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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF MEDICINE 

Cancer Sciences 

Thesis for the degree of Doctor of Philosophy 

TOWARDS THE NEXT GENERATION OF SMALL MOLECULE INHIBITORS 

OF CTBP DIMERISATION 

Charlotte Amy Mardle 

C-terminal binding proteins (CtBP1 and CtBP2) are transcriptional co-repressors 

whose activity can promote tumour cell survival and the migration of tumours. 

It is CtBP homo- and hetero-dimer complexes that recruit the transcription 

factors necessary to mediate transcription and CtBPs are particularly driven to 

dimerise in tumour cells by the increase in NADH caused by aerobic glycolysis. 

Therefore, CtBPs link cancer cell metabolism to other drivers of malignancy 

and have been identified as potential targets for novel cancer therapeutics. A 

cyclic peptide inhibitor of CtBP1 homo-dimerisation, labelled CP61, has 

previously been identified and could form the basis of novel molecules to 

target CtBPs. 

In this project, in vitro assays, including a FRET and a dehydrogenase assay 

were developed to investigate the activity and mechanism of this inhibitor. A 

thermal shift assay using a truncated version of CtBP1 showed that CP61 

bound to either the core nucleotide or substrate binding domain of the protein 

and had a destabilising effect. Alanine scanning of CP61 was completed using 

split-intein circular ligation of proteins and peptides (SICLOPPS) within a 

bacterial reverse-two hybrid system (RTHS) and the thermal shift assay. The 

aromatic amino acid side-chains were shown to be essential for the activity of 

this peptide. A screen to find CtBP2 specific inhibitors, which identified peptide 

sequences containing a high prevalence of aromatic residues, supported this. 

Finally, the thermal shift assay and mutant versions of recombinant CtBP were 

used to elucidate the possible binding orders of CtBP substrates and inhibitors, 

and their effects on protein stability. This included the ordered binding of 

NAD+ and MTOB and that CtBP1 has a higher affinity for NADH that NAD+. 
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Chapter 1:   Introduction 

1.1 C-terminal Binding Proteins (CtBPs) 

C-terminal binding protein 1 (CtBP1) was originally identified as a 48 kDa 

protein that specifically bound to the C-terminus of the E1A-oncoprotein 1. The 

interaction was confirmed by protein purification and in vivo 

co-immunoprecipitation studies, and a yeast two-hybrid system was used to 

isolate the gene encoding CtBP1 2. A second isoform of CtBP, named CtBP2, 

was later discovered in some species 3. 

Since then CtBPs have been established as highly conserved, multifunctional 

proteins that are linked to tumour development and tumour progression 4, 

mainly through their function as transcription co-repressors in the nucleus. 

CtBP dimers are recruited to various DNA-binding transcription repressors via a 

PXDLS amino acid motif 5. The dimer complex then recruits histone 

deacetylases (HDACs), histone methyltransferases or polycomb group factors 

to the transcription repressor 6, preventing transcription (Figure 1). 

 

Figure 1. The CtBP co-repressor complex. CtBPs bind to reduced nicotinamide adenine 

dinucleotide (NADH) and dimerise. The dimer complex is recruited by a repressor and 

recruits a HDAC or polycomb group protein to the target, thus repressing 

transcription. 
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1.1.1 Structural properties of CtBPs 

The structure of CtBPs has been mainly analysed by crystallisation of the rat 

and human homologs of the protein, and crystal structures have only been 

obtained with bound nucleotides 7, 8. More recently, structures with bound 

substrates and non-active substrate mimics have been collected 9, 10.   

CtBP proteins contain two main domains; a substrate-binding domain that 

binds to the other members of the machinery that make up the transcription 

controlling complex, and a nucleotide-binding domain that binds nicotinamide 

adenine dinucleotide (NAD(H)) 7 (Figure 2). The nucleotide-binding domains of 

two separate CtBP proteins interact to form the centre of the dimer structure, 

with their respective substrate-binding domains at opposite sides of the 

complex 7. The formation of a higher order tetrameric structure has been 

reported to rely on the C-terminal region of the protein but has not been 

crystallised. Evidence for higher-order multimers comes from gel filtration and 

small-angle X-ray scattering of molecules in solution 11-13. 
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Figure 2: Crystal structure of human CtBP2 dimer. Adapted from RCSB protein data 

bank structure PDB-2OME 14. One monomer unit is shown in blue and the other in grey. 

The nucleotide-binding domain is shown in lighter colour, with bound NADH in red. 

The substrate-binding domain is shown in darker colour. The dimerisation loop on the 

blue monomer is also identified; it is formed of the two linked alpha helices.  

 

CtBPs are structurally similar to D2 hydroxyacid dehydrogenases 8. This family 

of enzymes, which includes D-lactate dehydrogenase 15, reduce pyruvate and 

!"#$%&'%()
#*+,*+-),./'*+)

0*/(&*$'1.+)
2..3)

450678)

4"9:(.1,()
#*+,*+-),./'*+)



  Chapter 1: Introduction 

 4  

other keto-acids to lactate, coupled with the oxidation of NADH to NAD+. The 

structural composition of the NAD(H) binding domain reflects the structure of 

the Rossmann fold that is found in most NAD(H) dependent dehydrogenases 8, 

16; with consecutive strands of beta-sheet joined by alpha helices at each end. 

The sequence of this fold contains the conserved GXGXXG motif found 

amongst proteins with this structure 17, 18, and a catalytic triad, which 

corresponds to residues His315/Glu295/Arg266 in CtBP1. CtBPs have been 

shown to have weak dehydrogenase activity, which is related to their ability to 

bind NADH 8, but their dehydrogenase activity is not required for their ability 

to act as transcriptional co-repressors 19. 

CtBP1 was shown to bind to a PLDLS motif on the C-terminus of E1A 2. CtBPs 

have since been shown to bind to regulators containing the more general 

PXDLS or PXDLS-like motif sequence, found on numerous DNA–binding 

partners of CtBPs 20, 21. The first of the proteins found to interact with CtBP that 

contain this motif were identified with the Drosophila CtBP (dCtBP), such as 

Hairy, Snail and Knirps 22, 23. Later a mammalian CtBP was found to bind to the 

zinc finger protein Basic Krüppel-like factor (BKLF) with the same sequence 19. 

More recently the sequence of this consensus motif has been expanded, for 

example hypermethylated in cancer 1 protein (HIC1) binds through a 

degenerate GLDLSKK motif 24. Nardini et al. (2003) crystallised CtBP/BARS 

bound to a PIDLSKK peptide to model the binding motif, and subsequently 

showed that a hydrophobic cleft in the N-terminal portion of CtBP binds this 

motif, hence this region is referred to as the substrate-binding domain 7. PXDLS 

is believed to be the primary recruitment motif for the DNA-binding 

transcription factors 6 but a PXDL-like motif is also found in the chromatin 

interacting proteins recruited by CtBPs, namely the histone acetylases HDAC-4 

and HDAC-7 25 and the polycomb group protein hPc2 26. This observation has 

led to the suggestion that the CtBP dimer bridges two PXDLS binding proteins 

together 27.  

Not all of the histone deacetylases contain this sequence motif, for example 

HDAC1 28 and HDAC2 29, and there is potential for binding to CtBPs without this 

sequence 20. A yeast-two hybrid system using a version of CtBP with a filled 

PXDLS site was used to find interacting partners that don’t rely on this motif. 

This protein bound to the zinc-finger protein ZNF217, and a RRTGXPPXL motif 

was found to be responsible 30. In support of this, CtBP was shown to bind to a 
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RRTGAPPAL peptide at a surface groove in its nucleotide-binding domain 30. 

This motif is present in related zinc finger proteins, RIZ and ZNF516, although 

they also contain the PXDLS motif. Nevertheless this demonstrates that 

secondary binding sites may affect CtBP binding to its interacting partners 30.  

1.1.2 Isoforms of CtBPs 

Drosophila and C.elgans have a single gene encoding CtBP 31. Humans and 

other vertebrates however, have two CtBP genes; the proteins that they encode 

for are known as CtBP1 and CtBP2 and they have both overlapping and distinct 

roles in cells. The two proteins share 78% amino acid identity and 83% 

similarity 32, accounting for the similarity between the roles they play in cell 

development. CtBP1 and CtBP2 have been shown to bind to the same targets, 

for example the zinc finger-homeodomain factor deltaEF1 33.  

Experiments with mouse embryonic stem cells that selectively knockout either 

CtBP1 or CtBP2 through gene targeting and gene trap mutagenesis have 

further verified that their gene repression roles overlap, although they are 

expressed in slightly different areas, with CtBP2 expression more evident in 

the developing placenta 34. One major difference between CtBP1 and CtBP2 is in 

their sub-cellular localisation, it has been shown that CtBP2 contains an N-

terminal nuclear localisation sequence that is not present in CtBP1 35, 36. A few 

of the binding partners of CtBPs have been shown to interact with only one 

form of CtBP; FHL3 binds CtBP2 and requires a portion of the N-terminus not 

conserved with CtBP1 27, and nNOS binds specifically to a C-terminal sequence 

of CtBP1 37. However, generally the differences between the functions of the 

two proteins are not well characterised.  

There are also splice variants of each CtBP gene (Figure 3), which have 

different roles in cells. CtBP1 has 2 forms, CtBP1-L and CtBP1-S (also known as 

CtBP/BARS). The latter lacks 13-amino acids from its N-terminus 38 and is 

associated with CtBPs’ functions in the cytosol (see 1.1.3.3). CtBP2 has similar 

short and long forms 36. RIBEYE is a variant of CtBP2 that is produced using a 

different promoter on the CtBP2 locus; it shares the C-terminal domain of 

CtBP2 but has a larger N-terminal domain of 595 residues 36, and is a 

component of the synaptic ribbons in the retina 39.  
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Figure 3: Isoforms of human CtBP with key features highlighted. CtBP1 and CtBP2 both 

have dehydrogenase homology, with sequences essential for NADH binding and the 

catalytic triad His/Glu/Arg. CtBP2 contains a unique nuclear localisation sequence. 

 

1.1.3 Functions of CtBPs 

1.1.3.1 CtBPs as transcriptional co-repressors 

The basal transcription machinery is responsible for the transcription of DNA 

into mRNA. The main component of the basal transcription machinery is RNA 

polymerase II (pol II) 40, which localises in the nucleoplasm and is specific for 

the synthesis of mRNA over other types of RNA 41. Pol II contains 12 subunits, 

which can be divided into a core 10-subunit enzyme essential for transcription 
42 with the other two units forming a peripheral dimer 43. The pol II protein 

complex lacks the ability to recognise the transcriptional start site for each 

gene and therefore requires other proteins to direct it to its target promoters 

to initiate the synthesis of the correct mRNA sequence. These auxiliary 

proteins form a series of basal (or general) transcription factors (TFs) that 

recognise promoter regions on DNA 44,45. The combination of the TFIIs, pol II 

and promoter DNA forms the pre-initiation complex (PIC) for mRNA 

transcription 44, 46. 
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The transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH) are 

themselves multi-protein complexes containing a variety of functionalities, for 

example the TFIIH complex includes; kinase activity for the phosphorylation of 

pol II 47 and helicase activity for promoter opening 48 among its varied subunits 
45. The first transcription factor to bind to the DNA is TFIID, which consists of a 

TATA-binding protein (TBP) subunit and several TBP-associated factors (TAFs) 49, 

50. TFIID binds to the core promoter region of the DNA and promotes the 

assembly of the rest of the PIC 44. The formation of the PIC is thought to form 

through a ‘sequential assembly pathway’ whereby TFIID is followed by TFIIA 

and TFIIB which stabilise the DNA bound complex, then pol II and TFIIF are 

recruited, and finally TFIIE and TFIIH 45. However it is likely that there are 

variations to this ordered mechanism dependent on the promoter sequence 

and gene being transcribed 45, 46, 51. The most characterised core promoter 

region is the TATA box, an AT rich region that begins with a TATA sequence 

and is situated between 25 and 30 bp upstream of the start codon 52, 53, it is 

this region that is recognised by TBP. There are other promoter sequences, 

however, and many promoter regions do not contain a TATA sequence, other 

examples include the downstream promoter element (DPEs) 54 and the initiator 

element (INR) 53 both recognised by TAFs, and TFIIB recognition elements 

(BREs) 55.  

For activator-dependent transcription, other cofactors are required to form 

bridges between gene specific activators bound to enhancer regions of DNA, 

and the basal transcription machinery 46. Mediator complex is one example of a 

cofactor that promotes high levels of activated transcription, although it has 

also been implicated in basal transcription 56, 57. Transcriptional activation can 

occur via activators bringing the rest of the transcriptional elements in close 

proximity to the promoter regions thus enhancing binding, or by recruiting 

chromatin modifying proteins that expand chromatin and allow the 

transcriptional machinery to access the promoter sites 58. In contrast, 

transcriptional control is also mediated by transcriptional repression. Like 

activation, there are several mechanisms by which transcriptional repressors 

can repress transcription. These include directly competing for DNA binding 

with activators or members of the basal transcription machinery, interacting 

with and modifying parts of the PIC, or by recruiting chromatin modifying 
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proteins that compress chromatin and so reduce the accessibility of the 

promoter sites 59. CtBPs do not bind to DNA but are known to recruit histone 

modifying complexes to DNA binding transcriptional repressors 20, so it is 

primarily through chromatin modifying that CtBPs prevent the activities of the 

basal transcription machinery. 

Figure 1 is a simplified model of CtBPs’ actions as transcriptional repressors. In 

reality, CtBPs make up part of a large multiprotein complex bringing together 

many regulators of transcription, including the histone modifying proteins 

mentioned in section 1.1.2 (Figure 4). Another transcriptional co-repressor 

CoREST 60 has also been found to be part of the CtBP complex 12. CoREST binds 

to some of the same histone deacetylases as CtBPs, such as HCAC1/2 61, but is 

also the binding partner of the lysine specific demethylase LSD1 62, 63. 

LSD1demethylates H3-K4, which is a specific tag for transcriptional 

activation 64. CtBPs also recruit machinery for SUMOylation, such as the SUMO 

conjugating enzyme Ubc9 65; the SUMO peptide is used to recruit selected 

HDACs to transcription factors 66 and evidence has emerged that CtBP1 can 

direct the SUMOylation of other cofactors 6.  

Some transcription factors bind directly to CtBPs but some bind indirectly via 

an adapter protein. CtBP-interacting protein (CtIP) is one such adaptor protein, 

identified as a binder of CtBP through a yeast-two hybrid system 67, which links 

CtBPs to the tumour suppressor pRb family of proteins. Another tumour 

suppressor, BRCA-1, also interacts with CtIP and it has been suggested that 

recruitment of a CtIP/CtBP complex by this protein may play a role in 

transcriptional regulation of some genes relevant to the cell-cycle, e.g. p21 68. 

Overall this demonstrates that CtBPs can interact with a wide variety of binding 

partners to control a range of transcriptional targets. 
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Figure 4: The CtBP co-repressor complex. CtBPs can interact with repressors directly or 

via an adapter protein. CtBPs then recruit a variety of histone modifying proteins to the 

repressor. 

 

1.1.3.2 CtBPs as transcriptional co-activators 

Largely CtBPs are described as transcriptional co-repressors, however there are 

increasing numbers of examples where the CtBP family proteins are implicated 

in the activation of a particular gene. The expression of some target genes of 

the Wnt signalling pathway, which controls aspects of cell fate, is reduced by 

CtBP depletion, for example CtBP2-null mouse embryos had decreased 

transcription of the Wnt3a target gene, Brachyury 34. In Drosophila, dCtBP was 

found to be necessary for maximum activation of CG6234, another target of 

the Wnt signalling pathway 69. Another example is the activation of the E-box 

clock genes in Drosophila 70. In humans, CtBP2 activates expression of T-cell 

lymphoma invasion and metastasis 1 (Tiam1) protein, via recruitment by CtBP-

interaction Krüppel-like factor 8 (KLF8), Tiam1 is associated with increased 

cancer cell migration 71. CtBP1 has also been shown to activate MDR1 

transcription in human multidrug–resistant cancer cells, expression of which 

mediates drug resistance to a variety of chemotherapies 72.  
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The mechanism for CtBP acting as a transcriptional co-activator may be indirect 

in some cases. In the activation of Brachyury, CtBP may bind to mTcf3, which 

represses Brachyury via Gro, consequently depleting the repressive action by 

Gro rather than directly recruiting transcriptional activators to the Brachyury 

gene 31. In other examples evidence of direct activation has been found, CtBP2 

co-activates the retinoic acid (RA) receptor complex by recruiting p300, a 

histone acetyltransferase, to RA target genes, and therefore enhancing the RA 

signalling pathway 73. Bhambhini et al. (2011) found that CtBP monomers can 

act as co-activators of Wnt signalling targets, but dimerisation is essential for 

the repressive activity of CtBPs 74, indicating that there may be alternative 

mechanisms involved for transcriptional activation and repression by CtBPs.  

1.1.3.3 CtBPs’ role in the fission of Golgi membranes 

As well as their roles in the nucleus as regulators of transcription, CtBPs also 

have functions in the cytoplasm. CtBP1-S has a role in the maintenance of Golgi 

membranes 75 and promotes their fission 76, although the mechanisms for this 

are still unclear. As acyl-CoAs are required for this function, it has been 

suggested that CtBP1-S catalyses the acylation of lysophosphatidic acid to 

phosphatidic acid in Golgi membranes 76, 77. Alternatively, a conformational shift 

of the CtBP-S protein upon binding to acyl-CoAs may promote the fission 78. 

Modelling of an acyl-CoA molecule bound to CtBP-S showed the high likelihood 

that acyl-CoAs bind in the same site as NAD(H), perhaps competitively, 

resulting in a more open protein confirmation 7. Furthermore, the presence of 

NAD(H) counteracts the fission of Golgi membranes specifically induced by 

palmitoyl-CoA binding to CtBP1-S 78. The resultant ‘open’ conformation could 

result in the disruption of the CtBP dimer, leaving the protein in a monomeric 

form 7, 77, implying that the oligomeric state of CtBPs determine their role. 

1.1.3.4 The sub-cellular localisation of CtBPs 

In order for CtBPs to function as transcriptional regulators and mediators of 

Golgi fission they must inhabit both the cytoplasm and the nucleus, possibly 

shuttling between the two. As previously mentioned (1.1.2) CtBP2 contains a 

unique nuclear localisation sequence that allows it to accumulate in the 

nucleus where it is predominantly found 35, 36, the acetylation by p300 of a key 

lysine residue is also essential for this purpose 79. Furthermore, as CtBP1 is 

found to a higher degree in the cytosol than CtBP2 36, the formation of hetero-
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dimeric CtBP1/CtBP2 dimers has been demonstrated to be one mechanism by 

which CtBP1 is translocated to the nucleus 35.  

Other mechanisms have been shown to contribute to the subcellular 

localisation of CtBP1. SUMOylation of CtBP1 at Lys428 was found to also drive 

nuclear localisation of CtBP1, which was abrogated when this residue was 

mutated 80. Binding of nNOS to the PDZ C-terminal binding domain of CtBP 

leads to increased cytoplasmic CtBP1 as it blocks this SUMOylation 37, 80, this 

mechanism is lacking in CtBP2 36. Cytoplasmic accumulation of CtBP1 is also 

promoted by phosphorylation at Ser158 by p21-activated kinase (PAK1) 81. 

Alternatively, there is evidence that CtBP1 can be recruited to the nucleus via 

binding of certain transcription repressors, for example Net 82 and HIC1 24. 

1.1.3.5 CtBPs as cellular redox sensors 

1.1.3.5.1 CtBP dimerisation relies on nucleotide binding 

The dimerisation of CtBPs is essential for their activity as transcriptional 

regulators. CtBP monomers dimerise in the presence of nicotinamide adenine 

dinucleotide (NAD(H)) 7, 8. Although NAD(H) binds in the catalytic site of CtBP, 

dehydrogenase activity is not integral for CtBP dimers to form 8. The 

dimerisation most likely occurs due to a conformational shift of the CtBP 

structure upon binding to NAD(H), shown by the existence of a ‘tightly bound 

NAD(H) molecule’ in the nucleotide binding domain in the crystal structure of 

CtBPs 7 . Dimerisation is also reliant on a switching tryptophan residue close to 

the bound NAD(H) molecule, Trp318 in CtBP1. Oligomerisation of the dimers 

into higher order species requires the C-terminus to be intact 13.  

1.1.3.5.2 Differential Binding of Reduced and Oxidised NAD to CtBPs 

It is debated as to whether CtBPs bind reduced NADH with equal or differing 

affinity to the oxidised form (NAD+). Zhang et al. (2002) found that NADH 

stimulates recombinant hCtBP1 binding to the c-terminal 67 amino acids of 

E1A bound to glutathione beads via a GST tag, at concentrations two to threes 

orders of magnitude lower than NAD+ 83. However conflicting work by 

Balasubramian et al. (2003) and Kumar et al. (2002) did not find any difference 

between the effects induced by either NADH or NAD+ 8, 84. Balasubramian et al. 

