure 1-12 – The class I, II and III intein splicing mechanisms where X is either oxygen 

or sulfur. 

 

Of the standard class I inteins, there can be maxi-, mini- and split-inteins. Maxi-
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homing endonuclease, which is not required for protein splicing.90 Trans-

splicing inteins, more commonly known as split-inteins, are independent 

precursor protein sequences encoded by separate genes that come together in 

order to self-catalyse protein splicing [Figure 1-13 B]. 91,92 The split site is within 

the intein, usually where the endonuclease domain would be found in a maxi-

intein. Each intein fragment is referred to as either the N-terminal intein or C-

terminal intein, I
N
 and I

C
 respectively. The I

N
 and I

C
 must have a high affinity for 

each other for association to take place, which is essential if protein splicing is 

to occur.93 Split inteins can be either naturally occurring or engineered, where a 

traditional intein has been artificially split and is still able to undergo protein 

splicing.46,94  

 

 

Figure 1-13 - Two types of protein ligation – A: Diagram of a cis-splicing intein where 

the intein is expressed within the extein sequence; B: Diagram of trans-splicing, or a 

split-intein, where X represents either oxygen or sulfur.  

 

The two domains of trans-splicing inteins must have a high affinity for each 

other in order to catalyse protein splicing. This affinity is mainly due to 

interacting ion pairs between the I
N
 and I

C
; conserved acidic residues are found 

within the I
N
, and basic residues are often in specific locations in the I

C
.95 These 

residues form ionic pairs or triads, resulting in the folded intein structure.  

This charge dispersion in seen in all inteins but is particularly widespread in 

split-inteins because the I
N
 and I

C
 are not covalently attached.  
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1.4.5 Applications of Split-Inteins 

Split-inteins have been extensively used in biotechnology for a variety of 

applications, which include assembly of troublesome full-length proteins, 

protein and peptide cyclisation, sensors for detecting PPIs and site-specific 

fluorescent labelling in proteins.95-98 Trans-splicing has also been used for 

isotopic labelling of multidomain proteins for NMR spectroscopy via a three-

fragment ligation using just one modified split-intein.99 The only drawback to 

using split-inteins for these applications is that the sequences adjacent to the 

splice junction must be compatible with what the intein is able to splice. Other 

uses include the development of self-cleaving protein affinity tags.100  

 

Figure 1-14 – Split-intein applications - A: protein/peptide cyclisation using a split-

intein, B: segmental isotopic labelling using a split-intein, C: self-cleaving protein 

affinity tag. 

 

Much effort has been directed towards improving the properties of split-

inteins, leading to a significant increase in the use and study of artificially 

engineered split-inteins.101 These may originate from full intein sequences or 

from alteration of the split location of natural split inteins.102-106 Even three-

fragment split-inteins have been generated.107 Split-inteins fused to a 

homodimerising protein on one terminus and the extein halves to be ligated 

on the other terminus, can be inhibited by small molecules to provide an off-

switch for protein splicing.108 This was demonstrated by fusing the N- and C-

termini intein fragments to a dimerising mutant of FKBP12. This dimerisation 

was inhibited by the addition of rapamycin, which prevented the ligation of the 

extein halves by keeping the intein fragments apart. This is an alternative to 

techniques such as RNA interference, through preventing the formation of a 

functional protein of interest. Protein splicing of mini-inteins can also be 

activated in a dose-dependent manner by the presence of a small molecule in 
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vivo, therefore providing a molecular on/off switch for the production of a 

functional protein.69,109,110 Inteins have been developed to be light triggered; 

these inteins associate as normal but cannot splice except when activated by 

light.111 

 

1.5  SICLOPPS 

Split intein-mediated circular ligation of peptides and proteins (SICLOPPS) is a 

key method for this study that exploits intein processing for the production of 

genetically encoded cyclic peptide libraries [Figure 1-15].28 SICLOPPS is able to 

quickly produce a library of up to one hundred million members of cyclic 

peptides by constructing and delivering a plasmid into E. coli.112 Cyclic peptides 

have an advantage over their linear counterparts, as they are less prone to 

metabolic degradation in the cell and have restricted conformational flexibility 

that increases stability of the peptide.113,114 Cyclic peptides may also have 

enhanced activity at the target site due to a high binding affinity and specificity 

resulting from the structural constraint imposed by the backbone.  

     

Figure 1-15 - Splicing of the inteins to create the SICLOPPS cyclic peptides.                

                                

The randomised library is genetically encoded into plasmids between a split-

intein using a degenerate oligonucleotide and the polymerase chain reaction 

(PCR). The first amino acid of the extein must be a nucleophilic cysteine or 

serine in order for the peptide to cyclise in vivo so this position is fixed. The 

remaining random positions are encoded within forward primers, which are 

designed with randomised ‘NNS’ sequences, where N represents any of the 

four nucleobases of DNA, and S represents either a C or G base (the lack of A 

and T minimises the presence of two of the three stop codons, ochre and 

opal). This motif permits production of all of the naturally occurring amino 

acids, providing a vast library of products. For example, a primer encoding a 

IC# extein# IN#
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serine-XXXXX-glycine (S5G) library will contain the sequence TCA NNS NNS NNS 

NNS NNS GGG. Glycine is sometimes incorporated to minimise racemisation of 

the peptide during synthesis.115  

The terminal residue of the N-extein (the -1 position) has some affect on the 

ability of the inteins to splice. This means that the splicing efficiency could be 

decreased when the degenerate sequence encodes a particular residue at the 

fifth randomised position. Residues that can diminish the splicing efficiency to 

less than 50 % (as demonstrated by the RadA intein) include Glu, Asp and Thr, 

whilst Pro decreases the efficiency most.84 However, with the exception of 

proline, the splicing efficiency remains above 30%, which would still allow 

cyclisation of the peptide sequences.  

The sequence for the split intein is contained within a plasmid, downstream of 

an arabinose promoter, AraC. Therefore the intein-extein-intein construct will 

only be expressed when the cells are exposed to arabinose. When expressed, 

the split cis-inteins come together and undergo several rearrangements to 

release the cyclic peptide as a lactone, which then undergoes an S-N or O-N 

acyl shift to give the final lactam product [Figure 1-16].  

 

Figure 1-16 - Folding and rearrangement mechanism of a SICLOPPS split-intein 

following association of the two halves of the split-intein. 
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Current SICLOPPS technology utilises the most well characterised trans-splicing 

intein, the DnaE split-intein from the cyanobacteria Synechocystis sp PCC6803 

(known as Ssp).94 Ssp is composed of a 123 amino acid N-terminal fragment 

and a 36 amino acid C-terminal fragment.116 When combined with a 

randomised amino acid sequence, Ssp is used to create a cis-intein (transcribed 

and translated together) with the sequence I
C
:target peptide:I

N 
[Figure 1-15].117 

The SICLOPPS libraries have been designed so that they undergo intracellular 

backbone cyclisation in order to yield bio-stable peptide libraries.   

Figure 1-17 - Npu and Ssp DnaE inteins. A, sequence alignment of the Npu and Ssp 

DnaE
N
 inteins. B, sequence alignment of the Npu and Ssp DnaE

C
 inteins. Asterisks 

indicate identical amino acids.118 Please note that the Ssp I
C
 used in this work was 

mutated to contain the penultimate histidine residue. 

 

1.5.1 The Npu Split-Intein 

In 2006, a naturally occurring DnaE split-intein with high homology to the Ssp 

DnaE intein, was cloned from the α subunit of DNA polymerase III in Nostoc 

punctiforme (Npu) and characterised [Figure 1-18]. This split-intein, named Npu 

DnaE, showed improved trans-splicing efficiency and speed.118 The Npu and Ssp 

inteins share 70 % structural similarity with a 67 % homologous sequence 

identity between the N-terminal inteins and 53 % between the C-terminal 

inteins [Figure 1-17]. Zettler et al. subsequently carried out the first in vitro 

characterisation of the Npu split-intein and reported a half life (t
1/2

) of 63 

seconds, compared to 175 minutes for the Ssp DnaE intein (calculated from 

A"

B"
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the first order rate constants, k, of (1.1 ± 0.2) x 10-2 s-1 and (6.6 ± 1.3) x 10-5 s-1 

at 37 oC, respectively).119 In these studies, a first order reaction was assumed 

on the basis that the two intein fragments that enable trans-splicing to occur 

behaved like a unimolecular reaction, the splicing being the rate-determining 

step after fast intein association. This was the fastest rate of protein trans-

splicing reported within a naturally occurring split-intein, until a recent study in 

2012 presented four new pairs of split intein protein fragments with superior 

splicing efficiencies and speeds.102  

The Npu intein is thought to possess better splicing properties because of the 

slight differences in its structure. The structures of the Ssp and Npu intein 

were at first thought to be very similar, providing little indication of why the 

Npu intein is capable of faster and more efficient splicing. The crystal 

structures used were obtained by artificially fusing the split-inteins into a 

contiguous sequence due to problems with co-crystallisation of the two intein 

fragments.116,120,121 Upon successful co-crystallisation of the non-contiguous Npu 

I
C
 and I

N
 domains in 2014, several non-catalytic residues were found to be key 

to the catalytic activity of Npu.122 

DnaE split-inteins can lack the conserved penultimate histidine residue in block 

G responsible for asparagine cyclisation in canonical inteins.70,123 Instead the 

penultimate Ser-35 residue in the I
C
 and Arg-50 in the I

N
 mediate cyclisation of 

the catalytic asparagine side chain. The C-terminal I
C
 Asn-36 residue has two 

orientations, both of which form hydrogen bonds with either Ser-35 or Arg-50. 

These residues have been found in the majority of split-inteins, at the 

equivalent position within the intein structure.  

 



Chapter 1: Introduction 

 28 

 

Figure 1-18 - The non-contiguous Npu split-intein with key conserved residues labelled. 

The N-intein is shown in green and the C-intein is shown in blue. Here the horseshoe-

shaped fold that the intein assumes prior to splicing is clear. Adapted from PDB 

4LX3.124  

 

In addition to the faster splicing rates reported, the yields of spliced product 

from the Npu intein were not significantly affected compared to the Ssp intein, 

even across a range of temperatures (6 – 37 oC). In contrast, reduced yields 

have been reported at 37 oC with the Ssp intein.119 A study published in 2006 

identified the ability of the Npu and Ssp DnaE
N
 and DnaE

C 
fragments to cross-

splice, despite the Npu DnaE
N
 being 21 residues shorter in length than its Ssp 

counterpart.118  This work showed that the Ssp DnaE
C
 is able to replace the Npu 

DnaE
C
 and that the Npu DnaE

N
 can be exchanged with the Ssp DnaE

N
, both 

without the loss of protein splicing. It is thought that the efficiency of splicing 

is mostly determined by the sequence of the DnaE
N
 fragment; the splicing 

efficiency was very similar between the Npu DnaE
N
 and Ssp DnaE

C
 compared to 

both Npu fragments whereas combination of the Ssp DnaE
N
 and Npu DnaE

C
 

fragments produced similar efficiencies to the Ssp DnaE
N
 and DnaE

C
. The same 

publication also showed that the Npu intein is more tolerable to amino acid 

N"Arg50(

C"Asn36(
C"Ser35(

N"Cys1(

N"Thr69(

N"His72(
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variation at the splicing junction.118 This was shown by substituting the second 

amino acid of the C-extein adjacent to the splicing junction from the normal 

Phe residue, to each of the 20 naturally occurring amino acids (the first residue 

must be a nucleophilic cysteine or serine). Even in the cases where the Ssp I
C
 

and I
N
 showed no splicing occurred when position two was mutated away from 

Phe, trans-splicing was observed when the cross-spliced intein (Npu I
N
 and Ssp 

I
C
) was tested [Figure 1-19]. This confirmed the greater tolerance of the Npu 

intein to extein sequence diversity. The reduced number of varied peptide 

sequences has been observed in SICLOPPS screens previously, due to certain 

residues adjacent to the inteins hindering peptide cyclisation.125  

 

 

 

Figure 1-19 - Trans-splicing efficiency between the Ssp DnaE
N
 and DnaE

C
 (black bars), 

and Ssp DnaE
C
 and Npu DnaE

N
 (grey bars). The amino acids listed along the x-axis 

represent the substitution away from Phe.118 

  

The Npu intein has been further modified and optimised using mutagenesis, to 

have a greater tolerance for the C-intein splice junction amino acids.91 Mutation 

of residues surrounding the splice junction in an Npu chimeric intein (Npu I
N
 

in which two different inteins are used for ligation of three
fragments [10,19]. Non-specific interactions between the
homologues and their trans-splicing could result in undesired
ligation of the two fragments. Therefore, it is necessary to
characterize the specificity of the interaction between DnaEN

and DnaEC. Npu DnaEN is 21 residues shorter than Ssp
DnaEN (Fig. 1A). If this C-terminal region of Npu DnaEN is
involved in the interation between DnaEN and DnaEC, Npu
DnaEN might interact specifically with Npu DnaEC, but not
with Ssp DnaEC. In order to investigate possible cross-splicing
activity between Npu DnaE and Ssp DnaE, we have replaced
the Npu DnaEC part with Ssp DnaEC simply by substituting
the plasmid containing Npu DnaEC with the plasmid contain-
ing Ssp DnaEC in the same context. All of the four possible
combinations of the different N- and C-terminal precursor pro-
teins containing Npu DnaE and Ssp DnaE were tested in the
dual expression system with the same extein sequence [18].
As seen in Fig. 4, Ssp DnaEC can replace Npu DnaEC without

Fig. 3. SDS–PAGE analysis of the expression of the precursor
proteins containing split Npu DnaE. Lane 1: Before induction. Lane
2: 0.5 h after the induction with LL-arabinose. Lane 3: 2 h after the
induction with IPTG (2.5 h after the induction with LL-arabinose). Lane
4: 4 h after induction with IPTG (4.5 h after the induction with LL-
arabinose). All the samples were prepared by boiling the cells in SDS
sample buffer.

Fig. 4. SDS–PAGE analysis of trans- and scross-splicing. Lane 1: Combination of Ssp DnaEN and Ssp DnaEC. Lane 2: combination of Ssp DnaEN

and Npu DnaEC. Lane 3: combination of Npu DnaEN andNpu DnaEC. Lane 4: combination of Npu DnaEN andSsp DnaEC. All the samples were
prepared by boiling the elution fractions from the IMAC in SDS sample buffer.

Fig. 5. Graphical representation of the ligation efficiencies of the 20 variants of Ssp DnaEC-GB1. Filled and grey bars indicate the efficiency of trans-
splicing for the variants of Ssp DnaEC and Ssp DnaEN, and the variants of Ssp DnaEC and Npu DnaEN, respectively. The amino acid types in the
linker CXNGT connecting SspDnaEC and GB1 are shown at the bottom, where X stands for the substituted amino acid type. The error bars indicate
the error in the estimation of the protein amounts by image analysis, except for Phe (F) in which the error was estimated from the three independent
experiments.

1856 H. Iwai et al. / FEBS Letters 580 (2006) 1853–1858
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and Ssp I
C
) was carried out using random mutant oligonucleotides in PCR to 

create a library. This library was tested within a kanamycin-resistance- based 

bacterial selection system and the following mutations were found to give a 

six-fold higher IC
50

[kan] than the original intein: within the I
N
, E15D, L25I, L92M 

and D23Y in the I
C 
[Figure 1-20]. This mutated Npu intein (with both Npu DnaE

N
 

and Npu DnaE
C
) was used for all the work described herein.  

 

Figure 1-20 - Structure of the chimeric Npu intein showing the mutations that gave the 

most efficient splicing of the kanR gene in red. Please note that the numbering of the 

mutated residues has been adapted to correlate with the actual Npu sequence; this is 

due to the residues being mapped onto the Ssp intein as the Npu crystal structure was 

unavailable at the time of publication.  

 

SICLOPPS offers quick, high-throughput generation of libraries for screening, 

with varying numbers of randomised residues and the ability to include 

specific motifs. Libraries are simple to construct and easy to store as they are 

genetically encoded within plasmids. As the screening is done in vivo the 

peptides are selected for their activity, not just their ability to bind a protein. 

Finally, the deconvolution of peptide sequences is straightforward as plasmids 

are easily isolated from cells for sequencing analysis. SICLOPPS has also been 

C!D23Y&

N!L81M&

N!I15L&

N!E5D&
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used successfully with non-natural amino acids.126 The variation in splicing 

efficiencies and promiscuity towards particular residues at the splice junction 

can bias the screen as certain sequences are simply not cyclised. It has also 

been observed in previous library screens that the inteins can have cytotoxic 

effects on the E. coli leading to intein mutations and arabinose-induced 

toxicity.127   

 

1.6  Degradation Tags 

 

Degradation tags, or degrons, are short peptide sequences fused to either the 

N- or C-terminus of a truncated protein that specifically mark it for 

degradation. This process occurs in prokaryotes, and is the equivalent of 

protein ubiquitination in eukaryotes. Degradation tags exist in order to prevent 

errors in protein translation; errors can occur if a ribosome becomes stalled by 

a damaged piece of mRNA and cannot detach itself without the presence of an 

in-frame stop codon.128 Degradation tags have a quality control role in the 

prevention of non-functional truncated proteins building up to a potentially 

toxic level in the cell, as well as to rescue stalled ribosomes from 

incomplete/damaged polypeptides.129  

The SsrA (small stable RNA) tag is the most frequently utilised degradation tag 

in synthetic biology.130 First discovered in E. coli, the highly conserved SsrA 

RNA (also known as 10Sa RNA) is encoded by the ssrA gene and acts as both 

messenger RNA (mRNA) and transfer RNA (tRNA).129  It was shown by Komine et 

al. in 1994 that, like tRNA, SsrA RNA could be aminoacylated at its 3’ end with 

an alanine residue to form an alanyl tRNA structure [Figure 1-21], prior to its 

identification as a protein tag in 1995 by Simpson et al.131,132 This discovery 

followed the observation that when murine interleukin-6 was overexpressed in 

E. coli and purified from inclusion bodies, 5-10 % of the protein molecules had 

a modification to their C-terminus that matched the final 10 residues of the 

10Sa RNA gene.132  This alteration did not occur in ssrA− E. coli.  
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Figure 1-21 – The structure of a tRNA, mRNA and tmRNA molecule, where ORF 

represents the open reading frame of the peptide sequence. 

 

The final C-terminal residues of the SsrA tag (YALAA) bear some resemblance 

to another sequence (WVAAA) that targets proteins for degradation by a 

periplasmic endoprotease called Tsp. Based on this similarity Sauer et al. 

hypothesised that the SsrA tag would also mark proteins for degradation.133  

If a ribosome should become obstructed at the 3’ end of a truncated mRNA 

due to damage, a frameshift or error in transcription, the SsrA RNA-alanine 

complex enters the ribosome at the aminoacyl acceptor (A) site before moving 

to the peptidyl (P) site, where it will accept the growing polypeptide [Figure 

1-22]. This process is aided by the essential small protein B (SmpB), which 

enables association of the SsrA RNA-alanine with the ribosome.134  

The tmRNA can then act as mRNA to code for the last 10 residues of the 

degradation tag (ADENYALAA) by exchanging the truncated mRNA sequence 

for the tag sequence. This new sequence leaves the ribosome via the exit (E) 

site. The final translation products are polypeptides fused to this specific and 

unstructured SsrA peptide sequence at the C-terminus. This process is known 

as trans-translation, and is the bacteria’s chief mechanism to ensure only 

functional proteins are made. Thus, intracellular recombinant proteins that 

display this C-terminal tag will automatically be targeted for degradation.135,136 
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Figure 1-22 – Diagram of the tmRNA moving into the A site of the stalled ribosome. 

 

Degradation tags are recognised and unfolded by several proteins.137 

Adenosine triphosphatases (ATPases) that belong to the Clp ATPase (Hsp100 

ATPase in eukaryotes) family of AAA+ proteins (ATPases Associated with 

diverse cellular Activities) are hexameric species that form a 2 nm pore in 

order to catalyse the unfolding of specifically tagged protein substrates.130  

This protein family is also involved in the refolding of heat-damaged proteins 

following cellular stress.  

ATPases can associate with peptidases such as ClpP, a serine protease 

consisting of two stacked heptameric rings. The ClpX and ClpA ATPases form 

complexes with ClpP to form the ClpXP and ClpAP proteases respectively. 

Serine proteases cleave peptide bonds in the substrate with a nucleophilic 

serine residue found in the enzyme’s active site. ClpXP is formed of two 

subunits; an ATPase regulatory subunit and a catalytic subunit that provides 

proteolytic activity.138  
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Figure 1-23 – Representation of proteolysis by the protease complex in association 

with SspB. 

 

Bound proteins are unfolded by the ATPase component of the complex and 

then transferred to the peptidase core that catalyses proteolysis in an ATP-

dependent manner.128 ClpA and ClpX catalyse protein unfolding before 

substrates are translocated to a pore in the ClpP peptidase from ClpA and ClpX 

for degradation [Figure 1-23].139,140  

Another protein called stringent starvation protein B (SspB) was reported to 

reduce the Michaelis constant (K
m
) of ClpXP for the substrate by a factor of 4 to 

5, as well as increasing V
max 

by 25 %.130 SspB is a ribosome-bound adaptor 

protein that binds to and escorts the substrate protein (the tagged protein) 

from the stalled ribosome to ClpXP, as it specifically enhances the recognition 

of ClpXP for the substrate by forming a complex with the protease.141 The SspB 

and ClpX proteins are able to work in concert as they each bind to a different 

section of the SsrA tag.  

Proteases unfold tagged proteins in order to mediate proteolysis, resulting in a 

shorter half-life of the protein, which is advantageous in synthetic biology 

when the protein in question is toxic. For example, when fused to the amino-

terminal domain of the λ repressor, the SsrA tag reduces the half-life of the 

protein from an undetermined time to 4 minutes.133 The same protein fused to 

a control tag with the sequence AADENYALADD had a half-life of over an hour. 
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The presence of the two charged aspartic acid residues prevent proteolysis by 

the protease. This study illustrated how the SsrA tag drastically reduces the 

half-life of a protein through labelling it for rapid degradation. It has been 

shown in vivo that ClpXP degraded approximately 100,000 molecules of SsrA-

tagged GFP per cell per generation, equivalent to a degradation rate of 25 min-1 

enzyme-1, although this is dependent on substrate and enzyme concentration, 

which is dictated by the growth phase of the cells.142 A further study concluded 

that ClpXP accounts for more than 90 % of SsrA-tagged endogenous proteins 

and does so with a degradation rate of ≥1.5 min-1, corresponding to a half-life 

of less than 30 seconds.143  

Degradation of proteins marked by the SsrA tag is temperature dependent; 

protein half-lives have been shown to increase 3-5 fold when the temperature 

is decreased from 37 oC to 25 oC. This limits the usefulness of this degradation 

mechanism to applications where this temperature sensitivity is not an issue.144  

Another disadvantage of the use of the SsrA tag in synthetic biology is that, 

due to its location at the C-terminus of a protein, any mutation leading to the 

presence of a stop codon or frameshift will prevent translation of the tag and 

protect the damaged protein from degradation.  To overcome this potential 

issue, an N-terminal degradation tag may be employed. One example is 

replication protein A (RepA); while not as effective as the SsrA tag, it directs 

the protein to which it is fused to degradation by the ClpAP protease.145,146 The 

RepA tag is a 15 amino acid fragment with the sequence MNQSFISDILYADIE.147 

This fragment, isolated from the bacteriophage P1 RepA protein, is sufficient 

to mediate recognition and unfolding by the ClpA ATPase and degradation by 

ClpP.147 Although typically fused to the amino-terminus of a protein, it still 

retains functionality when moved to the C-terminal; this was demonstrated by 

the successful degradation of GFP-RepA.148 ClpXP, however, is not able to 

recognise and degrade a substrate with the same efficacy when a C-terminal 

tag is fused instead to the N-terminal of GFP.  
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1.7 Fluorescent Protein Reporters 

An alternative to screens that comprise a life/death switch to indicate the 

reconstitution of a PPI is one that uses fluorescent proteins as a reporter gene.  

The first fluorescent protein discovered was green fluorescent protein (GFP), 

isolated from the jellyfish Aequorea victoria in 1962 by Osamu Shimomura. It 

has since proved to be a popular and valuable tool, used extensively in 

monitoring protein-protein interactions because of its ability to correctly fold 

and fluoresce in most cell types in which it has been tested, without the need 

for any external factors.149-151  

 

Figure 1-24 – A: the structure of GFP shown whole (left) and with a section cut away 

(right) to reveal the α helix and internal chromophore [Protein Data Bank – 1GFL]. B: the 

chemical structure of the eGFP chromophore.  