(2003) found NADH and NAD+ to equally promote the dimerisation of 
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recombinant full-length his-CtBP1 using gel filtration, and using a similar 

experiment to Zhang et al. (2002), the binding of this protein to the GST 

tagged c-terminus of E1A 84.  Kumar et al. (2002) also investigated the effect of 

NADH versus NAD+ on the binding of CtBP1 FL to the GST-tagged c-terminus of 

E1A, but in this case the CtBP1 was produced by in vitro transcription and 

translation 8. These two studies either used or only observed a signal at much 

higher concentrations of NADH that may not have been within the correct 

range for any distinction to be observed 85. Most recently Madison et al. (2013) 

reported that NADH and NAD+ had similar nanomolar binding constants for 

recombinant full-length his-CtBP1 purified by Ni2+ affinity chromatography and 

anion-exchange chromatography, when measured by equilibrium dialysis 13. 

However, here a micromolar protein concentration was used which has been 

similarly suggested to be too high to measure a direct binding constant 85.  

Fjeld et al. (2003) directly measured the binding of NADH and NAD+ by utilising 

a unique fluorescence resonance energy transfer (FRET) interaction 86. FRET is a 

phenomenon that occurs between two fluorophores, a donor and an acceptor. 

The donor absorbs light of a specific wavelength causing it to reach an 

electronically excited state; energy is then transferred to the acceptor 

fluorophore, which is in turn excited and a fluorescence signal is emitted as 

the molecule returns to the ground state. In order for FRET to occur the donor 

and acceptor molecules must meet certain criteria: they need to have 

adequately overlapping absorption/emission profiles, the donor and acceptor 

molecules must have their dipole transitions favourably oriented to each other 

(or they must be able to rotate) and they must be within 10 Å and 100 Å of 

each other 87. The distance dependent nature of the FRET interaction makes it 

ideally suited to the investigation of protein-ligand and protein-protein 

interactions, as FRET can only occur when one interacting partner is bound to 

the other. CtBP1 contains a tryptophan (amino acid residue 318) which has a 

close enough proximity to the NADH binding site to allow energy transfer to 

occur 86 (Figure 5). When this tryptophan is excited at 285 nm its subsequent 

energy emission at 340 nm can excite a bound NADH molecule, which will then 

emit fluorescence at 425 nm. This is the effect that was exploited by Fjeld et 

al. (2003) to investigate the binding of NADH and competitive binding of NAD+ 

in the same binding pocket of recombinant full-length his-CtBP1 purified by Ni-

NTA chromatography. They found that NADH had a binding constant of 66 ± 
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14 nM and that the binding constant for NAD+ was more than 100-fold higher.  

It was also noted that the binding constant for NADH is similar to the 

concentration of free NADH in the nucleus 83, 86. 

The differential binding of the reduced NADH and the oxidised NAD+ to CtBPs 

means that CtBPs can act as cellular redox sensors, which has been shown to 

promote tumour-cell migration in oxygen-deficient cells 88.  

 

 

Figure 5: The NADH binding site of CtBP1. Crystal structure adapted from Kumar et al. 

(2002) 8 and RCSB protein data bank structure PDB-1MX3. The protein backbone 

around the NAD(H) binding site (blue) is shown, with NAD+ (dark grey) in close 

proximity (3.20 Å) to Trp318 (pink). 

1.1.4 CtBPs as potential targets for novel cancer therapeutics 

CtBPs have recently been identified as a potential target of novel cancer 

therapies and it has been demonstrated that CtBPs have important roles in the 

development and progression of tumours 21, 89. 

!"#$%&%



  Chapter 1: Introduction 

 14  

1.1.4.1 The link between cancer cell metabolism and the function of 

CtBPs as redox sensors 

The sensitivity of CtBPs to NADH levels is of particular interest to CtBPs as 

targets of cancer therapies because tumour cells are often subject to hypoxia 

and increased glycolysis 90, both of which result in a rise in ATP and pyruvate 

production in the cytoplasm, causing a higher ratio of NADH to NAD+ in tumour 

cells compared to normal cells 91-93, and consequently increased transcription 

repression mediated by CtBPs 85.  

Normal cells metabolise glucose by converting it to pyruvate via glycolysis, a 

ten-step pathway involving multiple enzymes. This is coupled with the net 

production of two ATP molecules 90. Where there is sufficient oxygen present 

the pyruvate molecules are converted to acyl-CoA which then enters the 

tricarboxylic acid cycle (TCA cycle), also known as the citric acid cycle or the 

Kreb’s cycle, producing NADH and FADH
2
 94. These cofactors are oxidised by 

the complexes of the electron transport chain, the resultant protons produced 

are pumped into the mitochondrial intermembrane space, creating an 

electrochemical gradient. This gradient drives oxidative phosphorylation, 

activating ATP synthase to produce around 32 moles of ATP per mole of 

glucose, overall providing a net ATP production of 36 moles of ATP per mole of 

glucose under normal oxygen levels 94, 95. Under anaerobic conditions, where 

there is insufficient oxygen for oxidative phosphorylation to occur, the 

pyruvate produced from glycolysis is directed away from the mitochondria and 

is instead predominantly converted to lactate which is excreted from the cells. 

This results in a lower amount of ATP produced per mole of glucose compared 

to oxidative phosphorylation 90 (Figure 6).  
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Figure 6: The metabolism of glucose. Under normal oxygen levels cells convert glucose 

to pyruvate via the glycolysis pathway and the pyruvate enters the TCA cycle in the 

mitochondria (Oxidative Phosphorylation). Under low oxygen conditions or in many 

cancer cells the pyruvate is converted to lactate and excreted by the cells 

(Anaerobic/Aerobic Glycolysis). 

 

Otto Warburg noticed that cancer cells tend to convert glucose into lactate 

even in the presence of oxygen levels sufficient for oxidative 

phosphorylation 96, termed ‘aerobic glycolysis’. The reprogramming of cancer 

cell metabolism to preferentially use aerobic glycolysis is commonly referred to 

as the Warburg effect. Warburg originally attributed this phenomenon to 

defective mitochondria in tumour cells, however most cancer cells have since 

been found to have functional mitochondria 97. The reasons for this metabolic 

reprogramming to an apparently less efficient method of energy production 

are still not well understood. It has been suggested that it may allow 

proliferating tissue to use its glucose supply to acquire biomass rather than 

mainly for energy production 90, with the carbon molecules provided by glucose 

re-directed to make lipids, nucleotides and amino acids rather than converted 

to carbon dioxide 91, 98. In support of this theory, links have been made 

experimentally between glycolysis and DNA synthesis 99. Another reason may 
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be that aerobic glycolysis helps cancer cells evade apoptosis caused by high 

levels of reactive oxygen species that would be released by mitochondria 94. 

The high lactate secretion as a result of high glycolysis may also aid a 

tumour’s survival and growth by influencing the tumour microenvironment 100. 

Finally, where there is a high glycolytic flux the proportion of ATP produced by 

glycolysis may exceed that produced by oxidative phosphorylation, as the rate 

of this process is higher 101. This negates the need for energy production by 

oxidative phosphorylation in proliferating tissues, although whether this is the 

case depends greatly on tissue type and can vary between experiments 102. 

Crucially the ratio of NADH to NAD+ is increased in favour of NADH in cancer 

cells that undergo aerobic glycolysis, which as discussed in section 1.1.3.5.2 is 

sensed by CtBPs 83. The impact of increased glycolysis has been shown to 

increase the repressive activity of CtBPs 85. Moreover, under conditions of low 

glucose CtBP1 was phosphorylated by the energy sensor AMP-activated protein 

kinase (AMPK), relieving repression of a downstream pro-apoptotic gene 103. 

The activity of CtBPs may therefore link cancer metabolism to cancer 

progression.  

1.1.4.2 CtBPs’ impact on cell survival and cancer progression 

The increased activity of CtBPs under highly glycolytic conditions is made even 

more relevant as many of CtBPs’ repression targets are implicated in the 

survival and progression of tumours. Micro-array analysis identified several 

pro-apoptotic genes that were up-regulated in CtBP deficient mouse embryonic 

fibroblasts (MEFS), including the p53 target genes PERP, Bax, p21 and Noxa 104. 

Cell-survival is further enhanced by increased mitotic fidelity, which is 

promoted by the siRNA mediated down-regulation of CtBPs 105. This was shown 

to be through their interaction with transcriptional regulators, as opposed to 

their role in the fission of Golgi membranes, by micro-injection of dominant-

negative CtBP fragments into different cellular compartments 106. 

Additionally, a negative regulator of TGF-β, Evi-1, which promotes the 

transformation of hematopoietic stem cells is dependent on its recruitment of 

CtBPs for its activity 107. Although, it has been noted that TGF-β signalling can 

have both a positive and negative effect on apoptotic pathways depending on 

the context, and as CtBPs interact with other elements of this pathway, their 

impact on apoptosis via TGF-β	  may not be straightforward 32. In other 
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pathways, such as Wnt/β-catenin signalling, CtBPs are implicated in promoting 

tumour suppression by their interaction with homeodomain interacting protein 

kinase 2 (HIPK2) 108, which suppresses β-catenin driven cyclin-D1 expression, 
the overexpression of which enhances the formation of malignant skin 
tumours 109. This further demonstrates that the role of CtBPs in cell survival is 

context dependent.  

Depletion of CtBPs has been shown multiple times to lead to increased 

apoptosis of cancer cells 104, 105, 110, 111. Furthermore CtBP depleted cells undergo 

apoptosis independent of the presence of p53 112. This means that targeting 

CtBPs has the potential to cause apoptosis in cancers that have lost their p53 

function, as is the case in the majority of cancers 113. CtBP2 also mediates 

transcription through a p53-dependent pathway. The recruitment of CtBP2 to 

p53 by its interaction with Hdm2, a negative regulator of p53, represses the 

transcription of p53 dependant promoters such as pro-apoptotic bax. Contrary 

to the usual mechanism of CtBP mediated repression, increasing NADH levels 

served to relieve this interaction 114 and suggests that NADH binding may 

switch CtBPs between two functional forms 115.  

1.1.4.3 CtBPs’ impact on cancer migration and invasion 

CtBPs also have an effect on the migration and invasion properties of tumour-

cells, the ability to activate invasion and metastasis is one of the hallmarks of 

cancer 116 and metastases are the main cause of death from cancer 117. Some of 

the repression targets of CtBPs include the epithelial genes E-cadherin and 

keratin-8 112, the inactivation of these adhesion molecules can promote 

epithelial-to-mesenchymal transition and increases the migration of tumour 

cells. The CtBP mediated repression of E-cadherin expression is related to its 

interaction with zinc finger E-box binding homeobox transcription factor 1 

(Zeb1) 118; levels of both CtBP and Zeb1 negatively correlate with E-cadherin 

levels 119. Furthermore the increase in NADH caused by a hypoxic tumour 

environment enhances the level of CtBP recruitment to the E-cadherin 

promoter 83, 88 and demonstrates how the redox properties of CtBPs can have a 

direct effect on tumour migration. Research has also shown that CtBPs are 

important in the management of cell invasion of hepatocellular carcinoma 

(HCC) cells by ARF, and the knockdown of either CtBP1 or 2 reduces the 

invasion of this cancer cell type 120. Conversely the reduction of CtBP1 was 
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found to increase the invasive potential of human melanoma in vitro 121, 

although the overexpression of CtBP1 was likewise linked to increased 

proliferation of melanoma 122.   

1.1.4.4 CtBPs modulate, and are modulated by, tumour suppressors.  

CtBPs target several tumour suppressor genes, including members of the InK4 

family of tumour suppressors 4. CtBPs regulate p16Ink4a expression; human 

fibroblasts and keratinocytes showed an increase in p16Ink4a expression with 

the specific knock-down of CtBPs in reporter assays 123. CtBPs have also been 

linked to p15Ink4b expression, as expression of this is increased in Zeb1 null 

MEFS, and Zeb1 has previously been shown to rely on CtBPs for transcription 

regulation 124. PTEN, another tumour suppressor 125, 126, was also identified as a 

target of CtBPs 104 and has been shown to have reduced expression in cells 

overexpressing CtBP2 127. 

CtBPs are also themselves targets of tumour suppressors. ARF binds directly to 

CtBPs and leads to their degradation, forming part of the p53-independent ARF 

pathway 111. In mice it has been shown that ARF’s ability to inhibit invasion of 

hepatocellular carcinoma cells is dependent on its ability to bind CtBPs 120. 

More recently an ARF/CtBP2 complex has been shown to regulate Bik 

expression in colon cancer cells, an additional example of an apoptotic gene 

and a member of the BH3-only family of proteins 128. Moreover, CtBP is 

phosphorylated for degradation by HIPK2 after cells have been subjected to 

UV-radiation, leading to apoptosis of these cells 129. Cytotoxic effects of cancer 

chemotherapy have also been attributed in part to the activation of signalling 

pathways that promote CtBP degradation, namely the phosphorylation of CtBPs 

by c-Jun NH
2
-terminal kinase 1 after treatment with cisplatin 130. The targeting 

of CtBPs by mechanisms that limit tumourigenesis supports the rationale that 

they play critical roles in cancer progression.  

Furthermore, CtBPs have been found to be upregulated in many types of 

cancer including: colon cancers 131, melanomas 122, head and neck squamous 

cell carcinomas 132, 133, metastatic prostate cancer 134 and breast cancers 135. 

Recently the genome-wide profiling of CtBPs in breast cancer using chromatin 

immunoprecipitation and deep sequencing (ChIP-Seq) has identified that CtBPs 

induce many drivers of malignancy, including pathways involved in 

epithelial-to-mesenchymal transition, genome instability and stem-cell 
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signature, additionally shorter median patient survival is predicted by higher 

CtBP levels in tumours 136. The ever-increasing amount of research into CtBPs 

show that they link cancer metabolism to tumour progression and are a 

potential target for novel cancer therapeutics. 

1.1.4.5 Inhibitors of CtBPs 

CtBPs are increasingly being recognised as relevant targets in the search for 

cancer therapeutics and there has been some effort to identify small molecule 

inhibitors of CtBPs that could both form the basis of new therapies and be 

used as tools to further elucidate their function. 

Firstly 2-keto-4-methylthio-2-oxobutyrate (MTOB), which was identified as a 

better substrate for the dehydrogenase activity of CtBP1 than pyruvate, with a 

k
cat

/K
M
 of 81.2 relative to pyruvate, was also shown to be inhibitory at high 

concentrations 137. MTOB was found to relieve CtBP-mediated repression of the 

pro-apoptotic gene Bik, causing cancer cell death 112,  and shown to reverse 

gene repression caused by CtBP, specifically increasing the ratios of 

pro-epithelial gene expression and reducing the ratios of pro-mesenchymal 

gene expression in breast cancer cell lines 136. A crystal structure of MTOB 

bound to CtBP has been obtained 9 and used to aid the structure-guided design 

of a small molecule inhibitor with a higher binding affinity than MTOB for both 

CtBP1 and 2; 2-hydroxyimino-3-phenypropanoic acid (HIPP) 10. The mechanism 

by which MTOB inhibits CtBPs’ activity as a transcription co-repressor is yet to 

be elucidated. It has been suggested that MTOB may induce a conformational 

change on the PXDLS binding domain 138, however no significant structural 

differences were seen in the crystal structure of CtBP bound to MTOB 9. 

Alternatively MTOB could promote the conversion of NADH to NAD+, thus 

weaken the binding of CtBP to its transcription factors by causing dimer 

dissociation. Conversely, it has been suggested that at concentrations of MTOB 

inhibitory to its dehydrogenase activity, functions of CtBP that rely on this 

activity at normal cellular MTOB levels would be inhibited 9. However, the 

activity of the more potent HIPP has so far only been shown against the 

enzymatic activity of CtBP 10, which is not necessary for its function as a 

transcription co-repressor 104.  

An inhibitor that directly targets the interaction between CtBP and its protein 

binding partners, NSC95397, has been identified using an AlphaScreen 
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technique to screen for inhibitors of the CtBP1/E1A interaction 139. NSC95397 

was then shown to relieve the CtBP1 mediated transcriptional repression of 

down-stream targets using a luciferase reporter assay in a lung carcinoma cell 

line 139.  

Within the Blaydes/Tavassoli research group, a cyclic peptide inhibitor that 

specifically targets the homo- and hetero-dimerisation of CtBP1 and CtBP2, 

named CP61, has been found 140. This inhibitor was used to show that 

inhibiting CtBP dimerisation increased mitotic fidelity in highly glycolytic 

cancer cells but had a lesser effect on those with lower glycolytic levels 140. A 

more potent small molecule inhibitor of CtBP could provide a promising option 

for new cancer therapeutics aimed at cancer metabolism. Furthermore, most 

work into the functions of CtBPs has involved the use of siRNAs to knockdown 

CtBPs 105, or mutations in CtBPs 74. A small molecule inhibitor of CtBP 

dimerisation has advantages over these methods in that it can be used to 

probe the functions of CtBP dimers without compromising CtBP monomers. 

They could also be used in a dose-dependent manner to control the level of 

CtBP inactivation.   

1.2 Targeting Protein-Protein Interactions 

The homo- and hetero-dimerisation of CtBP monomers are examples of 

protein-protein interactions that control the function of a protein. 

Protein-protein interactions are attractive targets for drug discovery as proteins 

control the majority of cellular processes, often working together in vast 

complicated networks 141. Recent advances in genome-wide sequencing and the 

development of protein databases 142, 143, combined with mapping protein 

interactions 144 has led to the identification of individual protein-protein 

interactions that form the lynch-pins of these networks. This means that a 

whole system could be incapacitated with a single therapy targeting one such 

interaction, HIF interactions in the hypoxia-response network is a good 

example of this 145. 

In spite of their huge potential, protein-protein interactions are difficult to 

target due to their large interacting surfaces (1500-3000 Å) 146, 147 that also tend 

to lack the features present in proteins that naturally bind small molecules 148. 

However, there have been some successes in using small molecules to bind to 
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proteins important in cancer pathways 147, for example in the discovery of 

benzodiazepines as RING-finger ubiquitin E3 ligase MDM2 binders by high-

throughput screening (HTS) 149, and B-cell lymphoma 2 (Bcl-2) binders using 

structure-activity relationship (SAR) studies by NMR 150, a fragment-based 

screening method. These studies have begun to dispel the misconception that 

HTS does not work for protein-protein interactions 147. 

1.2.1  SICLOPPS and the RTHS 

CP61 was discovered using split-intein circular ligation of peptides and 

proteins (SICLOPPS) and a reverse-two hybrid system (RTHS), a genetically 

encoded screening platform that is used to discover cyclic peptide inhibitors of 

protein-protein interactions. The main advantage of using the genetic selection 

method over more traditional screening methods is that it allows for millions 

of compounds to be analysed simultaneously, reducing the time taken for the 

first stages of identifying potential inhibitors.  

1.2.1.1 SICLOPPS 

SICLOPPS technology employs the splicing of inteins, which naturally self-

excise from a protein, ligating the two flanking sequences together to form a 

new peptide bond 151. The mechanism by which this occurs involves a series of 

four nucleophilic attacks (Figure 7). The first of these is an N-X acyl shift by a 

cysteine (or serine) residue that moves the N-extein (E
N
) to the side chain of the 

N-intein (I
N
). Next the resulting thioester (or ester) bond undergoes nucleophilic 

attack from the first amino acid in the C-extein, which is a nucleophilic serine, 

cysteine or threonine residue. This results in the formation of a branched 

intermediate 152. The side-chain of an asparagine residue that is highly 

conserved allows cyclisation of the C-terminus of the C-intein (I
C
), to break 

apart this species. The peptide bond connecting the two exteins is resolved by 

a final N-X acyl shift to yield the, more thermodynamically favoured, final 

complete peptide 152.  
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Figure 7: Mechanism of intein splicing. I
N
 is the N-terminal intein, I

C
 is the C-terminal 

intein, E
N
 is the N-terminal extein and E

C
 is the C-terminal extein.  

 

The intein system used in the SICLOPPS screen is the DnaE split intein from 

Synechocystis sp PCC6803 (Ssp) 153. Such split inteins usually have their 

N-intein fragment and C-intein fragment encoded by separate genes, but in 

SICLOPPS they are encoded on the same gene with a target peptide sequence 

between them (I
C
-target-I

N
). When the inteins interact and thus splice they 

cyclise the target peptide sequence. The peptide sequence is limited by the 

requirement for a serine, threonine or cysteine as the first residue after the C-

intein, otherwise the sequence can contain between five and eight random 

residues. CP61 was generated from a SGWXXXXXX sequence library 140.  

1.2.1.2 RTHS 

A bacterial RTHS is used to analyse specific protein-protein interactions 154. This 

particular system utilises the bacteriophage 434-repressor, which binds to a 

region of the phage chromosome containing three repressor binding sites, 
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called the right operator (O
R
) 155. The 434-repressor binds to the repressor 

binding sites as a dimer complex, by inserting two alpha helices into the major 

grooves of the DNA 155. The 434-repressor has two domains, the carboxyl-

domain which controls dimerisation and the amino-domain which is 

responsible for DNA binding 156. By removing the carboxyl domain and 

replacing it with another protein that also has the ability to homo-dimerise; the 

interactions of the proteins of interest are therefore coupled to the repression 

of genes downstream from the O
R
 (Figure 8).

  
 

The reporter gene construct in the RTHS contains genes that are essential to 

the bacteria’s survival under specific conditions. These genes are kanR and 

HIS3. The kanR gene codes for aminoglycoside 3’-phosphotransferase, an 

enzyme that provides bacterial cells with kanamycin resistance; thus where 

this gene is expressed it is used to select for colonies that maintain growth on 

media supplemented with kanamycin. The HIS3 gene encodes 

imidazoleglycerol-phosphate dehydratase, a catalyst for the sixth step of 

histidine biosynthesis. The E.coli strains used for the construction of the RTHS 

are hisB null, which means they do not produce imidazoleglycerol-phosphate 

dehydratase without HIS3 transcription. 3-amino-1, 2, 4-triazole (3-AT) acts as 

a competitive inhibitor of the enzyme and is added to the media to ensure that 

HIS3 expression needs to be at a high level for cell survival, altering the 

amount of 3-AT added also makes this a tuneable property.  

The SICLOPPS system is combined with the RTHS by transforming the SICLOPPS 

plasmids into an SNS118 bacterial strain that has the RTHS constructs 

integrated onto the chromosome 157. Under IPTG induction the recombinant 

434-CtBP protein construct is expressed, this dimerises and subsequently 

represses the transcription of the essential reporter genes. If the inteins, which 

are generated under arabinose induction, splice to produce a cyclic peptide 

that inhibits dimerisation of the CtBP protein construct, then the 434 repressor 

cannot bind and transcription of essential genes occurs, allowing cell survival 

(Figure 8). This allows for the selection of peptide motifs that inhibit 

dimerisation of the target protein by picking surviving colonies. 
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Figure 8: Diagram showing the CtBP RTHS and how SICLOPPS is incorporated. A) Two 

CtBP units dimerise, bringing together the 434 DNA-binding domain and repressing 

transcription of HIS3, and Kan, leading to cell death. B) When a SICLOPPS plasmid 

produces a cyclic peptide that inhibits CtBP dimerisation, the 434 repressor will not 

bind to the DNA and transcription can occur, leading to cell survival. 

 

1.2.2 Cyclic Peptide Inhibitors 

Peptides have been recognised as useful starting molecules for the 

development of small molecule drug candidates 158, 159. They are especially 

relevant in forming the basis of targeting protein-protein interactions as they 

can mimic the protein-protein interface, reviewed by M J Perez de Vega et al. 

(2015) 160. Peptide therapeutics however, often struggle to make it through 

clinical trials, most often due to poor membrane permeability and low stability 

due to their destruction by proteases. Cyclic peptides have an advantage in the 

latter respect over their linear counterparts as they are less susceptible to 

degradation 161-163, they can also have higher activity due their conformational 

rigidity 164, 165. Although most peptides require significant optimisation before 
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they become viable drug candidates, cyclic peptide libraries are commonly 

used to find the first generation of inhibitors to target a variety of proteins 166, 

167.  

1.2.2.1 Solid-phase peptide synthesis 

The utility of peptides in the discovery of inhibitors against protein-protein 

interactions is helped by the availability of an established synthesis route for 

peptides, solid-phase peptide synthesis (SPPS). SPPS was pioneered by Bruce 

Merrifield in 1963 168 to overcome the challenges of synthesising long peptide 

chains from individual amino acid building blocks. Under specific conditions 

the lone pair of the nucleophilic nitrogen in one amino acid attacks the carbon 

in the carbonyl bond of the other, forming a peptide (or amide) bond, with the 

loss of water. The carboxylic acid group requires activation in order to react by 

this mechanism. This can be achieved by creating an activated ester using a 

carbodiimide, and usually a hydroxylamine derivative such as HOBt 169, 170 is 

used to minimise racemisation of the chiral amino acids i.e. all except 

glycine 171. As the peptide chain grows in length problems can arise; any 

leftover starting materials from the previous coupling step can start reacting 

with the new incoming amino acid, producing numerous side products. 

Protecting groups for the amino or the carboxyl group, as well as any reactive 

side-chains are required to prevent each amino acid reacting with itself, 

instead of the terminus of the peptide chain. The deprotection required after 

each coupling adds further steps to the reaction.  

SPPS involves attaching the C-terminus of an amino acid to an insoluble resin, 

via a linker component, and then sequentially coupling N-protected amino 

acids to form the peptide chain. Any excess reagents and side products are 

washed away leaving the desired product attached to the resin, which can be 

cleaved from the solid support in one step once the chain is complete. Some 

sequences can cause problems in SPPS, for example aggregation of the peptide 

chain while it is still attached to the solid support 172. The steric hindrance that 

this causes can be preventative of successful deprotection or further coupling 

of amino acids. Another disadvantage of SPPS is that longer coupling times are 

required than those for solution phase synthesis. This is due to the biphasic 

nature of the reaction and the need for the reagents to penetrate the resin. In 

addition large amounts of solvent are used over the many washing steps. 
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Advances in SPPS are helping to eradicate these problems, and the 

development of microwave based ‘peptide synthesis’ machines are speeding 

up coupling times. Automation of this process has allowed small proteins of up 

to 50 amino acid residues to be routinely synthesised using the solid phase 

method 171.   

1.3 Aims of the Project 

The identification of the cyclic peptide inhibitor, CP61, has provided a useful 

tool to investigate the unique functions of the CtBP dimer complex and its 

impact on cancer biology, particularly by establishing a link between cancer 

metabolism and mitotic fidelity of cancer cells 140. This cyclic peptide could 

form the basis from which the next generation of small molecule inhibitors of 

this important protein-protein interaction are developed. However the 

mechanism by which CP61 inhibits dimerisation and the key features 

responsible for the activity of the molecule remain unknown. 

The main aims of this research were to:  

• Investigate the interaction between CP61 and CtBP1 in vitro.  

• Identify the active motif of CP61 by alanine scanning. 

• Screen for specific inhibitors of CtBP2 dimerisation using SICLOPPS and 

the RTHS. 

• Use CP61 as a tool to study the properties of CtBP1. 
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Chapter 2:  Experimental 

2.1 Solid Phase Peptide Synthesis 

2.1.1 General methods for solid phase peptide synthesis 

Reagents were purchased from Sigma Aldrich (UK) or Novabiochem (Merck, UK) 

and used unmodified. Solvents were purchased from Fisher Scientific (UK) and 

used without further purification. Electrospray ionisation mass spectrometry 

(ESI-MS) samples were analysed using a ZMD (Waters, UK) mass spectrometer 

equipped with a single quadrupole analyser, samples were injected via flow 

injection using a Waters 600 pump (flow rate 0.1 ml/min MeCN) and Waters 

2700 autosampler. Nuclear magnetic resonance spectroscopy (NMR) was 

obtained using a Varian Inova 600 MHz spectrometer with cold probe. 

Peptides were synthesised using solid phase chemical synthesis, starting with 

the carboxyl-terminal amino acid attached to the polymer resin and attaching 

amino acids sequentially, using repeated deprotection and coupling steps, 

until the terminal amino acid was reached. Reactions were performed in 

modified reaction vessels, unless otherwise stated. Washes consisted of 

bubbling the suspension under argon for 1-2 min, then removing the wash 

solution by vacuum filtration. The procedure outlined below was for a 

0.5 mmol scale synthesis. 

 

2.1.1.1 Swelling of resin 

Wang resin preloaded with Fmoc-protected glycine or serine (0.5 mmol, 1 eq) 

was bubbled in dimethylformamide (DMF) (~10 ml) under argon (room 

temperature (rt), 10 min). The DMF was removed by vacuum filtration.  

 

2.1.1.2 Removal of the Fmoc protecting group 

Piperidine (20% in DMF,10 ml) was added to the resin and the suspension was 

bubbled under argon (30 min). The resin was washed with DMF (3 x 10 ml), 

then alternating dichloromethane (DCM) (10 ml) and diethyl ether (10 ml) (3x). 



  Chapter 2: Experimental 

 28   

The removal of the Fmoc group was confirmed by the ninhydrin test (2.1.1.4). 

If the Fmoc group was not fully removed then the deprotection step was 

repeated. 

 

2.1.1.3 Coupling 

The Fmoc-protected amino acid (1.5 mmol, 3 eq) was dissolved in DMF (3 ml). 

Hydroxybenzotriazole (HOBt) (204 mg, 1.5 mmol, 3 eq) followed by 

diisopropylcarbodiimide (DIC) (232 µl, 1.5 mmol, 3 eq) were added and the 

mixture left stirring for 10-15 min. This coupling solution was added to the 

resin, rinsed from the edges with DMF (~3 ml) and the suspension bubbled 

under argon (2 h). The coupling solution was removed by vacuum filtration and 

the resin washed with DMF (3 x 10 ml) followed by alternating DCM (10 ml) 

and diethyl ether (10 ml) (3x). The coupling of the amino acid was confirmed 

by the ninhydrin test. If coupling was not complete the coupling step was 

repeated until the ninhydrin test showed complete coupling.  

 

2.1.1.4 Ninhydrin test 

Solution A: 0.4 ml of 0.001 M KCN
(aq)

 in 20 ml pyridine 

Solution B: 0.5 g ninhydrin in 10 ml ethanol (EtOH) 

Solution A (100 µl) was added to 10-20 beads of resin in a glass vial, followed 

by solution B (25 µl). The mixture was heated on a 150°C hot plate (~ 3 min). A 

colour change of yellow to blue was observed where the beads contained 

un-protected amino acids, no colour change was observed where all amino 

acids were Fmoc-protected.  

 

2.1.1.5 Cleavage from the resin 

Cleavage cocktail was made up by first dissolving phenol (0.75 g) in 

trifluoroacetic acid (TFA, 13.2 ml) and then adding water (0.75 ml) and 

triisopropylsilane (TIS, 0.3 ml). The mixture was added to the resin in a 50 ml 

round bottom (RB) flask and stirred under argon (3 h, rt).  The mixture was 
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filtered and washed with TFA (10 ml), the TFA was removed in vacuo and the 

residue re-suspended in 1-2 ml TFA and then precipitated with cold, degassed 

diethyl ether (-78°C, 40 ml). The solution was centrifuged (4000 rpm, 15 min), 

the supernatant removed and the product dried in a desiccator overnight (o/n). 

The product was purified by reverse-phase high performance liquid 

chromatography (RP-HPLC); the fractions were concentrated in vacuo and then 

lyophilised leaving a white solid. 

 

2.1.1.6 Cyclisation 

In a 250 ml RB flask the linear peptide was dissolved in anhydrous DMF, HOBt 

(6 eq) followed by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (3 eq) 

were added. The reaction mix was stirred under argon (24 h, rt). The DMF was 

removed in vacuo to leave 5-10 ml of solution. The residue was precipitated 

with cold, degassed ether (-78°C, 80 ml). The solution was centrifuged 

(4000 rpm, 15 min), the supernatant removed and the product dried in a 

desiccator o/n. The product was purified by RP-HPLC, the fractions were 

concentrated in vacuo and then lyophilised leaving a white solid. 

 

2.1.1.7 RP-HPLC Purification 

Linear and cyclic peptides were purified on a Waters system using an Atlantis 

Prep OBD T3 C18 column, 5 µm, 19 x 100 mm. Phase A was 1% TFA in H
2
O and 

Phase B was 1% TFA in acetonitrile.   

Gradient: 0 min 5% B, 1 min 5% B, 10 min 60% B, 15 min 60% B, 15.5 min 5% B, 

20 min 5% B.  

 

2.1.1.8 RP-HPLC Analytical 

Analytical RP-HPLC was run on a Waters system using an Atlantis T3 C18 

column, 5 µm, 4.6 x 100 mm. Traces were measured at 280 nm. Phase A was 

1% TFA in H
2
O and Phase B was 1% TFA in acetonitrile.   
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Gradient: 0 min 5% B, 10 min 5% B, 20 min 60% B, 30 min 60% B, 31 min 5% B, 

35 min 5% B.  

 

2.1.2 Synthesis and characterisation of specific peptides 

2.1.2.1 SGWTVVRMY (CP61)  

2.1.2.1.1 Linear CP61 

 

The peptide was synthesised as outlined in 2.1.1, 124 mg of purified 

compound was isolated, corresponding to a yield of 23%. 

Analytical HPLC (280 nm) 19.27 min (99 %); MS (HM ESI+) m/z (%) 1142.6 (M + 

H + CO
2
)+, 96.9) 1120.6 ((M+ Na)+, 100) 1098.6 ((M + H)+, 25.2).  
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2.1.2.1.2 Cyclic CP61 

 

The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6, 23.7 mg of purified final compound was isolated, 

corresponding to a total overall yield of 4%. 

Analytical HPLC (280 nm) 20.17 min (99 %); MS (HM ESI+) m/z (%) 1102.6 ((M+ 

Na)+, 100) 1080.5 ((M + H)+, 28.1). 

 

2.1.2.2 SGWTVVRMA 

2.1.2.2.1 Linear SGWTVVRMA 

 

The peptide was synthesised as outlined in 2.1.1, 64 mg of purified compound 

was isolated, corresponding to a yield of 13%. 
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Analytical HPLC (280 nm) 18.23 min (100%); MS (HM ESI+) m/z (%) 1006.5 ((M + 

H)+, 100). 

 

2.1.2.2.2 Cyclic SGWTVVRMA 

 

 

The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6, 19.5 mg of purified final compound was isolated, 

corresponding to a total overall yield of 4%. 

Analytical HPLC (280 nm) 20.03 min (100%); MS (HM ESI+) m/z (%) 1010.7 ((M+ 

Na)+, 98.1) 988.6 ((M + H)+, 100) 
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2.1.2.3 SGWTVVRAY 

2.1.2.3.1 Linear SGWTVVRAY 

 

 

The peptide was synthesised as outlined in 2.1.1, 87 mg of purified compound 

was isolated, corresponding to a yield of 17%. 

Analytical HPLC (280 nm) 18.56 min (100%); MS (HM ESI+) m/z (%) 520.1 ((M + 

2H)2+, 100). 

 

2.1.2.3.2 Cyclic SGWTVVRAY 

 

 

O
N
H

OH
N

O
N
H

OH
N

O
N
H

OH
N

O
N
H

OH
N

OH

OHHN

HN NH2

OH

NH

OHH2N
O

NH
H
N H

N
HN

HN

HNNH

NH

O

O

O

OO

O

O

O

HO

N
H

O

NH
OH

HN NH2

NH

HO



  Chapter 2: Experimental 

 34   

The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6. 52.2 mg of purified final compound was isolated, 

corresponding to a total overall yield of 10%. 

Analytical HPLC (280 nm) 19.69 min (98%); MS (HM ESI+) m/z (%) 1042.6 ((M+ 

Na)+, 100) 1020.5 ((M + H)+, 80.2). 

 

2.1.2.4 SGWTVVAMY 

2.1.2.4.1 Linear SGWTVVAMY 

 

The peptide was synthesised as outlined in 2.1.1. An accurate mass was not 

obtained for this intermediate, the quantity of reagents for the next step were 

based on an overestimate of ~100 mg compound.  

Analytical HPLC (280 nm) 19.67 min (93%); MS (HM ESI+) m/z (%) 1014.0 ((M + 

H)+, 15.3) 
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2.1.2.4.2 Cyclic SGWTVVAMY 

 

The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6, 10.1 mg of purified final compound was isolated, 

corresponding to a total overall yield of 2%. 

Analytical HPLC (280 nm) 24.28 min (100%); MS (HM ESI+) m/z (%) 1017.5 ((M+ 

Na)+, 100). 

 

2.1.2.5 SGWTVARMY 

2.1.2.5.1 Linear SGWTVARMY 

 

The peptide was synthesised as outlined in 2.1.1, 100 mg of purified 

compound was isolated, corresponding to a yield of 19%. 
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Analytical HPLC (280 nm) 20.80 min (98 %); MS (HM ESI+) m/z (%) 1092.5 ((M+ 

Na)+, 16.6) 1070.5 ((M + H)+, 100) 536 ((M+2H)2+, 80.5)  

2.1.2.5.2 Cyclic SGWTVARMY 

 

 

The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6, 46.7 mg of purified final compound was isolated, 

corresponding to a total overall yield of 9%. 

Analytical HPLC (280 nm) 19.40 min (100%); MS (HM ESI+) m/z (%) 1074.7 ((M+ 

Na)+, 41.5) 1052.5 ((M + H)+, 100). 
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2.1.2.6 SGWTAVRMY 

2.1.2.6.1 Linear SGWTAVRMY 

 

The peptide was synthesised as outlined in 2.1.1, 150 mg of purified 

compound was isolated, corresponding to a yield of 28%. 

Analytical HPLC (280 nm) 18.48 min (100 %); MS (HM ESI+) m/z (%) 1114.5 (M + 

H + CO
2
)+, 100) 1092.5 ((M+ Na)+, 97.0) 1070.5 ((M + H)+, 15.9). 

 

2.1.2.6.2 Cyclic SGWTAVRMY 
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The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6, 36.0 mg of purified final compound was isolated, 

corresponding to a total overall yield of 7%. 

Analytical HPLC (280 nm) 19.25 min (100%); MS (HM ESI+) m/z (%) 1074.5 ((M+ 

Na)+, 100) 1052.5 ((M + H)+, 55.9). 

 

2.1.2.7 SGWAVVRMY 

2.1.2.7.1 Linear SGWAVVRMY 

 

The peptide was synthesised as outlined in 2.1.1, 114 mg of purified 

compound was isolated, corresponding to a yield of 21%. 

Analytical HPLC (280 nm) 18.91 min (99 %); MS (HM ESI+) m/z (%) 1112.4 (M + 

H + CO
2
)+, 35.9) 1090.6 ((M+ Na)+, 92.9) 1068.5 ((M + H)+, 100). 
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2.1.2.7.2 Cyclic SGWAVVRMY 

 

 

The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6, 46.8 mg of purified final compound was isolated, 

corresponding to a total overall yield of 9%. 

Analytical HPLC (280 nm) 19.93 min (99%); MS (HM ESI+) m/z (%) 1072.5 ((M+ 

Na)+, 15.5) 1050.6 ((M + H)+, 100). 

 

2.1.2.8 SGATVVRMY 

2.1.2.8.1 Linear SGATVVRMY 

 

The peptide was synthesised as outlined in 2.1.1, 125 mg of purified 

compound was isolated, corresponding to a yield of 25%. 
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Analytical HPLC (280 nm) 17.85 min (100 %); MS (HM ESI+) m/z (%) 1027.6 (M + 

H + CO
2
)+, 17.1) 1005.5 ((M+ Na)+, 100) 983.6 ((M + H)+, 49.6) 

 

2.1.2.8.2 Cyclic SGATVVRMY 

 

The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6, 11.5 mg of purified final compound was isolated, 

corresponding to a total overall yield of 2%. 

Analytical HPLC (280 nm) 21.51 min (96%); MS (HM ESI+) m/z (%) 987.6 ((M+ 

Na)+, 100) 965.3 ((M + H)+, 94.9). 

 

2.1.2.9 SAWTVVRMY 

2.1.2.9.1 Linear SAWTVVRMY 
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The peptide was synthesised as outlined in 2.1.1, 128 mg of purified 

compound was isolated, corresponding to a yield of 23%. 

Analytical HPLC (280 nm) 20.02 min (92 %); MS (HM ESI+) m/z (%) 557.0 ((M + 

2H)2+, 100). 

2.1.2.9.2 Cyclic SAWTVVRMY 

 

The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6, 54.0 mg of purified final compound was isolated, 

corresponding to a total overall yield of 10%. 

Analytical HPLC (280 nm) 20.13 min (100%); MS (HM ESI+) m/z (%) 1116.7 ((M+ 

Na)+, 100) 1095.4 ((M + H)+, 38.5). 
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2.1.2.10 AGWTVVRMY 

2.1.2.10.1 Linear AGWTVVRMY 

 

The peptide was synthesised as outlined in 2.1.1, 183 mg of purified 

compound was isolated, corresponding to a yield of 34%. 

Analytical HPLC (280 nm) 19.49 min (100 %); MS (HM ESI+) m/z (%) 542.2 ((M + 

2H)2+, 100). 

 

2.1.2.10.2 Cyclic AGWTVVRMY 
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The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6, 54.0 mg of purified final compound was isolated, 

corresponding to a total overall yield of 10%. 

Analytical HPLC (280 nm) 20.13 min (97%); MS (HM ESI+) m/z (%) 1086.3 ((M+ 

Na)+, 100) 1064.5 ((M + H)+, 42.2). 

 

2.1.2.11 Scramble CP61 

2.1.2.11.1 Linear scramble CP61 

 

The peptide was synthesised as outlined in 2.1.1, 180 mg of purified 

compound was isolated, corresponding to a yield of 33%. 

Analytical HPLC (280 nm) 21.12 min (100 %); MS (HM ESI+) m/z (%) 1142.6 (M + 

H + CO
2
)+, 40.3) 1120.5 ((M+ Na)+, 38.9) 1098.7 ((M + H)+, 13.8). 
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2.1.2.11.2 Cyclic scramble CP61 

 

The peptide was synthesised by cyclisation of the linear intermediate, as 

outlined in 2.1.1.6,  ~40 mg of purified final compound was isolated, 

corresponding to a total overall yield of 7%. 

Analytical HPLC (280 nm) 20.29 min (100%); MS (HM ESI+) m/z (%) 1080.5 ((M+ 

H)+, 100). 