 

Once translated, the 238 aa protein adopts a β barrel structure (a post-

translational modification known as maturation), which is comprised of 11 β 

sheets surrounding an α helix that runs through the central pore of the barrel 

[Figure 1-24, A].152 After correct folding, the β barrel encloses the chromophore 

(a moiety that causes a conformational change when the molecule is hit by 

light and is responsible for the fluorescence of GFP), excluding all solvent 

molecules due to its hydrophobic core, which prevents quenching of the 

fluorescence.153 The chromophore 4-(p-hydroxybenzylidene)imidazolidin-5-one 

(HBI) [Figure 1-24, B] is formed by the spontaneous self-catalytic rearrangement 
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of the three residues Ser65, Tyr66 and Gly67, caused by an 80O bend within 

this tripeptide.154 The Gly67 amide nitrogen attacks the carbonyl group of 

Ser65 to form a cyclic intermediate, followed by the loss of water (widely 

considered to be through the loss of a proton at Cα66) to generate the 

imidazolin-5-one intermediate [Figure 1-25]. The fully conjugated chromophore 

is formed after dehydrogenation of the C-C bond in the tyrosine sidechain by 

oxygen.155 This cyclisation reaction is driven by the increased nucleophilicity of 

Gly67 through formation of a hydrogen bond with the highly conserved Arg96 

residue.156 Glu222 acts as a base, driving the loss of water prior to oxidation by 

molecular oxygen. HBI exists as either the predominant neutral species or as a 

phenolate anion. A S65T substitution exchanges a hydrogen residue for a 

methyl group, which destabilises the neutral form of the chromophore. This 

results in only the anionic form and removes the second absorption peak at 

295 nm from wild-type GFP.153   

Figure 1-25 – Mechanism of chromophore formation in GFP. 
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A variant of GFP that contains the F64L mutation, in addition to the S65T 

mutation, improves the folding efficiency (and therefore the fluorescence) 

above temperatures of 30 oC. This modified protein is known as enhanced GFP 

(or eGFP) and is commonly used in vivo. The fluorescence can be measured 

using an excitation wavelength of 475 nm and an emission wavelength of 508 

nm. 

 

Figure 1-26 – A: a topological representation of one half of the tdTomato dimer where 

the C-terminal of one barrel links to the N-terminal of another, B: the MYG 

chromophore of mCherry and tdTomato. 

 

Fluorescent proteins that absorb at higher wavelengths are desirable for 

cellular imaging, and to provide greater choice when labelling more than one 

protein in a cell. The first red fluorescent protein, DsRed, was isolated from 

Discosoma striata. DsRed has a slow maturation time and emits mostly in the 

green region whilst in its intermediate state. The chromophore is made up of 

the tripeptide Gln66-Tyr67-Gly68. It exists as a tetramer, limiting its usefulness 

for labelling in vivo through protein aggregation. Efforts to overcome these 

issues involved in site-directed and random mutagenesis studies.157,158 A 

monomeric form (mRFP1) was generated but this resulted in a huge loss in 

fluorescence so mutagenesis was carried out on the chromophore-forming 

amino acids to develop a range of mRFP1 variants whose emission wavelength 

was in the red region.159 This resulted in fluorescent protein monomers such as 

mCherry and the dimer dTomato. To prevent protein aggregation the dimers 

were linked head-to-tail with a 12-residue peptide linker to create a pseudo-

monomer that does not interact with other tdTomato molecules. Each 

tdTomato monomer contains two chromophores with the sequence MYG, 
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which is what makes it so bright. It demonstrates high photostability, a fast 

maturation time of one hour at 37 oC and 283 % of the brightness level of GFP 

(measured as the molar extinction coefficient multiplied by the fluorescence 

quantum yield).   

 

1.8 Project aim 

The aim of this research project is to develop SICLOPPS inteins that make use 

of the improved properties of the Npu intein leading to better inhibitors of 

PPIs.  

It is envisaged that the use of the Npu intein within a SICLOPPS library would 

be advantageous over the Ssp intein because of its greater tolerance to amino 

acid variety. This would enable the generation of a more diverse inhibitor 

selection whilst expanding the library closer to that of its theoretical size. The 

greatly increased splicing rates enable faster generation of the spliced product; 

in a system where degradation tags are employed, the Npu intein should still 

give the product as the rate of splicing is higher than the speed of destruction 

of the intein by the degradation tag.  This traceless protein splicing has the 

potential to be used within a SICLOPPS library, eliminating problems associated 

with intein toxicity, which may reduce the library size.125 Due to the high 

structural similarities and homology between sequences it would be expected 

that toxic effects caused by the induction of intein expression would also be 

observed in a SICLOPPS screen with Npu inteins.118  

This improved, second-generation SICLOPPS library was to be screened within a 

new, more robust RTHS that incorporated a fluorescent reporter protein to aid 

identification of a hit cyclic peptide inhibitor during screening.  
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Chapter 2:  Materials and Methods 

2.1 Equipment 

Optical density of cell cultures was measured using a Cary 100Bio UV-Visible 

Spectrometer (Agilent Technologies, UK). pDraw software was used to calculate 

annealing temperatures of primers for PCR reactions and EnzymeX was used 

for restriction endonuclease selection. PCR was carried out on a Bio-Rad 

MyCyclerTM Thermal Cycler (Bio-Rad Laboratories Ltd., UK). All agarose gels 

were run with Bio-Rad sub-cell systems and power packs, with a Bio-Rad Gel 

Doc and Quantity One software to image the gels (Bio-Rad Laboratories Ltd., 

UK). Cultures were incubated in IKA Incubator Shaker KS4000ic (ThermoFisher, 

UK) and centrifugation carried out in a Thermo Scientific Heraeus Biofuge 

Primo R. DNA purification and PCR purification were achieved with GeneJET 

Plasmid Miniprep Kits and GeneJET PCR Purification Kits respectively. DNA gel 

purification was carried out with a GeneJET Gel Extraction Kit 

(ThermoScientific, UK). Sequencing was carried out by Eurofins MWG Operon 

(Germany). DNA concentrations were measured on a NanoDrop ND-1000 

Spectrometer (NanoDrop Technologies, USA). Buffer pH was measured with a 

Hydrus 300 pH meter (Fisher Scientific, UK). Protein affinity purification was 

carried out on a 1 mL HisTrap column (GE Healthcare, UK) using the 

ÄKTAprime plus FPLC machine (GE Healthcare, UK). Electroporation was carried 

out with a BioRad Micro Pulser with BioRad 0.1 cm Gene Pulser Cuvettes. 

Sonication was carried out with a MSE Soniprep 150 Plus (MSE, UK). All 

equipment and media was sterilised with a Touchclave-R autoclave (LTE 

Scientific Ltd, UK). Fluorescence was measured on a TECAN infinite M200 PRO 

plate reader (Tecan Group Ltd, Switzerland).  

 

2.2 Materials 

All molecular biology reagents were purchased from Fisher Scientific (UK). All 

restriction enzymes and buffers were bought from New England Biolabs (NEB, 

UK) and polymerase enzymes were purchased from Promega (UK) and used in 

accordance with the manufacturers instructions. Primers were synthesised by 
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Eurofins MWG Operon (Germany) or IDT (Integrated DNA Technologies, 

Belgium).  

 

Forward primers for PCR were designed by taking the sequence of the first 15 

– 20 nucleotides of the gene to be amplified, ending with a cytosine or guanine 

base where possible, and introducing the sequence for the appropriate 

restriction site before this. A ‘handle’ was included prior to the restriction site; 

this was usually GTTGTT. This was repeated with the reverse primer with the 

exception that the reverse complement of the last 15 – 20 nucleotides in the 

sequence of the gene was taken. The common primers used in this project are 

shown in Table 1 and all sequences specific to genes are given in the text 

where the bases that match that of the sequence to be amplified are 

underlined. 

 

Name Sequence (5’ to 3’) 

M13-49 GAGCGGATAACAATTTCACACAGG 

M13-43 AGGGTTTTCCCAGTCACGACGTT 

P1
HK022

 GGAATCAATGCCTGAGTG 

P2 ACTTAACGGCTGACATGG 

P3 ACGAGTATCGAGATGGCA 

P4
HK022

 GGCATCAACAGCACATTC 

T7 For  TAATACGACTCACTATAG 

T7 Rev CTAGTTATTGCTCAGCGGT 

CBDrev GGAATTCAAGCTTTCATTGAAGCTGCCACAAGG 

5AF1 GCATTTTTGTCCATAAGATTAGC 

5AR1 CATGTTTGACAGCTTATCATCG 

Table 1 – A list of the common primers used. 
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Name Sequence (5’ to 3’) 

pKD4For1 CGAGCAACTCACCAGATAAGTGTAGGCTGGAGCTGCTTC 

pKD4Rev1 CAAGGATCACCACGTTCATCCTCCTTAGTTCCTATTCC 

pKD4For2 CTGAACTGGCCAATGATTGGCGAGCAACTCACCAGATAAG 

pKD4Rev2 GTTGGCGCAGCCGGTATCAAGGATCACCACGTTCATC 

HisBF CTGAACTGGCCAATGATTGGCGAGCAACTCACCAGA 

HisBR GTTGGCGCAGCCGGTATCAAGGATCACCACGTT 

HIS3For GTTGGTCGACATGACAGAGCAGAAAGC 

HIS3Rev AACAACCTCGAGCTACATAAGAACACC 

SpecR For CTCGAGGGTACCTTATGTTATGGAGCAGCA 

SpecR Rev AACAACGAGCTCTTATTTGCCGACTACCTTG 

SalI-tdTom GTTGGTCGACATGGTGAGCAAGGGCGAG 

tdTom-SacI CAACGAGCTCCTACTTGTACAGCTCGTC 

P1Φ80 CTGCTTGTGGTGGTGAAT 

P4Φ80 TAAGGCAAGACGATCAGG 

P1λ GGCATCACGGCAATATAC 

P4λ TCTGGTCTGGTAGCAATG 

BamHI His F GTTGTTGGATCCCTGCAGATGC 

SsrA Rev 1 CGCATAGTTTTCATCGTTCGCCGCGGTACCATTCGGCAG 

SsrA Rev 2 CAACAAGCTTCTACGCCGCCAGCGCATAGTTTTCATCG 

Control MutF CCTGTATTTTAAACTGCAGGCCATGGGCATGATTAAAATCGCC 

HisRev CATGCCCATGGCCTGCAGTTTAAAATACAGGTTTTCGCC 

Npu split F TTTATTGCTAGCAACAGCCA 
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Npu split R CCTAAGATCTCGGTATCATACGACAGGCAGTTATAG 

Control split 

F1 

CATCATCATCATAGCCATAACGTGTATATTATG 

Control split 

R 

CAACAAGCTTCTAGTTATAGTTATATTCCAG 

Control split 

F2 

GGTTATGCATCATCATCATCATCATAGCCAT 

HisSspFor1 CATCATCATCATGGCGAAAACATGGTTAAAGTTATCGG 

HisSspRev1 CATAGTTTTCATCGTTCGCCGCTTTAATGGTACCAGC 

HisSspFor2 GTTCCATGGATGCATCATCATCATCATCATGGCGAA 

HisSspRev2 CCCAAGCTTCTACGCCGCCAGCGCATAGTTTTCATCGTTC 

HisRev no 

tags 

AACAAGCTTTTATTTAATGGTACCAGC 

Ssp split F1 GGGGCGATCGCCCACAATAGCCATAACGTGTAT 

Ssp split R1 GCCAAAACTTAAGCAGTTATAGTTATATTC 

Ssp split F2 GTTGGCTAGCCAATGGGGCGATCGCCCACAA 

Ssp split R2 ACCAGATCTCGGTGCCAAAACTTAAGCAG 

CBD-SsrA 1 GCGCATAGTTTTCATCGTTCGCCGCTTGAAGCTGCCACAAG 

CBD-SsrA 2 AACAACAAGCTTCTACGCCGCCAGCGCATAGTTTTCATC 

Npu CX
5
 AATGGCTTCATTGCTAGCAACTGCNNBNNBNNBNNBNNBTGCCT

GTCGTATGAT 

BamHI-Ssp F GGTGGTGGATCCATGGTTAAAGTTATCGGTC 

CBD-SacR CAACGAGCTCTCATTGAAGCTGCCACAA 

BamHI-Npu F GTTGTTGGATCCATGATTAAAATCGCC 

BamHI-His F GGTGGTGGATCCATGCATCATCATCATCATCATGGC 
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His-Npu-SacR CAACGAGCTCCTACAGCTCGGTACCATTC 

His-SsrA-SacR CAACGAGCTCCTACGCCGCCAGCGCATAG 

Ssp CX
5
 CTGCTAGCCAATGGGGCGATCGCCCACAATTGCNNBNNBNNBNN

BNNBTGCTTAAGTTTTGGC 

Npu zipper GGCTTCATTGCTAGCAAC 

Ssp ran F2 TTTCTGCTAGCCAATGGGGCGATCGCCCAC 

NanogF SalI GTTGTTGTCGACATGAGTGTGGATCCAGCTTGTCC 

NanogR SalI GTTGTTGAGCTCTCACACGTCTTCAGGTTGC 

NanC For GTTGTTGTCGACAAAAACAACTGGCCG 

NanC Rev GTTGTTGAGCTCTCACACGTCTTCAGG 

Sox2For GTTGTTCTCGAGATGTACAACATGATG 

Sox2Rev GTTGTTGGTACCTCACATGTGTGAGAG 

EN2KFor GTTGTTGAGCTCTCAGTTTGAATGCATGG 

EN2KRev GTTGTTGTCGACATGGCGGGACACCTGG 

PD-1 F GTTGCTCGAGGGTGGAGCGTTAGATTC 

PD-1 R CAACGGTACCTTATTCCGCGCGACGTTC 

PD-L1 F GTTGGTCGACGGAGGTGCTGCGTTTAC 

PD-L1 R CAACGAGCTCTTAGTAAGGAGCGTTAAC 

Table 2 – A list of the specific primers used in this work. Sequences that overlap the 

template DNA are underlined. 

 

2.3 Bacterial Strains 

Strain Genotype 
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DH5α F- Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 

(rK–, mK+) phoA supE44 λ– thi-1 gyrA96 relA1 

gm2929 F- ara-14 leuB6 thi-1 fhuA31 lacY1 tsx-78 

galK2galT22glnV44hisG4rpsL136 (StrR) xyl-5 mtl-1 

dam13::Tn9 (CamR) dcm-6 mcrB1 hsdR2 ((rK– mK+) mcrA 

recF143 

BL21(DE3)  

BW25141(pir+) F-, Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) Δ(phoB-phoR)580 

λ- galU95 ΔuidA3::pir+ recA1 endA9(del-ins)::FRT rph-1 

Δ(rhaD-rhaB)568 hsdR514 

BW27786 F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, Δ(araH-

araF)570(::FRT), ΔaraEp-532::FRT,φPcp13araE534, Δ(rhaD-

rhaB)568, hsdR514 

Table 3 – The bacterial strains used in this work. 

 

 

2.4 General Procedures 

2.4.1 Preparation of Lysogeny Broth (LB) Medium 

6.25 g of LB powder was suspended in 250 mL deionised water and autoclaved 

at 121 oC on the media cycle, leaving to cool to room temperature prior to use.  

 

2.4.2 Preparation of Luria Broth (LB) Agar Plates 

10 g of LB agar powder was suspended in 250 mL distilled water and 

autoclaved at 121 oC. The LB agar was melted in a microwave and allowed to 

cool to around 50 oC prior to addition of the relevant antibiotics. Around 25 mL 

of agar was used for each plate. 
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2.4.3 Preparation of Agar Plates 

3.75 g of agar powder was suspended in 200 mL distilled water and autoclaved 

at 121 oC. The agar was melted in a microwave and allowed to cool to around 

50 oC prior to addition of the relevant antibiotics. Around 25 mL of agar was 

used for each plate.  

 

2.4.4 Preparation of SOC Medium 

500 μL 1 M MgCl
2
, 500 μL 2 M MgSO

4
 and 500 μL 20 % glucose solution (w/v) 

(all solutions made with autoclaved deionised water) were added to 50 mL of 

freshly autoclaved LB broth. The solution was filtered through a 0.22 μM sterile 

filter (Millipore, UK) and stored in ~10 mL aliquots at 4 oC.  

 

2.4.5 Preparation of Antibiotics 

Antibiotics used in this study were made up to the concentrations given in 

Table 4 using sterile deionised water and filtered through a 0.22 μM sterile 

filter (Millipore, UK) and stored at 4 oC. 

Antibiotic Stock concentration 
(mg/mL) 

Amount for 10 
mL culture (μL) 

Working 
concentration 
(μg/mL) 

Carbenicillin 20 50 100 

Spectinomycin 10 50 50 

Kanamycin 10 50 50 

Chloramphenicol 10 35 35 

Table 4 – Antibiotic concentrations. 

 

2.4.6 Preparation of TBF I buffer  

The buffer was made up as follows: 
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Chemical Quantity Final Concentration 

Potassium acetate 0.59 g 30 mM 

Rubidium chloride 2.42 g 100 mM 

Calcium chloride 0.29 g 10 mM 

Manganese chloride 2.00 g  50 mM 

Glycerol 30 mL 15% v/v 

Table 5 – Composition of TBF I buffer. 

 

The solution was then adjusted to pH 5.8 with 1% acetic acid and made up to 

200 mL with autoclaved deionised water. 

 

2.4.7 Preparation of TBF II buffer 

The buffer was made up as follows: 

Chemical Quantity Final Concentration 

MOPS 0.21 g 10 mM 

Calcium chloride 1.10 g 10 mM 

Rubidium chloride 0.12 g 75 mM 

Glycerol 30 mL 15 % v/v 

Table 6 – Composition of TBF II buffer. 

 

The solution was then adjusted to pH 6.5 with NaOH and made up to 100 mL 

with deionised water. 

 

2.4.8 Preparation of E. coli Strain Stocks 

Stocks of each strain were made by taking 900 μL of the culture (grown from 

picking a colony from a plate and incubating overnight in 10 mL LB broth and 

relevant antibiotic) and adding 100 µL of DMSO to this. The stocks were stored 
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at -80 oC. When needed again, the strain could be grown by inoculating 10 mL 

LB broth with a small amount of the frozen stock.  

 

2.4.9 Preparation of Chemically Competent Cells 

10 mL LB broth was inoculated with a small amount of the frozen stock and 

incubated at 37 oC with agitation overnight. A 1% culture (in 250 mL of LB 

broth) was made from the overnight culture and incubated at 37 oC until an 

OD
600

 of 0.5 - 0.7 was reached. The culture was centrifuged at 3100 rpm for 15 

minutes at 4 oC. The supernatant was discarded and the pellet was 

resuspended in 5 mL TBF I buffer and the centrifugation was repeated. The 

supernatant was discarded and the resulting pellet resuspended in 1 mL TBF II 

buffer; this solution was divided and flash frozen in 100 μL aliquots in PCR 

tubes and then stored at -80 oC.  

 

2.4.10 Preparation of Electrocompetent Cells 

10 mL LB broth was inoculated with a small amount of the frozen stock and 

incubated at 37 oC with agitation overnight. 2.5 mL of the culture was 

transferred to 250 mL freshly autoclaved LB broth and incubated at 37 oC until 

an OD
600

 of ~0.6 was reached. The culture was divided between falcon tubes 

(~50 mL) and centrifuged (3100 rpm, 4 oC, 15 minutes) and the resulting 

supernatant discarded. Each pellet was resuspended in 50 mL ice-cold 10 % 

glycerol solution and centrifuged again (4000 rpm, 4 oC, 15 minutes). This 

process was repeated with 25 mL and 10 mL of ice-cold 10 % glycerol solution. 

Finally each pellet was resuspended in 1 mL ice cold 10 % glycerol solution and 

divided into PCR tubes flash frozen on dry ice in 100 μL aliquots. The cells 

were stored at -80 oC.  
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2.4.11 General Procedure for PCR 

Amplification of a gene was carried out following the general procedure 

beneath, or as described in the enzymes’ general protocol (found on the 

manufacturers website): 

Chemical Quantity (μL) Final Concentration 

Polymerase buffer (5X or 10X) 5 or 10 1X 

dNTP mix (10 mM) 5 500 μM 

Forward primer (10 μM) 1 0.1 μM 

Reverse primer (10 μM) 1 0.1 μM 

Template 1 50 ng 

DNA polymerase 0.1 - 1 ~1.25 units 

Deionised water Up to 50 µL  

Table 7 – Reagents for a general PCR. 

 

All reagents were allowed to thaw thoroughly and the buffer and primers were 

mixed with a vortex mixer prior to use. The thermal cycler was set up as 

detailed in Table 8 where the time ‘a’ and temperature ‘c’ is dependent on the 

polymerase used. The annealing temperature ‘b’ depends on the primer 

sequence, and the extension time ‘d’ depends on the length of the sequence 

to be amplified, which is typically 1 min per kb. 

Cycle Denaturation Annealing Extension 

1 95 oC for a mins - - 

2-35 95 oC for a mins b oC for 30 s c oC for d mins 

36 - - c  oC for d mins 

Table 8 – General PCR program.  

 

5 μL of each PCR reaction was run on a 1 % agarose gel at 100 V for 30 

minutes to confirm the success of the PCR. The remainder was purified using 

the ThermoScientific PCR Purification Kit and the concentration of the PCR 

fragment obtained with the NanoDrop. 
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2.4.12 General Procedure for Colony PCR 

Colonies were picked from LB agar plates and added to the reagents detailed 

in Table 9. Typically a master mix was made up.  

Chemical Quantity (μL) 

Water 6.25 

GoTaq 5X green buffer 2 

dNTP mix 1 

Forward primer (10 μM) 0.25 

Reverse primer (10 μM) 0.25 

GoTaq polymerase 0.05 

Template  Colony  

Table 9 – Composition of individual 10 μL PCR reaction reagents with GoTaq 

polymerase. 

 

The reactions were set up in a thermal cycler as detailed in Table 8. 5 μL of 

each PCR reaction was run on a 1% agarose gel at 100 V for 30 minutes to 

confirm the success of the PCR. 

 

2.4.13 Site-Directed Mutagenesis  

Primers were designed so that the nucleotide to be changed was roughly in the 

middle of the primer sequence with around 15-20 nucleotides flanking either 

side of where the mutation was to be introduced. Where possible the primers 

would end on a guanine or cytosine nucleotide and have a G/C content of at 

least a 40%. Typically mutagenesis was carried out with either Pfu DNA 

polymerase or Q5 DNA polymerase in accordance with the manufacturers 

instructions (Pfu DNA polymerase protocol is detailed in Table 10 and Table 11).  
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Chemical Quantity (μL) 

Pfu polymerase buffer 10X 5 μL  

dNTP mix 1 μL 

Forward primer (10 μM) 2 μL 

Reverse primer (10 μM) 2 μL 

Template DNA 1 μL 

Pfu DNA polymerase 2 μL 

Deionised water 37 μL 

Table 10 – PCR reagents for site directed mutagenesis using Pfu DNA polymerase. 

 

Cycle Denaturation Annealing Extension 

1 95 oC for 2 mins - - 

2-18 95 oC for 10 s x oC for 30 s 72 oC for 2 mins per kb 

19 - - 72 oC for 5 mins 

Table 11 – PCR cycle for site directed mutagenesis using Pfu DNA polymerase, where 

the annealing temperature ‘x’ is dependent on the sequence of the primers used.  

 

The reaction and water control were treated with DpnI (1 μL, 37 oC for 1 hour) 

after allowing to cool to room temperature. The reactions were purified and 

transformed into DH5α cells.  

 

2.4.14 Preparation of Plasmids 

The strain containing the plasmid was grown from the stock solution in 10 mL 

LB broth and the required antibiotic at 37 oC overnight. The culture was 

centrifuged (3100 rpm, 4 oC, 15 minutes) and the pellet purified using the 

ThermoScientific Miniprep Kit in accordance with the manufacturers 

instructions.   
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2.4.15 General Procedure for Restriction Digests 

The reactions were set up following the procedure stated in Table 12.  

Chemical Quantity (μL) 

Plasmid/PCR product Dependent on concentration (20-38 μL) 

Appropriate buffer  5 

Restriction enzyme 1 1 

Restriction enzyme 2 1 

Water Up to 50 μL 

Table 12 – Reagents for a restriction digest, where the concentration of DNA was 

typically 1 μg. 

 

The buffer was thoroughly mixed with a vortex mixer and all reagents allowed 

to completely thaw prior to digestion. The digestions were carried out in a 37 
oC water bath for the amount of time required by each enzyme. This was 

followed by heat inactivation of the enzymes by heating as stated in the 

enzyme properties on the NEB website. The digestions were then analysed and 

purified by gel electrophoresis.  

 

2.4.16 Treatment of Digested Vector with TSAP 

After heat inactivation of the digested plasmid, 2 μL of TSAP (Thermosensitive 

Alkaline Phosphatase) was added directly into the reaction mixture and 

incubated at 37 oC for a further hour. The TSAP was irreversibly inactivated by 

heating at 74 oC for 15 minutes. The plasmid was then be purified by gel 

purification.  
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2.4.17 General Procedure for Ligations 

The ligation of the digested plasmid backbone (vector) and the digested PCR 

product (insert) was set up as shown in Table 13, adding the T4 DNA ligase 

enzyme last of all. T4 DNA ligase buffer was thawed and divided into 10 μL 

aliquots after purchase to minimize the amount of freeze/thaw to the buffer. 

Prior to ligation, the buffer was thawed on ice and thoroughly mixed by 

vortexing until no precipitate was visible. The amount of vector and insert 

required was calculated using the following equations:  

 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝜇𝐿 = 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑡𝑜 𝑏𝑒 𝑡𝑎𝑘𝑒𝑛 𝑛𝑔 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑛𝑔/𝜇𝐿) 

 

Where the amount of vector to be used was varied between 50 and 100 ng.  

 

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (𝜇𝐿)  =
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑛𝑔  × 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 𝑏𝑝  ×  𝑟𝑎𝑡𝑖𝑜 𝑠𝑖𝑧𝑒  𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑏𝑝

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑛𝑔/𝜇𝐿)
 

 

Where the molar ratio varied from 1:1 to 1:6.  

 

Chemical Quantity (μL) 

 Vector alone 1:1 1:3 1:6 

Vector Dependent on concentration (50-100 ng) 

Insert - Dependent on size and 
concentration 

T4 DNA ligase buffer 1 1 1 1 

T4 DNA ligase 1 1 1 1 

Deionised water Up to 10 μL 

Table 13 – Reagents for a ligation reaction. 
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Each ligation reaction was carried out at 4 oC overnight unless otherwise 

stated. The ligase was then inactivated by heating at 70 oC for 10 minutes. 5 

μL of each ligation mixture was then transformed directly into competent cells.  

 

2.4.18 Preparation of Agarose Gels for Electrophoresis 

1 % agarose gels were prepared by dissolving 1 g of agarose powder in 100 mL 

1X TAE buffer (prepared as described in Table 14) by heating in the microwave. 

Once dissolved, 2 drops of ethidium bromide solution (0.625 mg/mL) were 

added and the solution swirled before pouring into the appropriate mould and 

allowing to set.  

Reagent Quantity Concentration Final Concentration 

Tris base 242 g  2 M 

Glacial acetic acid 57.1 mL  1 M 

EDTA 100 mL 0.5 M 50 mM 

Deionised water Up to 1 L   

Table 14 – Composition of 50X TAE buffer. 

 

The samples (in general ~ 5 μL mixed with 1 μL loading dye) were loaded onto 

the gel with 2-Log DNA ladder (NEB, UK) and run at 100 V for 30 – 40 minutes. 

The gels were imaged under UV. 

 

2.4.19 Gel Purification 

DNA was extracted from agarose gels and purified using ThermoScientific Gel 

Extraction Kits. The kits were used in accordance with the manufacturer’s 

instructions with the exception of the final step where the water was left on 

the spin columns for up to an hour before eluting the DNA.  
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2.4.20 Transformation of Plasmids into Chemically Competent Cells 

5 μL of plasmid was added to one 100 μL aliquot of chemically competent cells 

and left on ice for 30 minutes before heat shocking for 30 seconds in a 42 oC 

water bath. The cells were then transferred to 895 μL of room temperature 

SOC and the cultures incubated at 37 oC with agitation for 1 hour. 100 μL of 

each culture was spread onto LB agar containing the relevant antibiotic and the 

plates incubated overnight at 37 oC. A water control was carried out with each 

set of cells to confirm their sterility.  

 

2.4.21 Electroporation 

50 ng of plasmid was added to one 100 μL aliquot of electrocompetent cells 

that had been left to thaw on ice. The plasmid and cells were left to mix on ice 

for two minutes before transferring to an ice-cold 0.1 cm electroporation 

cuvette and placed in a Bio-Rad MicroPulser Electroporator (set up for E. coli). 

After one pulse, 895 μL room temperature SOC was immediately added to the 

cuvettes and the culture incubated at the appropriate temperature for the 

appropriate time.  

 

2.4.22 Drop Spotting 

Drop spotting was carried out on minimal media plates made up as described 

in Table 15 and Table 16. To each plate varying concentrations of 3-AT (2.5 mM 

or 5 mM for less and more stringent conditions respectively), kanamycin (25 

μg/mL or 50 μg/mL for less and more stringent conditions respectively) and 

IPTG (0 - 250 μM) were added.  

Chemical Quantity Final Concentration (mM) 

Dipotassium phosphate 52.5 g 603 

Monopotassium phosphate 22.5 g 331 

Ammonium sulphate 5.0 g 76 

Sodium citrate.2H
2
O 2.5 g 19 
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Deionised water Up to 500 mL 

Table 15 – Composition of 10X minimal media salts. 

 

 

Chemical Quantity 

Agar 200 mL 

Minimal media salts 25 mL 

Glycerol 50 % 10 mL 

Deionised water 13.5 mL 

Ampicillin 625 μL 

Spectinomycin 625 μL 

MgSO
4
 (1M) 250 μL 

Table 16 – Composition of minimal media agar. 

 

 

Amount of IPTG (μL) Final Concentration (μM) 

0 0 

20 10 

50 25 

100 50 

200 100 

500 250 

Table 17 – Amount of IPTG required for each 20 mL minimal media plate. 

 

2.4.23 Expression and Purification of Recombinant Proteins via FPLC 

The strain containing the recombinant genes was grown from the stock 

solution overnight. A 1% culture was made from the overnight culture and 



  Chapter 2: Materials and Methods 

    57 

incubated at 37 oC with shaking until an OD
600

 of ~0.6 was reached. At this 

point the culture was induced with the relevant concentration of arabinose and 

incubated at 37 oC for a further three hours. The culture was then centrifuged 

(3100 rpm, 4 oC, 15 mins) and the supernatant discarded. The resulting pellet 

was stored at -80 oC until required. The pellet was resuspended in lysis buffer 

(Table 18), (approximately 4 mL per 1g of pellet), and lysed by sonication three 

times (6 cycles of 10 seconds on then 10 seconds off). The suspension was 

then centrifuged until the supernatant was clear (8000 rpm, 4 oC, 30 - 60 

mins). The supernatant was then filtered through a 0.22 μM sterile filter 

(Millipore, UK); this could then be purified by either Fast Protein Liquid 

Chromatography (FPLC), using a 1 mL HisTrap column with the buffers shown 

in the tables below. The sample was mixed at a 1:1 ratio with 2X Laemmli 

buffer (100 mM Tris.Hcl pH 6.8, 4 % SDS, trace bromophenol blue, 20 % 

glycerol, 50 mM DTT) and denatured at 95 oC for 10 minutes prior to loading 

onto the gel.  

 

Chemical Final Concentration (mM) 

Tris.HCl 20 

Sodium chloride 500 

TCEP 1 

Deionised water Up to 500 mL 

Table 18 – Composition of lysis buffer. 

 

Chemical Final Concentration (mM) 

Tris.HCl 20 

Sodium chloride 500 

TCEP 1 

Imidazole 20 
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Sterile distilled water Up to 100 mL 

Table 19 – Composition of wash buffer. 

 

Chemical Final Concentration (mM) 

Tris base 20 

Sodium chloride 500 

TCEP 1 

Imidazole 400 

Deionised water Up to 200 mL 

Table 20 – Composition of elution buffer. 

All buffers were adjusted to pH 7.5 with 1 M HCl. 

 

2.4.24 Expression and Purification of Proteins via the Chitin-Binding 

Domain 

pARCBD-Npu was grown overnight in liquid LB media and from this, a 1% 

culture (in 250 mL LB broth) was grown at 37 oC until an OD
600

 of  ~0.6 was 

reached. Protein expression was then induced with 0.05% final concentration of 

arabinose (20% w/v) and incubated for a further three hours. The culture was 

then centrifuged (3100 rpm, 4 oC, 15 mins) and the resulting pellet stored at 

−80 oC overnight. The pellets were resuspended in chitin buffer (20 mM 

Tris.HCl, 1 mM TCEP, 0.5 mM NaCl, pH 7.8) and sonicated three times (10 

seconds on, 10 seconds off, 6 cycles). The sample was then centrifuged (8000 

rpm, 4 oC, 45 mins) and the supernatant filtered through a sterile filter 

(Millipore, UK). 1 mL of protein sample was applied to 200 μL of chitin beads 

(NEB, UK) that had been washed four times with 1 mL of chitin buffer, 

removing the supernatant each time after centrifugation (2500 rpm, 4 oC, 5 

mins). The beads were kept on ice with the protein sample for one hour with 

occasional inversion. The supernatant was then decanted and the beads 

washed a further four times with wash buffer prior to storage at 4 oC overnight. 

The beads (15 μL of various dilutions) were combined with 15 μL of 2X 



  Chapter 2: Materials and Methods 

    59 

Laemmli buffer (100 mM Tris.HCl, 4% SDS, 20% glycerol, 50 mM DTT and trace 

bromophenol blue, pH 6.8) and the protein solution denatured by heating at 

95 oC for 10 minutes. Samples were then loaded onto a 15% SDS gel along with 

a 170 kDa PageRuler Prestained Protein Ladder (Thermo Scientific, UK) and run 

at 150 V for one hour in SDS running buffer (25 mM Tris base, 250 mM 

glycine, 2% SDS). The gel was stained by soaking in blue Coomassie dye for 8 

minutes and then visualised after leaving in a destain solution overnight.  

 

Chemical Final Concentration (mM) 

Tris.HCl 20 

Sodium chloride 500 

TCEP 1 

Deionised water Up to 500 mL 

Table 21 - Composition of chitin/lysis buffer. 

 

Chemical Final Concentration (mM) 

Tris.HCl 20 

Sodium chloride 500 

TCEP 1 

Imidazole 20 

Sterile distilled water Up to 100 mL 

Table 22 - Composition of wash buffer. 

All buffers were adjusted to pH 7.5 with 1 M HCl. 
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2.4.25 Preparation of SDS-PAGE gels and Analysis of Protein Samples 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

carried out to separate protein samples using a Mini Protean 3 Cell (Bio-Rad, 

UK), set up according to the manufacturer’s instructions. 15% SDS gels were 

made as shown in Table 23 and Table 24. The resolving gel was moulded and 

allowed to set for ~ 30 minutes before the stacking gel was added. Protein 

samples were prepared beforehand as described in 2.3.23. The gels were run 

at 150 V for 60 minutes, or until the dye front reached the end of the gel.  

 

Chemical Volume (mL)  

Deionised water 7.03 

Acrylamide/bisacrylamide (30%/0.8%) (w/v) 15.0 

1.5 M Tris (pH 8.8) 7.5 

10% SDS (w/v) 0.3 

10% ammonium persulphate (w/v) 0.15 

TEMED 0.02 

Table 23 – Composition of 30 mL of 15% resolving gel for SDS-PAGE. 

 

Chemical Volume (mL)  

Deionised water 5.76 

Acrylamide/bisacrylamide (30%/0.8%) (w/v) 1.68 

0.5 M Tris (pH 6.8) 2.5 

10% SDS (w/v) 0.1 

10% ammonium persulphate (w/v) 0.05 

TEMED 0.01 

Table 24 – Composition of 10.1 mL of stacking gel for SDS-PAGE (5% acrylamide). 
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Gels were then transferred to blue Coomassie dye (50% methanol, 10% acetic 

acid, 0.05% brilliant blue) and left for 8 minutes and visualised after soaking in 

destain solution (50% methanol, 40% water, 10% glacial acetic acid). 

 

 

2.5 Specific Procedures 

2.5.1 Deletion of hisB(165-355) from the BW27786 Strain via the Phage 

λ Red System 

This procedure described is based on the method reported in the publication 

by K.A. Datsenko and B.L. Wanner entitled ‘One-step inactivation of 

chromosomal genes in Escherichia coli K-12 using PCR products.’160  

The BW27786 strain, pKD4 and the Red helper plasmid pKD46 were obtained 

from the E. coli Genetic Stock Center, Yale University.  pKD46 was transformed 

into BW27786 chemically competent cells at 30 oC and following incubation 

overnight at 30 oC, successful transformants were selected from carbenicillin 

selective agar. Electrocompetent BW27786/pKD46 cells were made from a 1% 

culture in SOB media with 1 mM arabinose and carbenicillin (total 10 mL) at 30 
oC until an OD

600
 ~ 0.6 was reached. The cells were washed three times with 

ice-cold 10% glycerol and concentrated 100-fold, before dividing into 50 μL 

aliquots on dry ice and storing at −80 oC. 

A kanamycin resistance gene flanked on either side by a FRT site was amplified 

by PCR from pKD4 with the primers pKD4For1 and pKD4Rev1 using illustra 

puReTaq Ready-To-Go PCR beads (GE Healthcare Life Sciences, UK) (annealing 

temperature 50 oC, extension time 90 s, 35 cycles). The purified PCR product 

was extended using the primers pKDFor2 and pKD4Rev2 as above (annealing 

temperature 51 oC, extension time 90 s, 35 cycles) to incorporate 36 

nucleotides homologous to the chromosomal regions flanking hisB(165-335). 

The PCR product was purified by gel extraction, treated with DpnI for 3 hours 

and repurified.  

Electrocompetent BW27786/pKD46 cells were transformed with the kanR gene 

PCR product by electroporation, transferred to 1 mL SOC and incubated for 1 
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hour at 37 oC, before spreading half of the recovery culture onto kanamycin 

selective agar and incubating overnight at 37 oC. The remaining recovery 

media was left to stand at room temperature overnight and this was spread 

onto kanamycin selective agar if no colonies grew on the previous plate.  

Successful mutants were streaked onto non-selective agar at 37 oC and then 

further streaked separately onto non-selective, kanamycin and carbenicillin 

selective plates at 43 oC. Presence of the kanamycin resistance gene was 

confirmed by PCR using the pKD4For2 and pKD4Rev2.  

Chemically competent cells were made from one of the kanamycin mutants 

and transformed with the temperature sensitive pCP20, incubating at 30 oC on 

carbenicillin selective agar overnight. Colonies were then streaked onto non-

selective agar at 43 oC and tested for loss of all antibiotic resistance by 

streaking onto carbenicillin and kanamycin selective agar to give the desired 

strain.  

The presence/absence of the C-terminal hisB fragment was determined from a 

sample of the altered strain by PCR with the primers HisBF and HisBR using 

GoTaq DNA polymerase (annealing temperature 52 oC, extension time 45 s, 30 

cycles). 

 

2.5.2 Construction of pTHCP14/P22+434/HIS3+SpecR 

Two genes were designed and synthesised within a pIDT-SMART vector by IDT 

(Belgium) with the following sequences: 

Gene 1 – 

ACACGTCTGCAGATTTGACAAACAAGATATCTTAAATGAAAATACAAGAAATCTTA

AATATCTAGAGGATCCTTTGGCGCCTTAAGGAGCTC 

Gene 2 –  

CTGCAGATTTGACAAACAAGATATCTTAAATGAAAATACAAGAAATCTTAAATATCT

AGAGGAGTCGACGGTGGTGGTCTCGAGGGTACCGTTGTTGTTGAGCTC 

 



  Chapter 2: Materials and Methods 

    63 

The sequence for the HIS3 gene was amplified from the E. coli SNS126 strain 

with the primers HIS3For and HIS3Rev using GoTaq polymerase (annealing 

temperature 47 oC, extension time 45 s, 35 cycles).  

The spectinomycin resistance gene (SpecR) sequence was amplified from the E. 

coli SNS126 strain using GoTaq polymerase with the primers SpecR For and 

SpecR Rev (annealing temperature 51 oC, extension time 1 min, 35 cycles).  

pIDT-SMART-gene2 was digested with KpnIHF and SacIHF, in accordance with the 

manufacturers instructions. The SpecR PCR product was digested in the same 

way and ligated into the pIDT-SMART-gene2 vector at a 1:3 ratio of vector to 

insert at 4 oC overnight. The resultant pIDT-SMART-gene2/SpecR plasmid and 

the HIS3 PCR product were digested with XhoI and SalIHF and ligated together at 

a vector to insert ratio of 1:3 at 4 oC overnight. This plasmid was digested with 

PstIHF and SacIHF to remove the P22+434operators/SpecR+HIS3 fragment for 

subcloning into the pAH162 CRIM plasmid. After multiple failed attempts to 

ligate the P22+434operators/HIS3+SpecR fragment into the pAH162 CRIM 

plasmid and failed sequencing of the HIS3 gene (despite repeated successful 

PCR), the gene2 fragment (the P22+434operators and MCS) was cloned by 

Andrew Foster into the BamHI and SacI restriction sites of the more reliable 

pTHCP14 plasmid.  

The HIS3-SpecR fragment was amplified by PCR from the pIDT-SMART-

gene2/HIS3+SpecR plasmid using the HIS3For and SpecR Rev primers with Q5 

DNA polymerase (annealing temperature 55 oC, extension time 1 min and 45 

sec, 35 cycles). Following purification, the fragment underwent restriction 

digestion with SalIHF and SacIHF and was cloned into the pTHCP14-P22+434 

plasmid that had been digested in the same way. The ligation reaction was 

carried out at a 1:3 vector to insert ratio at 4 oC overnight. The ligation mixture 

was transformed into chemically competent DH5α and spread onto 

carbenicillin, spectinomycin, half spectinomycin and carbenicillin and 

spectinomycin selective agar (to confirm the presence of the SpecR gene). 

Colony PCR using the external M13-49 and M13-43 primers was carried out on 

randomly selected colonies (mostly picked from the carbenicillin and 

spectinomycin plate). One of the colonies that gave the expected band size of 

1753 bp was grown overnight and analysed by sequencing to confirm a 

successful ligation.  
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2.5.3 Construction of pAH162/HIS3+SpecR 

The pTHCP14-P22+434/HIS3+SpecR plasmid was digested with BamHIHF and 

SacIHF to isolate the P22-434-HIS3-SpecR fragment via gel purification. The CRIM 

plasmid pAH162 was digested in the same way, and the two fragments were 

ligated together at a 1:1 and 1:2 ratio at 4 oC overnight. Ligation reactions 

were transformed into chemically competent pir cells and the total recovery 

mixture plated onto tetracycline (12.5 μg/mL) selective agar. Colony PCR using 

the HIS3 For and P2 primers with GoTaq DNA polymerase (annealing 

temperature 52 oC, extension time 2.5 mins, 30 cycles) was carried out to 

identify successful plasmids. One successful colony was further tested by 

restriction digestion with BamHIHF and SacIHF to confirm the presence of the 

HIS3-SpecR fragment.  

 

2.5.4 Construction of pAH63/tdTomato 

The tdTomato gene sequence was amplified from pRSET-mCherry with the 

primers SalI-tdTom and tdTom-SacI using Pfu DNA polymerase (annealing 

temperature 54 oC, extension time 3 mins, 35 cycles). The PCR product was gel 

purified (as a fainter band for mCherry was also amplified) and digested with 

SalIHF and SacIHF. The tdTomato gene was ligated directly into the SalI and SacI 

restriction sites of the CRIM plasmid pAH63, which already contained the 

P22+434 operators from a previous cloning step carried out by Andrew Foster. 

Colony PCR was carried out using the SalI-tdTom and P2 primers (annealing 

temperature 51 oC, 140s extension time, 35 cycles). Further confirmation of a 

successful ligation was apparent when the colonies became red after a few 

days. 
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2.5.5 Integration of pAH162/HIS3+SpecR into the Φ80 Site of the 

BW27786 Strain  

The ΔHisB(165-355) strain of BW27786 was made into chemically competent 

cells and transformed with the helper plasmid pAH123 (recovery incubation 

and overnight incubation at 30 oC) and plated onto carbenicillin selective LB 

agar. One colony was picked, grown overnight at 30 oC and made into 

electrocompetent cells.  

Integration was achieved by electroporation of 50 ng of pAH162/HIS3+SpecR 

into the electrocompetent cells and incubation of the recovery mixture at 37 oC 

for 45 minutes followed by 42 oC for 45 minutes. 100 μL of the recovery 

mixture was plated onto 8 μg/mL tetracycline plates and incubated at 37 oC 

overnight. Colony PCR using the P1Φ80
, P2, P3 and P4Φ80

 primers was carried out 

on surviving colonies (annealing temperature 60 oC, 1 min extension time, 30 

cycles). Bands at 409 and 732 bp were indicative of a successful single 

integration.  

 

2.5.6 Integration of pAH63/tdTomato into the λ Site of the BW27786 

Strain 

The BW27786 ΔHisB(165-355) Φ80HIS3+SpecR integrant strain (see 2.5.5) was 

made chemically competent and transformed with the helper plasmid pINT-ts 

at 30 oC. The strain was then made into electrocompetent cells grown at 30 oC 

prior to electroporating with 50 ng of pAH63/tdTomato. Recovery solutions 

were grown at 37 oC for one hour followed by 42 oC for 30 minutes and then 

100 μL and 900 μL of the recovery mixture was plated onto kanamycin and 

tetracycline selective agar (10 μg/mL and 8 μg/mL respectively) to obtain the 

best number of transformants for selection. 

Colony PCR was carried out using the P1λ, P2, P3 and P4λ primers (annealing 

temperature 60 oC, 1 min extension time, 30 cycles).  Bands at 577 and 666 bp 

were indicative of a successful single integration.  
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2.5.7 Construction of pAH68/HIF1α+HIF1β 

A previously made plasmid, pTHCP14/HIF1α (constructed by Dr Karin 

Nordgren) was digested with BamHI and NruI in accordance with the 

manufacturers instructions. HIF1β was amplified by PCR from pET28-HIF1β 

with the HIF1βF and HIF1βR primers using Pfu DNA polymerase (annealing 

temperature 56 oC, extension time 3 mins, 35 cycles). The resulting PCR 

fragment was digested with BamHI and NruI and ligated into the 

pTHCP14/HIF1α vector at a vector to insert ratio of 1:6 at 4 oC overnight.  

After transformation into chemically competent DH5α cells and plating onto 

carbenicillin selective agar, colony PCR was carried out with the HIF1β F and 

M13-43 primers (54 oC annealing temperature, 90 s extension time, 30 cycles). 

A band at 1450 bp was indicative of a successful ligation. One sample was 

analysed by sequencing to confirm the success of the reaction.  

The pTHCP14/HIF1α+HIF1β plasmid was used as a template to amplify the 
P22-HIF1α/434-HIF1β fragment by PCR using the external M13-49 and M13-
43 primers with Q5 DNA polymerase (52 oC annealing temperature, 2 minute 

extension time, 30 cycles). The purified fragment was then digested with NdeI 

and SacIHF and purified via gel extraction. This fragment was ligated into 

pAH68 plasmid, which already contained the lacI gene, at 4 oC overnight at a 

1:1 ratio. Confirmation of a successful ligation was carried out by colony PCR 

with HIF1βF and P2 primers (annealing temperature 52 oC, 2 min extension 

time, 30 cycles) and by sequencing analysis.  

 

2.5.8 Integration of pAH68/HIF1α+HIF1β into the HK022 Site of the 

New RTHS 

Method adapted from 2.4.21. 50 ng of CRIM plasmid was added to 100 μL of 

electrocompetent tdTomato/HIS3+SpecR integrants, which had been grown at 

30 oC until an OD
600

 of 0.4 was reached and then grown at 42 oC until the OD
600

 

reached 0.6. Following electroporation, the cells were immediately transferred 

to 895 μL of ice-cold SOC media and incubated at 37 oC for 45 minutes 

followed by 42 oC incubation for a further 45 minutes. Recovery mixtures were 

plated at 1 and 0.1 % (by taking 10 μL and 1 μL of the total recovery mixture 



  Chapter 2: Materials and Methods 

    67 

respectively) onto carbenicillin, kanamycin and tetracycline selective LB agar 

(25 μg/mL, 10 μg/mL and 8 μg/mL respectively) and incubated at 42 oC 

overnight.  

 

2.5.9 Drop Spotting of Integrants 

Cultures grown from frozen stocks overnight at 37 oC with 10 μg/mL 
kanamycin, 8 μg/mL tetracycline and 25 μg/mL carbenicillin and 35 μg/mL 
chloramphenicol if maintenance of a pARCBD plasmid was required. Six ten-

fold serial dilutions of each overnight culture ranging from 104 to 109 were 

drop spotted onto selective minimal media as described in 2.4.22. 2.5 μL of 
each dilution was spotted onto minimal media supplemented with 10 μg/mL 
kanamycin, 8 μg/mL tetracycline and 25 μg/mL carbenicillin and 100 μM IPTG 
to verify shutdown conditions, and with 35 μg/mL chloramphenicol and 
arabinose (various concentrations) to observe recovery of cell shutdown. 

 

2.5.10 M9 Minimal media  

To 25 mL M9 minimal media salts (10X), described in Table 25, 0.4% glycerol, 

2 mM magnesium sulphate and 0.1 mM calcium chloride were added before 

making up to 250 mL with deionised water. Solutions were sterile filtered 

through a 0.22 μM sterile filter (Millipore, UK).  

Chemical Amount Concentration 

Sodium phosphate dibasic 15 g 228 mM 

Potassium phosphate monobasic 7.5 g 220 mM 

Sodium chloride 1.25 g 85.5 mM 

Ammonium chloride 2 g 149.6 mM 

Deionised water Up to 250 mL  

Table 25 – Composition of M9 minimal media salts. 
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2.5.11 Measuring Fluorescence with the Plate Reader 

Strains were grown overnight at 37 oC in LB broth with the relevant antibiotics. 

From each overnight culture a 1% subculture was grown in M9 minimal media, 

with the appropriate antibiotics and inducing agents, at 30 oC with shaking for 

24-72 hours. Readings were taken every 24 hours by diluting the culture in 
fresh M9 minimal media in a flat bottom black 96 well half-area microplate 
(Greiner Bio-One, USA). The amount of culture added to each well was 
normalised to the culture with the smallest OD to compensate for the cell 
death in some cultures. The excitation wavelength was 514 nm and the 
emission wavelength was measured between 550 and 650 nm (10 nm 
bandwidth) where the gain and Z-position were set against the highest reading 
(the unintegrated new RTHS).  