 

2.2 Molecular Biology Procedures 

2.2.1 General preparation of materials 

Molecular biology reagents were purchased from Fisher Scientific (UK), New 

England Biolabs (NEB, UK) or Promega (UK), unless otherwise stated. Primers 

were synthesised by Eurofins MWG Operon (Germany) or Integrated DNA 

Technologies (UK). PCR was carried out in either a Bio-Rad MyCycler Thermal 

Cycler or Eppendorf MasterCycler. DNA purification was carried out using 

QIAGEN DNA mini- and maxi-prep kits (QIAGEN) and Thermo Scientific GeneJET 

mini-prep kits (Thermo Fisher Scientific, UK). DNA concentrations were 

measured using a NanoDrop ND-1000 Spectrometer (NanoDrop Technologies, 
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UK). Optical Density (OD) of cell cultures was measured using a Cary 100 Bio 

UV-Visible spectrometer (Agilent Technologies, UK). Enzyme X (Softonic®, USA) 

was used for the selection of restriction sites and primer design. Sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was run using 

a mini-PROTEAN Tetra electrophoresis system (Bio-Rad, USA). Agarose gels 

were run using a Bio-Rad sub-cell system and power pack and were imaged 

using a Bio-Rad Gel Doc and Quantity-One software (Bio-Rad, USA). Media was 

sterilised using a Touchclave-R (LTE Scientific Ltd,UK). Restriction 

endonucleases and buffers were purchased from NEB (UK) or Promega (UK). 

Sequencing was carried out by Eurofins MWG Operon (Germany). 

2.2.1.1 Antibiotic concentrations 

Antibiotic Working Concentration  

Carbenicillin 100 µg/ml 

Spectinomycin 50 µg/ml 

Chloramphenicol 35 µg/ml 

Kanamycin  50 µg/ml  

Ampicillin 100 µg/ml 

Streptomycin  75 µg/ml 

Table 1. Working concentrations of antibiotics used for cloning. 

 

2.2.1.2 Luria Broth (LB) medium 

LB powder (6.25 g) (Fisher Scientific, UK) was added to deionised water (250 

ml), then autoclaved (121°C. 15 min). 

 

2.2.1.3 Luria Broth (LB) agar plates 

LB agar (10 g) (Fisher Scientific, UK) was added to deionised water (250 ml), 

then autoclaved (121°C. 15 min). LB agar was supplemented with appropriate 

antibiotics when cooled to less than 65°C and poured into plates. 
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2.2.1.4 Minimal Medium (MM) agar plates 

Agar (3.75 g) (Fisher Scientific, UK) was added to sterilised distilled water (200 

ml), then autoclaved (121°C. 15 min). When cooled to less than 65°C, agar was 

supplemented with the following and poured into plates: 

Stock Solution  Amount Final Concentration 

10 x Minimal Media Salts 25 ml 1 x 

50% glycerol 10 ml 2% 

dH
2
O 13.5 ml - 

1 M MgSO
4
 250 µl 1 mM 

Table 2. Reagents and amounts for minimal media plates. 

The following antibiotics and additional supplements were added when 

necessary: 

Stock Solution  Amount Final Concentration 

Carbenicillin (20 mg/ml) 625 µl 25 µg/ml 

Spectinomycin (10 mg/ml) 625 µl 25 µg/ml 

Chloramphenicol (10 mg/ 

ml) 

875 µl 35 µg/ml 

Kanamycin (10 mg/ml) 625 µl or 

1250 µl 

25 µg/ml or 50 µg/ml  

3-AT (1 M) 625 µl or 

1250 µl 

2.5 mM or 5 mM  

IPTG (10 mM) 0 ml-2.5 ml 0-100 µM 

Arabinose (6.5 mM) 250 µl 6.5 µM 

Table 3. Amounts of additional supplements for minimal media plates. 
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2.2.1.5 Super Optimal Broth with Catabolite Repression (SOC) medium 

The following was added to 50 ml LB medium: 

Stock Solution  Amount Final Concentration 

20% glucose  500 µl 0.2% 

2 M MgSO
4 

500 µl 20 mM 

1 M MgCl
2 

500 µl 10 mM 

Table 4. Reagents and amounts for SOC media. 

The mixture was filter sterilised before being stored at 4°C. 

 

2.2.1.6 TBF I buffer 

Reagent  Amount Final Concentration 

Potassium acetate 0.588 g 30 mM 

Rubidium chloride 2.42 g 100 mM 

Calcium chloride 0.294 g 10 mM 

Manganese chloride 2 g 50 mM 

Glycerol 30 ml 15% v/v 

dH
2
O Up to 200 ml - 

Table 5. Reagents and amounts for TBF I buffer. 

Adjusted to pH 5.8 with 1% acetic acid. 

2.2.1.7 TBF II buffer 

Reagent  Amount Final Concentration 

MOPS 0.21 g 10 mM 

Rubidium chloride 0.121 g 10 mM 
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Calcium chloride 1.10 g 75 mM 

Glycerol 15 ml 15% v/v 

dH
2
O Up to 100 ml - 

Table 6. Reagents and amounts for TBF II buffer. 

Adjusted to pH 6.5 with dilute NaOH. 

 

2.2.1.8 Agarose gels and Tris-acetate-EDTA (TAE) buffer (50x) 

Agarose gels were made up by suspending solid agarose in TAE buffer (1x) 

(Table 7) and heating. Three drops of ethidium bromide solution (0.625 

mg/ml) were added and the gel set in a mould. Gels were run in TAE buffer 

(1x) at 100 V and imaged under UV light.   

Reagent  Amount Final Concentration 

Tris-base 242 g 2 M 

Glacial acetic acid 57.1 ml 1 M 

0.5 M 

ethylenediaminetetraacetic 

acid (EDTA)  

100 ml 50 mM 

dH
2
O Up to 1000 

ml 

- 

Table 7. Reagents and amounts for 50x TAE buffer for agarose gel electrophoresis. 

Adjusted to pH 8.0 with dilute NaOH and diluted to 1x with dH
2
O before use. 

 

2.2.1.9 SDS-PAGE gels 

Gels for SDS-PAGE were made using the reagents outlined in Table 8 and Table 

9. A 1:1 ratio of Laemmli buffer (Table 10) to protein sample was made up and 

heated to 95°C for 10 min. Samples were loaded into the wells of the gel and 

gels were run in SDS running buffer (Table 11) at 300-450V for 15-30 min. 
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Reagent  Amount 

         10%                    12%                     15% 

1.5 M Tris-base (pH 8.8) 7.5 ml 7.5 ml 7.5 ml 

10% SDS (w/v) 0.3 ml 0.3 ml 0.3 ml 

Acrylamide/bisacrylamide 

(30%/ 0.8%) (w/v) 

10.0 ml 12.0 ml 15.0 ml 

10% ammonium persulphate 

(w/v) 

0.15 ml 0.15 ml 0.15 ml 

Tetramethylethylenediamine 

(TEMED) 

0.02 ml 0.02 ml 0.02 ml 

dH
2
O 12.03 ml 10.03 ml 7.03 ml 

Table 8. Reagents and amounts for resolving gel 

 

Reagent  Amount 

0.5 M Tris-base (pH 6.8) 1.25 ml 

10% SDS (w/v) 0.05 ml  

Acrylamide/bisacrylamide 

(30%/ 0.8%) (w/v) 

0.84 ml 

10 % ammonium 

persulphate (w/v) 

0.025 ml 

Tetramethylethylenediamine 

(TEMED) 

0.005 ml 

dH
2
O 2.88 ml 

Table 9. Reagents and amounts for stacking gel 
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2.2.1.10 Laemmli buffer 

100 mM Tris HCl (pH 6.8) 

4% SDS 

20 % Glycerol 

50 mM dithiothreitol (DTT) 

Trace bromophenol blue 

Table 10. Reagents and concentrations for Laemmli buffer. Made up in dH
2
O. 

 

2.2.1.11 SDS-PAGE running buffer (5x) 

Reagent  Amount Final Concentration 

Tris-base 15.1 g 0.12 M 

Glycine 94 g 1.25 M 

20% (w/v) SDS solution 25 ml 0.5% 

dH
2
O Up to 1000 

ml 

- 

Table 11. Reagents and concentrations for 5x SDS-PAGE gel running buffer. 

Diluted to 1x with dH
2
O before use. 

2.2.1.12 Coomassie Blue staining solution 

Reagent  Amount 

Methanol 400 ml 

Glacial acetic acid 100 ml 

Coomassie 1 g 

dH
2
O 500 ml 

Table 12. Reagents and amounts for coomassie stain for SDS-PAGE gels  
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2.2.1.13 Chitin binding buffer 

20 mM Tris HCl (pH 7.8) 

1 mM TCEP 

0.5 mM NaCl 

Table 13. Reagents and concentrations for chitin binding buffer. Made up in dH
2
O. 

 

2.2.2 General molecular biology procedures 

2.2.2.1 Polymerase Chain Reaction (PCR)  

2.2.2.1.1 For checking integration 

PCR was performed using GoTaq polymerase (Promega). The primers used 

were P1, P2, P3 and P4 (see Table 14).  

Primer Sequence 

P1 GGA ATC AAT GCC TGA GTG 

P2 ACT TAA CGG CTG ACA TGG 

P3 ACG AGT ATC GAG ATG GCA 

P4 GGC ATC AAC AGC ACA TTC 

Table 14. Primer Sequences for checking integration. 
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The following reaction mix and programme were used: 

Component Amount per reaction 

GoTaq polymerase (5 u/µl) 0.5 µl 

Taq buffer (5x) 10 µl 

dNTPs (10 mM) 5 µl 

Primers (20 pmol/µl) 1 µl (of each) 

Template (o/n culture) 1 µl  

dH
2
O up to 50 µl 

Table 15. PCR reaction mixture. 

 

Step Temperature  Time  Cycles 

Initial 

denaturation 

95°C 2.5 min 1 

Denature 95°C 1.5 min  

30 Anneal 55°C 30 s 

Extension 72°C 1 min 

Final extension 72°C 2 min 1 

Hold 4°C Infinite 1 

Table 16. PCR programme for P1, P2, P3 and P4 PCR. 

PCR products were analysed on a 1% agarose gel and stained with ethidium 

bromide.  

2.2.2.1.2 PCR for amplification of pARCBD inserts 

PCR was performed as previously described (2.2.2.1.1) except 0.25 µl of GoTaq 

polymerase (Promega) (5 u/µl) was used per reaction and the template was 

purified pARCBD_CP61. The following PCR programme was used: 
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Step Temperature  Time  Cycles 

Initial 

denaturation 

94°C 5 min 1 

Denature 94°C 30 s  

30 Anneal 65°C 30 s 

Extension 72°C 36 s 

Final extension 72°C 2 min 1 

Hold 4°C Infinite 1 

Table 17. PCR programme for amplification of the pARCBD inserts. 

2.2.2.1.3 PCR for sequencing a fragment 

PCR was performed as previously described (2.2.2.1.1) except 0.25 µl of GoTaq 

polymerase (Promega) (5 u/µl) was used and the primers used were M13-49 

and P68_r1. 

Primer Sequence 

M13-49 GAG CGG ATA ACA ATT TCA CAC AGG 

P68_r1 TGC GTC ATC GCC ATT AAT TCA 

Table 18. PCR primer sequences for sequencing a fragment. 

The following programme was used: 

Step Temperature  Time  Cycles 

Initial 

denaturation 

94°C 3 min 1 

Denature 94°C 30 s  

30 Anneal 55°C 30 s 



  Chapter 2: Experimental 

 54   

Extension 72°C 2 min 

Final extension 72°C 2 min 1 

Hold 4°C Infinite 1 

Table 19. PCR programme for sequencing fragment of CtBP2 118.1. 

PCR products were analysed on a 1% agarose gel and stained with ethidium 

bromide. The DNA band was excised and purified using ThermoSci gel 

extraction purification kit, as per manufacturer’s instructions (Fisher Scientific, 

UK). 

 

2.2.2.2 Restriction digestion 

Restriction digestion reactions were prepared using purified plasmid DNA or 

PCR products, restriction endonucleases and appropriate buffers based on 

manufacturer’s instructions. Reaction mixtures were made as follows: 

Component Amount per reaction 

Reaction Buffer (10x) 5 µl 

Plasmid or PCR product 50 ng (volume dependent 

on stock concentration) 

1 mg/ml bovine serum 

albumin (BSA) (if required) 

5 µl 

Restriction endonuclease 0.5 µl 

dH
2
O up to 50 µl 

Table 20. Reagents and amounts for restriction digestion 

Reactions were incubated at 37°C for 2-17 h depending on manufacturer’s 

instructions and efficiency of reaction. Where required, restriction 

endonucleases were inactivated by heating to 65°C or 80°C and holding for 20 

min. Digested vectors were then subjected to dephosphorylation using 

thermosensitive alkaline phosphatase (TSAP, Promega, UK). Multicore buffer 

(10x, 5 μl) and TSAP (1 μl) were added directly to the digestion reaction 
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mixture, and the mixture was incubated at 37°C for 1 h. TSAP was heat 

inactivated by heating to 74°C and holding for 10 min. All products were 

visualised by agarose gel electrophoresis, they were purified by either Thermo 

Scientific GeneJET gel extraction kit (Fisher Scientific, UK) or Thermo Scientific 

GeneJET column purification kit (Fisher Scientific, UK). 

 

2.2.2.3 Ligation 

Ratios of digested insert to digested vector used for ligation reactions varied 

between 1:1 and 6:1. The amount of insert required was calculated from the 

total mass of vector used (ng) using Equation 1. 

!"#$%&  !"  !"#$%&   !"

=
!"#$%&  !"  !"#$%&   !" ×!"#$  !"  !"#$%&   !"

!"#$  !"  !"#$%&  (!")
×!"#$%  !"#$%  (

!"#$%&
!"#$%&

) 

Equation 1 

The following reaction mixtures were made up with the ligase as the final 

component added.  

Component Amount per reaction 

Ligase buffer (10x) 1 µl 

Vector As calculated from 

concentration of digested 

plasmid stock  (50 ng) 

Insert As calculated from 

Equation 1 

T4 Ligase (5 u/µl) 1 µl  

dH
2
O up to 10 µl 

Table 21. Reagents and amounts for ligation reactions 

Reaction mixtures were incubated overnight at 4°C. The ligase was heat 

inactivated by heating to 70°C and holding for 10 min, reactions were then 

stored at -20°C until transformation. 



  Chapter 2: Experimental 

 56   

2.2.2.4 Making electrocompetent cells 

LB medium (250 ml) was inoculated with 1% overnight culture and incubated 

(37°C, 200 rpm) until an OD
600

 of 0.5-0.7 was reached. Culture was divided into 

4 tubes and centrifuged (3100 rpm, 4°C, 15 min). The supernatant was 

discarded and the pellets were re-suspended in cold 10% glycerol (50 ml), the 

mixture was centrifuged (4000 rpm, 4°C, 15 min). The supernatant was 

discarded. The resuspension was repeated three times with reduced volumes 

each time until the following washes were completed: 1 x 25 mL (in four falcon 

tubes), 1 x 25 mL (in 2 falcon tubes), 1 x 10 mL (in two falcon tubes). Finally 

the supernatant was discarded and the pellets resuspended in cold 10% 

glycerol (1 ml). The mixture was aliquoted (100 µl), immediately frozen using 

dry ice and stored at -80°C. 

 

2.2.2.5 Making chemically competent cells 

LB medium (250 ml) was inoculated with 1% overnight culture and incubated 

(37°C, 200 rpm) until an OD
600

 of 0.5-0.7 was reached. The cultures were 

centrifuged (3100 rpm, 4°C, 15 min), the supernatant was discarded and the 

cells resuspended in ice-cold TBF I buffer (5 ml) (2.2.1.6). The mixture was 

centrifuged (3100 rpm, 4°C, 15 min), the supernatant was discarded and the 

cells resuspended in ice-cold TBF II buffer (1 mL) (2.2.1.7). The cells were 

aliquoted (100 µl), immediately frozen using dry ice and stored at -80°C. 

 

2.2.2.6 Transformation into electrocompetent cells 

Aliquots of cells (100 µl) were thawed on ice for 10 min. Plasmid (5µl) was 

added and the mixture transferred to a cooled 1 mm electroporation cuvette 

(BioRad, USA). The cells were electroporated (Ec1 setting), warm SOC media 

(895 µl) (2.2.1.5) was added immediately and gently mixed. This was incubated 

(37°C, 1 h). The mixtures were then plated onto agar plates supplemented with 

suitable antibiotics and incubated at 37°C over three nights. Transformation 

efficiency was checked by plating serial dilutions (10-3, 10-4, 10-5, 10-6, 10-7) on 

LB agar plates supplemented with suitable antibiotics and incubating at 37°C 

o/n.  
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2.2.2.7 Transformation into chemically competent cells 

Aliquots of chemically competent cells were thawed on ice for 10 min. Plasmid 

(5 µl) was added and incubated on ice for 30 min. Samples were heat-shocked 

by placing in a 42°C water bath for 45 s. The cells were left on ice for a further 

2 min. Warm SOC media (895 µl) (2.2.1.5) was added and the cells incubated at 

37°C for 1h (200 rpm). The mix (100 µl) was plated onto LB agar plates 

supplemented with suitable antibiotics and incubated at 37°C o/n. 

2.2.2.8 Drop-spotting 

Minimal media plates were made up according to the general recipe (2.2.1.4) 

and supplemented with varying concentrations of 3-AT (2.5 mM or 5 mM), IPTG 

(0-100 µM), kanamycin (25 µg/ml or 50 µg/µl) and L-arabinose (0-6.25 μM). LB 

plates were supplemented with 25 µg/ml spectinomycin, 25 µg/ml carbenicillin 

and 35 µg/ml chloramphenicol. Samples for drop-spotting were prepared by 

diluting overnight culture to 10% v/v in 10% glycerol solution (20 µl o/n culture 

plus 180 µl 10% glycerol) and then preparing five serial dilutions to 10% v/v 

each time in 10% glycerol. Each sample (2.5 µl) was drop-spotted onto the 

plates using multichannel pipettes. Minimal media plates were incubated for 

three nights (37°C) and LB plates were incubated for one night (37°C). 

 

2.2.2.9 Expression of Ssp intein constructs 

pARCBD plasmids were transformed into DH5α chemically competent cells. LB 

broth (100 ml), supplemented with chloramphenicol (35 µg/ml), was inoculated 

with 1% culture of DH5α-pARCBD and incubated (37°C, 200 rpm) until an OD
600

 

of 0.6 was reached. The expression was induced with 0.05% w/v arabinose and 

the cultures incubated (2 h, 37°C, 200 rpm). The culture was centrifuged (3100 

rpm, 4°C, 20-40 min), the supernatant was discarded and resultant pellets 

stored at -80°C until purification.  

 

2.2.2.10 Purification of Ssp intein constructs 

The expression pellets were resuspended in chitin binding buffer (4 ml).  The 

pellets were sonicated on ice (6 x 10 s with 10 s breaks), centrifuged 



  Chapter 2: Experimental 

 58   

(8000 rpm, 4°C, 45 min) and the supernatant filtered through a sterile filter 

(0.25 µm, Millipore, UK). Chitin beads (200 µl) were centrifuged (2500 rpm, 

1 accel, 4°C, 5 min) to remove the storage ethanol. The beads were washed 

four times with chitin binding buffer (1ml) (2.2.1.13) by gentle mixing followed 

by centrifugation (2500 rpm, 1 accel, 4°C, 5 min). The protein sample (1 ml) 

was added to the chitin beads, which were then incubated on ice with 

occasional inversion (1 h). The beads were centrifuged (2500 rpm, 1 accel, 4°C, 

5 min), the supernatant was removed and the beads washed four times with 

chitin binding buffer (2500 rpm, 1 accel, 4°C, 5 min). They were then stored at 

4°C, o/n. The beads (15 µl) were added to 2x Laemmli buffer (15 µl) (2.2.1.10), 

the samples were denatured by heating (100°C, 10 min) and run on a 15% SDS-

PAGE gel (150 V, 45 min). The gel was stained with Coomassie dye for 

imaging. 

2.2.3 Protein Expression and Purification 

Protein expressions were carried out in collaboration with the CRUK and ECMC 

Protein Core Facility at Southampton General Hospital (Dr Patrick Duriez and 

Leon Douglas). pET28a CtBP1FL was cloned by Dr Sharandip Nijjar. Proteins 

were purified using an AKTAPrime™ Plus FPLC (GE Healthcare, UK).  

 

2.2.3.1 Expression of His-CtBP1 FL 

pET28a CtBP1FL was transformed into BL21-CodonPlus (DE3) RIPL (Agilent 

Technologies) competent cells and a 15% glycerol stock was stored at -80°C, 

this stock was used for expression of His-CtBP1 protein. All LB broth was 

supplemented with kanamycin (50 µg/ml), streptomycin (75 µg/ml) and 

chloramphenicol (34 µg/ml).  A 125 ml culture was inoculated with 0.2% 

overnight culture, which was then used to inoculate 3 x 500 ml cultures to an 

OD
600

 of 0.2. The cultures were incubated (37°C, 220 rpm) until an OD
600

 0.6-

0.8 was reached; the cultures were then cooled to room temperature (22°C, 

110 rpm). Expression was induced by the addition of IPTG (0.2 mM) and the 

culture was incubated for 2-3 h (22°C, 220 rpm). The culture was centrifuged 

(5500 rpm, 20 min, 4°C), the resultant pellets were re-suspended in phosphate 

buffered saline (PBS) (3 x 30 ml) and centrifuged again (4000 rpm, 10 min, 
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4°C). The pellets were stored at -20°C.  Protein expression was confirmed by 

SDS-PAGE gel.  