 

2.5.12 Construction of pARCBD-His-Npu+SsrA 

The original starting plasmid pARCBD-His-Npu (designed by Dale Jones, 

Tavassoli group and synthesised by Eurofins MWG Operon, Germany) 

containing three degradation tags (N-terminal C-intein tag RepA and the two C-

terminal N-intein tags SsrA and SsrADD), was digested with KpnIHF in accordance 

with the manufacturers instructions and the vector ligated back together in 

order to remove the SsrA degradation tag. Following transformation of the 

ligated plasmid into DH5α cells and plating onto chloramphenicol selective 

agar the cells were incubated at 37 oC overnight. From this one colony was 

grown overnight and the pARCBD-Npu+RepA&SsrADD vector was isolated by 

plasmid purification. This was repeated sequentially with SacIHF and NcoIHF in 

order to remove the SsrADD and RepA tags respectively. The final plasmid 

sequence, pARCBD-His-Npu containing no degradation tags, was confirmed by 

sequencing analysis using the primers 5AF1 and 5AR1. 

The SsrA tag was reintroduced to the pARCBD-His-Npu plasmid by two rounds 

of PCR extension using the primers BamHI His F and SsrA Rev 1 using Q5 DNA 

polymerase (annealing temperature 53 oC, extension time 30 s, 30 cycles). 
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The PCR product was used as the template for the second PCR using the 

primers BamHI His F and SsrA Rev 2 (annealing temperature 54 oC, extension 

time 30 s, 30 cycles). The PCR product was purified and digested for cloning 

into the BamHI and HindIII sites of pARCBD-His-Npu, which had been digested 

in the same way.  

 

2.5.13 Construction of pARCBD-Npu-CA
5
-CBD 

The Npu-CA
5
-CBD fragment was isolated from the original pARCBD-Npu 

plasmid containing all degradation tags by restriction digestion with NcoIHF and 

HindIIIHF, followed by gel purification. The Npu-CA
5
-CBD insert was ligated into 

the pARCBD-Ssp vector, which had been digested in the same way, at a 1:6 

ratio of backbone to insert at 4 oC overnight. 5 μL of ligation mixture was 
transformed into chemically competent DH5α cells and plated onto 
chloramphenicol selective LB agar. Selected colonies were cultured overnight, 
miniprepped and analysed by sequencing to confirm the success of the 
ligation.  

 

2.5.14 Correction of the Frameshift in pARCBD-His-Npu  

Digestion of pARCBD-His-Npu+RepA with NcoIHF to remove the RepA tag 

introduced a frameshift preventing the His-tag and inteins being read together 

in-frame; site-directed mutagenesis was carried out on the pARCBD-Npu vector 

with no degradation tags to insert a base to correct this. The reaction was 

carried out with Q5 DNA polymerase using the primers ControlMutF and 

HisRev (annealing temperature 53 oC, extension time 3 mins, 18 cycles). The 

reaction was treated with DpnI (2 hours at 37 oC) and purified prior to 

transformation into DH5α cells and plating onto chloramphenicol selective 

agar and incubation overnight at 37 oC. One colony was picked and grown 

overnight in 10 mL LB broth at 37 oC and the plasmid isolated by plasmid 

purification and sent for sequencing analysis to confirm successful insertion of 

the additional base using the 5AF1 and 5AR1 primers.  
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2.5.15 Construction of pARCBD-Npu/Split GFP Plasmids  

A codon optimised split GFP gene (split between residues 146 and 147 and 

containing a 12 residue linker, AAAAGRRRGAAA) was ordered (synthesised by 

Eurofins, Germany). The split GFP fragment was amplified by PCR from the pEX-

A-split GFP plasmid using the primers Npu split F and Npu split R with GoTaq 

DNA polymerase (annealing temperature 52 oC, 1 min extension, 35 cycles). 

The PCR fragment was digested with NheIHF and BglII in accordance with the 

manufacturers instructions and purified.  

pARCBD-His-Npu and pARCBD-His-Npu-SsrA were digested in the same way and 

the split GFP fragment was ligated into each vector at 4 oC overnight at a 1:3 

ratio of backbone to insert. Ligation mixtures were transformed into chemically 

competent DH5α cells and plated onto chloramphenicol selective LB agar. 
Successful ligation was verified by colony PCR with the 5AF1 and 5AR1 external 
primers and sequencing analysis.  

 

2.5.16 Construction of pARCBD/Split GFP 

The split GFP fragment was amplified by PCR from the pEX-A-split GFP plasmid 

using the primers control split F1 and control split R with Q5 DNA polymerase 

(annealing temperature 52 oC, 30 s extension, 35 cycles). The PCR fragment 

was used as the template for a second PCR using the primers control split F2 

GGTTATGCATCATCATCATCATCATAGCCAT and control split R (annealing 

temperature 52 oC, 30 s extension, 35 cycles). The PCR product was purified, 

then digested with NsiI and HindIIIHF in accordance with the manufacturers 

instructions and purified again.  

pARCBD-His-Npu was digested in the same way and the split GFP fragment was 

ligated into the vector at 4 oC overnight at a 1:6 ratio of backbone to insert. 

The ligation reaction was transformed into chemically competent DH5α cells 
and plated onto chloramphenicol selective LB agar. Successful ligation was 
verified by colony PCR with the 5AF1 and 5AR1 external primers and 
sequencing analysis.  

 



  Chapter 2: Materials and Methods 

    71 

2.5.17 Construction of pARCBD-Ssp/Split GFP Plasmids 

The Ssp split-intein was amplified by two rounds of PCR to incorporate an N-

terminal His-tag and to replace the chitin binding domain with either a stop 

codon or SsrA degradation tag. To obtain His-Ssp+SsrA a PCR was carried out 

with the primers HisSspFor1 and HisSspRev1 using GoTaq DNA polymerase 

(annealing temperature 55 oC, 1 min extension, 35 cycles). Success of the PCR 

was verified by running 5 μL of the reaction on a 1 % agarose gel (100 V, 30 

mins). The PCR product was purified and used as the template for the next 

PCR. The primers HisSspFor2 and HisSspRev2 with GoTaq DNA polymerase 

were used to amplify the completed insert fragment (annealing temperature 56 
oC, 1 min extension, 35 cycles). 

The His-Ssp/HPQF with no degradation tags insert was made using the primers 

HisSspFor1 and HisRev no tags (annealing temperature 52 oC, 1 min extension, 

35 cycles). A second round of PCR using the HisSspFor1 and HisRev no tags 

primers gave the completed fragment (annealing temperature 52 oC, 1 min 

extension, 35 cycles). 

The purified PCR products were digested with NcoIHF and HindIIIHF (CutSmart 

buffer, 37 oC, 4 hours) and ligated into a pARCBD-His-Npu/splitGFP vector, 

which had been digested in the same way, at a 1:6 ratio at 4 oC overnight. 

Following heat inactivation of the ligase (70 oC, 10 mins) 5 μL of each ligation 

reaction was transformed into DH5α chemically competent cells. 100 μL of the 

recovery mixture was plated onto chloramphenicol selective LB agar and 

incubated at 37 oC overnight. Colony PCR with 5AF1 and 5AR1 primers was 

carried out on randomly selected colonies from each plate. The majority of 

those picked showed a band at 715 bp for those with the SsrA tag and 660 bp 

for those without, when run on a 1% agarose gel. Two colonies from each plate 

were grown overnight in LB broth, miniprepped and sent for sequencing.  

 

The Ssp-split GFP fragment was made by two rounds of PCR. The first PCR was 

carried out using the pARCBD-His-Npu/split GFP vector as the template with 

the primers Ssp split F1 and Ssp split R1, and GoTaq DNA polymerase 

(annealing temperature 52 oC, 1 min extension, 35 cycles). Success of the PCR 

was verified by running 5 μL of the reaction on a 1% agarose gel (100 V, 30 
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mins). The PCR product was purified and used as the template for the next 

PCR. The primers Ssp split F2 and Ssp split R2 were used with GoTaq DNA 

polymerase to complete the insert fragment (annealing temperature 55 oC, 1 

min extension, 35 cycles).  

The pARCBD-His-Ssp vector, along with the split GFP fragment was digested 

with NheIHF and BglII in accordance with the manufacturers instructions. The 

vector digests were purified by gel extraction, whilst the insert was purified 

using the ThermoScientific PCR purification kit. The vector and insert were 

ligated at a 1:6 ratio at 4 oC overnight. Ligation reactions were transformed 

into DH5α chemically competent cells. 100 μL of the recovery mixture was 

plated onto chloramphenicol selective LB agar and incubated at 37 oC 

overnight. Colony PCR with 5AF1 and 5AR1 primers was carried out on 

randomly selected colonies from each plate.  Colonies that showed bands at 

~1200 bp on a 1% agarose gel were grown overnight and miniprepped. 

Successful ligations were verified by sequencing.  

Attempts to build the pARCBD-His-Ssp/split GFP+SsrA construct as described 

above had failed three times. A different approach was taken. pARCBD-His-

Ssp/split GFP and pARCBD-His-Ssp+SsrA were simultaneously digested with 

KpnIHF and EcoRIHF according to the manufacturers instructions. The digestions 

were run on a 1% agarose gel and the larger fragment (3016 bp) from the 

pARCBD-His-Ssp/split GFP digest was cut out, along with the smaller fragment 

(1567 bp) from the pARCBD-His-Ssp+SsrA digest. Both fragments were purified 

and ligated at a 1:1 ratio at 4 oC overnight. Following heat inactivation of the 

ligase (70 oC, 10 mins) 5 μL of each ligation reaction was transformed into 

DH5α chemically competent cells. 300 μL of the recovery mixture was plated 

onto chloramphenicol selective LB agar and incubated at 37 oC overnight. Only 

two colonies grew but these were tested by colony PCR using the 5AF1 and 

5AR1 primers to confirm that the ligation has been successful. One colony was 

grown and sent for sequencing. 

 

2.5.18 Western Immunoblotting of Split GFP Constructs 

Overnight cultures of the split GFP constructs were used to subculture a 1 L 

flask of LB broth. Cultures were grown at 37 oC with shaking until an OD
600

 of 
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~0.6 was reached. Expression was then induced with a final concentration of 

0.05% arabinose (20% w/v) and incubated at 37 oC for a further three hours. 

Cultures were centrifuged (3100 rpm, 15 mins, 4 oC) and the resulting pellet 

was stored at −80 oC until required.  

The pellets were lysed in chitin buffer and sonicated (3 rounds of 10 s on, 10 

off repeated 6 times). The lysate was centrifuged at 8000 rpm for around 40 

minutes or until the cell lysate was clear.  

Crude cell lysate was separated by 15% SDS-PAGE and transferred onto 

nitrocellulose transfer membranes (Protran, Whatman) at 250 mA for two 

hours. The membranes were blocked in 5% milk in phosphate buffer saline 

(PBS) and Tween (0.1% v/v PBS/Tween) at room temperature for one hour. 

Incubation with primary antibody was done at 4 oC for 16 hours at a 1:2,000 

ratio in 5 % milk in PBS with 0.05% Tween-20 followed by incubation with anti-

mouse secondary antibody at a 1:50,000 dilution for one hour at room 

temperature. The secondary antibody was detected using an enhanced 

chemilluminescence (ECL) reagent.  

 

2.5.19 Split GFP Toxicity Assays 

His-tagged split GFP constructs were expressed in DH5α in a 200 mL 1% 

culture from an overnight starting culture at 37 oC until an OD
600

 of ~0.6 was 

reached. Each culture was divided up into four aliquots of 25 mL for the 0 μM, 

250 μM (480 μL), 500 μM (961 μL) and 1 mM (1923 μL) concentrations of 

arabinose (working stock 13 mM). The OD was measured at 0 mins after 

induction and the cultures were incubated at 37 oC, taking the OD at 0.5, 1, 2, 

3, 4, 5 and 6 hours after induction.  

Each OD reading was divided by the initial reading for that culture, to give the 

growth as a ratio where the first OD at 0 mins was 1.  
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2.5.20 Construction of pARCBD-Npu-CA5-CBD+SsrA 

The SsrA tag was fused onto the C terminal of the Npu-CA
5
-CBD construct via 

two rounds of PCR from the pARCBD-Npu-CA
5
-CBD template using the primers 

5AF1 and CBD-SsrA 1 and further extended with CBD-SsrA 2 (annealing 

temperature 51 oC, 45 s extension, 35 cycles). 

The product was digested with NcoIHF and HindIIIHF and ligated into the original 

pARCBD vector, which had been simultaneously digested in the same way. The 

fragments were ligated at 4 oC overnight at a 1:6 ratio of backbone to insert 

and transformed into chemically competent DH5α cells. 100 μL of the recovery 

mixture was plated onto chloramphenicol selective LB agar.  

Successful ligation was initially confirmed by colony PCR using the 5AF1 and 

CBD-SsrA 2 primers, followed by sequencing.  

 

2.5.21 Drop Spotting of P1 Variants 

To amplify the Npu-P1 region a PCR was carried out with external primers 5AF1 

and 5AR1 from the template pARCBD-Npu-P1 (previously constructed by 

Charlotte Lawrence, Tavassoli group) using GoTaq DNA polymerase (annealing 

temperature 50 oC, 45 s extension, 35 cycles). The product was analysed by 

gel electrophoresis to confirm the success of the PCR by observing a band at 

658 bp. 

The PCR product was digested with NheIHF and KpnIHF, according to the 

manufacturers instructions. The sample was purified by gel extraction, keeping 

the band at 337 bp (other bands were at 254 and 67 bp). pARCBD-His-Npu, 

pARCBD-His-Npu+SsrA and pARCBD-Npu-CA5-CBD+SsrA were also digested 

with NheIHF and KpnIHF. The Npu-P1 fragment was ligated into each vector at a 

1:6 and 1:9 ratio at 4 oC overnight. The ligase was heat inactivated by heating 

at 70 oC for 10 minutes before transforming 5 μL of each reaction into DH5α 

chemically competent cells. 100 μL of the recovery mixture was plated onto 

chloramphenicol selective agar. Colony PCR was carried out on randomly 

selected colonies with the 5AF1 and 5AR1 primers and then sequencing 

analysis to confirm a successful ligation.  
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The new P1 constructs were transformed into HIF1 RTHS chemically competent 

cells and plated onto half spectinomycin and full chloramphenicol selective LB 

agar. Control plasmids (those containing the CA
5
 extein) were also transformed 

into the HIF1 RTHS. Overnight cultures were grown from the transformed cells 

and diluted ten-fold six times before drop spotting onto selective minimal 

media agar containing 5 μM 3-AT and 50 μg/mL kanamycin to test for 

regrowth and toxicity.  

 

2.5.22 Construction of a CX
5
 SICLOPPS library 

A randomised CX
5
 library insert was made by PCR using the Npu CX

5
 primer 

and the CBDr primer (annealing temperature 55 oC, 45 s extension time, 35 

cycles) using the pARCBD-His-Npu-CA5-SsrA plasmid as the template. The PCR 

insert was digested with NheIHF and HindIIIHF in accordance with the 

manufacturers instructions.  

The pARCBD-His-Npu-CA5-SsrA plasmid was digested in the same way, and the 

insert fragment was ligated into this vector at a 1:6 ratio of vector to insert at 

4 oC overnight.  

Ligation mixtures were heat inactivated at 70 oC for 10 minutes and then 

dialysed in 1 L of deionised water for 2 hours prior to transformation. 

 

2.5.23 SICLOPPS Screening in HIF1 RTHS 

The ligated and dialysed pARCBD-His-Npu-CX5-SsrA library was transformed via 

electroporation into electrocompetent HIF1 RTHS cells. The efficiency of the 

transformation was tested by plating ten-fold serial dilutions of 20 μL of the 

recovery culture onto chloramphenicol selective LB agar. The library ligation 

reached 3 x 106 efficiency, which was sufficient to cover the size of the library. 

The remaining 980 μL of the recovery culture was plated onto five minimal 

media plates supplemented with 35 μg/mL chloramphenicol, 25 μg/mL 
spectinoymcin, 5 μM 3-AT, 50 μg/mL kanamycin, 100 μM IPTG and 1.3 μM 
arabinose. Minimal media plates were incubated at 37 oC for three nights.  
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96 colonies from each selection plate were picked and grown overnight in LB 

broth with 35 μg/mL chloramphenicol and 25 μg/mL spectinoymcin to 
maintain the strain and the plasmid. 20 μL of each culture was diluted in 180 
μL 10% glycerol, and from this five more ten-fold serial dilutions were made. 
Frozen stocks were made from the overnight cultures. 2.5 μL of each dilution 
was drop spotted onto four separate minimal media plates; each was 
supplemented 5 μM 3-AT and 50 μg/mL kanamycin and either 1) no additional 
supplements, 2) 100 μM IPTG, 3) 1.3 μM arabinose or 4) 100 μM IPTG and 1.3 
μM arabinose. Plates were incubated at 37 oC for three or four nights. Cells 
that had grown out on plate 4 were grown from the frozen stock for isolation 
of the plasmids within them. Each plasmid encoding a potential hit sequence 
was retransformed into HIF1 RTHS chemically competent cells and CtBP1 RTHS 
chemically competent cells for secondary screening.  

The drop spotting was repeated using both strains and any specific hits were 
sequenced.  

 

2.5.24 SICLOPPS Library Toxicity Tests  

The Ssp-CXXXXX-CBD construct was amplified using the primers BamHI-Ssp-F 

and CBD-Sac R with GoTaq polymerase (annealing temperature 55 oC, 45 s 

extension, 35 cycles) from a pARCBD-Ssp plasmid. 

The Npu-CXXXXX-CBD construct was amplified using the primers BamHI-Npu-F 

and CBD-Sac R with GoTaq polymerase (annealing temperature 53 oC, 45 s 

extension, 35 cycles) from a pARCBD-Npu plasmid.   

The His-Npu-CXXXXX construct was amplified using the primers BamHI-His-F 

and His-Npu-Sac R with GoTaq polymerase (annealing temperature 56 oC, 45 s 

extension, 35 cycles) from a pARCBD-His-Npu plasmid.   

The His-Npu-CXXXXX-SsrA construct was amplified using the primers BamHI-

His-F and His-SsrA-Sac R with GoTaq polymerase (annealing temperature 57 oC, 

45 s extension, 35 cycles) from a pARCBD-His-Npu+SsrA plasmid.  

An existing pTHCP14/tdTomato plasmid was digested with BamHIHF and SacIHF 

instead and the inserts ligated into this vector at a 1:6 ratio at 4 oC overnight. 
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Around 50 colonies grew on each plate following transformation into DH5α 
chemically competent cells, many of which became red after spending the 

weekend in the fridge. This indicated that, despite gel purification, tdTomato 

was still present. Colony PCR was carried out on the colonies that remained 

white followed by sequencing analysis to confirm a successful ligation had 

taken place.   

Randomised CX
5
 inserts for pTHCP14/Npu-CBD and pTHCP14/His-Npu were 

made by PCR using the Npu CX
5
 primer and either the CBD-Sac R primer 

(annealing temperature 55 oC, 45 s extension time, 35 cycles) for 

pTHCP14/Npu-CBD or the His-Npu-Sac R primer (annealing temperature 56 oC, 

45 s extension time, 35 cycles) for pTHCP14/His-Npu. The CX
5
 insert for 

pTCHP14/His-Npu-SsrA was made by PCR using the primers Npu CX
5
 and His-

SsrA-Sac R with GoTaq DNA polymerase (annealing temperature 56 oC, 45 s 

extension time, 35 cycles). The Ssp CX
5
 insert was made with the primers Ssp 

CX5 and CBD-Sac R with GoTaq DNA polymerase (annealing temperature 55 oC, 

45 s extension time, 35 cycles).  

Npu zipper PCR was carried out with the primers Npu zipper and CBD-Sac R 

(annealing temperature 51 oC, 45 s extension time, 35 cycles) for 

pTHCP14/Npu-CBD, with Npu zipper and His-Sac-R (annealing temperature 51 
oC, 30 s extension time, 35 cycles) for pTHCP14/His-Npu, and with Npu zipper 

and His-SsrA-Sac-R (annealing temperature 51 oC, 30 s extension time, 35 

cycles) for pTHCP14/His-Npu-SsrA. 

Ssp zipper PCR was carried out with the primers Ssp ran F2 and CBD-Sac R 

(annealing temperature 55 oC, 30 s extension time, 35 cycles). 

Ultra competent cells were made by growing a 1% culture of DH5α at 20 oC 

overnight until OD
600

 ~0.3 was reached. The cells were harvested at this point 

and made electrocompetent by washing three times with ice cold 10% glycerol 

and concentrating into 100 μL aliquots.  

The Npu library inserts were digested with NheIHF and SacIHF and the Ssp library 

insert was digested with BglI and SacIHF, in accordance with the manufacturers 

instructions.   

The different SICLOPPS constructs were ligated into either the NheI/SacI or 

BglI/SAcI restriction sites of the appropriate pTCHP14 vector at a 1:6 ratio at 4 
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oC overnight and transformed into the electrocompetent DH5α cells via 

electroporation. Recovery mixtures were diluted with LB broth and plated at 10-

4 and 10-6 dilutions onto chloramphenicol selective agar with and without IPTG 

(final concentration 1 mM). Plates were incubated overnight and the colonies 

were counted.  

 

2.5.25 Construction of pTHCP16/Nanog  

The full Nanog gene was amplified via PCR from the plasmid pEP4E02SEN2K 

(annealing temperature 59 oC, extension time 1 min, 30 cycles) using GoTaq 

polymerase with the primers NanogFSalI and NanogRSacI.  

 

The Nanog PCR product and pTHCP16 plasmid were simultaneously digested 

with the restriction enzymes SacIHF and SalIHF in accordance with the 

manufacturer’s instructions. The pTHCP16 vector was treated with TSAP and 

the digestion products purified and ligated at a 1:3 ratio.  

5 μL of each ligation mixture was transformed into DH5α cells and plated onto 

ampicillin selective agar. After incubation overnight, colony PCR was carried 

out with M13-49 and M13-43 primers to verify that the ligation had been 

successful. Two colonies that contained the insert were grown overnight and 

miniprepped. Sequencing confirmed the presence of Nanog in pTHCP16 with 

no mutations.   

The pTHCP16/Nanog plasmid was transformed directly into SNS126 chemically 

competent cells to test for an interaction via drop spot assay (similar to the 

method described in section 2.5.9), carried out on rich LB agar media 

supplemented with 25 μg/mL spectinomycin, 50 μg/mL carbenicillin and 
varying amounts of IPTG (from 0 μM to 250 μM) with incubation at 37 oC for 
one night.  
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2.5.26 Construction of the Truncated Nanog Reverse Two-Hybrid System 

The Nanog C-terminal domain was amplified by PCR from the plasmid 

pEP4E02SEN2K using GoTaq polymerase with the primers NanCFor and 

NanCRev (annealing temperature 54 oC, extension time 1 min, 35 cycles).  The 

PCR product and pTHCP16 were digested as described in 2.5.25 and ligated at 

a 1:3 ratio prior to transformation into DH5α cells.  

The pTHCP16/Nanog C-terminal plasmid was isolated and transformed into 

gm2929 chemically competent cells and the Dcm-negative plasmid purified. 

Following digestion with MscI and SacIHF, the lacI-434+Nanog C-terminal insert 

was ligated into pAH68 (digested with SmaI and SacIHF) at a 1:3 ratio. 5 μL of 

each ligation mixture was transformed into low copy pir cells and plated onto 

ampicillin selective agar, which was incubated overnight. Colony PCR with M13-

49 and NanCRev primers confirmed successful ligation. Digestion of 

pTHCP16/Nanog C-terminal with SfoI and SacIHF and subsequent ligation into 

pAH68 yielded the pAH68/Nanog C-terminal plasmid without the lacI gene.  

Each plasmid was integrated onto the SNS118 strain of E. coli, of which the 

success was determined by PCR with primers P1, P2, P3 and P4. Successful 

integrants were tested for interaction via drop spot assay (similar to the 

method described in section 2.5.9), carried out on rich LB agar media 

supplemented with 25 μg/mL spectinomycin, 50 μg/mL carbenicillin and 
varying amounts of IPTG (from 0 μM to 250 μM) with incubation at 37 oC for 
one night.  

 

 

2.5.27 Construction of the Oct4/Sox2 Reverse Two-Hybrid System 

Sox2 was amplified from human embryonic stem cell cDNA (provided by Dr. 

Emmajayne Kingham, University of Southampton) via PCR using the primers 

Sox2For and Sox2Rev (annealing temperature 54 oC, extension time 1 min, 35 

cycles) and GoTaq DNA polymerase. Oct4 was amplified from plasmid 

pEP4E02SEN2K (a 16206 bp plasmid containing seven transcription factors, 

kindly donated by Patrick Stumpf - School of Medicine, University of 

Southampton), using the primers EN2KFor and EN2KRev - Oct4 read from 3’ to 
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5’ in the template plasmid – via PCR (annealing temperature 56 oC, extension 

time 1 min, 30 cycles) with GoTaq DNA polymerase. Successful PCR was 

visualised on a 1% agarose gel using 5 μL of each reaction sample. Each PCR 

product was purified using the QIAquick PCR Reaction Clean Up Kit.  

pTHCP14/Sox2 was constructed by first digesting pTHCP14 and the Sox2 PCR 

product with XhoI and KpnIHF according to the manufacturer’s instructions. 

After treating pTHCP14 with TSAP, the digestion products were purified and 

ligated at a 1:3 ratio. The ligation mixtures were transformed into chemically 

competent DH5α cells and plated onto ampicillin selective LB agar. After 

incubation at 37 oC overnight, colony PCR was carried out which confirmed the 

successful ligation, which was further verified by sequencing analysis.  

The Oct4 PCR product and pTHCP14/Sox2 plasmid were simultaneously 

digested with SacIHF and SalIHF in accordance with the manufacturer’s 

instructions, purified and ligated at a 1:1 ratio. The success of the ligation was 

confirmed after transformation into DH5α cells by PCR with a combination of 

the primers: M13-49 and Oct4 reverse and M13-43 and Oct4 forward primer. 

The pAH68 plasmid containing the eIF4E and eIF4G genes (previously made 

within the Tavassoli group) and pTHCP14 with both Sox2 and Oct4 inserts were 

digested with the restriction enzymes SacIHF and NdeI as per the 

manufacturer’s instructions. The correct fragments were isolated by gel 

purification and ligated together. 5 μL of each ligation mixture was then 

transformed into low copy pir cells and 100 μL of the recovery culture was 

plated onto ampicillin selective LB agar, which was incubated overnight at 37 
oC.  

pAH68/Oct4+Sox2 was integrated onto the SNS118 strain of E. coli, the 

success of which was determined by PCR with primers P1, P2, P3 and P4. 

Successful integrants were tested for interaction via drop spot assay (similar to 

the method described in section 2.5.9), carried out on rich LB agar media 

supplemented with 25 μg/mL spectinomycin, 50 μg/mL carbenicillin and 
varying amounts of IPTG (from 0 μM to 250 μM) with incubation at 37 oC for 
one night.  
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2.5.28 Construction of the Programmed Cell Death-1/Programmed Cell 

Death-Ligand 1 Reverse Two-Hybrid System 

The sequence for human Programmed Cell Death-1, PD-1,  (residues 25-150) 

and human Programmed Cell Death-Ligand 1, PD-L1, (residues 18-134) were 

codon optimised for E. coli and synthesised as gBlocks gene fragments by IDT 

(Belgium).  

Each gene fragment was amplified by PCR using Pfu DNA polymerase using the 

primers PD-1 F and PD-1 R for PD-1 or PD-L1 F (annealing temperature 54 oC, 

extension time 1 min, 35 cycles) and PD-L1 R for PD-L1 (annealing temperature 

53 oC, extension time 1 min, 35 cycles). 

The PD-1 and PD-L1 PCR products were digested with XhoI/KpnIHF and 

SalIHF/SacIHF respectively. PD-1 was first ligated into the XhoI and KpnI sites of 

pTHCP14 at 4 oC overnight at a 1:6 ratio of vector to insert, which was 

confirmed by colony PCR using the PD-1 F and PD-1 R primers and sequencing 

analysis. The PD-L1 fragment was then ligated into the SalI and SacI restriction 

sites of pTHCP14/PD-1 at 4 oC overnight at a 1:6 ratio of vector to insert.  

The P22-PD-1/434-PD-L1 fragment was isolated by digestion with NdeI and 

SacIHF and ligated into the same sites of pAH68/Oct4+Sox2. The correct 

sequence was confirmed by sequencing analysis. pAH68/PD-1+PD-L1 was 

integrated onto the chromosome of SNS126 by electroporation followed by 

recovery at 37 oC for one hour and 42 oC for 30 minutes. Successful integrants 

were identified by colony PCR using the P1, P2, P3 and P4 primers.  

Successful integrants were tested for interaction via drop spot assay (similar to 

the method described in section 2.5.9), carried out on rich LB agar media 

supplemented with 25 μg/mL spectinomycin, 50 μg/mL carbenicillin and 
varying amounts of IPTG (from 0 μM to 250 μM) with incubation at 37 oC for 
one night.  
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Chapter 3:  Design and Construction of a 

New Reverse Two-Hybrid System 

3.1 Introduction 

Despite previous successes of identifying inhibitors using a RTHS combined 

with a SICLOPPS library, the screening process can yield many false positive 

results. These may arise due to mutation of the library or the recombinant 

proteins. Therefore, a design that could make the RTHS more robust would be 

advantageous as it would save time and effort in eliminating false positives 

and could minimise the screening process.  

This chapter describes the design and construction of a new, more stringent 

RTHS that contains an AND gate. An AND gate is a basic logic gate that 

requires two high inputs for the desired output. If one or none of the inputs 

are high then the output of the AND gate is low [Figure 3-1].   

 

Figure 3-1 – Diagram of an AND gate where A and B represent the inputs and Q 

represents the output.  

 

The current RTHS relies on a reporter cassette consisting of three genes; HIS3, 

kanR and lacZ. Whilst HIS3 and kanR are essential for cell survival on selective 

minimal media, lacZ is simply present to quantify the strength of the PPI 

through the use of an ortho-Nitrophenyl-β-galactoside (ONPG) assay.161 The 

lacZ gene is last in the reporter cassette, furthest from the promoter and the 

repressor binding sites (operators), which may reduce sensitivity and 

expression levels. A separate assay is required for quantitative analysis of the 

β-galactosidase activity (encoded by lacZ). Once the strength of the PPI is 

determined, the gene plays no role in the screening process until hits have 

already been identified, in which case it is used to confirm that the hits 

alleviate repression of the reporter cassette.   

Q
A

B
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We reasoned that the system would benefit from replacing the lacZ gene with a 

gene that would instantly allow the identification of a hit peptide in a manner 

similar to the HIS3 and kanR genes, which do not permit cell growth unless 

they are transcribed. But a third gene required for cell survival may place too 

much pressure on the RTHS, where the screening conditions are already very 

harsh. Histidine-free minimal media used in previous RTHS screens is 

supplemented with carbenicillin, spectinomycin and chloramphenicol to 

maintain the RTHS strain and SICLOPPS plasmid, as well as IPTG and arabinose 

for induction of recombinant proteins and SICLOPPS constructs, and kanamycin 

and 3-AT for selective pressure. We opted for a visible marker in the form of a 

fluorescent protein, the gene for which would be placed behind a separate 

promoter elsewhere on the E. coli chromosome. This would provide two 

distinct operator binding sites for the recombinant-fusion proteins to bind to 

and block transcription.  

Previously, Horswill et al. had used the green fluorescent protein (GFP) gene in 

their RTHS construction, in place of lacZ. However, it was found that once 

integrated the expression levels of GFP were not sufficient to observe and 

analyse (published in supporting information).28 We rationalised that placing 

the fluorescent gene directly behind a separate promoter and exchanging GFP 

for a brighter fluorescent protein that had less overlap with the background 

fluorescence of E. coli would allow us to visualise the protein when expressed. 

A fluorescent protein would also allow for quantification of the PPI, in a similar 

manner to lacZ. 

Fluorescent protein labelling has been used extensively for imaging PPIs in 

vivo.149,150 Fluorescent proteins self-catalyse their folding and intramolecular 

rearrangement to form the chromophore, and changes to the amino acid 

sequence result in different fluorescent proteins.  

We initially thought to use mCherry, a monomeric red fluorescent protein 

commonly used for fluorescent labelling in vivo. Instead we opted for the 

fluorescent protein that exhibits the highest levels of brightness, tdTomato 

(tandem dimer Tomato).162 The increased size of tdTomato would not present a 

problem here (tdTomato is twice the molecular weight of mCherry at 54.2 

kDa), as its function would be as an expression reporter gene, rather than as a 

fluorescent label.  
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Fluorescent proteins have previously been implemented in an altered RTHS; the 

tdTomato protein was used as the exclusive reporter gene for selection but 

this alone was not sufficient for the identification of cyclic peptide inhibitors.163  

If functional, the induction of the recombinant proteins would prevent 

transcription of HIS3, specR and tdTomato resulting in cell death on selective 

media [

 

Figure 3-2]. The presence of a successful inhibitor would allow the growth of 

red colonies, which could also be screened by fluorescence-activated cell 

sorting (FACS).  
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Figure 3-2 – Diagram of the new RTHS design. A) Expression of the reporter genes is 

blocked at both sites by the dimerisation of two interacting proteins, X and Y, B) the 

dimerisation of proteins X and Y is prevented by a cyclic peptide inhibitor, allowing the 

expression of downstream genes, which yields fluorescent colonies. 

 

The aim of this chapter was to construct, verify and subsequently test the 

functionality of a new RTHS that contained an AND gate and utilised the 

fluorescent protein tdTomato. This system was to be tested with an existing 

PPI that had already been shown to exhibit repression within the existing RTHS 

through drop spotting on selective minimal media, and then use the inhibitor 

that was identified to confirm that the new system was functional.  

3.2 Design of Promoter and Multiple Cloning Sites 

The heterodimeric RTHS currently used within the Tavassoli group utilises a 

P22/434 promoter. This promoter was kept the same for the design of the new 

RTHS, which meant that the PPI used to test the system would also have to be 

heterodimeric. As the majority of interactions that have been published by the 

Tavassoli group are heterodimeric this was not an issue.11,29,115 The operator 

sequence was designed to contain restriction sites at the 5’ and 3’ ends for 

cloning into our plasmids and with a multiple cloning site (MCS) for insertion 

of the reporter genes [Figure 3-3]. Linker regions were inserted between 
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restriction sites to facilitate the most efficient digestion by the restriction 

endonucleases. This was synthesised by Integrated DNA Technologies (IDT, 

Belgium) and was delivered to us within a standard vector, pIDT-SMART. In 

order to build a new homodimeric RTHS, a different operator sequence would 

be required but all other steps would remain the same.  

 

Figure 3-3 – The sequence of the synthesised operator sequence where TcS marks the 

transcriptional start site.  

 

3.3 Deletion of hisB(165-355) from the BW27786 Strain 

using the Phage λ Red System 

In the existing RTHS, recombinant proteins are integrated into either the 

SNS126 or SNS118 strains for hetero- and homodimeric PPIs respectively. 

These strains are identical except for the operator sequences they possess on 

the chromosome. SNS126 has 434 and P22 operator binding sites for 

heterodimeric PPI, whereas SNS118 only requires the 434 operator sequences 

for homodimeric interactions.  Both strains originated from the BW27786 

strain, a derivative of E. coli K-12.164 

In order to use HIS3 as a reporter gene in the new RTHS, the native hisB gene 

had to first be deleted. hisB encodes a bifunctional enzyme, of which residues 

165-355 confer imidazoleglycerol-phosphate dehydratase (IGPD) activity. HIS3, 

an analogous gene from the yeast strain Saccharomyces cerevisiae, also 

encodes IGPD. Once the portion of hisB encoding IGPD is deleted, HIS3 is solely 

responsible for catalysing the sixth step in histidine biosynthesis and is 

therefore required for cell survival on histidine deficient media. 

Recombineering was carried out on the BW27786 parent strain in order to 

remove the sequence encoding the IGPD domain of hisB. This was achieved 

using the phage λ Red system methodology.160 This technique allows the 

addition, deletion or modification of chromosomal genes. Primers were 

designed to amplify a FRT-flanked kanR gene that would include 36 nucleotides 

CTGCAGATTTGACAA ACAAGAT  ATCTTAAAT GAAAAT ACAAGAA ATCTTAAAT ATCTAGAGGAGTCGAC(GGT)3CTCGAGGGTACC(GTT)3GAGCTC
OR2434& OR2P22&(35& (10& SD&

TcS&PstI& SalI& XhoI& KpnI& SacI&

OR2434& OR2P22&
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homologous to the chromosomal regions (H1 and H2) bordering hisB(165-335) 

[Figure 3-4, 1]. The primer design must include a stop codon after residue 164 

of hisB to ensure proper transcription of the gene encoding histidinol 

phosphatase. The FRT regions (flippase recognition target) are present to 

enable removal of the resistance gene after it has successfully replaced the 

region to be deleted. BW27786 cells carrying the Red helper plasmid pKD46 

were transformed with the kanR-containing PCR product and tested for 

kanamycin resistance [Fig. 24, 3]. The pKD20 and pKD46 Red helper plasmids 

encode the genes γ, β and exo whose products permit recombination. pKD46 

was selected as the helper plasmid as this gives a higher number of 

recombinants.160  

Successful kanR mutants were transformed with pCP20 to remove the kanR 

gene and subsequently tested for loss of all antibiotic resistances. The 

hisB(165-355) deletion strain is subsequently called JT1 in this report [Table 

26]. The chromosome is left with an 85 nt FRT ‘scar’ [Figure 3-4, 4]. The scar 

does not affect expression of the genes either side of it as it contains an 

additional stop codon and a ribosomal binding site for downstream gene 

expression.160  
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Figure 3-4 – 1: amplification of the FRT-flanked kanR gene with homologous primers, 2: 

region to be removed, 3: product after recombineering, 4: final chromosome after kanR 

removal.  

 

Strain Name Strain Properties 

JT1 BW27786 ΔhisB(165-355) 

JT2 BW27786 ΔhisB(165-355), Φ80 HIS3+specR 

integrant 

JT3 BW27786 ΔhisB(165-355), Φ80 HIS3+specR 

integrant, λ tdTomato integrant 

JT4 BW27786 ΔhisB(165-355), Φ80 HIS3+specR 

integrant, λ tdTomato integrant, HK022 
HIF1α and HIF1β integrant 

JT5 BW27786 ΔhisB(165-355), Φ80 HIS3+specR 

integrant, λ tdTomato integrant, HK022 p6 
and UEV integrant 

Table 26 – The strains constructed and their properties for the work detailed in 

this chapter. 

 

3.4 Construction of CRIM Plasmids 

Recombinant proteins can be introduced to the host cells chromosome by 

cloning into CRIM (Conditional-Replication, Integration and Modular) 

plasmids.165 These plasmids enable stable expression of recombinant proteins.   

The new RTHS design also required one of the other reporter genes to be 

changed; due to the presence of two operator binding sites, three integrations 

in total would need to be carried out on the strain. There are a limited number 

of plasmids available for integration at specific sites and each of them requires 

a different antibiotic resistance in order to confirm that the integration was 

successful. As a result the kanamycin resistance gene was replaced with the 
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spectinomycin resistance gene, specR, as kanamycin resistance was already 

conferred by one of the CRIM plasmids to be integrated.  

The spectinomycin resistance gene was amplified by PCR from the SNS126 

strain using primers that contained the KpnI and SacI restriction sites at the 5’ 

and 3’ ends respectively. The forward primer was designed to contain part of 

the Shine Dalgarno polypurine sequence (AGG) 7 bp before the translation 

start site, to aid translation of the second gene. The Shine Dalgarno sequence 

is a ribosomal binding site in mRNA that is complementary to a region of 16s 

rRNA of the ribosome, which facilitates translation initiation.166,167 The specR 

gene fragment was cloned into the pIDT-SMART vector first because there was 

a KpnI site within the HIS3 sequence.  

The HIS3 gene was also amplified from the SNS126 strain and cloned into the 

XhoI and SalI sites within the MCS of pIDT-Smart/SpecR [Fig.3.5, ii]. The 

complete 434+P22 operator/HIS3+specR gene fragment was then digested with 

the PstI and SacI restriction enzymes for ligation into the pAH162 CRIM 

plasmid. pAH162 is required for integration into the Φ80 bacterial attachment 

(att
B
) site and carries the tetracycline resistance gene.  

Many attempts were made using different conditions to ligate the 434+P22 

operator/HIS3+specR gene fragment into the pAH162 vector. These included 

ligation at 4, 16 and 22 oC, varying the ratio of backbone to insert from 1:1 to 

1:9, and obtaining the insert fragment by direct digestion of the plasmid 

followed by gel purification or by first amplifying the fragment via PCR to 

improve the concentration following digestion. This method was halted after 

repeated failure; this was suspected to be due to problems with the vector that 

the operator sequence was provided in. The operator sequence was instead 

cloned into the pTHCP14 plasmid, normally used to create the recombinant 

fusion proteins for RTHS construction. The 434 and P22 gene sequences 

placed between the NdeI and SacI sites of pTHCP14 were removed and the 

operator sequence cloned into the BamHI and SacI sites (work carried out by 

Andrew Foster, Tavassoli group). The HIS3+specR sequence was then separately 

amplified with new primers and cloned into the SalI and SacI sites of the new 

pTHCP14 vector [Fig. 3.5, iv].  
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Figure 3-5 - Diagram to show how the pAH162/HIS3+specR plasmid was constructed. 

i) digestion of the pIDT/SMART/434+P22 plasmid with PstI and SacI followed by 

ligation of the specR gene into these sites, ii) digestion with SalI and XhoI followed by 

ligation of the HIS3 gene into these sites, iii) isolation of the HIS3+specR fragment by 

PCR with SalI and SacI containing primers, iv) digestion of the pTHCP14/434+P22 

plasmid with SalI and SacI followed by ligation of the HIS3+specR fragment into these 

sites, v) isolation of the 434+P22/HIS3+specR fragment by digestion with BamHI and 

SacI, vi) ligation of the 434+P22/HIS3+specR fragment into the BamHI and SacI sites of 

the pAH162 CRIM plasmid.  

 

The success of this ligation was confirmed by colony PCR and sequencing 

analysis. The functionality of the operators could then be tested prior to 

integration; the operator sequence enables constitutive expression of the 

reporter proteins and so the specR gene allowed the strain to grow on 

spectinomycin selective media.  The 434+P22/HIS3+specR fragment was then 

subcloned into the BamHI and SacI sites of pAH162 [Figure 3-6, Figure 3.6].  

Ligation of inserts into the CRIM plasmids cannot be transformed into the 

standard DH5α strain. Instead, ligation reactions were transformed into 

chemically competent low-copy DH5α pir cells. R6K plasmids contain three 

origins of replication (particular points on the DNA that are targeted by 

proteins that separate the DNA strands and begin DNA replication): α, β and 

γ.168 The CRIM plasmids contain the γ origin of replication taken from R6K, 
which requires the trans-acting π protein (a trans-acting element is a gene 
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that codes for a protein used to regulate another gene). The pir cells used for 
this transformation contain a pir gene that encodes the π protein needed to 
initiate DNA replication. This is so that the CRIM plasmid cannot replicate in 
the SNS126/SNS118 strain, ensuring selection for recombinants rather than 
transformants. 

 

          

Figure 3-6 – The pAH162 and pAH63 CRIM plasmids used for construction of the new 

RTHS, where OR2 and OR1 are the 434/P22 operator sequences. 

 

The tdTomato sequence was amplified by PCR and cloned directly into the 

modified pTHCP14 vector, which was subsequently digested and ligated into 

the pAH63 CRIM plasmid [Figure 3.6]. This CRIM plasmid confers kanamycin 

resistance, hence the change in reporter gene from kanR to specR. Again, 

confirmation that the promoter was working was provided when cultures or 

colonies containing this plasmid became noticeably pink and fluoresced under 

ultraviolet (UV) light [Figure 3.7].  
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Figure 3-7 – Comparison of a two strains; one containing a plasmid that does not 

encode tdTomato (A) and one transformed with the pAH63/tdTomato plasmid 

visualised under UV light (top) and scanned (bottom).  

 

3.5 CRIM Plasmid Integration and Confirmation of New 

RTHS 

Integration is a phage site-specific form of recombination. CRIM plasmids can 

only be integrated by transformation into cells carrying a helper plasmid. 

Helper plasmids are required for integration as they encode the phage 

integrases required for Holliday junction formation at specific integration sites. 

There are five distinct bacterial attachment (att
B
) sites available for site-specific 

recombination on the E. coli chromosome, with each having one or more CRIM 

plasmids that carry the corresponding phage attachment site (att
P
). The helper 

plasmids used in this work encode a tyrosine integrase, named for the 

conserved residue that nucleophilically attacks the DNA strand.169 Two 

!" #"
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integrase monomers recognise and bind to DNA sequences either side of the 

att
B
 and att

P
 sites. The catalytic tyrosine breaks the DNA strand and permits a 

temporary covalent bond between the integrase and the 3’ end of the 

phosphate backbone. The free 5’ hydroxyl group then attacks the 

phosphodiester bond between the integrase and the DNA backbone from the 

other att site, which results in Holliday junction formation.170 This is repeated 

to remove the Holliday junction and complete the site-specific recombination.  

pAH162 integrates specifically at the Φ80 site aided by the pAH123 helper 

plasmid. BW27786 hisBΔ(165-355) cells were transformed with pAH123 and 

made electrocompetent. The pAH153/HIS3+SpecR plasmid was transformed 

into the cells via electroporation and incubated at 37 oC for 45 minutes 

followed by incubation at 42 oC for 45 minutes. This temperature jump is to 

encourage production of the integrase and simultaneously eject the helper 

plasmid. 100 μL of each recovery mixture was plated onto media 

supplemented with 8 μg/mL tetracycline and incubated at 37 oC overnight. 

Colony PCR was used to determine if the resulting colonies contained 

successful integrants. This PCR requires four primers, called P1, P2, P3 and P4. 

P1 and P4 are specific to the att
P
 site, whereas P2 and P3 are generic primers 

that bind to the CRIM plasmids. Two amplicons are expected from the PCR, the 

sizes of which reveal if the integration has been successful [Figure 3.8]. There 

are three possible outcomes; an amplicon from P1 & P4 results from an intact 

att
B
 site, indicative of a failed integration. If successful single integration has 

occurred then bands corresponding to P1 & P2 and P3 & P4 amplicons are 

observed. A P2 & P3 band signifies either multiple integration, or the presence 

of the CRIM plasmid.



                                                    Chapter 3: A New Reverse Two-Hybrid System 

 95   

  

 

Figure 3-8 – Amplicons resulting from each of the possible outcomes following 

integration.  
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The first integration was attempted with 100 ng of plasmid. The expected 

sizes for integration are detailed in Table 27. The colony PCR gave two bands 

corresponding to 409 bp and 595 bp [Figure 3.9]. This suggests that multiple 

integration had taken place, although the expected band at 732 bp was 

absent. This is perhaps due to the PCR favouring the amplification of two 

shorter fragments over the longest one.  

 

att
B
 site No integration 

(P1 & P4) 

Single copy integration 

(P1 & P2, P3 & P4) 

Multiple integration (P1 

& P2, P2 & P3, P3 & P4) 

Φ80 546 bp 409 bp, 732 bp 409 bp, 595 bp, 732 bp 

λ 741 bp 577 bp, 666 bp 577 bp, 502 bp, 666 bp 

HK022 740 bp 289 bp, 824 b 289 bp, 373 bp, 824 bp 

Table 27 – The expected sizes of the PCR amplicons for each integration site used. 
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Figure 3-9 – A: the expected sizes of the PCR amplicons from the PCR in B, B: the first 

integration attempt gave bands at 409 bp and 595 bp, indicative of multiple 

integration. Lane 1 is the no template control and lanes 2-8 are colonies tested. 

 

To confirm that multiple integration had occurred, PCR was carried out on two 

selected colonies. This involves involves small-scale PCR with each primer pair 

(P1+P2, P2+P3, P1+P4, P3+P4) to determine which primers are responsible for 

each amplicon and is used to further verify the result. This PCR confirmed that 

multiple integration had occurred [Figure 3.10].  

 

Figure 3-10 – A: the expected sizes the PCR amplicons of a multiple integrant from the 

PCR shown in B, B: confirmation that the first integration attempt was multiply 

integrated by PCR. In each primer set, lane 1 is the no template control, lanes 2 and 3 

are potential integrants and lane 4 is the parent BW27786 strain as the negative 

control. 

 

The integration was repeated with 50 ng of plasmid with the assumption that 

less plasmid would produce single copy integrants, however, this appeared to 

give the same result. Of the colonies tested, one produced just the band at 

409 bp. This colony was streaked onto tetracycline selective media and tested 
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again by colony PCR using the P1, P2, P3 and P4 primers [Figure 3.11]. Three 

colonies were selected for further PCR using the P1+P4, P1+P2, P2+P3 and 

P3+P4 primer pairs [Figure 3.12].  

 

Figure 3-11 – A: the expected sizes from the PCR shown in B, B: streaked colony from 

second attempt at integration where most colonies tested (lanes 2-13) show two bands 

at 409 bp and 732 bp. Lane 1 is the no template control.  

 

 

Figure 3-12 – A: the expected sizes from the PCR shown in B, B: PCR using the various 

primer pairs to confirm a single integration of pAH162/HIS3+SpecR. Lane 1 is the no 

template control, lanes 2-4 are the colonies tested and lane 5 is the BW27786 parent 

strain negative control.  
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The PCR experiments showed that all three colonies contained a successful 

integrant as the two bands corresponding to the newly formed BOP’ and POB’ 

sites were present. Amplification from the parent strain only produced a band 

at 546 bp as expected for the negative control. A positive control was not 

available for this PCR as no strains existed in the group that had been used for 

integration at this site. Faint bands were observed on the agarose gels when 

the P2 and P3 primers were used for PCR that did not correspond to the 

expected band of 595 bp for multiple integration [Figure 3.10 and Figure 

3.12]. This was thought to be due to a contamination in the communal stock 

primers with the pAH68 plasmid (used for integrating the recombinant 

proteins to complete the old RTHS), which would produce a band at 373 bp if 

used as the template. This would explain why the band is faintly present even 

in the no template control.  