2.2.3.2 Purification of His-CtBP1 FL 

Pellets were thawed and resuspended in lysis buffer (100 ml per 3 g) (Table 

22). The solutions were frozen in dry ice/ethanol and then thawed in a beaker 

of room temperature distilled water. The samples were sonicated on ice (4 x 

20 s with 1 min breaks) and then centrifuged (15000 rpm, 20 min, 4°C). The 

supernatant was decanted and the soluble protein was purified on a 5 ml 

nickel affinity column (GE Healthcare) at room temperature. The column was 

equilibrated with binding buffer (Table 23) and non-specific bound protein was 

eluted with 20 mM imidazole (4% elution buffer). The protein was incubated 

with 0.25 mM sodium pyruvate for 20 min to promote the oxidation of any 

NADH. The His-CtBP1 protein was eluted with a gradient of increasing 

imidazole concentration from 20 mM (4% elution buffer) to 500 mM (100% 

elution buffer) and fractions were collected. The fractions were analysed by 

SDS-PAGE gel and pure fractions were dialysed o/n in PBS or Tris buffer 

(pH 7.4) with 10-15% glycerol. Protein was aliquoted and stored at -80°C. 

Aliquots were not re-frozen after thawing.  

 

2.2.3.2.1 Lysis Buffer 

20 mM Tris HCl (pH 8.0) 

250 mM NaCl 

0.3% Triton X100 

0.1 ku Lysozyme  

12.5 µg/ml DNaseI 

10 mM MgCl 

1 Protease Inhibitor tablet (EDTA 

free) 

Table 22 Reagents and concentrations for lysis buffer. Made up in dH
2
O. 
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2.2.3.2.2 Binding Buffer 

20 mM Tris HCl (pH 7.4) 

350 mM NaCl 

Table 23 Reagents and concentrations for binding buffer. Made up in dH
2
O. 

2.2.3.2.3 Elution Buffer 

20 mM Tris HCl (pH 7.4) 

350 mM NaCl 

500 mM Imidazole 

Table 24 Reagents and concentrations for elution buffer. Made up in dH
2
O. 

 

2.2.3.3 His-CtBP1 (28-353)  

2.2.3.3.1 Construction of pET28a His-CtBP1 (28-353) 

pET28a His-CtBP1 (28-353) was constructed using the general methods for 

cloning a plasmid (2.2.2) with the following alterations. PCR amplification of 

the sequence encoding the 28-353 amino acid region of CtBP1 was done by 

Patrick Duriez using pcDNA3 CtBP1cmyc-His as the template and the primers in 

Table 25. Phusion – HF polymerase was used and an annealing temperature of 

54°C.  

Primer Sequence 

hCtBP1_28f 

(NdeI) 

CGT CAT ATG CCC CTG GTG GCA TTG C 

hCtBP1_353r 

(XhoI) 

ACT CTC GAG CTA CTT GTT GAC ACA GTT CTT C 

Table 25. Primers for the amplification of CtBP1 (28-353). Restriction sites are 

highlighted (blue) 
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The PCR product and pET28a CtBP1FL were restriction digested with XhoI and 

NdeI at 37°C for 16 h. The digested insert vector and insert were ligated using 

DNA Ligation Kit, Mighty Mix (Takara/Clontech) by adding a 1:1 ratio of DNA to 

2x Mighty Mix (which already contains ligase) and leaving for 5 min at rt. The 

ligation mixes were transformed into DH5α chemically competent cells and 

selected colonies were checked by restriction digestion and sequencing. 

2.2.3.3.2 Expression and purification of His-CtBP1 (28-353) 

His –CtBP11 (28-353) was expressed and purified using the same method as 

the full-length protein (2.2.3.1 and 2.2.3.2) with any alterations to the method 

outlined below.  

pET28a His-CtBP1 (28-353) was transformed into BL21-CodonPlus (DE3) RIPL 

(Agilent Technologies, UK) or BL21 Rosetta™2 (DE3) pLysS (Novagen/Merck 

Millipore, UK) competent cells.  For the Rosetta™2 strain the final 

concentration of DNaseI in the lysis buffer was increased to 25 μg/μl. The 

lysates were centrifuged at 8000 rpm for 50 mins at 4°C to pellet the insoluble 

material. DTT (1 mM) and imidazole (20 mM) were added to the binding buffer, 

this eliminated the need for a 4% elution buffer wash to remove non-specific 

bound protein. The concentration of imidazole in the elution buffer was 

reduced to 250 mM. The protein was purified using a 1 ml nickel affinity 

column (GE Healthcare) and was eluted with 100% elution buffer. The fractions 

were analysed by SDS-PAGE gel and pure fractions were dialysed o/n in Tris 

buffer (pH 7.4) with 10-15% glycerol, 350 mM NaCl, 2 mM DTT and 0.5 mM 

EDTA. Protein was aliquoted and stored at -80°C. Aliquots were not re-frozen 

after thawing.  

 

2.2.3.4 His-CtBP1 (28-353) Mutants 

2.2.3.4.1 Construction of pET28a His-CtBP1 (28-353) mutant plasmids by 

site-directed mutagenesis (SDM) of pET28a His-CtBP1 (28-353)   

Mutations were introduced by SDM using Pfu DNA polymerase (Promega, UK). 

The primers for the cloning of each mutant plasmid are in Table 26. The 

template was pET28a His-CtBP1 (28-353) for the first mutation, where more 
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than one SDM step was required to introduce all of the desired mutations the 

product from the previous step was used as the template. 

 

Primer Sequence 

NADHmut_f  

NADHmut_r 

(G183A, 

G186A) 

GGCATCATCGGACTTGCTCGCGTGGCGCAGGCAGTGG 

CCACTGCCTGCGCCACGCGAGCAAGTCCGATGATGCC 

 

Catmut_f 

Catmut_r 

(H134Q) 

CTGCACCCCCCAGGCTGCATGGTACAGCGAG 

CTCGCTGTACCATGCAGCCTGGGGGGTGCAG 

 

Dim1mut_f1 

Dim1mut_r1 

(R141A) 

Dim1mut_f2 

Dim1mut_r2 

(R163L) 

CTGAACCTGTACGCGCGGGCCACCTGGCTG 

CAGCCAGGTGGCCCGCGCGTACAGGTTCAG 

 

CGTCGAGCAGATCCTCGAGGTGGCGTCCGG 

CCGGACGCCACCTCGAGGATCTGCTCGACG 

 

Dim2mut_f1 

Dim2mut_r1 

(C134Y, N138Y, 

R141E) 

Dim2mut_f2 

Dim2mut_r2 

(L150W) 

GACTCGACGCTGTACCACATCCTGCGCCTGTACGAGCGGGCCACCTGG 

CCAGGTGGCCCGCTCGTACAGGCGCAGGATGTGGTACAGCGTCGAGTC 

 

 

GGCTGCACCAGGCGTGGCGGGAGGGCACACG 

CGTGTGCCCTCCCGCCACGCCTGGTGCAGCC 

Table 26. Primers for SDM of pET28a CtBP1 (28-353) mutants. 

 



  Chapter 2: Experimental 

 63   

The following reaction mixes and PCR programme were used: 

Component Amount per reaction 

Pfu polymerase (2-3 u/µl) 1 µl 

Pfu polymerase buffer 

(10x) 

5 µl 

dNTPs (10 mM) 4 µl 

Primers (10 pmol/µl) 2 µl (of each) 

Template 10 or 50 ng 

dH
2
O up to 50 µl 

Table 27. Components and amounts for SDM PCR. 

 

Step Temperature  Time  Cycles 

Initial 

denaturation 

94°C 1 min 1 

Denature 94°C 30 s  

15 Anneal 56°C 30 s 

Extension 68°C 12 min 

Final extension 68°C 5 min 1 

Hold 4°C Infinite 1 

Table 28. PCR programme for SDM. 

On completion of the PCR, a small sample (4 μl) was run on an agarose gel to 
check for product. Next 1μl CutSmart® buffer (NEB) and 1 μl DpnI were added 

to the remaining mixture, this was then incubated at 37°C for 2 h. The product 

was purified using a Thermo Scientific GeneJET column purification kit (Fisher 

Scientific, UK). The purified DNA was transformed into chemically competent 
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DH5α cells. Resultant colonies were grown overnight and their plasmids were 

purified and checked by sequencing for the correct mutation. 

 

2.2.3.4.2 Expression and purification of soluble fraction of mutant 

proteins 

His-CtBP1 (28-353) Dim1mut, Cat mut and NADH mut was expressed and 

purified as for His-CtBP1 (28-353) (2.2.3.3.2). For His-CtBP1 (28-353) Dim2mut 

expression was induced at 18°C and incubated for 20 hr. No sodium pyruvate 

incubation was used for His-CtBP1 (28-353) Cat mut. 

 

2.2.3.4.3 Expression of proteins for purification from insoluble fraction 

His-CtBP1 (28-353) WT, Dim1mut and NADH mut were expressed according to 

the protocol above (2.2.3.3.2), except expression was took place at 37°C for 

2.5-3 hrs. 

 

2.2.3.4.4 Solubilisation and refolding of proteins from inclusion bodies 

Expression pellets were resuspended in BugBuster® Protein Extraction Reagent 

(Merck Millipore, UK) (5 ml / g of pellet), with added DNaseI (20 μg/ml), MgCl
2
 

(10 mM) and lysozyme (150 μg/ml, 10 U/μl). The resuspended pellets were left 

on ice for 25 min and then centrifuged (15000 rpm, 20 min, 4°C). The resultant 

pellet was resuspended in half the volume of the modified BugBuster® reagent, 

left on ice for 15 min and centrifuged (15000 rpm, 20 min, 4°C). The pellet was 

resuspended in diluted BugBuster® reagent in water (1:10, 25 ml), left on ice 

for 10 min and then centrifuged (18000 rpm, 15 min, 4°C); this wash step was 

repeated twice more to yield a white pellet. Solubilisation buffer (3 ml) (Table 

29) was added to the pellet and rolled at 4°C for 40 min. The mix was 

centrifuged (15000 rpm, 20 min, 4°C) and the supernatant was kept, the 

concentration of this was checked using a Bradford assay. 
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50 mM Tris HCl (pH 8.0) 

8 M Urea 

1 mM EDTA 

10 mM DTT  

Table 29. Composition of the Solubilisation Buffer 

 

Solubilised protein was added dropwise to refolding buffer (Table 30) up to 0.2 

mg/ml and rolled at 4°C for up to one week. Any precipitate was removed by 

centrifugation (4000 rpm, 20 min, 4°C). The protein was concentrated using a 

9 kDa MWKO filter and analysed by SDS-PAGE and thermal shift assay. 

33 mM Tris HCl (pH 8.0) 

5 mM EDTA 

2 mM reduced glutathione 

1 mM oxidised glutathione  

Table 30. Composition of the Refolding Buffer 

 

2.2.3.5 Size-exclusion chromatography 

2.2.3.5.1 His-CtBP1 FL with CP61 using Superdex 200 5/150 GL column 

Size exclusion chromatography was conducted using a Superdex 200 5/150 GL 

(GE Healthcare, UK). The column was equilibrated with PBS prior to use. Protein 

samples (1 mg/ml) with or without NADH (10 μM) were injected directly onto 

the column and run in PBS at 0.2 ml/min. For experiments with CP61, His-

CtBP1 (30 μl of 1 mg/ml) was incubated with CP61 (100 μM) for 5 min at rt 

before addition of NADH. The molecular weight standards used were IgM (900 

kDa), IgG (150 kDa) and Fab (50 kDa), 10 μl of 0.5 mg/ml of each protein was 

injected and run in PBS at 0.2 ml/min. 
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2.2.3.5.2 His-CtBP1 (28-353) and mutant proteins using Superdex 200 

10/300 GL column 

Size exclusion chromatography for His-CtBP1 (28-353) and the mutant proteins 

was conducted using a Superdex 200 10/300 GL column (GE Healthcare). The 

column was equilibrated with tris buffer (20 mM Tris pH 7.4 and 350 mM NaCl) 

prior to use. Protein (0.4-1 mg/ml) with or without NADH (100 μM) was 

injected directly onto the column and run in tris buffer at 0.4 ml/min. The 

molecular weight standards used were IgM (900 kDa), IgG (150 kDa), Fab (50 

kDa), carbonic anhydrase (29 kDa, CA, Sigma Aldrich, UK) and cytochrome c 

(12.4 kDa, CC, Sigma Aldrich, UK) 100 μl of 0.3 mg/ml of the antibodies and 

0.7 mg/ml CA and CC were injected and run in 20 mM Tris (pH7.4) and 350 

mM NaCl at 0.3 ml/min. 

 

2.2.3.6 Circular Dichroism (CD) Spectroscopy 

Circular dichroism experiments were run on a Jasco J720 Spectrophotometer at 

15°C. The spectral bandwidth was 2 nm with a time constant of 1 s (scan speed 

50 nm/min) and a step resolution of 1 nm. Spectra were accumulated as an 

average of 10 scans. The protein concentration was 0.1 mg/ml in a 1 mm path 

length cuvette. Buffer background was subtracted prior to smoothing in 

GraphPad Prism. Machine data units of millidegrees ellipticity were normalised 

as a function of concentration of the solution by converting to molar ellipticity 

using the following equation: 

 !"#$%  !""#$%#&#%'   !    deg !!! !"#$!! = !""#$%#&#%'   !"#$   ×  !"!  
!"#!  !"#$%!   !! ×   !"#$ (!")

  

Equation 2. 

 

2.2.3.7 Drawing diagrams of protein structures 

Diagrams of protein structures with key residues highlighted were constructed 

with structures obtained from the RSCB protein data bank (PDB) using PyMOL 

software (www.pymol.org). 
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2.3 Binding and Dimerisation Assay Procedures 

2.3.1 Fluorescence Resonance Energy Transfer (FRET) assays 

FRET assays were measured in black 96-well half-area plates (Greiner, UK) 

using a Tecan Infinite® M200 Pro micro-plate reader (Tecan Group Ltd). The 

excitation wavelength was 285 nm and the emission was measured at 425 nm 

at rt. Protein aliquots were thawed on ice and diluted to 1.5 µM in PBS. NADH 

was made fresh by dissolving solid NADH (Melford, UK) in PBS to 100 µM and 

diluting further to the required concentration. CP61 was made up in PBS and 

the concentration checked using the absorbance at 280 nm. All components 

were kept on ice until they were added to the 96-well plate. Mixes were made 

up in PBS buffer (pH 7.4) to a total volume of 50 µl per well and contained a 

total of 300 nM CtBP1 with varying amounts of NADH (0-1000 nm) and CP61 

(0-20 µM). PBS was the first component added to all wells, followed by CP61, 

NADH and finally His-CtBP1, with the only incubation times being the time 

taken to add the component to the remaining wells. Wells were mixed after the 

addition of His-CtBP1 and the fluorescence was read immediately. NADH 

titration curves were measured in triplicate with a gain of 178 and a z-position 

of 18278 µm. CP61 titration experiments were measured in triplicate with a 

gain of 149 and a z-position of 17963 µm. 

 

2.3.2 Dehydrogenase assays 

Dehydrogenase assays were measured in 200 µl UV cuvettes (BRAND®, Sigma-

Aldrich, UK), except for the first experiment (Figure 22), which was measured 

in a 1 ml Quartz cuvette. Experiments were measured using a Cary 100 Bio UV-

Visible Spectrometer (Agilent Technologies, UK) at 30°C. His-CtBP1 protein 

aliquots were thawed on ice and diluted in PBS. NADH was made fresh by 

dissolving solid NADH in PBS to 100 µM and diluting further to the required 

concentration. MTOB was also made up in PBS and was stored at -20°C. His-

CtBP1 and NADH master mixes were pre-made in PBS. The His-CtBP1/NADH 

mix and MTOB in PBS were incubated in a 30-35°C water bath for 25 min 

before the reaction. For the CP61 experiments 50 µl CP61 at the appropriate 

dilution was added to 50 µl of the His-CtBP1 master mix before the incubation 
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step, which was reduced to 5 min. The His-CtBP mix was transferred to a 

cuvette and zeroed, the reaction was initiated by the addition of 100 µl NADH 

+ MTOB in PBS and the absorbance at 340 nm was measured every 5 s for 

either 5, 20 or 30 min. The conversion of NADH to NAD+ was calculated using 

the Beer-Lambert Law (A = εcl), NADH has an extinction coefficient (ε) of 6220 

M-1cm-1 at 340 nm and the path length was 1 cm. 

 

2.3.3 Thermal Shift Assays 

Thermal shift assays were measured on a Bio-Rad CFX Connect™ Real-Time 

System in clear bottomed Bio-Rad hard-shell® 96-well PCR plates. The buffer 

used was 20 mM Tris (pH 7.4) and 350 mM NaCl. NADH, NAD+ and MTOB were 

made fresh for each experiment by dissolving solid compound in buffer to 100 

mM and diluting as needed. Peptides were dissolved in 10% DMSO and buffer, 

flash frozen in liquid N
2
, stored at -80°C and thawed under cold running water 

when required. Protein aliquots were similarly thawed under cold running 

water. SYPRO® orange (Life Technologies, UK) was diluted to 300x from 5000x 

(absolute concentration not disclosed by manufacturer) in DMSO and 1 μl used 
per well. The components were kept on ice until they were added to the wells 
in the following order: buffer (to make total volume up to 20 μl), protein, 
peptide, NADH/NAD+, MTOB, SYPRO® orange. In experiments where peptide 

was present the mixture was mixed by pipette after the addition of the peptide 

and incubated at room temperature for 5 min before the addition of any other 

components. For all experiments, the wells were mixed by pipette after the 

addition of the SYPRO® orange and the plate spun using a salad spinner at 

~600 rpm.  

Thermal denaturation scans were measured at a rate of 1°C per 12 s from 30°C 

to 95°C. Fluorescence intensity was measured using a 490 ± 10 nm excitation 

filter and a 520 ± 10 nm emission filter (SYBR® green channel). Data was 

analysed using GraphPad Prism software and first derivative curves (only) were 

smoothed. Melting temperatures were calculated by fitting the Boltzmann 

equation to the sigmoidal melt curve. ΔT
m
 values were calculated as the 

difference in T
m
 values for the proteins with ligand minus those without. Where 

applicable, error bars represent the s.d from separate experiment
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Chapter 3:  Development of in vitro Assays 

to Test the Activity of Inhibitors of CtBP1 

Dimerisation 

A cyclic peptide inhibitor of CtBP1 dimerisation, CP61, was identified 

previously within the group, using SICLOPPS and a RTHS. This hit was shown to 

inhibit dimerisation in vitro using size exclusion, ELISA and pull-down assays; 

cell-based assays were also used to show the activity of the inhibitor in a 

cellular environment. However the mechanism by which CP61 inhibits 

dimerisation was not revealed by these methods.  

CP61 has a high molecular weight of over 1 kDa, double the weight suggested 

to be the ideal maximum for efficient cell permeation according to Lipinski’s 

rules of five 173. Due to the expected low solubility and cell permeability of 

CP61, a large peptide TAT-peptide (CGRKKRRQRRRPPQ) was used in many of 

the cell-based assays to enable the compound to cross the cell membrane. 

Improving the cell permeability, potency and solubility of this molecule would 

benefit its use as a tool to investigate the function of CtBPs in cancer cells, as 

well as increasing its value as a hit from which to develop potential drug 

molecules that target CtBPs. 

The aims of this section of the project were to: 

1. Develop assays that can be used to test CP61 and derivatives of CP61 for 

their activity against CtBP1, specifically alanine analogues of the peptide. 

Ideally, the assays would allow for direct comparison between analogues and 

be sufficiently high throughput to allow the testing of many different 

compounds. 

2. Add to work that investigates the binding/inhibition effect of CP61 in vitro, 

considering potential mechanisms of action for CP61’s activity in preventing 

CtBP dimerisation. 



  Chapter 3: Development of Assays 

 70   

3.1 Solid phase peptide synthesis of CP61 

Firstly, CP61 was chemically synthesised for testing in the in vitro assays. 

Linear CP61 was synthesised using SPPS and then cyclised in solution, as 

described in section 2.1.1. The methodology used was based on that 

optimised by Dr Sharandip Nijjar 174, a previous PhD student in the group. 

Briefly, linear CP61 was synthesised starting with an Fmoc-glycine loaded Wang 

resin (Figure 9). The base labile Fmoc (9-fluorenylmethoxycarbonyl) group was 

used to protect the N-terminal amino group of all of the amino acids used in 

the synthesis of peptides in this project. Fmoc protection is more frequently 

used than the acid labile Boc (tert-butyloxycarbonyl) group that was used 

originally used, as it allows for milder deprotection conditions 175 and can 

accommodate orthogonal deprotection strategies during synthesis.  

 

Figure 9: Structure of the Wang linker and Fmoc protecting group, The PEG resin is 

attached to the C-terminal Fmoc-protected amino acid via a Wang linker. 