Following the success of the first recombination step, integration of 

pAH63/tdTomato was carried out. pAH63 contains the specific att
P 
site for the 

λ att
B
 site. The HIS3 and specR integrant (strain JT2) was transformed with the 

pINT-ts helper plasmid, required for λ integration, and made electrocompetent. 
50 ng was transformed via electroporation into the strain and incubated as 
described previously. Recovery mixtures were plated at 10 % onto media 
supplemented with 8 μg/mL tetracycline and 10 μg/mL kanamycin. It was 

found that single integrants were only obtained when the concentration of 

kanamycin was lowered from the suggested 25 μg/mL to 10 μg/mL. Following 

overnight incubation, colonies were subjected to colony PCR with the P1λ, P2, 

P3 and P4λ primers [Figure 3.13]. Only one band was present in each sample 

and, due to the closeness in size of the bands expected, it was not possible to 

be certain which amplicon each band represented.  
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Figure 3-13 – A: the expected sizes of the amplicons from the PCR in B, B: integration 

of pAH63/tdTomato onto the JT2 strain, where lane 1 is the no template control and 

lanes 2-16 are potential integrants.  

 

One colony of each size was grown and subjected to PCR using the P1+P4, 

P1+P2, P2+P3 and P3+P4 primer pairs for verification [Figure 3.14]. The gel 

showed that one colony contained a multiple integrant and one was a 

successful single copy integrant, illustrated by the presence or absence of 

bands in lanes 3 and 4 in each primer set respectively. The expected band at 

666 bp (from PCR using the P3 and P4 primers) was not amplified in lane 4; 

this was thought to be an error in the PCR, as the band at 577 bp was present 

so the PCR was repeated to confirm the new RTHS had been successfully 

constructed [Figure 3.15]. 
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Figure 3-14 – A: the expected sizes of the amplicons from the PCR in B, B: PCR using 

the various primer pairs where lane 1 is the no template control, lane 2 is the 

HIS3+SpecR integrant negative control, lanes 3 and 4 are two potential integrants and 

lane 5 is a λ integrant positive control.  
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tdTomato had worked. In each primer pair (indicated at the the top of the gel) lane 1 is 

the no template control and lane 2 contains the new RTHS.  

 

The successful single integrant was used as the new RTHS, now ready for 

integration of the interacting recombinant protein pair.  

 

3.6 Final Integration and Testing of New RTHS 

Two PPIs were chosen for testing the functionality of the new RTHS; the 

heterodimeric HIF1α/HIF1β and P6/UEV interactions.  

HIF1α (1-350) and HIF1β (1-474) are transcription factors that form the HIF1 

heterodimeric complex to regulate the hypoxic response in mammalian cells 

and maintain homeostasis.171 Hypoxia results from the demand for oxygen 

exceeding the supply, prohibiting the continuation of normal cellular function 

if the levels of oxygen are too low. HIF1α is upregulated in many cancers; the 
hypoxic response genes that aid cell survival during cellular stress can aid 
tumorigenesis.172 The overexpression of HIF1α has been shown to correlate 
with a poor prognosis, increased mortality rates and resistance to 
chemotherapy and radiotherapy.173  

The HIF1α and HIF1β PPI has previously been shown to function in a RTHS and 

a cyclic peptide inhibitor, known as P1 (cyclo-CLLFVY), was identified and 

shown to prevent HIF1α/HIF1β dimerisation in vivo.11   

The HIF1β DNA sequence was amplified by PCR from the pET28a expression 
vector and cloned into the BamHI and NruI restriction sites of the previously 
constructed pTHCP14/HIF1α to complete the P22-HIF1α and 434-HIF1β fused 
DNA fragments. The lacI/P22-HIF1α/434-HIF1β DNA fragment was isolated by 
digestion with NdeI and SacI and cloned into the CRIM plasmid pAH68 for 
integration at the HK022 attB site.  

P6 and UEV are protein domains involved in human immunodeficiency virus 
(HIV) budding.174 P6 is the N-terminal domain of the HIV Gag protein that 
recruits the cellular host protein TSG101 by interacting with its ubiquitin E2 
variant (UEV) domain.175 This binding event brings about release of the virus 
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into the host and allows the virus to propagate. An 8mer peptide sequence 
(cyclo-SGWIYWNV), known as p11, was previously found to disrupt this 
interaction.115 

The integration of each interacting pair was achieved as described previously 
in section 3.5, with the exception that only 1 μL of each recovery mixture was 
plated. The pAH69 helper plasmid used for this site, like all of the helper 
plasmids, carries the beta-lactamase (bla) gene causing ampicillin/carbenicillin 
resistance. pAH68 also contains the bla gene, which causes a high background 
of failed integrants if the helper plasmid is not fully ejected, hence the low 
percentage of plating. It was found that incubating the plates at 42 oC 
overnight helped to eject the helper plasmid completely and resulted in a high 
efficiency of successful integrants through the elimination of pAH69. PCR 
using the P1HK022, P2, P3 and P4HK022 primers was carried out [Figure 3.16] and 
gave three bands suggesting that multiple integration had occurred. The bands 
indicative of successful integration (824 bp and 289 bp) were present, yet the 
third band appeared to be 500 bp in length, which does not correspond to the 
expected size of 373 bp for multiple integration at the HK022 attB site. 
However, 500 bp could be resultant of multiple integration at the λ site.  
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Figure 3-16 – A: the expected sizes of the amplicons from a multiple integration at the 

Φ80 site, B: the expected size of the amplicons from a multiple integration at the λ 

site, C: the expected sizes of the amplicons from a multiple integration at the HK022 

site, D: PCR of HIF1 and p6/UEV integration where lane 1 is the no template control, 

lane 2 is the existing HIF1 RTHS, lanes 3-5 are potential HIF1 integrants and lanes 6-8 

are potential p6/UEV integrants. The bands at 289 bp and 829 bp are indicative of a 

successful integration and the band at 500 bp suggests that multiple integration had 

occurred at the λ site. 

 

Having already established that single copy integration had taken place at the 

λ site, the PCR was repeated with fresh stocks of primers, water, dNTPs and 
buffers. The same result was observed so the PCR was carried out on the 
HIS3/SpecR integrated strain and the HIS3/SpecR/tdTomato integrated strain to 
confirm where the presence of the band had originated. As expected, the band 
was due to a multiple integrant from the tdTomato integration. As this 
contradicted previous results, it was thought that either an error in the P2 & P3 
PCR had occurred or there was an error in the picking/labelling of the correct 
integrant colony. The pAH63/tdTomato integration was repeated on the 
HIS3/SpecR integrated strain (strain JT2) and checked by PCR [Figure 3.17].  
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Figure 3-17 – A: the expected sizes of a successful single integration at the the λ site, 

B: PCR using the P1+P4, P1+P2, P2+P3 and P3+P4 primer pairs confirming a single 

integration had occurred. In each primer set lane 1 is the no template control, lane 2 is 

the JT2 strain negative control and lanes 3 – 7 are potential integrants,of which lanes 6 

and 7 indicate successful integrants. 

 

Now that single-copy integration had been confirmed, the strain was streaked 

onto selective media and left at 4 oC overnight before imaging under UV light 

[Figure 3.18]. This was to ensure that the single-copy integrant still produced 

enough tdTomato to enable detection of fluorescence. The colonies also 

became pink in colour, although this took several days and was much fainter 

than the level of fluorescence observed from the plasmid. 
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Figure 3-18 – Images under UV light (top) and by eye (bottom) of A: A strain that does 

not contain tdTomato, B: The single-copy integrant of tdTomato plated and C: 

streaked.  

 

The integration of pAH68/HIF1α + HIF1β as well as pAH68/p6+UEV was 
repeated with the new strain and confirmed to have worked by colony PCR 
using all four HK022 specific primers as well as PCR with the four 
combinations of primer pairs [Figure 3.19 and Figure 3.20].  
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integration of HIF1α/HIF1β and p6/UEV where lane 1 is the no template control, lane 2 
is the negative control JT2 strain, and lanes 3-6 are potential HK022 integrants. 

 

 

Figure 3-20 – Split-primer PCR confirming single-copy integration of HIF1 and p6/UEV 

where in each primer set lane 1 is the no template control, lane 2 is the 

HIS3/SpecR/tdTomato integrated (JT3) strain, lane 3 is the old RTHS and lanes 4 and 5 

are potential HIF1 (JT4) and p6/UEV (JT5) integrants respectively.  

 

The optimal conditions for cell shutdown (induced by expression of the HIF1α/ 

HIF1β and p6/UEV complexes) for the two completed RTHS were determined 

by using a drop spot assay. Firstly, the toxicity of the complex needed to be 
assessed. It was assumed that the HIF1α/HIF1β and p6/UEV proteins would not 
be toxic to E. coli as this was not observed within the existing RTHS. Integrants 
were serially diluted tenfold six times and drop spotted onto media 
supplemented with carbenicillin (an ampicillin derivative), tetracycline and 
kanamycin. Even at 250 μM IPTG the new HIF1 RTHS grew out fully confirming 
that the HIF1α and HIF1β proteins were not toxic to the cells [Figure 3.21].  
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Figure 3-21 – Drop spotting to show that no toxicity is observed under induction of the 

recombinant proteins, where six ten-fold dilutions of each culture are spotted from 

most concentrated on the left to the least concentrated dilution on the right on each 

plate.  

 

The functionality of the new system was then verified by drop spotting onto 

media containing spectinomycin. The addition of spectinomycin should induce 

shutdown of cell growth in the presence of IPTG as the HIF1α/HIF1β or p6/UEV 
complex will associate, bringing together the 434 and P22 repressor domains. 
This protein complex then binds to the operators preventing transcription of 
the tdTomato, HIS3 and SpecR genes. In the existing RTHS, 25 μg/mL 
kanamycin was required for cell shutdown so it was expected that a similar 
concentration of spectinomycin would cause shutdown of growth.11  The new 
RTHS was drop spotted onto rich media supplemented with a range of 
concentrations from 15 μg/mL to 30 μg/mL to determine the optimum level of 
spectinomycin to use. Two concentrations of IPTG (50 μM and 100 μM) were 
used to ensure complete shutdown of both the new HIF1 and new p6/UEV 
RTHS. The addition of spectinomycin causes dose-dependent shutdown of cell 
growth [Figure 3.22]. Minimal shutdown was observed at 20 μg/mL and almost 
total shutdown of cell growth at 30 μg/mL. As expected, 25 μg/mL provided 
optimal shutdown conditions. The RTHS with no integrated recombinant 
interacting proteins showed fluorescence with and without IPTG as expected, 
and a reduction in fluorescence was observed when the new HIF1 RTHS was 
exposed to 100 μM IPTG [Figure 3.23].  
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Figure 3-22 – Drop spotting on rich media with increasing spectinomycin 

concentration. 1 is the new RTHS before HIF1 integration, 2 is the new HIF1 RTHS and 

3 is the P6/UEV RTHS.  

Figure 3-23 – Fluorescence of the above cell shutdown at 25 μg/mL spectinomycin.  1 

is the new RTHS before HIF1 integration, 2 is the new HIF1 RTHS and 3 is the P6/UEV 

RTHS on rich media. 

 

The drop spotting was then repeated on minimal (histidine-free) media, 

supplemented with 25 μg/mL spectinomycin, to establish the optimum 

concentration of 3-AT. 2.5 mM 3-AT was used initially, as this was the 

published value for the existing p6/UEV RTHS. After three nights of incubation 

there was no observable shutdown of growth between 0 μM and 100 μM IPTG 
[Figure 3.24]. This was an unlikely result as at least some shutdown was 
expected. One possible reason for this could be that the C-terminal domain of 
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the hisB gene conferring IGPD activity was in fact not deleted following the 
recombineering attempt. 

Figure 3-24 – Drop spotting on minimal media with 2.5 mM 3-AT. 1 is the new RTHS 

before HIF1 integration, 2 is the new HIF1 RTHS and 3 is the P6/UEV RTHS.  

 

3.7 Checking the hisB deletion 

This was checked by PCR using the recombineering primers that contained a 

sequence homologous to the region flanking the deleted fragment. This was 

not carried out previously, as the acquirement of kanamycin resistance 

following recombineering and the subsequent loss of all antibiotic resistance 

seemed to indicate that the recombineering had been successful. If the full-

length hisB gene was still present a band 648 bp in size would be amplified, 

whereas an amplicon 157 bp in length, which corresponds to the length of the 

primers and the FRT scar would confirm the recombineering had worked. The 

result of the PCR showed that all strains still retained the intact hisB gene when 

compared to the unmodified BW27786 parent strain [Figure 3.25].  
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Figure 3-25 – A: the expected amplicon sizes if the full hisB gene is present or B: if the 

deletion of the C-terminal has been successful, C: PCR to check for hisB(165-355) 

deletion. Lane 1 is the no template control, lane 2 is the BW27786 strain, lane 3 is the 

supposed BW27786ΔhisB(165-355) (JT1), lane 4 is the HIS3/SpecR integrant (JT2), lane 

5 is the HIS3/SpecR/tdTomato integrant (JT3) and lane 6 is the finished new HIF1 RTHS 

(JT4). This PCR indicates that the full-length hisB gene remained. 

 

To ensure that hisB(165-355) was correctly deleted, the FRT-flanked kanR gene 

was remade and electroporated into the HIS3/SpecR integrated strain. This was 

done to save time; it was not possible to use a more complete system as the 

tdTomato integrated strain already contained kanamycin resistance and 

therefore would have produced a high background of non-kanR mutants. This 

time PCR was used to verify the success of each step; it appeared that the kanR 

fragment had been successfully incorporated into the E. coli chromosome and 

this new strain was used to rebuild the new RTHS [Figure 3.26].  
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Figure 3-26 – A: the expected amplicon size if the kanamycin resistance gene has been 

successfully recombineered into the BW27786 strain, B: the PCR with pKD4F1 and kt 

primers. A band at 1060 bp was indicative of a successful insertion of the FRT-flanked 

kanR gene in place of the hisB(165-355). This band would not be present if the 

recombineering had been unsuccessful. Lane 1 is the no template control and lanes 2-

8 are colonies formed following recombination.  

 

Selected colonies were streaked onto carbenicillin selective agar to ensure no 

helper plasmid remained. Successful kanR mutants were made chemically 

competent and transformed with pCP20. Transformed cells were plated 

separately onto kanamycin, carbenicillin and non-selective agar and incubated 

at 43 oC to ensure loss of all antibiotic resistances and helper plasmid. PCR 

using the ‘hisB primers’ (primers that were homologous to the regions flanking 

the hisB C-terminal domain) was used to confirm the loss of the band at 1060 

bp. This would suggest that the kanamycin resistance gene had been 

successfully removed. However, this PCR resulted in a band of 648 bp, 

equivalent to the length of the hisB gene prior to recombineering [Figure 3.27]. 

PCR using the pKD4F2 and kt primers now yielded no bands, suggesting that 

the kanamycin resistance gene was being successfully recombineered into and 

out of the chromosome, but perhaps not in all of the cells. SNS126 did not 

display this band indicating that it did not possess the C-terminal fragment of 

hisB. This PCR also confirmed that the original primer design for 

recombineering was correct.  
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Figure 3-27 – A: the expected amplicon size if the full-length hisB gene remained, B: 

PCR using the hisB primers where lane 1 is the no template control, lane 2 is BW27786, 

lane 3 is SNS126 and lane 4 onwards are colonies resulting from recombineering.  

 

Drop spotting on minimal media with increasing concentrations of 3-AT (0-10 

mM, only 0-8 mM shown due to no change) was carried out to determine if 

hisB was present [Figure 3.28]. The concentration of 3-AT seemed to have little 

effect on the growth of all the strains tested, despite the fact that the addition 

of IPTG should have induced cell shutdown in the new RTHS (lane 3). 
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Figure 3-28 - 1 is BW27786, 2 is SNS126, 3 is ‘new’ RTHS with HIF1 and 4 is the kanR 

mutant following the first step of recombination.  

 

At this point due to time constraints, it was not possible to identify why the 

kanamycin resistance was successfully introduced and removed without the 

correct removal of the C-terminal domain of hisB.  
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3.8 Screening on rich media 

It had been shown that the new RTHS was functional on rich media, so the next 

step of testing to see if this new system could be used for inhibitor selection 

was continued without selecting with HIS3. HIS3 can only be used for selection 

on minimal media, as this media does not contain histidine. The existing cyclic 

peptides that had been found to specifically inhibit the HIF1 and p6/UEV PPIs 

from previous SICLOPPS screens were used as a proof of concept to show 

functionality of the new RTHS. 

The inhibitory peptide sequences P1 (CLLFVY) and p11 (SGWIYWNV) were 

genetically encoded within a pARCBD vector and transformed into the new 

HIF1 and p6/UEV RTHS respectively. pARCBD is the plasmid used to genetically 

encode the SICLOPPS library. It contains the IC and IN (arranged in this order to 

ensure a cyclic peptide is spliced) fused to a chitin-binding domain (CBD) for 

purification. The strains were drop spotted onto rich media. As suspected, if 

the four antibiotics to which resistance was carried on the chromosome were 

used in the media, along with spectinomycin for selection, cells were unable to 

grow out fully because of the added growth pressure [Figure 3.29].  

Figure 3-29 – Drop spotting on rich media supplemented with kanamycin, tetracycline, 

carbenicillin, chloramphenicol and 25 μg/mL spectinomycin. Row 1 is the new RTHS 
transformed with a pARCBD-CA5 plasmid, rows 2 and 3 are the new HIF1 RTHS with 
pARCBD-P1 and pARCBD-CA5 respectively. Rows 4 and 5 are the new p6/UEV RTHS 
transformed with pARCBD-p11 and pARCBD-CA5 respectively.  

 

The antibiotics used in the media were reduced to just chloramphenicol, to 

ensure maintenance of the pARCBD plasmid (as well as spectinomycin for 

selection) but allow the spots to grow out fully on the no IPTG and no 

arabinose plate [Figure 3.30]. Complete shutdown was observed at 100 μM 
IPTG but no regrowth was seen with 6.5 μM arabinose.  
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Figure 3-30 - Drop spotting on rich media supplemented with just chloramphenicol and 

25 μg/mL spectinomycin. Row 1 is the new RTHS transformed with a pARCBD-CA5 
plasmid, rows 2 and 3 are the new HIF1 RTHS with pARCBD-P1 and pARCBD-CA5 
respectively. Rows 4 and 5 are the new p6/UEV RTHS transformed with pARCBD-p11 
and pARCBD-CA5 respectively. 

 

It was thought that maybe the conditions were too harsh to observe 

restoration of cell shutdown so the concentration of spectinomycin was 

reduced to 20 μg/mL and the drop spotting repeated at 50 μM and 100 μM 
IPTG on media supplemented with just chloramphenicol [Figure 3.31].  
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Figure 3-31 - Drop spotting on rich media supplemented with chloramphenicol and 20 

μg/mL spectinomycin. Row 1 is the new RTHS transformed with a pARCBD-CA5 
plasmid, rows 2 and 3 are the new HIF1 RTHS with pARCBD-P1 and pARCBD-CA5 
respectively. Rows 4 and 5 are the new p6/UEV RTHS transformed with pARCBD-p11 
and pARCBD-CA5 respectively. 

 

The screen perhaps did not work on rich media because the expression of 

cyclic peptide was not sufficient to enable regrowth of the E. coli after just one 
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night of incubation, when the recombinant proteins were so overexpressed, so 

another method was used to check the functionality of the new sytem. 

 

3.9 Measuring the fluorescence 

The fluorescence of the new HIF1 and p6/UEV RTHS (strains JT4 and JT5 

respectively, Table 26) was measured in order to see if it could be successfully 

repressed by the induction of the recombinant proteins, and then retrieved 

through the induction of the relevant cyclic peptide inhibitor. Overnight 

cultures of the relevant strains containing their previously identified inhibitors 

(pARCBD encoding P1 for the JT4 HIF1 RTHS and pARCBD encoding p11 for the 

JT5 p6/UEV RTHS) were used to inoculate minimal media solutions 

supplemented with chloramphenicol, tetracycline and kanamycin, as well as 

IPTG and/or arabinose in the applicable cultures. Cultures were incubated at 

30 oC for 72 hours, with readings taken every 24 hours, in order to determine 

the optimum time for fluorescence measurements. The fluorescence intensity 

was normalised by measuring the OD of each culture in order to account for 

the cell death caused by the addition of IPTG in some of the samples. The gain 

was calculated from the ‘empty’ RTHS strain JT3 (containing no integrated 

recombinant proteins in the λ site) in each case. The excitation wavelength 

used was 514 nm and the emission wavelength was measured between 550 

and 650 nm. If the systems were functional, then repression of fluorescence 

was expected in the samples containing IPTG only. Cultures containing 

arabinose were expected to maintain the same level of fluorescence as the 

uninduced strain (ie. JT4 or JT5 with no IPTG) as long as the cyclic peptides 

themselves displayed no toxicity. Cultures that contained both IPTG and 

arabinose were expected to show a greater level of fluorescence than the 

induced strains (with IPTG only), indicating that the cyclic peptide inhibitors 

were able to prevent dimerization of the proteins and therefore restore cell 

growth and fluorescence. 

The BW27786 parent strain was used as the negative control to measure 

autofluorescence of E. coli as the strain did not contain any tdTomato. In strain 

JT4 (the new HIF1 RTHS), a significant loss of fluorescence was observed 

without any induction of the HIF1 proteins [Figure 3.32]. This may be due to 
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leaky expression of the proteins causing repression of the reporter genes. This 

was also observed in the p6/UEV sample (strain JT5), although to a lesser 

extent. The addition of IPTG caused complete loss of fluorescence at 24 hours. 

Unexpectedly, the addition of arabinose caused a significant loss of 

fluorescence, most noticeable at 24 and 72 hours. It was clear from simply 

looking at the cultures that they had grown to similar levels as the samples 

containing IPTG (which brings about cell death), despite toxicity of these 

plasmids/inhibitors not being observed previously. This was perhaps due to 

the length of time the cells were exposed to arabinose for, where 48 hours 

seemed to be the optimal time point to measure fluorescence intensity in both 

systems. However, the repression of fluorescence with 50 and 100 μM IPTG in 

the HIF1 system was diminished at 48 hours compared to the levels of 

fluorescence at 24 and 72 hours. The samples that contained IPTG and 

arabinose did not restore fluorescence at all, with the highest fluorescence 

emission of the 100 μM IPTG and 6.5 μM arabinose sample being comparable 

to the 100 μM IPTG only sample.  

In contrast, the JT5 (p6/UEV) system samples grown with arabinose retained 

fluorescence at levels similar to that of the uninduced strain [Figure 3.3]. 

Samples grown with 50 and 100 μM IPTG resulted in a total loss of 

fluorescence whilst those grown with 50/100 μM IPTG and 6.5 μM arabinose 

enabled some restoration of fluorescence. 1.3 μM arabinose was not sufficient 

to restore fluorescence in samples grown with either 50 μM or 100 μM IPTG.  

These results suggest that the expression of the cyclic peptide inhibitors is 

partially toxic to the E. coli strains; this was seen particularly with P1. As 

expected, loss of fluorescence was observed when the JT4 and JT5 strains were 

grown with IPTG. Unfortunately, possibly due to the observed toxicity of the 

cyclic peptide inhibitors, only a small restoration of fluorescence was observed 

when the strains were grown with both IPTG and arabinose. The clearest 

evidence of the system functioning was observed in the JT5 (p6/UEV) strain 

when growth with 50 μM IPTG and 50 μM arabinose allowed the fluorescence 

to increase from 13% (50 μM IPTG only) to 32% of the total fluorescence of the 

strain grown with no IPTG or arabinose.  
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Strain Name Strain Properties 

JT1 BW27786 ΔhisB(165-355) 

JT2 BW27786 ΔhisB(165-355), Φ80 HIS3+specR 

integrant 

JT3 BW27786 ΔhisB(165-355), Φ80 HIS3+specR 

integrant, λ tdTomato integrant 

JT4 BW27786 ΔhisB(165-355), Φ80 HIS3+specR 

integrant, λ tdTomato integrant, HK022 
HIF1α and HIF1β integrant 

JT5 BW27786 ΔhisB(165-355), Φ80 HIS3+specR 

integrant, λ tdTomato integrant, HK022 p6 
and UEV integrant 

Table 26 – A list of the strains made and their properties, included again for 

easy reference. 
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Figure 3-32 – Fluorescence of tdTomato under different conditions within the new HIF1 

RTHS at 24, 48 and 72 hours.  
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Figure 3-33 - Fluorescence of tdTomato under different conditions within the new 

p6/UEV RTHS at 24, 48 and 72 hours. 
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3.10 Summary 

The aim of this chapter was to design and construct a new RTHS that would 

enable selection of potential cyclic peptide inhibitors through the restoration 

of cell death and shutdown of fluorescence.  

A new RTHS was designed and constructed. This system was designed to link 

the dimerisation of two interacting proteins to cell death (brought about by the 

prevention of HIS3 and SpecR expression) and loss of fluorescence (where the 

expression of tdTomato is blocked). It was hoped that in the presence of a 

successful inhibitor, surviving cells displaying red fluorescence could be 

identified more easily compared to the existing screen due to the colour 

change. This system would have the scope for FACS, a type of flow cytometry 

that would enable the separation of cells containing potential hit peptides from 

cells with peptides that did not inhibit, based on their fluorescence. This could 

be used to filter out the non-inhibitory peptides, leaving secondary screening 

to differentiate between specific and non-specific inhibitors of dimerisation.  

Constructs containing the HIS3 and SpecR genes and the tdTomato gene with 

the 434 and P22 operator binding sites were successfully incorporated onto 

the E. coli chromosome as single-copy integrants.  

The system was tested to ensure that expression of the reporter genes was 

taking place and then blocked when exposed to IPTG. Two previously reported 

PPIs, HIF1α/HIF1β and p6/UEV, were used to demonstrate this.  

Drop spotting on minimal media revealed that the hisB(165-355) gene had not 

been correctly removed from the chromosome so attempts were made to 

rectify this. Unfortunately the reasons for the failure of this recombination 

were not identified within the time constraints of this project.  

Control experiments for screening on rich media were attempted, but these 

failed to enable regrowth of the HIF1 and p6/UEV systems with the existing 

inhibitors P1 and p11 respectively. The fluorescence was measured using a 

plate reader with some success using the p6/UEV dimerisation inhibitor. The 

fluorescence was successfully repressed by the addition of IPTG in both the 

HIF1 and p6/UEV systems. The repression of fluorescence was successfully 
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counteracted with the addition of arabinose in the p6/UEV system to a small 

extent to 32 % from 13 % of the original fluorescence with 100 μM IPTG. 

The next step for this work would be to correct the hisB deletion to allow 

proper screening to be carried out on minimal media. The new RTHS would 

then be ready for screening peptide libraries against new interacting protein 

pairs. In summary, several plasmids were constructed that enable simple 

cloning for the construction of different Reverse Two-Hybrid Systems using 

common restriction sites. 
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Chapter 4:  Second Generation SICLOPPS 

This chapter describes the work carried out to improve SICLOPPS technology 

through the use of the Npu split-intein, which has improved properties 

compared to the Ssp split-intein.  

4.1 Comparison of the Ssp and Npu Library Splicing 

The superior splicing abilities of the Npu split-intein have been known since 

2006. However, the randomised library employed within the Tavassoli group 

utilises the Ssp split-intein, which has helped to supply inhibitory peptides for 

the various PPIs targeted. We first sought to determine the splicing ability of 

the Npu split-intein in a library. The Npu DnaE
N
 and DnaE

C
 sequences were 

cloned into the NcoI and HindIII restriction sites of the pARCBD SICLOPPS 

vector and used to construct a CX
5
 library [Figure 4-1, construct 2], where the 

first position in the cyclic peptide was a fixed cysteine residue, followed by five 

randomised amino acids. The library insert fragment was created by two 

rounds of PCR using a degenerate oligonucleotide to introduce the randomised 

region and a zipper primer to anneal the complementary ends of the non-

randomised region together.  

 

Figure 4-1 – Two of the intein constructs, built in the pARCBD plasmid, used in this 

work; construct 1 is Ssp-CX
5
-CBD and construct 2 is Npu-CX

5
-CBD. 

 

Following transformation of the libraries into DH5α, the recovery mixtures 

were plated onto LB agar and incubated overnight. All of the resulting cells 

were picked from the agar and used to inoculate media for expression of both 

the original Ssp CX
5
 library [Figure 4-1, construct 1] and the Npu CX

5
 construct. 

The constructs were then purified via the chitin-binding domain (CBD) to 

observe library splicing [Figure 4-2].  
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Figure 4-2 – SDS PAGE of Ssp vs Npu library splicing. pARCBD-Ssp-CX5 and pARCBD-

Npu-CX5 were separately expressed in DH5α and the proteins purified with chitin 

beads. The different sized protein products are indicated by the labels.  

It is clear from the SDS gel that the Npu library was able to produce a greater 

yield of spliced product when compared to the equivalent Ssp library. This is 

evident from the density of the unspliced bands (at 24 and 20.1 kDa for the 

unspliced Ssp and Npu intein respectively) compared to the bands that 

correspond to I
N
 and I

C
, which are indicative of spliced intein. This result is 

consistent with that of the published literature118 and the significant difference 

in splicing efficiency across the extensive diversity of library sequences 

confirmed to us that a SICLOPPS library built using the Npu intein could lead us 

closer to the theoretical number of cyclic peptides for screening and therefore 

increase the chance of finding a hit peptide.  

 

4.2 P1 Drop Spotting to Demonstrate Toxicity 

Of the inhibitory peptides identified thus far within the Tavassoli group, P1 – 

the HIF1α/HIF1β dimerisation inhibitor - has been shown to disrupt 
dimerisation in vitro and in vivo. Further work (carried out by Dr. Charlotte 
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Lawrence) endeavoured to derive an active motif from the cyclic CLLFVY 
sequence and make the compound more drug-like, as P1 is very insoluble due 
go its hydrophobic character. The first step to ascertain the active motif was to 
identify the key residues required for binding to the PAS-B domain of HIF1α.11 
This was carried out by alanine scanning; replacing each residue in sequence 
with an alanine and repeating the drop spotting to observe which sequences 
were still able to permit cell regrowth and which no longer inhibited 
dimerisation. This work was carried out using the new pARCBD vector 
containing the Npu split-intein in place of the Ssp split-intein. It was thought 
that the inability of Ssp to splice with certain residues adjacent to the splice 
junction could impair the results and make it harder to draw solid conclusions 
from the experiment. The pARCBD vector containing the Npu split-intein 
would splice more efficiently with all of the sequences and would allow a fairer 
comparison to be drawn. Each residue in turn was mutated to an alanine by 
site directed mutagenesis and cloned into the pARCBD-Npu vector. It was 
found that every analogue was unable to allow restoration of cell growth due to 
significant toxicity at the ‘standard’ concentration of 6.5 μM arabinose.  

Drop spotting of P1 encoded within both the Ssp and Npu intein sequence was 

carried out at varying concentrations of arabinose with a CAAAAA (CA
5
) peptide 

control to determine if the toxicity was due to the greater amount of spliced P1 

or because of the Npu intein itself.    

 

Figure 4-3 – Drop spotting of SICLOPPS constructs on minimal media supplemented 

with L-arabinose where 1 is the original pARCBD/Ssp-P1, 2 is pARCBD/Npu-P1 and 3 is 

pARCBD/Npu-CA
5
.  

 

The drop spotting clearly showed that the Npu split-intein exhibited significant 

toxicity to the E. coli host compared to the Ssp equivalent. As seen in the 

original screen, expression of the Ssp I
C
–P1-I

N
 construct grew out fully to six 

spots at 6.5 μM arabinose. Expression of the Npu I
C
–P1-I

N
 and Npu I

C
–CA

5
-I

N
 

constructs caused total cell death at 6.5 and 3.25 μM arabinose; growth to 
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three spots occurred when the concentration of arabinose was reduced to 1.3 
μM but full growth was only permitted when the arabinose level was reduced 
ten-fold to 0.65 μM. This drop spotting confirmed that it was the Npu split-
intein itself that was causing the toxicity, and not simply a greater yield of 
spliced P1.  

 

4.3 Construction of SICLOPPS vector variants 

In order to overcome the toxic effects of the Npu split-intein we chose to 

employ the protein degradation tag, SsrA.  

Two other variants of the pARCBD SICLOPPS plasmid were designed and 

constructed by molecular cloning to test the toxicity of the Npu intein with the 

SsrA tag [Figure 4-4]. The SsrA tag needs to be terminal in order to work,176,177 so 

the CBD was exchanged for an N-terminal His-tag (formed of six histidine 

residues) for purification. His-Npu-CX
5
 (construct 3) was made to show that 

switching from the CBD to a His-tag did not affect splicing and His-Npu-CX
5
-

SsrA (construct 4) contained the SsrA tag sequence. Constructs 1- 4 were 

cloned into the NcoI and HindIII restriction sites in the pARCBD vector; the 

standard plasmid used for SICLOPPS libraries.117,178  

 

Figure 4-4 – The new intein constructs used in this work; construct 3 is His-Npu-CX
5
 

and construct 4 is His-Npu-CX
5
-SsrA.  

 

Next the splicing of each construct was verified by SDS-PAGE. Each intein 

construct was expressed in DH5α cells and induced with arabinose. Constructs 

containing a CBD were purified using chitin beads, whilst the His-tagged 

proteins were purified via fast protein liquid chromatography (FPLC). The 

purified protein samples were analysed by SDS-PAGE [Figure 4-5]. The SDS-PAGE 

again showed that Npu-CX
5
-CBD (construct 2) was able to splice to a greater 
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extent than Ssp-CX
5
-CBD (construct 1). Whilst not quantitative, the results of 

the SDS-PAGE suggest that simply changing the CBD for a His-tag improves the 

yield of spliced product with the Npu split-intein. This is indicated by the 

intensity of the band corresponding to unspliced protein (1) compared to that 

of the bands corresponding to spliced intein (2 and 3) in each sample.  

We reasoned that this is because of the size and positioning of the purification 

tag. The His-tag is much smaller than the CBD (0.97 kDa compared to 5.7 kDa) 

and the fact that it is located on the N-terminus may permit splicing to a 

greater extent by allowing the intein to more easily adopt the horseshoe-like 

structure.  

 

Figure 4-5 – SDS-PAGE gel showing splicing of constructs 1 - 4. 1 is unspliced intein, 2 

is I
N
+CA

5
 and 3 is I

C
.  

 

4.4 Split GFP Toxicity Assay 

To determine if the SsrA tag could indirectly reduce the toxicity of the Npu 

split-intein by marking it for degradation whilst still allowing intein processing 

to occur, toxicity assays were carried out. This involved monitoring the growth 

of different constructs to determine if the toxicity caused by certain constructs 

impaired the growth of the E. coli host. The extein used was split GFP; this was 

chosen as it does not exhibit fluorescence unless the N- and C-termini are 

brought together by two interacting proteins such as a split-intein. Split GFP 
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has been previously used to detect protein association as it requires fused 

flanking proteins to come together in order to form the β barrel structure.179 

For this work the GFP sequence was split between residues 146 and 147, the 

two halves of the sequence swapped and connected by a 12 residue linker 

(AAAAGRRRGAAA) to allow enough flexibility for the two halves to adopt the 

correct conformation for splicing. This split site was chosen because it was in 

closest proximity to a split site previously reported in the literature (between 

residues 157 and 158), whilst incorporating the necessary nucleophilic 

cysteine or serine residue required for splicing.150,180 The split site is located in 

a disordered loop region of GFP.   

The His-tag was used for all constructs A-E [ 

Figure 4-6], and the SsrA tag was fused to the Ssp and Npu split-intein. A 

control plasmid was made where the two halves of GFP were fused to a His-tag; 

this construct should not fluoresce as there are no inteins present to cyclise 

the GFP structure and form the barrel needed for maturation of the 

chromophore.  

 

Figure 4-6 – Split GFP/intein constructs made in pARCBD for the toxicity assay where A 

is the His/split GFP construct, B is the His-Npu/split GFP construct, C is the His-

Npu/split GFP-SsrA construct, D is the His-Ssp/split GFP construct and E is the His-

Ssp/split GFP-SsrA construct. 
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It was also hoped that the constructs could be used to monitor the splicing 

rates using a plate reader to measure fluorescence levels over a time-course. 

The His-tag and GFP antibodies could also be used to quantify amounts of the 

spliced and unspliced products by Western immunoblotting.  

Each construct was expressed and grown to OD
600

 of ~0.5 prior to inducing 

with varying concentrations of arabinose. The OD was then measured at 

regular intervals to see how the expression of each construct affected the 

growth of the E. coli.  
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Figure 4-7 – Split GFP toxicity assay 1 where A is the His/split GFP construct, B is the 

His-Npu/split GFP construct, C is the His-Npu/split GFP-SsrA construct, D is the His-

Ssp/split GFP construct and E is the His-Ssp/split GFP-SsrA construct.  
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Figure 4-8 – Split GFP toxicity assay 2 where A is the His/split GFP construct, B is the 

His-Npu/split GFP construct, C is the His-Npu/split GFP-SsrA construct, D is the His-

Ssp/split GFP construct and E is the His-Ssp/split GFP-SsrA construct. 
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Figure 4-9 – Split GFP toxicity assay 3 where A is the His/split GFP construct, B is the 

His-Npu/split GFP construct, C is the His-Npu/split GFP-SsrA construct, D is the His-

Ssp/split GFP construct and E is the His-Ssp/split GFP-SsrA construct.
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The growth assays show varied results. The first assay indicates that the more 

arabinose the His/split GFP (construct A) is exposed to, the slower the growth 

of the cells. This suggests that the control construct is actually the most toxic 

to the E. coli. The Npu intein in His-Npu/split GFP (construct B) does not seem 

to hinder the growth of the bacteria to any significant extent. However, His-

Npu/split GFP-SsrA and His-Ssp/split GFP-SsrA (constructs C and E), which 

contain the SsrA tag, grew more compared to His-Npu/split GFP and His-Ssp/ 

split GFP (B and D) respectively, with the exception of the Npu intein constructs 

at 1 mM arabinose.  

His-Ssp/split GFP (construct D) exhibited the most growth in the second assay, 

and did not change across the range of arabinose concentrations. The His-

Npu/split GFP-SsrA (C) sample grew faster than the non-tagged Npu sample (B) 

but this occurred at 0 μM arabinose, and so was not dependent on levels of 

expression of the tag. Again the His/split GFP control A grew less well than the 

intein containing constructs. 

The third assay shows that the level of arabinose did not change the rate of 

growth. The His-Ssp/split GFP-SsrA sample E grew fastest in all cases. The SsrA 

tag did not seem to improve the rate of growth in the Npu sample (C) at any 

concentration of arabinose.  

No solid conclusion can be drawn from these results, with the exception that 

the Ssp constructs (D and E) seemed to consistently grow more compared to 

the other constructs. This suggests that the Ssp split-intein is less toxic than 

the Npu split-intein. To summarise, this is not a reliable assay to test the 

efficacy of the SsrA degradation tag. This may be due to subtle changes in the 

growth conditions across repeats; LB broth composition, time spent out of the 

incubator to take the OD readings and potential contamination. A more 

reliable way of carrying out this experiment might have been to take samples 

of the liquid culture over time at regular intervals and plate these and count 

the number of colony forming units (CFUs) on each plate with varying 

concentrations of arabinose.  
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4.5 Drop Spot Assay with P1 

To observe the effect of the SsrA tag on intein toxicity, the P1 sequence was 

cloned into constructs 1 - 4, transformed into the HIF1 RTHS and tested by 

drop spot assay on selective minimal media.  

 

Figure 4-10 - Drop spotting of six ten-fold dilutions of cultures containing SICLOPPS 

intein variants (the constructs are displayed below) on selective minimal media. The 

left plate shows full growth of all constructs prior to induction. The right plate contains 

1.3 μM arabinose that has induced expression of each SICLOPPS construct. 

 

The drop spotting results show each of the constructs tested pre- and post-

induction with 1.3 μM arabinose [Figure 4-10]. All of the constructs grow out 

fully on the plate that contains no arabinose as expected. On the plate that 

contains arabinose it is clear that many of the constructs have failed to grow 

out because their expression is toxic to E. coli, even at this low level of 

arabinose. It seems that the Npu split-intein is inherently more toxic than its 

Ssp equivalent when looking at the Npu-CA
5
-CBD growth (when construct 2 is 
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compared to construct 1). However, the His-tagged Npu constructs do not 

display toxicity at this level of arabinose, perhaps because of the improved 

splicing efficiency. Some toxicity is also seen in the His-Npu-P1 construct. This 

may be due to P1 itself being mildly toxic; this effect is unlikely to be seen in 

Ssp-P1-CBD as the splicing efficiency of the Ssp split-intein is so low in 

comparison to Npu, so less cyclic P1 is made. The addition of the SsrA tag 

showed a ten-fold improvement of cell growth with P1 following induction with 

arabinose only.  

 

The ability to restore cell shutdown with P1 was then tested [Figure 4-12] with 

an additional control where the SsrA tag was also fused to the C-terminal of 

construct 2 [Figure 4-11]. 

Figure 4-11 – Construct 5, Npu-CA
5
-CBD-SsrA encoded within pARCBD. 
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Figure 4-12 – Drop spot assay of P1 containing constructs in the HIF1 RTHS on 

selective minimal media where rows 1-5 correspond to constructs 1-5. As expected, all 

strains grow out fully when there is no IPTG or arabinose present. Shutdown of cell 

growth of all strains is observed when exposed to IPTG and full growth is seen when 

exposed to arabinose only. Only constructs 1 and 4 are able to permit restoration of 

cell shutdown in the HIF1 RTHS. 
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The arabinose level was lowered to allow full growth of every construct. Only 

when P1 was in construct 1 (Ssp-P1-CBD) or construct 4 (His-Npu-P1-SsrA) was 

full regrowth observed. This result is not solely due to the addition of the 

degradation tag, as the same construct containing a CA
5
 extein did not restore 

cell shutdown [Figure 4-13], which indicates that the degradation tag is 

reducing the toxicity of the inteins to a level where P1 is able to splice enough 

to prevent HIF1 dimerisation. The Npu-P1-CBD-SsrA construct seemed to 

restore cell shutdown to a slight extent compared to the Npu constructs that 

did not possess a degradation tag but still not to the same level that the 

original Ssp-P1-CBD and His-Npu-P1+SsrA constructs did.  

 

Figure 4-13 – Drop spot assay of constructs 2 – 5 containing the CA
5
 extein within the 

HIF1 RTHS. This result strongly suggests that P1 only is required for restoration of cell 

shutdown in the HIF1 RTHS, as no regrowth is observed when the system is grown on 

media containing IPTG and arabinose if a CA5 peptide is present.  

 

To summarise, the SsrA tag allows P1 to cause restoration of cell shutdown in 

the HIF1 RTHS by reducing the toxicity of the Npu intein, as demonstrated by 

various drop spot assays.  
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4.6 New library screen of HIF1 

With the effect of the SsrA tag on Npu-induced toxicity determined using P1 as 

an example, a screen was attempted. The HIF1 RTHS was used as the 

screening platform, as any hits identified could be compared directly with the 

sequence of P1, providing further confirmation that a SICLOPPS library utilising 

the Npu intein could allow a more diverse range of sequences to splice.  

 

Figure 4-14 - Example of drop spotting on plates 1 – 4. 

Figure 4-15 - Plates 1, 2 and 3 demonstrating what is expected from a screen of 96 

colonies; full growth, cell shutdown and full growth on plates 1, 2 and 3 respectively.  
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Figure 4-16 - Plate 4 (minimal media supplemented with 100 μM IPTG and 1.3 μM 
arabinose) from screen A where the red arrows indicate full growth even at the 
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weakest dilution, suggesting these colonies contain potential hit peptide sequences. 

An example layout of the plates is given below, indicating which rows correspond to 

which strain. 

 

Five primary screens were carried out, identifying 44 primary hits as 

demonstrated in 

Figure 4-15 and Figure 4-16. These were subjected to secondary screening where 

each plasmid encoding a potential hit was isolated and retransformed into a 

different RTHS to determine its specificity for the target proteins and not the 

434 and P22 domains.  Initially the plasmids were transformed into the 

anthrax (CMG2/PA PPI) RTHS as this was another heterodimeric RTHS. The 

results of the secondary screen revealed that this particular strain failed to 

shutdown, indicating that it was no longer functional, and therefore no 

specificity was observed. Instead the control RTHS used was the C-terminal 

Binding Protein 1 (CtBP1) system [Figure 4-17].12 

Plate&1&–&No&IPTG&or&arabinose& Plate&2&–&100&μM&&IPTG& Plate&3&–&1.3&μM&&arabinose&
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Figure 4-17 - Secondary screen of the potential hits identified in the HIF1 and CtBP1 

RTHS. Plates 1-4 indicate what each plate is supplemented with: 1 – no IPTG or 

arabinose, 2 - 100 μM IPTG, 3 - 1.3 μM, 4 - 100 μM IPTG and 1.3 μM. From this set of 

drop spot assays it does not appear that any peptide sequences enabling regrowth in 
the HIF1 RTHS are specific to the HIF1α/β interaction as almost every row has fully 
grown out on plate 4 in the CtBP1 RTHS.  
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No hits were taken beyond the secondary screen as many of the potential hits 

selected from primary rounds of screening caused regrowth in the CtBP1 RTHS, 

whilst approximately half of the hits failed to cause restoration of shutdown in 

this screen. 12 plasmids encoding the potential hit sequences were isolated, 

and several analysed by sequencing. The plasmids were checked by gel 

electrophoresis. Oddly, the plasmids isolated from the screen were all smaller 

than the original vector from which they were originally made and not even 

uniform amongst themselves [Figure 4-18]. A PCR was carried out on each 

plasmid to amplify the I
C
-peptide-I

N
-CBD region of the pARCBD vector. None of 

the plasmids isolated appeared to contain this fragment as no amplicon was 

produced. The sequencing results indicated that the I
C
-peptide-I

N
-CBD fragment 

was not present at all.  

 

 

Figure 4-18 – Agarose gel where the original pARCBD vector is in lane 1 and lanes 2 – 

13 are a selection of the miniprepped hit plasmids.  

 

Further sequencing of the mutated plasmids (carried out by Eliot Osher, 

Tavassoli group) revealed that the entire pARCBD sequence was in tact except 

for the region containing the inteins and part of the arabinose promoter. This 

would suggest that the plasmid had mutated to remove the potentially toxic 

inteins. However, this was seen in other screens using the pARCBD-Ssp 

plasmid. A library made with the same ligation reaction but used within a 

different system yielded normal plasmids and even provided hit sequences. 

This suggests that the plasmid mutates only against certain target proteins as 

a result of the additional burden of the production of these proteins in E. coli. 

The fact that some restoration of growth was observed in this and other 

!"""#$%#

&""#$%#

1"""2""""3"""4"""5"""6""""7"""8"""9""10"11"12"13"



  Chapter 4: Second Generation SICLOPPS 

 147   

screens where the plasmids had mutated to eliminate the inteins, indicates 

that the growth advantage observed is likely due to the absence of toxic 

inteins, rather than disruption of the targeted PPI. 

Intein mutations have been seen previously in various SICLOPPS screens carried 

out within the Tavassoli group, though these have usually been limited to a 

single point mutation that alters one amino acid in either the I
N
 or I

C
. 

Occasionally linear peptides have been identified due to the inclusion of an in-

frame stop codon within the randomised sequence. Due to the sequence of the 

degenerate oligonucleotide, one of the stop codons (amber; TAG) can still be 

encoded for. One particular screen identified several linear peptides as the 

most potent hits, indicating that SICLOPPS is able to mutate towards a 

favourable interaction with a specific target PPI.181 This may be why the exact 

same library was able to give hits against one target and became heavily 

mutated in another.  

 

4.7 SICLOPPS Library Toxicity Tests 

Next we sought to test the efficacy of the degradation tag within a library 

setting, rather than with just one particular extein sequence. SICLOPPS CX
5
 

libraries were made for each construct via PCR, digestion and ligation into the 

pARCBD vector, and transformed into electrocompetent DH5α cells to ensure 

the library size would be covered. Cells were plated at a 10-4 dilution onto 

plates with and without IPTG for induction and the colonies counted.  

This was first tried using the pARCBD backbone but it was difficult to 

consistently achieve the 10-6 efficiency necessary to cover the theoretical 

library size (205 or 3.2 million) with each construct. A higher copy vector, 

pTHCP14, was then used as the backbone for library construction in the hope 

that this would yield higher efficiencies. This change meant the inducing 

chemical was now IPTG instead of arabinose.  

Efforts were made to increase the competency (the ability to take up DNA)182 of 

the electrocompetent DH5α cells. Firstly, the pipette tips were cut to minimise 
pipetting and avoid shearing cells. Next the temperature at which the cells 
were grown was lowered to 18 oC. This has been reported to improve the 



Chapter 4: Second Generation SICLOPPS 

 148 

frequency of transformation by electroporation by 20-fold, potentially via 
increasing the proportion of unsaturated fatty acids within phospholipids that 
make up the cell membrane.183,184 The cells were grown in SOB instead of LB 
broth, as described in several protocols. Finally the cells were harvested in 
early to mid-log phase at OD600 0.2-0.3 rather than 0.5-0.6.185  

Ligation mixtures were dialysed following heat inactivation of the DNA ligase in 
order to remove excess salts (which can hinder electroporation) before 
transformation to improve the efficiency. Using these steps, the transformation 
efficiency improved from 10-3/10-4 to 10-6.  

In each ligation reaction, 50 ng of backbone was used in a 1:9 ratio of 

backbone:insert to ensure the same quantity of DNA was transformed in each 

case. This ratio was found to give the highest number of transformants. 

Standard electroporation protocols were followed for the transformation and 

recovery mixtures were plated at 10-4 (for colony counting) and 10-6 (for 

ensuring the library size had been covered) dilutions on selective agar with and 

without 250 μM IPTG.  
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Figure 4-19 - The % survival of colonies from constructs 1 – 4 following induction of 

intein expression (grey bars) compared to before induction (black bars).  

 

Induction of the intein construct 2 resulted in only 57.7 % of colonies surviving. 