 

The reaction scheme for the synthesis of CP61 is shown in Figure 10. Linear 

CP61 was cleaved from the resin using trifluoroacetic acid (TFA), 

simultaneously cleaving any Boc, t-Bu and Pbf protecting groups on the amino 

acid residues. The cleavage cocktail also contained scavengers: phenol, 

triisopropylsilane (TIS) and water. These scavengers react with the highly 

reactive cationic species produced from the resin linker and protecting groups 

as they are removed from the peptide, preventing them from reacting with the 

nucleophilic amino acid side-chains revealed during the reaction.  
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Figure 10: Reaction Scheme for CP61 synthesis. i) 20% piperidine in DMF, 30 min, rt. ii) 

Fmoc-Ser(tBu)-OH, DIC and HOBt in DMF, 2h, rt. iii) Alternating i) and ii) with the 

following amino acids Fmoc-Tyr(tBu)-OH, Fmoc-Met-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Val-

OH, Fmoc-Val-OH, Fmoc-Thr(tBu)-OH, Fmoc-Trp(boc)-OH. iv) TFA, phenol, TIS and H2O, 

3 h, rt. v) EDC, HOBt in DMF (1 ml per mg starting material), 24 h, rt. 
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Linear CP61 was purified by RP-HPLC and analysed by ESI+ mass spectrometry 

and analytical RP-HPLC. The pure linear product was then cyclised under high 

dilution conditions, which were used to promote intramolecular over 

intermolecular coupling and prevent polymerisation of the peptide. A long 

reaction time (24 h) was used and the coupling reagents (HOBt and EDC) were 

used in large excess in an attempt to maximise the yield of the cyclisation 

reaction. The product was purified by RP-HPLC. The overall yield of the 

synthesis was 4%. The cyclic CP61 was characterised by ESI+ mass 

spectroscopy and 1H NMR and the purity was measured by analytical RP- HPLC.  

In addition to 1H NMR and MS, Nuclear Overhauser Effect Spectroscopy (NOESY) 

was used to verify that N-C cyclisation had occurred. This technique elucidates 

structural properties of molecules, including peptides and proteins, as it shows 

coupling signals between atoms in close proximity to each other rather than 

just through bonds 176. The NOE spectrum of CP61 showed coupling between 

the glycine amino NH proton and the proton on the serine alpha carbon, and 

coupling between the tryptophan amino NH proton and the two protons on the 

glycine alpha carbon (Figure 11 and Figure 12). These signals provide evidence 

that there is a Ser-Gly-Trp sequence in the molecule and confirm that 

cyclisation has taken place between the glycine and tryptophan residue, the C- 

and N-termini of linear CP61.  
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Figure 11.Section of NOE spectrum of CP61 in d6-DMSO showing the coupling between 

the glycine NH proton at 8.41 ppm to the serine α proton at 4.26 ppm, and the 

tryptophan NH proton on the peptide backbone at 8.18 ppm and the two glycine α 
protons at 3.61 ppm and 3.82 ppm. The couplings are shown on the structure in 
Figure 12.  
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Figure 12. Structure of peptide with couplings identified in the NOE spectrum in Figure 

11 highlighted as blue arrows. These are between glycine NH proton and serine α 

proton and the tryptophan NH proton and two glycine α protons.  

 

The structure of CP61 was further analysed by tandem mass spectrometry 

(MS/MS) (Figure 13), a technique that induces enhanced fragmentation of a 

compound. As peptides generally fragment along the CO-NH bonds, the mass 

of the daughter ions can be used to elucidate the sequence of the peptide 

chain 177.  

The mass of the whole cyclic peptide gives a (M + H)+ value of 1080 m/z, 

therefore the signals at 894.1, 836.8 and 750.2 m/z indicate the presence of a 

Ser-Gly-Trp fragmentation pattern, this is highlighted in Figure 13. This 

fragmentation pattern confirms that the peptide was cyclised between the 

glycine and tryptophan residues.  
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Figure 13: MS/MS daughter spectra of CP61. Two clear fragmentation patterns are 

highlighted that demonstrate parts of the CP61 sequence. Black: Ser-Gly-Trp )894.1, 

836.8 and 750.2 m/z). Blue: Thr-Val-Val (981.0, 880.2 and 781.1 m/z). 

 

3.2 Expression and purification of His-CtBP1 FL protein 

In order to study the potency of CP61 in in vitro assays, CtBP1 protein was also 

required. Therefore, N-terminal his-tagged full length human CtBP1 (His-CtBP1 

FL) was expressed from a pET28a vector (kanamycin resistant, Novagen, UK), 

previously constructed by Dr Sharandip Nijjar. The his-tag is a sequence of six 

histidine residues that allow for the purification of recombinant proteins by 

metal ion affinity chromatography 178. The pET28a vector contains a T7 

promoter upstream from the coding region for the protein of interest, which 

allows for protein expression to be induced by IPTG. The plasmid was 

transformed into BL21-CodonPlus (DE3) RIPL cells (Agilent Technologies), a 

strain containing the lambda DE3 phage allowing use of T7 promoter system 

and rare codon optimised for expression of mammalian genes. 

Bacterial cells were grown at 37°C until an OD
600

 of ~0.4 was reached, cells 

were then cooled to room temperature (~22°C) before expression was induced 
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to maximise the amount of protein in the soluble fraction. When cells had 

reached an OD
600

 of 0.6-0.8 protein expression was induced with 0.2 mM IPTG 

for 2-3 h.  

Purification was performed routinely using HisTrap (GE Healthcare) nickel 

affinity columns and an ÄKTA Prime FPLC system (GE Healthcare). Bacterial cell 

pellets were lysed with a Tris-based buffer that contained additives to aid in 

the recovery of the recombinant protein. DNaseI and lysozyme were added to 

enhance lysis by catalysing the breakdown of bacterial DNA and bacterial cell 

walls, respectively. A detergent, Triton-X-100 was also used to aid cell lysis and 

the solubility of the proteins. In addition protease inhibitors were included to 

prevent the degradation of the protein by protease enzymes. Lysis was further 

assisted by a freeze-thaw of the solution and sonication.  

Only the soluble fraction was taken for purification by nickel affinity 

chromatography according to the protocol outlined in section 2.2.3.2. A 

sodium pyruvate incubation was used to remove any NADH bound to the His-

CtBP1 FL. Pyruvate is a substrate of the weak dehydrogenase activity exhibited 

by CtBPs 8 and reaction with this oxidises the bound NADH to form NAD+, the 

oxidised form that binds to CtBP with a lower affinity 86. Fractions were 

analysed by SDS-PAGE gel (Figure 14), the purest fractions were kept (lanes 

9-13) and dialysed overnight to remove imidazole. The concentration was 

measured by Bradford assay. Purification of a 250 ml culture typically yielded 

5-10 mg protein. The protein was flash frozen in liquid nitrogen and stored 

at -80°C. 
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Figure 14: SDS-PAGE gel of the Ni2+-affinity purification of His-CtBP1 FL. Lane 1: Total 

material, 2: Insoluble material, 3:Soluble material, 4: Column flow-through, 5: Low 

imidazole wash, 7-14: Fractions of protein elution. The band for His-CtBP1 FL is ~50 

kDa (calculated mass is 49699 Da). Fractions between lanes 9 and 13 were pooled for 

dialysis. 

 

3.3 Size exclusion chromatography to test the NADH 

dependent dimerisation of the expressed His-CtBP1 

FL and its inhibition by CP61 

To check the functionality of the His-CtBP1 FL protein and the ability of CP61 to 

disrupt its dimerisation, His-CtBP1 FL was subjected to analytical size exclusion 

chromatography using a Superdex 200 5/150 GL (GE healthcare, UK) column. 

Size exclusion, also called gel filtration, separates proteins according to size, 

allowing larger species to flow through the column more quickly than smaller 

molecules. Previously within the group analytical size exclusion had been used 

to investigate the NADH dependent dimerisation of CtBP1 and the inhibition of 

this dimerisation with CP61140, by observing the change in retention volume of 

the protein as it shifts from a monomeric to a dimeric complex. 

The complete analytical size exclusion trace of His-CtBP1 FL showed the 

presence of some aggregated protein eluting at around 1.20 ml, which is in 
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the void volume of the column, followed by the peak for CtBP1 

monomer/dimer complex at 1.91 ml (Figure 15).  

 

Figure 15: Size exclusion chromatogram of His-CtBP1 FL (top) using a Superdex 200 

5/150 column. Samples (1 mg/ml) were run in PBS at 0.2 ml/min. The peak at 1.20 ml 

is aggregated CtBP protein. The peak at 1.91 ml is non-aggregated CtBP1. Molecular 

weight standards (bottom), IgM (900 kDa and void volume (V
0
)): 1.33 ml, IgG (150 

kDa): 1.82 ml, Fab (50 kDa): 2.14 ml. 

The retention volume of His-CtBP1 FL (1.91 ml) was shifted to a lower retention 

volume by the addition of NADH (1.81 ml), a shift in retention volume was 
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previously shown to be indicative of the NADH-dependent dimerisation of 

CtBP1 140. In this case the protein alone elutes at a higher than expected 

retention volume, over the 50 kDa standard marker, this meant that it was 

likely that the protein stock was not exclusively monomeric and may contain a 

proportion of dimers. As the NADH was removed in the purification of the 

protein these oligomers may not have the same conformation as those induced 

to form by NADH binding. More recent research by Madison et al. (2013) 13 has 

suggested that the full-length CtBP1 also forms tetramers; some tetramer 

character could also explain why the NADH bound peak appears higher than 

expected (around 150 kDa rather than 100 kDa). One weakness of size 

exclusion chromatography is that the shape as well as the size of protein 

affects its retention volume, so that two proteins of the same mass may elute 

at different retention times, and thus it isn’t possible to definitively analyse the 

multimeric character of each peak. In spite of these weaknesses, incubation of 

CP61 with His-CtBP1 FL prior to the addition of NADH shifts the peak back to a 

higher retention volume (1.93 ml) showing that the peptide inhibits the effect 

induced by NADH (Figure 16), therefore the protein was used in future assays 

to investigate the effect of CP61binding on CtBP1. 
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Figure 16: Size exclusion chromatogram of His-CtBP1 FL with NADH/CP61 (top) using a 

Superdex 200 5/150 column. Samples (1 mg/ml) were run in PBS at 0.2 ml/min. Black 

line: His-CtBP1 FL alone, Dashed line: His-CtBP1 FL + 10 μM NADH, Dotted line: His-

CtBP1 FL + 10 μM NADH + 100 μM CP61. Molecular weight standards (bottom), IgG 

(150 kDa): 1.82 ml, Fab (50 kDa): 2.14 ml.    

 

The His-CtBP1 FL protein and CP61 were then used to develop further assays to 

investigate the binding of CP61 to CtBP1 and potential mechanisms by which 

CP61 inhibits the dimerisation of CtBP1. 
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3.4 Use of a Fluorescence Resonance Energy Transfer 

(FRET) assay to test the ability of CP61 to inhibit 

NADH binding to His-CtBP1 FL 

A FRET assay, based on one discussed in section 1.1.3.5.2 that was designed 

by Fjeld et al. (2003) 86 to specifically examine the binding of NADH to CtBP1, 

was used in this project to investigate whether CP61 has the ability to disrupt 

NADH binding to His-CtBP1 FL. 

3.4.1 FRET assay with NADH to measure NADH binding to His-CtBP1 FL 

Firstly attempts were made to replicate the findings by Fjeld et al. (2003) that 

showed an increase in fluorescence signal at 425 nm with increasing 

concentrations of NADH. Here, the FRET signal of 300 nM His-CtBP1 FL was 

measured with varying concentrations of NADH to demonstrate that NADH and 

Trp318 of CtBP1 were a FRET pair and to optimise the NADH titration curve to 

be used for further assays (Figure 17). As NADH concentration increased the 

fluorescence signal increased until saturation was reached at around 500 nM 

NADH. With no His-CtBP1 FL present no signal increase was observed, this 

showed that the effect was a direct consequence of NADH binding to His-CtBP1 

FL because the protein must be present for an NADH-dependent increase in 

fluorescence signal at 425 nm.  
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Figure 17: FRET of NADH binding to His-CtBP1 FL at 300 nM CtBP1 and 0 nM CtBP1 

(NADH alone). Fluorescence signals of protein with various concentrations of NADH 

were measured in a 96-well plate using a Tecan Infinite® M200 Pro micro-plate reader. 

Ex = 285 nm and Em = 425 nm. Change in fluorescence (dF) versus total [NADH] is 

plotted. dF = (F at x NADH) – (F at 0 NADH). Graph is representative of three repeats 

(see Figure 163), error bars represent standard deviation (s.d) of three replicates at 

each NADH concentration. 

 

Fjeld et al. (2003) used the NADH titration curve to calculate a binding 

constant (K
d
) of NADH to CtBP1, however this was not possible with the data 

obtained in this case using the same method. This is because the K
d
 is related 

to the fluorescence signal and the concentration of free NADH ([NADH]
free

) by 

Equation 6. Generally, in protein-ligand binding assays, it is ideal to use a large 

excess of ligand so that [ligand]
free

 may be assumed to be equal to [ligand]
total

. 

In this assay it is not practical to use a large excess of ligand (NADH), due in 

part to the high affinity of CtBP1 for NADH 83 and also because NADH 

fluorescence is being directly measured as the output signal. Therefore an 

alternative method of estimating the [NADH]
free

 is needed. The method used by 

Fjeld et al. (2003) 86 was to calculate [NADH]
free

 using its relationship to 

[CtBP]
bound

, outlined in equations 3 to 4. Briefly, as CtBP1 only has one binding 

site for NADH, [NADH]
bound

 is equal to [CtBP]
bound

, the latter of which can be 

calculated assuming that the maximum change in fluorescence (ΔF
max

) occurs 

when the total amount of CtBP ([CtBP]
total

]) is bound to NADH. Then for each 

concentration of NADH, the ratio of fluorescence change (ΔF) to the maximum 

fluorescence change (ΔF
max

) is equal to the ratio of [CtBP]
bound 

to [CtBP]
total 

. After 
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using equations 3 to 5 to calculate the [NADH]
free

 for each total concentration of 

NADH a graph of [NADH]
free

 against ΔF can be plotted and the K
d
 calculated 

from equation 6, which fits a rectangular hyperbole model. However, Fjeld et 

al. are unclear in their paper how the value for ΔF
max

 is quantified for equation 

5, which would affect the calculated [NADH]
free

.  

We used two methods of analysis for this data, the first was simply using the 

largest value for the change in fluorescence found in the assay as an estimate 

and the second was by substituting [NADH]
total

 into equation 7 and using linear 

regression to estimate the ΔF
max

.
 
Unfortunately when [NADH]

free 
 was calculated 

using the values aquired from both of these methods, negative values for 

[NADH]
free

 were obtained from the lower concentrations of [NADH]
total 

 

(0-100 nM). It is also possible that the concentration in the wells could be 

lower than expected, giving negative values for the free NADH concentration. 

Consequently this method could not be used to find an accurate K
d
 for the 

binding of NADH to CtBP1 in this assay. This was a limitation of this assay, 

however the main purpose of this work was to adapt this FRET assay for use to 

investigate the potential inhibitory effect of CP61. 

 

!"#$ !"## =    !"#$ !"!#$ − !"#$ !"#$% 

Equation 3 

 

!"#$ !"#$% =    !"#$ !"#$% 

Equation 4 

 

ΔF
Δ!!"#

=   
!"#$ !"#$%

!"#$ !"!"#
 

Equation 5 

 

ΔF
Δ!!"#

=
!"#$ !"##

!! + !"#$ !"##
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Equation 6 

 

1
Δ!

=
Δ!!"#
!!

×   
1

!"#$ !"##
+

1
Δ!!"#

 

Equation 7 

3.4.2 FRET assay with CP61 to investigate its effect on NADH binding 

to His-CtBP1 FL 

To investigate the effect of CP61 on NADH binding to His-CtBP1 FL, the NADH 

titration was next repeated at varying concentrations of CP61 (Figure 18). After 

subtracting the background signal generated by the peptide, the data was 

plotted as fold change in fluorescence to account for the high variability 

between absolute fluorescence values over each plate. This variability was due 

to the low volumes used for the assay that were very sensitive to small 

pipetting inconsistencies. The results show that at higher CP61 concentrations 

the effect of NADH concentration on fluorescence change is reduced, 

suggesting that the interaction between NADH and CtBP1 is being inhibited.  
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Figure 18: NADH titrations at varying concentrations of CP61 (shown in the legend). 

Fluorescence signals of protein with various concentrations of NADH were measured in 

a 96-well plate using a Tecan Infinite® M200 Pro micro-plate reader. Ex = 285 nm and 

Em = 425 nm. The CtBP1 concentration was 300 nM. CP61 and NADH were added to 

the wells prior to the addition of CtBP1. Fold-change from 0 nM NADH for each peptide 

concentration is plotted. Each point is plotted as mean ± s.e. for six wells over 

duplicate experiments.  

 

The largest difference in fluorescence change was observed at saturating 

NADH concentrations. Further investigation into the effect of CP61 at 

saturating concentrations of NADH was undertaken by titrating CP61 up to 

20 μM at a constant NADH concentration (1000 nM) (Figure 19). The 

fluorescence change at 425 nm decreased with increasing CP61 

concentrations, it was inferred that CP61 inhibits NADH binding to CtBP1 and 

that this could be the mechanism by which CP61 inhibits the dimerisation of 

two CtBP monomer units. 
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Figure 19: FRET assay at high NADH concentrations. Various concentrations of CP61 

versus fluorescence change with 300 nM CtBP1 and 1 µM NADH. Fluorescence signals 

were measured in a 96-well plate using a Tecan Infinite® M200 Pro micro-plate reader. 

Ex = 285 nm and Em = 425 nm. CP61 and NADH were added to the wells prior to the 

addition of CtBP1. Percent fluorescence change from 0 µM CP61 was calculated. Each 

point is plotted as mean ± s.e. for nine wells over three experiments. 

 

3.5 Development of a Dehydrogenase Assay to test 

whether CP61 inhibits the dehydrogenase activity of 

His-CtBP1 FL 

The sequence of CtBP is similar to the D2-hydroxyacid dehydrogenases 2, 20, 

including the three catalytic residues His315/Glu295/Arg266 conserved 

amongst this family of enzymes 8, 84 (Figure 20). CtBP1 has been shown to 

exhibit weak dehydrogenase activity in assays coupling the oxidation of NADH 

to NAD+ with the reduction of pyruvate to lactic acid 8, 84. More recently MTOB 

has been found to be a better substrate for CtBP1 than pyruvate, with a k
cat

/K
M
 

of 81.2 relative to pyruvate 137 (Figure 21). However, it is also an inhibitor of 

CtBP1 at high concentrations. The results from the FRET assay suggested that 

CP61 hinders the binding of NADH to CtBP1. Therefore, CP61 was 
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hypothesised to also affect the dehydrogenase activity of CtBP1 and an assay 

was designed to test this hypothesis. 

 

 

Figure 20: Catalytic triad in the NADH binding site of CtBP1. Arg266, Glu295 and 

His315 (orange) form the catalytic triad conserved amongst the D2-hydroxyacid 

dehydrogenases. Crystal structure adapted from Kumar et al. (2002) 8 and RCSB 

protein data bank structure PDB-1MX3. NAD+ is shown in grey and the rest of the 

protein backbone in blue.  

 

Figure 21: Reaction scheme of D2-H lactate dehydrogenase (top) and of CtBP with its 

optimum substrate MTOB (bottom).  
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3.5.1 Optimisation of the Dehydrogenase Assay 

Initial experiments showed that His-CtBP1 FL exhibits dehydrogenase activity 

with NADH and MTOB as substrates (Figure 22). His-CtBP1 FL was pre-

incubated with NADH, and MTOB was added to commence the reaction. The 

absorbance at 340 nm was measured every five seconds over a 30 minute 

period, this directly measures the depletion of NADH, which absorbs light at 

340 nm in its reduced but not its oxidised form. The absorbance 

measurements (A) are directly proportional to the concentration (c) of NADH 

according to the Beer-Lambert law (Equation 8), where NADH has an extinction 

coefficient (ε) of 6220 M-1cm-1. This equation was used to convert the relative 

absorbance at each time point to the conversion of NADH to NAD+. 

! =   !"! 

Equation 8: Beer-Lambert Law 

 

 

Figure 22: Dehydrogenase activity of His-CtBP1 FL. Experiments were measured in a 1 

ml quartz cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C in PBS. 

Conversion of NADH to NAD+, calculated from the loss of absorbance at 340 nm, was 

measured every 5 s over 30 min. NADH was pre-incubated with CtBP and MTOB 

addition initiated the reaction. Concentrations of NADH and MTOB were 75 μM and 25 

μM respectively and reagents were made up in PBS. Experiment with 0 μM CtBP1 shows 

no dehydrogenase activity. 
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A set of preliminary experiments was run to gauge the MTOB and NADH 

concentrations suitable for further assays. Previously published work has 

shown that MTOB has an inhibitory effect on dehydrogenase activity at high 

concentrations 137. The effect of changing the MTOB concentration on the 

dehydrogenase activity of His-CtBP1 FL was investigated ( 

Figure 23). In the absence of MTOB no dehydrogenase activity was observed, 

as the concentration of MTOB was increased the rate of the conversion of 

NADH to NAD+ also increased. When MTOB was set at an initial high 

concentration above 100 μM the rate of conversion falls, this is consistent with 

inhibition of the dehydrogenase activity at high MTOB concentrations.  