The Ssp intein exhibited slight toxicity as 86.3 % of colonies survived, which 

interestingly was similar to construct 3. The same number of colonies were 

consistently counted with and without induction when the SsrA tag was 

utilised. This demonstrates the toxicity of the Npu split-intein compared to that 

of the Ssp split-intein. The switch from the CBD (construct 2) to the His-tag 

(construct 3) seemed to negate a significant level of toxicity exhibited by the 

Npu intein. This is perhaps because the toxicity observed is due to the 

presence of the unspliced intein; as the His-tag is smaller and at the N-

terminus of the construct it may allow a greater yield of spliced intein to form. 

Addition of the SsrA degradation tag raised the number of colonies to 101 % of 

the equivalent colonies without induction.  
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4.8 Summary 

The aim of this chapter was to improve SICLOPPS by utilising the Npu split-

intein, which has been shown to splice faster, with greater efficiency and with a 

greater tolerance for amino acid diversity at the splice junction. We reasoned 

that this would increase the amount of peptide sequences that could splice 

and improve the chances of finding hit peptides with more hydrophilic 

sequences.  

Firstly, CX
5
 libraries were constructed within the standard pARCBD-Ssp vector 

and the new pARCBD-Npu vector. The libraries were expressed and analysed by 

SDS-PAGE. As expected, the Npu split-intein was able to splice when arranged 

to the I
C
-peptide-I

N
 sequence. It was clear from the SDS gel that the Npu library 

was able to splice to a greater degree than the Ssp equivalent.  

The Npu split-intein was found to be significantly more toxic to E. coli than the 

Ssp split-intein through drop spotting with a CA
5
 extein. When P1 was encoded 

between the Npu I
C
 and I

N
 halves it failed to restore cell growth within the HIF1 

RTHS due to severe toxicity. The CBD purification tag was substituted to an N-

terminal His-tag in order to add the C-terminal SsrA degradation tag to the 

intein construct. Simply changing the CBD for a His-tag enabled more intein 

processing to occur. This was thought to be due to the location of the tag, and 

the significant difference in size, suggesting that the CBD may restrict intein 

splicing to a small degree.  

We then sought to verify the efficacy of the degradation tag through drop 

spotting and toxicity assays. The P1 drop spotting revealed that the SsrA tag 

reduced the toxicity of the Npu split-intein 10-fold on minimal media 

supplemented with arabinose. On media supplemented with arabinose and 

IPTG, only pARCBD-Ssp-P1-CBD and pARCBD-His-Npu-P1-SsrA were able to 

restore cell shutdown. CX
5
 libraries were constructed using the Ssp-CBD, Npu-

CBD, His-Npu and His-Npu-SsrA backbones and the toxicity of the inteins 

measured by counting plated colonies with and without induction. 

A SICLOPPS screen with the new library (pARCBD-His-Npu-SsrA) targeting the 

HIF1α/HIF1β interaction proved fruitless due to heavy mutation of the 
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SICLOPPS vector.  This was unexpected as the level of arabinose used (1.3 μM) 
had been low enough to not show any toxic effects on the E coli, as 
demonstrated by the drop spotting results. This had also been seen in 
SICLOPPS screens with the Ssp split-intein, suggesting that this toxicity had 
more to do with the target protein(s).  
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Chapter 5:  Investigating New Protein-Protein 

Interactions 

 

The new library was then to be tested within a RTHS that involved a new PPI. 

Two interactions that are key in stem cell differentiation were targeted as well 

as an important immunological cancer target. 

5.1.1 Stem Cell Transcription Factors 

Stem cells are unspecialised cells found in all multicellular organisms. They are 

uniquely pluripotent; not only do stem cells self renew indefinitely through 

mitotic cell division, but they also have the ability to become any of the 200 

types of cell that make up the human body by differentiating into one of the 

three primary germ layers: the endoderm, mesoderm and ectoderm.186,187  

Stem cells are divided into two categories; embryonic stem cells (ESCs) are 

found in the inner cell mass of a developing blastocyst around five days after 

fertilisation, whereas adult stem cells are found in various tissues in the body 

and can be separated from bone marrow, adipose tissue, blood, liver, brain 

and skin.187  

Due to their capacity to become any other cell type, stem cells have a vast 

therapeutic potential in the treatment of neurodegenerative diseases, spinal 

cord injury and cancer, as well as for use in organ transplants.188,189 This is 

currently hindered by our lack of understanding of the complex set of positive 

feedback loops that are central to the regulatory protein network in ESCs.190 

Currently the only type of stem cell treatment that is clinically available is bone 

marrow transplant. There are hopes that in the future stem cell therapy could 

be used to tackle many illnesses such as neurodegenerative diseases, cancer, 

spinal cord injury and diabetes as well as being used for organ transplants. 

Cell identity is controlled by a number of transcription factors; the key factors 

are thought to be Nanog, Oct4 and Sox2, which are encoded by the Nanog, 

POU5f1 and Sox2 genes respectively.191 These transcription factors are proteins 
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that regulate downstream gene expression by promoting or blocking the 

recruitment of RNA polymerase to specific genes on the chromosome and are 

therefore essential for embryogenesis. The mechanisms by which these 

transcription factors bind DNA are not yet fully understood.192 The level of 

expression of each particular gene determines whether a stem cell will renew 

or differentiate. 

Nanog is a homeobox protein (a DNA sequence found within genes involved in 

the regulation of development) consisting of 305 amino acids. Its structure 

contains three alpha helices, of which alpha helix 3 (the recognition helix) 

contains the homeodomain for major groove DNA binding [Figure 5.1], and an 

8-fold tryptophan repeat region (WR) within the C-terminus for dimerisation. In 

the WR region, every fifth residue is the aromatic tryptophan amino acid.193 

Nanog binds to its DNA motif (thought to be the sequence TAAT/TAATGG 

through an unknown mechanism as a homodimer [Figure 5.2] via its 

homeodomain.194,195  

 

Figure 5-1– Domain structure of the Nanog transcription factor where each number 

represents the amino acid number. 

 

Nanog was first identified in 2003 and has been found to be essential for 

maintaining pluripotency in an embryonic stem cell; in the absence of Nanog 

or its loss of function, stem cells will begin to differentiate.196 When 

overexpressed, Nanog has been shown to sustain pluripotency in ESCs by 

upregulating target genes even in the absence of leukaemia inhibitory factor 

(LIF).197,198 LIF is a cytokine that inhibits differentiation in ESCs and has been 

used extensively in embryonic stem cell culture prior to using Nanog 

overexpression. Once differentiation occurs, the expression of Nanog is 

downregulated; it has been suggested that this decrease is controlled by the 

transcription factors Oct4 and Sox2 binding to the upstream region of the 

Nanog promoter, which contains an Oct4/Sox2 binding motif.  
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Figure 5-2 – Crystal structure of Nanog homeodomain bound to an Oct4 promoter. 

Adapted from PDB 4RBO.194 

 

Oct4 (octamer binding transcription factor 4), also known as POU5f1, is named 

for the Pit, Oct and Unc transcription factors that make up this class of 

proteins that bind to DNA via two domains. It contains a high affinity POU 

homeodomain (POU
HD

) and a lower affinity POU specific domain (POU
S
) that are 

involved in major groove binding of DNA. Each of the domains recognises a 

four-base DNA sequence widely agreed to be ATGCAAAT, although different 

papers have reported slight variations in this sequence.192,199,200 Oct4 forms a 

heterodimer with Sox2 ((sex determining region Y)-related HMG box 2) through 

its POU
S
 domain [Figure 5.3], assembling on the same side of the DNA helix. 

Members of the Sox family of transcription factors contain a highly conserved 

DNA binding domain known as a high mobility group (HMG) box. These factors 

have a crucial role in development via the regulation of transcription of 

downstream genes through minor groove DNA binding.  
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Figure 5-3 – Binding of the Oct4 POU
HD

 (teal) and POU
S
 (cyan) domains and the Sox2 

homeodomain (red) to DNA. Adapted from PDB 1GT0.201 

 

In addition to Nanog, the interaction between Oct4 and Sox2 also has a role in 

the regulation of stem cell fate. When Nanog homodimerises and Oct4 and 

Sox2 cooperatively bind DNA, they activate enhancers which upregulate the 

expression of their own genes and the genes of the other transcription factors 

by a positive feedback loop [Figure 5.4].202-204  

 

Figure 5-4 – A simplified diagram showing the positive feedback loops that exist 

between the Nanog, Oct4 and Sox2 genes (shown in the rounded boxes) and their 

proteins. 

 

Through investigation of the effect of two of the main pairs of transcription 

factors (the Nanog-Nanog homodimer and the Oct4/Sox2 heterodimer) on the 
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phenotype of ESCs it may enable direct reprogramming of ESCs to specific 

lineages and vice versa.205  

 

5.1.2 Construction of the Nanog and Oct4/Sox2 Reverse Two-Hybrid 

Systems 

DNA encoding the Nanog gene was obtained by PCR amplification of 

pEP4E02SEN2K, a plasmid containing seven ESC transcription factors (provided 

by Dr Ben MacArthur, School of Medicine, University of Southampton). The 

Nanog gene was cloned into pTHCP16, which contains the 434 gene required 

to build a homodimeric RTHS.  

Integration of the 434/Nanog encoding cassette was attempted using the 

previously reported CRIM plasmid, pAH68.165 The pAH68 vector was digested 

with the SmaI enzyme, a blunt ended restriction site, which is able to ligate 

with both the MscI and SfoI sites, and SacI as this was the end of the Nanog 

gene. The target DNA fragment was cloned into the pAH68 CRIM plasmid at 

either the MscI and SacI or SfoI and SacI restriction sites, which facilitates 

integration onto the SNS118 chromosome. MscI is a methylation sensitive 

endonuclease, so the pTHCP16/Nanog plasmid was isolated following 

transformation into the gm2929 Dcm-negative E. coli strain, prior to the 

restriction digestion.  This strain does not possess Dcm methylase, which 

methylates the sequences CCAGG and CCTGG.206,207 Thus, transformation into 

this strain enables specific restriction digests to be performed using enzymes 

that are unable to cut methylated DNA. Restriction digestion with the MscI and 

SacI restriction endonucleases produced a final CRIM plasmid possessing the 

lacI gene, whereas digestion with the SfoI and SacI restriction enzymes gave a 

final CRIM plasmid with no lacI gene. For the vector, It was found that the best 

ratio of backbone:insert was 1:3 for the ligation without the lacI gene and 1:6 

with the inclusion of lacI.  

The integration was attempted twice; with just the target DNA fragment and 

also with the inclusion of another copy of the lacI gene, to ensure that no 

transcription of the recombinant proteins occurs until the cells are exposed to 

IPTG, providing more control over the RTHS.  
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The product of the ligation of pAH68 with 434+Nanog was transformed into 

chemically competent low-copy-number DH5α pir cells. Successful ligation of 

pAH68 and 434+Nanog(±lacI)	was confirmed via colony PCR using the M13-49 

and P2 primers. M13-49 binds upstream of the 434 gene within the insert, and 

P2 is complementary to a sequence downstream of the SacI restriction site in 

pAH68.  

The method for integration detailed in the original publication (incubation of 

culture at 37 oC for 1 hour followed by 42 oC for 30 minutes) and other 

conditions (37 oC for 45 minutes followed by 42 oC for 45 minutes; 30 oC for 1 

hour followed by 42 oC for 30 minutes; or 30 oC for 45 minutes then 42 oC for 

45 minutes) were investigated in order to integrate the pAH68/434+Nanog 

(±lacI) plasmids.165 1 μL of the recovery mixture (0.1 % of the total mixture) was 

plated due to the high efficiency of transformation by electroporation and 

because of the helper plasmid remaining (which provides ampicillin 

resistance). Despite many attempts at integration using the various conditions 

detailed above, integration was not successful; only bands at 740 bp observed 

by agarose gel electrophoresis [Figure 5.5]. The increase in temperature was 

tried both gradually and by ‘heat shocking’ to see if the sudden increase in 

temperature aided activation of the integrase. New electrocompetent cells were 

made several times, along with fresh SOC media, and eventually the original 

pAH68 and pAH69 plasmids were replaced, which still did not lead to a 

successful integration.  
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Figure 5-5 – The expected amplicons for failed and successful integrants are shown 

above. PCR of Nanog integration attempt where lane 1 is pAH68/Nanog+lacI, lanes 2-

13 are failed Nanog integrants, lanes 14 and 15 are pAH68/Nanog-lacI, lane 16 is the 

PspA RTHS positive control and lane 17 is the water control.  

 

Meanwhile, in order to give an indication of whether the expression of the 

Nanog homodimer would cause cell shutdown, the pTHCP16/Nanog plasmid 

was transformed into chemically competent SNS118 cells. Overexpression of 

the Nanog protein did not exhibit toxicity towards the E. coli host, but 

unfortunately no shutdown was observed on selective minimal media so a 
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RTHS investigating this particular interaction was not possible [

 

Figure 5-6]. It was thought that the size of Nanog itself or the orientation of the 

fused 434 repressor was responsible for the lack of interaction in the Nanog 

RTHS. A variant of this system was constructed with a truncated version of 

Nanog using the dimerisation domain only. This approach of utilising domains 

of the protein has previously been demonstrated successfully (unpublished 

work, Tavassoli group). The dimerisation domain is vital for the self-renewal 

effect of Nanog on ESCs, shown by Nanog deletion sequences combined with 

ESC studies.193 The C-terminal fragment (amino acids 155 – 305) was amplified 

by PCR and cloned into pTHCP16, and then pAH68, exactly as was carried out 

for the full Nanog gene. Integration was achieved on the second attempt 

through incubation at 30 oC for 1 hour, followed by 42 oC for 30 minutes. The 

Nanog C-terminal integrant was tested for interaction and toxicity through 

drop spotting [Figure 5.6]. No toxicity, but also no strong interaction, was 

observed even on exposure to higher concentrations of 3-AT and kanamycin. 

Due to these findings the investigation into this PPI was discontinued.  

 

Figure 5-6 – Drop spotting on 50 μg/mL kanamycin and 5 mM 3-AT where row 1 is the 

PspA RTHS positive control, row 2 is the pTHCP16 in SNS118 negative control, rows 3 
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and 4 are the full length pTHCP16/Nanog plasmid in SNS118 and the truncated Nanog 

RTHS respectively and row 5 is the Oct4/Sox2 RTHS. 

 

The Oct4 and Sox2 genes were cloned from pEP4E02SEN2K and human ESC 

cDNA, respectively, and inserted sequentially into the pTHCP14 plasmid. The 

Oct4 sequence was cloned into the SacI and SalI restriction sites of pTCHP14, 

followed by ligation of the Sox2 sequence into the XhoI and KpnI sites. The 

P22+Sox2/434+Oct4 fragment was isolated by restriction digestion with NdeI 

and SacI, and ligated into the same sites within a previously constructed 

pAH68, which incorporated the lacI gene. pAH68/P22+Sox2/434+Oct4 was 

successfully integrated by electroporation followed by incubation at 30 oC for 

45 minutes and then 42 oC for 45 minutes. As no interaction was seen, 

screening for cyclic peptide inhibitors for this RTHS was not possible. 

It was originally thought that the weak interactions observed between Sox2 

and Oct4, as well as between Nanog monomers, may be due to the 

requirement for other cellular factors, which must be present in order to 

achieve dimerisation of mammalian transcription factors in E. coli. It has also 

been suggested that the presence of many rare codons within the Nanog, Oct4 

and Sox2 coding sequences, may prohibit their expression in E. coli. 

Interestingly, shortly after the successful construction of the Sox2/Oct4 RTHS 

was completed in the present study, evidence emerged indicating that the Oct4 

and Sox2 protein monomers actually require their DNA binding domain in 

order to interact correctly, contradicting what has previously been shown in 

the literature.202,208 In this recent study, fusions of Oct4 and Sox2 with 

fluorescent protein (GFP-Oct4 and mRFP-Sox2), still capable of inducing and 

maintaining pluripotency, were constructed in order to analyse the Oct4/Sox2 

protein-protein interaction within the cell nucleus. The use of these fusion 

proteins showed that the Oct4/Sox2 association is DNA dependent, which 

would explain why no interaction was observed for the Oct4/Sox2 RTHS 

constructed in this research project.  
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5.1.3 PD-1/PD-L1 Interaction 

The Programmed Cell Death 1 (PD-1) receptor is a cell surface protein 

expressed on T-cells and activated B-cells, which are types of lymphocyte 

involved in the immunological response.209,210 PD-1 is made up of 238 aa that 

form two domains; an immunoglobulin domain and a cytoplasmic domain.211 

Programmed Cell Death Ligand 1 (PD-L1) is one of the ligands for the PD-1 

receptor (the other is PD-L2), and is a transmembrane protein found on the 

surface of macrophages, B cells and T cells and can be inducibly expressed on 

these cells as well as cancer cells. The interaction between the monomeric PD-

1 and PD-L1 proteins [Figure 5.7] on antigen presenting cells suppresses 

immune responses to foreign antigens in cases such as pregnancy, 

autoimmune disease and cancer in order to protect tissue from damage caused 

by the immune response. Normally when triggered the immune system will 

cause the proliferation of T-cells to help fight off the unknown antigen but the 

PD-1/PD-L1 complex prevents this from occurring.212  

Figure 5-7 – The crystal structure of the extracellular domains of the murine form of 
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PD-1 (shown in red) and human PD-L1 (shown in blue) interaction where the N-terminus 

of PD-1 (shown in yellow) and PD-L1 (green) are labelled. Adapted from PDB 3BIK.213 

 

It has been found in patients with lung, renal and ovarian cancer that PD-L1 is 

more highly expressed on cancer cells, correlating to more aggressive tumour 

development and a higher risk of death, although this has recently been 

disputed.214,215 Therefore, blocking the PD-1/PD-L1 interaction presents a 

promising target for cancer immunotherapy.216 

Antibody therapy, with monoclonal antibodies such as nivolumab and 

pembrolizumab, is currently being trialed as a potential treatment for PD-1 

dependent cancers but this has mixed results, as well as severe side 

effects.217,218  

 

5.1.4 Construction of the PD-1/PD-L1 Reverse Two-Hybrid System 

A heterodimeric RTHS targeting the PD-1/PD-L1 PPI was constructed. 

Residues 25-150 of the human form of PD-1 were cloned into the XhoI and 

KpnI restriction sites of pTHCP14 before cloning of the human version of PD-L1 

(residues 18-134) into the SalI and SacI sites. The only crystal structure 

available used the murine form of PD-1 and the human isoform of PD-L1 but 

the human forms of both proteins were used for this research project. The N-

termini of both proteins were chosen to fuse to the P22 and 434 repressors as 

these were in closest proximity and it was thought that this orientation would 

permit the best interaction in the RTHS. A small flexible GGA linker was 

included in the sequence between the repressors and the recombinant proteins 

to enable a greater chance for dimerisation of the P22 and 434 domains. The 

pTHCP14/PD-1+PD-L1 plasmid was transformed into the SNS126 strain and 

subsequently tested for interaction of the two recombinant proteins. Although 

the negative control only grew out to four spots at IPTG concentrations higher 

than 50 μM IPTG, some shutdown of cell growth in the PD-1/PD-L1 sample was 

observed at 100 μM IPTG [Figure 5.8]. This indicated that an interaction was 

occurring, so the 434-PD-1/P22-PD-L1 fragment was obtained by digestion and 

subcloned into the pAH68 CRIM plasmid for integration. 
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Figure 5-8 – Drop spotting to observe shutdown of pTHCP14/PD-1+PD-L1 on minimal 

media at varying concentrations of IPTG where 1 is the anthrax RTHS positive control, 

2 is pTHCP14 in SNS126 negative control and 3 is pTHCP14/PD-1+PD-L1 in SNS126. 

 

Following successful integration of the pAH68/PD-1+PD-L1 plasmid onto the E. 

coli chromosome, drop spotting was carried out to determine whether 

shutdown would still be observed. Even under stringent conditions, the 

integrated PD-1/PD-L1 complex was not able to cause shutdown of cell growth 

and so was deemed non-functional [Figure 5.9].  

Figure 5-9 – Drop spotting of PD-1/PD-L1 RTHS on minimal media at varying 

concentrations of IPTG where 1 is the anthrax RTHS positive control, 2 is the SNS126 

negative control and rows 3-6 are potential PD-1/PD-L1 integrants.  

 

5.2 Summary 

Four novel systems were constructed to screen the new library against; the full-

length Nanog and C-terminal domain Nanog homodimer, and the Oct4/Sox2 

and the PD-1/PD-L1 heterodimer interactions were tested in the existing RTHS. 

However, all four systems did not interact sufficiently for a screen to be carried 

out and so the new library remained untested in a RTHS. 
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Chapter 6:  Conclusions and Future Work 

Identify successes and failures 

Approaches to solving remaining processes 

Speculate on good applications of system once complete 

The aim of this work was to improve the currently used RTHS genetic screening 

platform and our genetically encoded cyclic peptide SICLOPPS library, in order 

to increase the chances of identifying novel cyclic peptide inhibitors of 

important protein-protein interactions. 

A new RTHS was constructed to use both cell survival and fluorescence as an 

indicator of successful inhibition of a target PPI. Instead of using the currently 

employed kanR, HIS3 and lacZ genes (all downstream of one promoter), specR 

(in place of kanR) and HIS3 were integrated separately to the new report gene, 

tdTomato. This was predicted to improve the robustness of the screen as the 

recombinant PPI would bind (or not bind in the presence of an inhibitor) at two 

distinct operator sites.  

The first step in constructing the RTHS was to delete the C-terminal of the hisB 

gene from the chromosome of the parent E. coli strain BW27786, in order to 

successfully use HIS3 as a reporter gene in the RTHS. Unfortunately, for 

unknown reasons, this step was unsuccessful. It initially appeared that this 

recombineering step had correctly removed ΔhisB(165-355) as all antibiotic 

resistance was lost. As a result, the subsequent integration steps were carried 

out to complete the RTHS. It was only when the system was tested for 

functionality (the expected cell death upon induction of the recombinant 

interacting proteins when grown on histidine-deficient media) that it was 

discovered that the recombineering had failed. PCR across the recombineering 

site did not help to clarify what had happened. In hindsight, sequencing this 

PCR product would have been useful in determining whether the first step of 

recombineering (insertion of a kanamycin resistance gene in place of the C-

terminal of hisB) had been successful to begin with. The system was therefore 

not functional on histidine-deficient media. Due to time constraints of this 

research, this issue was not resolved.  
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As described in chapter 3, only the tdTomato reporter gene was used to 

observe repression and restoration of fluorescence in example HIF1 and 

p6/UEV systems and their respective inhibitors, with some success. 

Further work on this project would be to sequence the hisB region of the 

chromosome, determine the step of the recombineering that failed and correct 

it from this stage. It would then be straightforward and quick to integrate the 

CRIM plasmids to complete the new RTHS. This would then be ready for testing 

the interaction of any heterodimeric PPI, and if an interaction was observed a 

screen of inhibitor compounds could be carried out.  

 

A second-generation SICLOPPS library utilising the Npu split-intein was 

constructed and expressed in E. coli. As expected, the Npu library was able to 

splice with a much greater yield than its Ssp counterpart. The Npu library was 

then tested with the P1 peptide sequence within the existing HIF1 RTHS to see 

if it would affect the restoration of cell growth (due to the greater yield of 

spliced product). Unexpectedly, the Npu intein displayed significant toxicity 

towards the E. coli host so it was not possible to screen libraries using this 

intein. 

We overcame this problem by employing a C-terminal SsrA degradation tag. 

The inhibitor P1 was encoded within the new SICLOPPS vector and shown to 

only restore cell growth of the HIF1 RTHS in the Npu vectors containing the 

SsrA degradation tag, which counteracted the toxicity exhibited by the Npu 

intein. The cell survival in this case was only possible because of the speed at 

which Npu is able to splice; cyclic P1 is required to prevent HIF1α/HIF1β 
dimerization and so splicing must have occurred before degradation. 

Once we had identified a library able to splice within our screening platform 

without causing toxicity, we used the new SICLOPPS vector to screen for 

inhibitors of the HIF1α/HIF1β interaction. Using the new SICLOPPS library 
yielded no cyclic peptide sequences able to restore cell growth. Sequencing of 
10 isolated plasmids revealed that each vector was heavily mutated to remove 

the entire intein-extein-intein fragment. This was thought to be due more to 

the target PPI as similar mutations had previously been observed in the 

Tavassoli laboratory when using the Ssp split-intein. 
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If time had permitted the new library could have been tested against a new PPI, 

and also within the new RTHS (once completed).  

 

Four new PPIs were investigated in the currently used RTHS. Each was 

constructed and tested for functionality. Unfortunately, none of the PPIs 

chosen interacted within the RTHS and so it was not possible to identify any 

inhibitors of the homodimerising Nanog and Nanog dimerisation domain 

interactions and the heterodimers Oct4/Sox2 and PD-1/PD-L1. With more time 

it would have been possible to try different orientations of the recombinant 

proteins (i.e. fusing the repressor to the C-terminal of the recombinant protein 

instead of the N-terminal), with the exception of the Oct4/Sox2 interaction, or 

to explore different linker lengths in order to increase the chance of the 

protein fusion dimerising and forming a functional repressor in the RTHS.  

 

Ultimately the aims of this research were not fully achieved because of 

unforeseen issues. If these could be resolved the new system and the new 

library could be used together, with the potential to identify hit cyclic peptide 

sequences. These compounds could then be modified to create the next 

therapeutic for treating disease, or a useful tool for studying the PPI in vivo.  
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