 

Figure 23: Dehydrogenase activity of CtBP1 FL at various MTOB concentrations. 

Experiments were measured in a 200 µl UV-cuvette using a Cary 100 Bio UV-Visible 

Spectrometer at 30°C in PBS. Conversion of NADH to NAD+, calculated from the loss of 

absorbance at 340 nm, was measured every 5 s over 30 min. NADH was pre-incubated 

with CtBP and MTOB addition initiated the reaction.  The His-CtBP1 FL concentration 

was 0.775 μM (37.5 μg/ml) and the starting NADH concentration was 75 μM. Graph is 

representative of duplicate replicates and duplicate experiments (see Figure 164). 

 

Next the effect of altering the NADH concentration on the dehydrogenase 

activity of His-CtBP1 FL was tested (Figure 24). Again no dehydrogenase activity 

was seen where no NADH was present, and increasing the NADH concentration 

increased the dehydrogenase activity but this was also inhibited at 

concentrations above 37.5 μM. For further optimisation experiments 25 μM 

MTOB and 37.5 μM NADH were used to try and maximise the signal while 

minimising the inhibitory effects. 
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Figure 24: Dehydrogenase activity of CtBP1 FL at various NADH concentrations. 

Experiments were measured in a 200 μl UV-cuvette using a Cary 100 Bio UV-Visible 

Spectrometer at 30°C in PBS. Conversion of NADH to NAD+, calculated from the loss of 

absorbance at 340 nm, was measured every 5 s over 30 min. NADH was pre-incubated 

with CtBP and MTOB addition initiated the reaction. The His-CtBP1 FL concentration 

was 0.775 μM and the starting MTOB concentration was 25 μM. Graph is representative 

of duplicate replicates from one experiment (see Figure 165). 

 

The addition of BSA has been reported to improve the rates of reaction 

because it can help to prevent adhesion of the enzyme to the reaction vessels 

and tips179. Firstly the BSA stock (PAA cell culture, cat no: K41-001) itself was 

tested to check that there were no contaminants present from the extraction of 

the BSA that may also exhibit dehydrogenase activity (Figure 25), the BSA alone 

showed no dehydrogenase activity.  
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Figure 25: Dehydrogenase activity of BSA stock. Experiments were measured in a 200 

μl UV-cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C in PBS. Conversion 

of NADH to NAD+, calculated from the loss of absorbance at 340 nm, was measured 

every 5 s over 20 min. NADH was pre-incubated with CtBP or BSA and MTOB addition 

initiated the reaction. Concentrations of NADH and MTOB were 37.5 μM and 25 μM 

respectively. BSA shoes no dehydrogenase activity. 

 

The dehydrogenase activity of His-CtBP1 FL was slightly improved in the 

presence of BSA at concentrations above 0.25 mg/ml, although there was no 

added benefit of increasing the BSA concentration to 1 mg/ml (Figure 26). BSA 

was included in the dehydrogenase reactions from this point forward, 0.5 

mg/ml was added to the buffer that the stock reagent solutions were made up 

in and diluted with.  
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Figure 26: Dehydrogenase activity of His-CtBP1 FL at various BSA concentrations. 

Experiments were measured in a 200 μl UV-cuvette using a Cary 100 Bio UV-Visible 

Spectrometer at 30°C in PBS. Conversion of NADH to NAD+, calculated from the loss of 

absorbance at 340 nm, was measured every 5 s over 10 min. BSA was added to the 

CtBP prior to the addition of NADH, which was pre-incubated with CtBP. MTOB addition 

initiated the reaction. The concentration of CtBP1 was 0.775 μM and the 

concentrations of NADH and MTOB were 37.5 μM and 25 μM respectively.  

 

The optimum concentration of His-CtBP1 FL to be used in the dehydrogenase 

assay was next investigated (Figure 27). It was important that the reaction rate 

was constant for as long a period of time as possible to give the most accurate 

initial rate measurements, this was in order to calculate accurate K
M
 values for 

each substrate. The initial rate is generally used for measuring enzyme kinetics 

so that there is not a significant change in substrate concentrations over the 

reaction period measured 180. Using a low amount of His-CtBP1 FL would slow 

the reaction enough to maintain the initial rate for a long enough period of 

time to make an accurate measurement. However the amount used must also 

be high enough to be able to measure an observable signal at varying 

substrate concentrations. The dehydrogenase activity of CtBP1 was measured 

at various protein concentrations.  
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Figure 27: Dehydrogenase activity of CtBP1 FL at various CtBP1 concentrations (see 

graph keys). Experiments were measured in a 200 µl UV-cuvette using a Cary 100 Bio 

UV-Visible Spectrometer at 30°C in PBS + 0.5 mg/ml BSA. Conversion of NADH to NAD+, 

calculated from the loss of absorbance at 340 nm, was measured every 5 s over 5 min. 

NADH was pre-incubated with CtBP and MTOB addition initiated the reaction. The 

concentrations of NADH and MTOB were 37.5 μM and 25 μM respectively. 

 

As predicted the rate of the dehydrogenase reaction decreased when the 

protein concentration decreased. The rates of reaction were constant for the 

first 5 min of the reaction, except for a few anomalies where the very start of 

the reaction appears to be very fast. This was seen sometimes throughout the 

experiments and was hypothesised to be an effect of the initial mixing of the 

reaction, needing time to equilibrate to give a constant rate. This was seen in 

spite of efforts to keep the time between mixing and starting the 

measurements to a constant 20 s, emphasising the need for as long an initial 

rate as possible to get the most accurate measurement. 
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The concentration of His-CtBP1 FL used for the future assays was 0.5 μM as the 

conversion rate at this concentration gave a good signal. Furthermore the 

average rates over 5 min were plotted for 0.5 μM (Figure 28), this shows that 

the rate is linear over the 5 min period and that the rate is consistent between 

the three experiments. 

 

Figure 28: Rates of dehydrogenase reaction. The average rate over each 5 s time 

period is plotted as a function of time. The concentration of CtBP1 was 0.5 μM and the 

concentrations of NADH and MTOB were 37.5 μM and 25 μM respectively (from Figure 

27). The rate is constant over the 5 min period. At this concentration linear lines of 

best fit with a slope of 0 have a R2 value of >0.999. 

 

Having established the reaction conditions to achieve optimal signal to noise 

ratio and minimal error, the dehydrogenase assay was used to study the 

dehydrogenase activity of His-CtBP1 FL. 

 

3.5.2 Substrate saturation plots for the dependence of His-CtBP1 FL 

dehydrogenase activity on MTOB and NADH 

To study enzyme inhibition it is ideal to maintain a substrate concentration at 

around the Michaelis-Menten constant for that substrate 180, this is to ensure 

that the maximum amount of possible inhibition models can be investigated.  

At high substrate concentrations (nearer to the V
max

) competitive inhibition is 

more difficult to observe as the V
max

 of the enzyme is not affected. For this 

system it was also important to investigate the inhibitory concentrations of 
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each substrate to allow measurement of the inhibition of CP61 at substrate 

concentrations where substrate inhibition has a minimal impact on the results.  

Firstly the average rate of reactions for the first 5 min of the reaction were 

measured at a variety of MTOB concentrations. The His-CtBP1 FL concentration 

was 0.5 μM and the NADH concentration was 37.5 μM. The rates were plotted 

against MTOB concentration and show a typical saturation curve profile (Figure 

29). The K
M
s for MTOB and NADH were difficult to calculate due to the effect of 

substrate inhibition, however curves were fitted using a substrate inhibition 

model (GraphPad Prism software) 181. This model has previously been used to 

fit data for the same effect in other lactate dehydrogenases 182, to estimate the 

K
M
 and V

max
 of MTOB at this particular concentration of NADH.  

A 

 

B 

 

Figure 29: Substrate saturation plots for MTOB. Experiments were measured in a 200 

µl UV-cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C in PBS + 0.5 mg/ml 

BSA. Conversion of NADH to NAD+, calculated from the loss of absorbance at 340 nm, 

was measured every 5 s. NADH was pre-incubated with CtBP and MTOB addition 

initiated the reaction. Average rates over each 5 s for the first 5 min of the reaction 

with 0.5 μM His-CtBP1 FL and 37.5 μM NADH. Averages of three repeated experiments, 

error bars represent s.d. A) Linear x-axis, K
M
 = 18.2 ± 5.7 μM, V

max
 = 1.37 ± 0.17 

μM/min.  B) Logarithmic x-axis. 

 

As the K
M
 of MTOB was found to be 18.2 ± 5.7 μM at 37.5 μM NADH, 20 μM 

MTOB was used in future experiments. The K
M
 of NADH at this MTOB 

concentration was next estimated using the same method as for MTOB (Figure 

30).  
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A 

 

B 

 

Figure 30: Substrate saturation plots for NADH. Experiments were measured in a 200 

µl UV-cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C in PBS + 0.5 mg/ml 

BSA. Conversion of NADH to NAD+, calculated from the loss of absorbance at 340 nm, 

was measured every 5 s. MTOB and NADH were mixed prior to the reaction and 

addition of this mix initiated the reaction. Average rates over each 5 s for the first 2 

min of the reaction with 0.5 μM His-CtBP1 FL and 20 μM MTOB. Averages of three 

repeated experiments, error bars represent s.d. A) Linear x-axis, K
M
 = 2.65 ± 1.55 μM, 

V
max

 = 1.03 ± 0.21 μM/min.  B) Logarithmic x-axis. 

 

The average rate was taken for the first two minutes only, as at the lower 

concentrations of NADH the reaction began to slow before the five minute time 

point. Even with this adjustment the NADH concentration could not be 

accurately measured at low enough concentrations to precisely measure the 

K
M
, as the reaction saturated too quickly. The experiment was attempted using 

a lower concentration of His-CtBP1 FL (0.2 μM) (Figure 31), however this 

increased the amount of noise and therefore error in the data. Although a 

concentration as low as 0.5 μM could be achieved this still was not low enough 

to give a well-fitting saturation curve. NADH is likely to have a low K
M
 value as 

it binds very tightly to CtBP and has a low binding constant of 66 ± 14 nM 86. 

Although likely to be a poor estimate, the K
M
 was found from the data in Figure 

30 to be 2.65 ± 1.55 μM. 
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Figure 31: Substrate saturation plots for NADH. Experiments were measured in a 200 

µl UV-cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C in PBS + 0.5 mg/ml 

BSA. Conversion of NADH to NAD+, calculated from the loss of absorbance at 340 nm, 

was measured every 5 s. MTOB and NADH were mixed prior to the reaction and 

addition of this mix initiated the reaction. Average rates over each 5 s for the first 2 

min of the reaction with 0.2 μM His-CtBP1 FL and 20 μM MTOB. Averages of three 

repeated experiments, error bars represent s.d. 

 

An NADH concentration of 5 μM was selected for future assays based on both 

the estimated K
M
 and the appearance of the saturation curve. This 

concentration is likely to be above the actual K
M
 for NADH at 20 μM MTOB, 

however is a value below saturation inhibition effects become a problem.  

In enzyme reactions with two substrates the K
M
 of each substrate depends on 

the concentration of the other and vice versa 180, therefore to check the K
M
 of 

MTOB at the new NADH concentration of 5 μM NADH the saturation 

experiments for MTOB were repeated at this concentration (Figure 32). 
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Figure 32: Substrate saturation plot for MTOB. Experiments were measured in a 200 µl 

UV-cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C in PBS + 0.5 mg/ml 

BSA. Conversion of NADH to NAD+, calculated from the loss of absorbance at 340 nm, 

was measured every 5 s. NADH was pre-incubated with CtBP and MTOB addition 

initiated the reaction. Average rates over each 5 s for the first 2 min of the reaction 

with 0.5 μM His- CtBP1 FL and 5 μM NADH. Averages of three repeated experiments, 

error bars represent s.d. Linear x-axis, K
M
 = 12.5 ± 3.9 μM, V

max
√= 0.84 ± 0.08 μM/min. 

 

The K
M 
was calculated to be lower, at 12.5 ± 3.9 μM, however as 20 μM MTOB is 

still around this value and below a level where substrate inhibition is likely to 

affect the results, this concentration was maintained for the CP61 experiments. 

The concentrations used for testing the effect of CP61 on the dehydrogenase 

activity were 0.5 μM CtBP1, 20 μM MTOB and 5 μM NADH. 

 

3.5.3 The effect of CP61 on dehydrogenase activity 

CP61 is only partially soluble in aqueous buffers, so for useful concentrations 

for most assays a small amount of DMSO is required to keep the peptide in 

solution. Initially, the dehydrogenase assay was run in the presence of up to 

2% DMSO to check whether it had any effect on the dehydrogenase assay 

(Figure 33). No effect on the rate of the dehydrogenase activity with 

concentrations of up to 2% DMSO was observed. 
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Figure 33: Effect of DMSO on rate of dehydrogenase reaction. Experiments were 

measured in a 200 µl UV-cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C 

in PBS + 0.5 mg/ml BSA. Conversion of NADH to NAD+, calculated from the loss of 

absorbance at 340 nm, was measured every 5 s. NADH was pre-incubated with CtBP, 

DMSO was then added and MTOB addition initiated the reaction. The concentrations of 

the reactants were: 0.5 μM His-CtBP1 FL, 20 μM MTOB and 5 μM NADH. Average rates 

over each 5 s for the first 5 min of the reaction. Averages of three repeated 

experiments, error bars represent s.d. 

 

The dehydrogenase assay was run under the conditions optimised in section 

3.5.2, in the presence of varying concentrations of CP61. The protein was 

incubated with the CP61 (dissolved in PBS + 10% DMSO) for 5 min at 30°C prior 

to the addition of substrates and the measurements taken immediately. As all 

previous assays the assay was conducted at 30°C and the buffer used was PBS 

+ 0.5 mg/ml BSA.  (Figure 34).  
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Figure 34: Effect of CP61 on rate of dehydrogenase reaction. Experiments were 

measured in a 200 µl UV-cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C 

in PBS + 0.5 mg/ml BSA. Conversion of NADH to NAD+, calculated from the loss of 

absorbance at 340 nm, was measured every 5 s. CP61 was pre-incubated with CtBP for 

5 min and NADH and MTOB addition initiated the reaction. Average rates over each 5 s 

for the first 2 min of the reaction with 0.5 μM His-CtBP1 FL, 20 μM MTOB and 5 μM 

NADH. Averages of three repeated experiments, error bars represent s.d. 

 

There appeared to be no effect on dehydrogenase activity up to 100 μM CP61. 

This was unexpected as CP61 was thought to inhibit NADH binding from the 

results of the FRET assay, which had led to the idea that it may inhibit the 

NADH-dependent dehydrogenase activity of the protein. In this experiment it 

was important that the NADH levels were high enough to elicit a measurable 

signal as the absorbance of NADH was the factor being measured; as well as 

attempting to be around the K
M
 of the substrate. The ratio of NADH to His- 

CtBP1 FL was therefore around 6:1 (5 μM NADH: 0.775 μM CtBP), this is higher 

than that used in the FRET assay (~3:1) and previous assays used to measure 

the effect of CP61 140, and could mean that the NADH concentration is too high 

to be able to observe an effect of CP61. Furthermore, the potential for the 

other substrate MTOB to compete with CP61 is unknown and an interesting 

point for further investigation. There is also the potential that dimerisation is 

not required for the dehydrogenase activity of CtBP, so that any effect CP61 

has on the dimerisation of CtBP1 doesn’t affect the dehydrogenase activity. 

Although it was thought likely that His-CtBP1 FL was at least partly, if not 

predominantly, in its NADH induced dimer form at this concentration of NADH 
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based on previously published assays such as the pull-down assay and ELISA 
140, this was not shown under the conditions used here. In order to assess 

whether the protein is dimeric under these conditions samples of the protein 

with NADH at the same concentrations and under the same conditions would 

have to be directly analysed; as this concentration (0.775 μM) is around 10-fold 

lower than would be visible by a technique such as size-exclusion, using native 

gel electrophoresis to compare the amount of dimer and monomer, which can 

be sensitive to low concentrations of protein, may be more suitable.  

Nevertheless, the average rate had decreased a very small amount between 0 

μM CP61 and 100 μM CP61 so the experiment was repeated at higher 

concentrations in case this was just the start of the inhibition curve (Figure 35). 

In the second experiment there was again no effect observed on the 

dehydrogenase activity of CtBP1. 

 

Figure 35: Effect of higher concentrations of CP61 on rate of dehydrogenase reaction. 

Experiments were measured in a 200 µl UV-cuvette using a Cary 100 Bio UV-Visible 

Spectrometer at 30°C in PBS + 0.5 mg/ml BSA. Conversion of NADH to NAD+, calculated 

from the loss of absorbance at 340 nm, was measured every 5 s. CP61 was pre-

incubated with CtBP for 5 min and NADH and MTOB addition initiated the reaction. 

Average rates over each 5 seconds for the first 2 min of the reaction with 0.5 μM 

CtBP1, 20 μM MTOB and 5 μM NADH. Averages of two repeated experiments, error 

bars represent s.d. 

 

The initial experiment was once again repeated with a freshly made stock of 

CP61, as opposed to one stored at -80°C in case this had lost some of its 
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inhibitory activity. The fresh CP61 also showed no effect on dehydrogenase 

activity.  

 

Figure 36: Effect of fresh CP61 on rate of dehydrogenase reaction. Experiments were 

measured in a 200 µl UV-cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C 

in PBS + 0.5 mg/ml BSA. Conversion of NADH to NAD+, calculated from the loss of 

absorbance at 340 nm, was measured every 5 s. CP61 was pre-incubated with CtBP for 

5 min and NADH and MTOB addition initiated the reaction. Average rates over each 5 s 

for the first 2 min of the reaction with 0.5 μM His-CtBP1 FL, 20 μM MTOB and 5 μM 

NADH. Averages of three repeated experiments, error bars represent s.d. 

 

The reasons CP61 did not inhibit the dehydrogenase activity of His-CtBP1 FL 

were unclear. Moreover, this meant that the dehydrogenase assay was 

unsuitable for testing the activity of CP61. 

Assays to directly measure the binding of CP61 to CtBP1, rather than 

competition with NADH, were next considered. The full-length His-CtBP1 had 

been used to measure the interaction between CP61 and CtBP1 because this 

was the protein used in the original screen to identify CP61. However, as 

previously demonstrated this protein tended to aggregate (see section 3.3) 

which, as well as the potential presence of other multimers in the protein 

samples, restricted the buffer the protein could be stored in (see section 3.6) 

and the concentration of the protein. At this stage a truncated version of His-

CtBP1 that had been used at high concentrations to obtain crystal structures of 

CtBP1 8, was investigated as it had the potential to avoid these problems. 
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Additionally it would allow the question of whether CP61 binds to the central 

highly structured domains of CtBP1 to be answered.    

 

3.6 Removal of the unstructured C-terminal domain of 

CtBP1 

The challenges of purifying and handling the His-CtBP1 FL protein were 

considered a limiting factor that affected the range of potential assays that 

could be used to investigate the binding of CP61 to CtBP1. Firstly, the 

concentrations of His-CtBP1 FL recovered from its expression and purification 

were generally low (<1.5 mg/ml). The use of nickel beads and centrifugation, 

instead of a nickel column and FPLC, to allow the purification to take place at 

4°C and to avoid high-pressures, did not improve the yield and compromised 

the purity of the product. The protein had a tendency to aggregate, this was 

shown previously in Figure 15 and later experiments showed that the 

aggregation of the protein increased over time (Figure 37). The amount of 

aggregation was reduced when a tris based buffer, as opposed to a phosphate 

buffer was used throughout the purification. However, attempts to reduce the 

salt concentration to below 300 mM and the glycerol content of the buffer 

were unsuccessful.  

 

Figure 37: Size Exclusion of CtBP over time. A) His-CtBP1FL flash frozen immediately 

after dialysis. B) His-CtBP1FL after three days at 4°C. The peak at 1.2 ml is aggregated 

His-CtBP1 FL protein. The peak at 1.9 ml is non-aggregated His-CtBP1 FL. 

 

CtBP1 FL contains an unstructured C-terminus 11 that could contribute to the 

difficulty in the handling of the protein. Without this C-terminus, crystal 
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structures of both human and rat forms of CtBP1 have been elucidated 7, 8, but 

crystallisation of the full-length protein has not been achieved 11. However as 

the full-length CtBP1 had been used in the RTHS for the identification of CP61 

and for all previous experiments to measure the activity of CP61, it was 

possible that the binding site was outside the core dehydrogenase domain. 

Hence, it was unknown whether CP61 would maintain its activity on a version 

of CtBP1 that no longer contained the C-terminus. Based on the crystal 

structure obtained by Kumar et al. (2002) 8 a shorter form of human CtBP1, 

CtBP1 (28-353), that maintains the core dehydrogenase domain but not the 

unstructured termini (Figure 38), was expressed to address this question and 

attempt to solve some of the issues with handling the protein. 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 3: Development of Assays 

 105   

A

 

B

 

Figure 38: Human-CtBP1 (28-353). A) Structural properties of the truncated CtBP1 (28-

353) compared to CtBP1 FL. B) Sequence of CtBP1 (28-353) compared to CtBP1 FL.  
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3.6.1 Cloning of pET28a-CtBP1 (28-353) for the expression of a 

truncated version of CtBP1 

The DNA coding sequence for residues 28-353 of human CtBP1 was amplified 

by PCR using purified pcDNA3.1CtBP1-cmyc his plasmid 32 as the template. The 

XhoI and NdeI restriction sites were incorporated in the forward and reverse 

primers respectively to allow for ligation into the pET28a vector. The PCR 

product and pET28a-CtBP1FL plasmid were digested with XhoI and NdeI 

restriction nucleases overnight at 37°C and then purified by gel extraction. A 

quick ligation kit, that contains PEG in the ligase buffer to promote quicker 

ligation was used to ligate the vector and insert, the reaction was incubated for 

5 min at rt. The ligation mixture was transformed into DH5α chemically 

competent cells and the presence of the correct sequence for His-CtBP1 (28-

353) was confirmed by sequencing of plasmid purified from one of the 

colonies. 

3.6.2 Expression and Purification of the truncated construct - His-CtBP1 

(28-353) 

To express the His- CtBP1 (28-353) protein, pET28a-CtBP1 (28-353) was 

transformed into BL21(DE3) RIPL chemically competent cells. Analogous to 

pET28a-CtBP1FL, expression was successfully conducted at rt (~22°C) for 2-3 h 

with 0.2 mM IPTG. The cells were lysed using the same method as for His-

CtBP1 FL (2.2.3.2 and 2.2.3.3.2) and the soluble protein was purified using 

nickel affinity chromatography and analysed by SDS-PAGE (Figure 39).  
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Figure 39: SDS-PAGE gel of the Ni2+ affinity purification of His-CtBP1 (28-353) Lane 1: 

Total material, 2: Insoluble material, 3:Soluble material, 4: Column flow-through 1, 5: 

Column flow-through 2, 6: Sodium pyruvate wash 7-14: Fractions of protein elution. 

The band for His-CtBP1 FL is ~38 kDa (calculated mass is 38084 Da). Fractions 

between lanes 8 and 11 were pooled for dialysis. 

 

The purest and most concentrated fractions (lanes 8-11) were dialysed 

overnight to remove the imidazole. On the first few attempts a large amount of 

precipitation was observed after the protein was eluted from the column and 

again after the dialysis steps. The solid material was removed by centrifugation 

but the final concentrations that remained in solution were low, at ~ 0.2 

mg/ml. This precipitation was greatly reduced and in some cases completely 

diminished when a reducing agent, DTT, was included in the buffer, kindly 

advised by Dr Brendan Hilbert (Personal communication, University of 

Massachusetts). Therefore 1 mM DTT was added to the binding and elution 

buffers used in the purification and 2 mM DTT and 0.5 mM EDTA were 

included in the dialysis buffer.  

 

3.6.3 Verification of the functionality of His-CtBP1 (28-353) 

The dehydrogenase activity of His-CtBP1 (28-353) was tested to check that the 

protein maintained the functionality of His-CtBP1 FL (Figure 40). The protein 
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did exhibit dehydrogenase activity indicating that the correct protein was 

isolated and that the protein was functional, therefore it was also likely to be 

correctly folded in a stable conformation. 

 

Figure 40: Dehydrogenase activity of His-CtBP1 (28-353). Experiments were measured 

in a 200 µl UV-cuvette using a Cary 100 Bio UV-Visible Spectrometer at 30°C in Tris 

(pH7.4) + 350 mM NaCl. Conversion of NADH to NAD+, calculated from the loss of 

absorbance at 340 nm, was measured every 5 s over 30 min. NADH was pre-incubated 

with CtBP and MTOB addition initiated the reaction. Concentrations of NADH and MTOB 

were 37.5 μM and 25 μM respectively. Run with 0 μM CtBP1 shows no dehydrogenase 

activity. 

 

Furthermore, size exclusion chromatography of His-CtBP1 (28-353) using a 

Superdex 200 10/300 showed that there were no aggregates present and the 

protein elutes between the 29 kDa and 50 kDa molecular weight marker as 

expected (Figure 41). 
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Figure 41: Size exclusion chromatography of His-CtBP1 (28-353) (top) using a 

Superdex 200 10/300 column. Samples (1 mg/ml) were run in 20 mM Tris (pH 7.4) + 

350 mm NaCl at 0.4 ml/min. Peak at 15.54 ml is the CtBP peak. Peak at 20.69 mI is 

from artefacts from the buffer. Molecular weight standards (bottom) were run at 0.3 

ml/min, IgM (900 kDa and void volume (V
0
)): 8.28 ml, IgG (150 kDa): 12.60 ml, Fab (50 

kDa): 15.25 ml, carbonic anhydrase (CA, 29 kDa): 16.50 ml, cytrochrome c (CC, 12 

kDa): 17.73 ml. 

The expression and purification of His-CtBP1 (28-353) was successful. The 

protein without the unstructured C-terminal maintained its enzymatic activity 

and had the advantage over the full-length construct of not tending to form 

5 10 15 20
0

2

4

6

8

Retention Volume (ml)

m
A

u

!"#$

%&'$

!"($

)*$ ))$

!"#+$,--$./&$
!"(+$01-$./&$
%&'+$1-$./&$
)*+$2,$./&$
))+$02$./&$

5 10 15 20
0

50

100

Retention Volume (ml)

S
ta

nd
ar

di
se

d 
m

A
u

3-$



  Chapter 3: Development of Assays 

 110   

soluble aggregates. Consequently it was a suitable construct to use in inhibitor 

assays. 

 

3.7 Development of a thermal shift assay to investigate 

the binding of NADH and CP61 to CtBP1 without the 

unstructured C-terminus 

Thermal shift assays, also called differential scanning fluorimetry (DSF), 

monitor protein thermal unfolding using a fluorescent dye that binds to 

hydrophobic regions of proteins. As the protein is heated it unfolds, exposing 

more hydrophobic areas to the dye, and an increase in fluorescence signal is 

observed. The melting temperature (T
m
), is the point at which half of the 

protein has denatured, and the apparent T
m
 is measured as the midpoint of the 

thermal denaturing curve (Figure 42A). After a peak of fluorescence is reached 

the signal decreases, this is thought to be an effect of aggregation of the 

denatured protein 183, 184. The first derivative of the thermal denaturing curve 

(Figure 42B), plots of the rate of fluorescence change against temperature, so 

that the T
m
 is the point of the highest rate, i.e. the peak of the trace. The first 

derivative graphs were generally used as a clearer visual representation of the 

T
m
 than the original curve, however the T

m
 values were not calculated using 

these plots because the peak position can only be measured as an average of 

two data points. The T
m
 was calculated by fitting the melt curve to the 

Boltzmann equation using GraphPad Prism software 185, where the generated 

V50 value is the T
m
.  
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Figure 42: A) Thermal denaturation curve of a typical protein in a fluorescent thermal 

shift assay. As the temperature increases the fluorescence signal increases as the 

protein unfolds, allowing the dye to bind to exposed hydrophobic regions. At higher 

temperatures the fluorescence signal falls as the protein aggregates. The mid-point 

between the lowest and highest signal is measured as the melting temperature (T
m
) of 

the protein. (Image based on one from Niesen, F.H, et al. (2007) 183). B) First derivative 

graph of the thermal denaturation curve. The T
m
 is the highest point of the peak. 
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Ligand binding to a protein often causes a conformational shift that either 

stabilises or destabilises the protein, resulting in a shift of the T
m
 of the 

protein corresponding to the affinity of the ligand binding. Thermal shift 

assays have been developed for use on a micro-plate scale 186 and also using 

commercially available devices that can control temperature and detect 

fluorescence 184, such as the real time-PCR machine (Bio-Rad CFX Connect™, UK) 

used in this study. Thermal shift has been widely used to assess ligand binding 

to various targets and in drug discovery as a screening method for potential 

hits 185, 187, 188. 

3.7.1 Optimisation of the thermal shift assay 

The thermal denaturation curve of His-CtBP1(28-353) at various concentrations 

was measured to investigate the thermal denaturation profile of the protein 

(Figure 43). The dye used for the thermal shift assays was SYPRO® orange (Life 

Technologies, UK) 184, which has a high signal to noise ratio 183. The protein was 

heated from 30°C to 95°C.  

The thermal denaturation curves are shown up to the temperature at which the 

fluorescence signal began to fall (Figure 43A). The first derivative graphs are 

also shown (Figure 43B). The results show a clear thermal denaturation curve 

for His-CtBP1 (28-353). In subsequent assays 8 μM protein was used because 

this concentration was the lowest that gave a good level of signal and a high 

level of accuracy for the Boltzmann distribution analysis (R2 > 0.99).  
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  C 

His-CtBP1 (28-
353) 
Concentration 
(μM) 

T
m
 (°C) 

5 44.1 (poor 
fitting) 

6 44.8 

8 45.6 

10 46.1 

12 46.5 

 

Figure 43: Thermal shift of His-CtBP1 (28-353) at various CtBP1 concentrations. 

Thermal denaturation scans were measured in 96-well PCR plates on a Real-Time PCR 

System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 

20 mM Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. A) 

Thermal denaturation curves. T
m
 values. B) First derivative of thermal denaturation 

curves. C) Tabulated T
m 

values calculated by Boltzmann distribution (GraphPad Prism). 

 

Next the other assay conditions were optimised. The thermal shift buffer used 

for the assay was 20 mM Tris pH 7.4 and 350 mM NaCl as this was the same as 

the buffer that the protein was stored in excluding glycerol, EDTA and DTT. 

The thermal shift assay is run over a short period of time, ~30 min, so glycerol 

and EDTA were left out of the thermal shift buffer so that it was easier to keep 

it constant between runs. However as adding DTT to the protein dialysis buffer 
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had a large effect on the solubility of the protein it was thought that it might 

be beneficial to have some in the assay buffer. The thermal denaturation was 

measured with thermal shift buffer with and without DTT and compared to a 

sample that was diluted in the original dialysis buffer (which includes DTT, 

EDTA and glycerol) (Figure 44). The T
m
 of the protein in the dialysis buffer was 

higher than with the thermal shift buffer, however the addition of DTT did not 

affect the T
m
 in the thermal shift buffer. These results suggest that the original 

dialysis buffer would be the best for the assays. Yet, the difference is small and 

the properties of this buffer may change over time due to oxidation of the 

DTT, which could potentially reduce the consistency between runs. Therefore, 

the thermal shift buffer containing 20 mM Tris pH7.4 and 350 mM NaCl was 

used.  

 

 

Figure 44: Thermal shift at various DTT concentrations. Thermal denaturation scans 

were measured in 96-well PCR plates on a Real-Time PCR System, at a rate of 1°C per 

12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM Tris (pH 7.4) and 

350 mM NaCl with varying amounts of DTT and the dye used was SYPRO® orange. First 

derivative plots and tabulated T
m
 values calculated by Boltzmann distribution 

(GraphPad Prism). 

 

CP61 requires a small percentage of DMSO to be totally solubilised in an 

aqueous buffer, therefore the effect of DMSO on the melting temperature of 

His-CtBP1(28-353) was tested up to a final amount of 20%. DMSO. DMSO did 

affect the thermal denaturation of CtBP, increasing the T
m
 and seemingly 

stabilising the protein (Figure 45). A ΔT
m 

of >1°C has been used as guide of the 
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shift in T
m
 large enough to represent a significant binding event 188, 189 as this 

value accounts for the sensitivity of the assay and errors in T
m
 across repeated 

experiments were consistently < 1°C in this study. At low amounts of DMSO the 

ΔT
m
 was less than 1°C, however above 10% DMSO there was a large T

m
 increase, 

for example a ΔT
m
 of 5.1°C with 20% DMSO. This data shows that low amounts 

of DMSO in the assay are preferential, with an optimal final concentration of 

less than 5%. Also ensuring the DMSO concentration is kept constant in an 

experiment is essential to reduce the effect of DMSO on the assay results. 

A 

 

B 

 

Figure 45: Thermal shift of His-CtBP1 (28-353) in various percentages of DMSO. 

Thermal denaturation scans were measured in 96-well PCR plates on a Real-Time PCR 

System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 

20 mM Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange, DMSO 

solutions were added prior to the addition of the dye. A) First derivative plots B) Graph 

of ΔT
m
 values compared to the 0% DMSO condition calculated by Boltzmann 

distribution (GraphPad Prism).  

 

3.7.2 Use of the thermal shift assay to investigate the binding of NADH 

to His-CtBP1 (28-353) 

NADH is known to bind to CtBP1. The binding of NADH to His-CtBP1 (28-353) 

was investigated using the thermal shift assay to determine if it could be used 

to detect a binding event. NADH concentrations ranged from 1 μM to 100 μM. 

The experiment was repeated three times, an example of one run is shown in 

Figure 46A. The consistency of the data was high between runs and the 
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changes in melting temperature at each NADH concentration were averaged as 

shown in Figure 46B. The T
m 

increased with increasing NADH concentration, 

showing that NADH binding stabilises His-CtBP1 (28-353).  

A 

 

B 

 

Figure 46: Thermal shift of CtBP1 (28-353) with NADH. Thermal denaturation scans 

were measured in 96-well PCR plates on a Real-Time PCR System, at a rate of 1°C per 

12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM Tris (pH 7.4) and 

350 mM NaCl and the dye used was SYPRO® orange. A) First derivative plots 

representative of one experiment (Figure 166). B) Average ΔT
m
 from three repeated 

experiments calculated by Boltzmann distribution (GraphPad Prism). Error bars 

represent s.d. 
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3.7.3 Use of the thermal shift assay to investigate the binding of CP61 

to His-CtBP1 (28-353) 

The binding of CP61 to His-CtBP1 (28-353) was assessed using the thermal 

shift assay. Firstly the assay was run with and without CP61 to see if any shift 

in the T
m
 was observed (Figure 47). CP61 was incubated with His-CtBP1 (28-

353) at rt for 5 min prior to the addition of the SYPRO® orange dye and the 

commencement of the assay, the final concentration of DMSO was 2.5% and 

this was kept constant regardless of the concentration of CP61. 

 

Figure 47: Thermal shift of CtBP1 (28-353) with and without CP61. Thermal 

denaturation scans were measured in 96-well PCR plates on a Real-Time PCR System, at 

a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM 

Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. CP61 was 

incubated with the protein for 5 min prior to addition of dye. First derivative plots. T
m
 

values calculated by Boltzmann distribution (GraphPad Prism) were: 0 μM CP61: T
m
 = 

45.2°C, 650 μM CP61: T
m
 = 42.3°C 

 

At 650 μM CP61 there was a negative shift in T
m
 of -2.9°C from 45.2°C to 

42.3°C. Negative T
m
 shifts are observed in a thermal shift assay when a ligand 

destabilises a protein and binds preferentially to a non-native state of the 

protein 190, although a decrease in T
m
 does not necessarily mean that the 

compound does not bind tightly to the native state 191, 192. This indicates that 

CP61 has a destabilising effect on His-CtBP1 (28-353). The effect was shown to 
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be specific for CtBP1 as no significant shift was seen when the experiment was 

repeated with a control protein, His- ubiquitin E2 variant domain (His-UEV 

protein) (Figure 48). 

 

A 

 

B 

 

Figure 48: Thermal shift of CP61 binding to CtBP1 (28-353) and UEV. Thermal 

denaturation scans were measured in 96-well PCR plates on a Real-Time PCR System, at 

a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM 

Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. CP61 was 

incubated with the protein for 5 min prior to addition of dye.  A) First derivative curves. 

B) Graph of ΔT
m
 values calculated by Boltzmann distribution (GraphPad Prism). Error 

bars represent s.d.  

 

As a further control, CP61 was run without CtBP1, as it is also a peptide this 

was to check that it had no melting curve of its own in the thermal shift assay 

that could affect the readings (Figure 49). The results demonstrate that CP61 

has no melting curve under the conditions of the assay. 
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Figure 49: Thermal denaturation profile of CP61 compared to CtBP1 (28-353). Thermal 

denaturation scans were measured in 96-well PCR plates on a Real-Time PCR System, at 

a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM 

Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange.  

 

CP61 had been shown to bind to His-CtBP1 (28-353) with a destabilising effect. 

The concentration dependence of this binding was next tested (Figure 50). 

 

Figure 50: ΔT
m
 for CtBP1 (28-353) binding to CP61. Thermal denaturation scans were 

measured in 96-well PCR plates on a Real-Time PCR System, at a rate of 1°C per 12 s. 

Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM Tris (pH 7.4) and 350 mM 

NaCl and the dye used was SYPRO® orange. CP61 was incubated with the protein for 5 
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min prior to addition of dye. Average ΔT
m
 from 3 repeated experiments calculated by 

Boltzmann distribution (GraphPad Prism), error bars represent s.d. 

 

As the concentration of CP61 increased, the change in melting temperature of 

the His-CtBP1 (28-353) decreased, this verifies that CP61 binds to CtBP1 and 

destabilises the protein. Furthermore this assay shows that CP61 binds to the 

core dehydrogenase domain, amino acids 28-353, of CtBP1. 

An array of peptide concentrations at various NADH concentrations was run 

concurrently to investigate whether CP61 binding to CtBP1 (28-353) was 

observed in the presence of NADH. With a small amount of NADH (2.5 μM) it 

initially appeared that the ΔT
m
 induced by peptide binding is greater than when 

there is no NADH present. At higher concentrations of NADH (50 μM) it seems 

as if there is no CP61-induced temperature shift and therefore no CP61 binding 

(Figure 51).  
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Figure 51: ΔT
m
 for CtBP1 (28-353) binding to CP61 at various NADH concentrations. 

Thermal denaturation scans were measured in 96-well PCR plates on a Real-Time PCR 

System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 

20 mM Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. CP61 

was incubated with the protein for 5 min prior to addition of NADH and dye. T
m
 values 

were calculated using the Boltzmann distribution (GraphPad Prism) and only plotted for 

concentrations of NADH where a single T
m
 was observed. Average ΔT

m
 from 3 repeated 

experiments, error bars represent s.d. 

 

At 5 μM NADH (Figure 52), as the concentration of CP61 is increased, two 

peaks were observed in the first derivative melt curves for CtBP1 (28-353) and 

therefore two distinct melting temperatures. These shifts were also seen at 

2.5 μM NADH and at higher concentrations of NADH albeit to a lesser extent.  
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A 

 

B 

 

Figure 52: First derivative thermal shift plots for CtBP1 (28-353) binding to CP61 at 

various NADH concentrations, representative of one experiment from three repeated 

experiments (Figure 167). Thermal denaturation scans were measured in 96-well PCR 

plates on a Real-Time PCR System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 

520 ± 10 nm. The buffer was 20 mM Tris (pH 7.4) and 350 mM NaCl and the dye used 

was SYPRO® orange. CP61 was incubated with the protein for 5 min prior to addition of 

NADH and dye. A) 0 μM CP61, B) 500 μM CP61.  

 

3.8 Discussion for the Development of in vitro assays to 

test the activity of inhibitors of CtBP1 

The work in this chapter focused on developing assays to test the activity of 

inhibitors of CtBP1, in the first instance to further verify the binding of a cyclic 

peptide inhibitor of CtBP1 homo-dimerisation previously identified by the 

Blaydes/Tavassoli group 140 (CP61), but also with a view to use the assays to 

investigate further derivatives of this molecule.  

CP61 was successfully synthesised using SPPS, as shown by the analysis of the 

peptide and its structure by NOSEY and tandem MS/MS. The total yield was 4%; 

although a modest yield the amount produced, it was sufficient for the testing 

of the compound during assay development; so further optimisation of the 

synthesis was not undertaken. The low yield was most likely due to a 

combination of a large amount of product being lost during the two HPLC 
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purification steps, from poor solubility of the cyclic peptide in the HPLC buffer, 

and by any incomplete cyclisation of the linear compound.  

For future synthesis of CP61 some areas could be optimised to improve the 

yield. HPLC purification of hydrophobic peptides is widely recognised to 

contribute to their poor yields from chemical synthesis 193-195. Adjusting the 

HPLC purification methods to use solvents more compatible with compounds 

such as CP61 is likely to improve yields, for example HPLC purification 

methods involving the minimum amount of water in methanol or ethanol and 

propan-2-ol for elution have been used to purify very hydrophobic pulmonary 

surfactant proteins with high resolution 196, and it has been shown that it’s 

possible to use DMF as part of the mobile phase 197. Eliminating HPLC 

completely from the protocol can also be effective, water precipitation and 

washing with organic solvents successfully improved the yield without 

compromising the purity of hydrophobic peptides from the C-terminus of 

amyloid β-protein 194. Another way to reduce the HPLC steps is to adapt the 

synthesis route to involve on-resin cyclisation, so that there is no linear 

intermediate to purify. This would also allow all of the protecting groups to 

remain on the side chains of the amino acids reducing the risk of side 

reactions. A major disadvantage in this case however is that a side-chain which 

can be easily attached to the resin needs to be present in the active sequence, 

for example aspartic or glutamic acid 198, neither of which are present in CP61. 

Cysteine can be attached to a solid support via a disulphide bond and 

successful cyclisation of such an attached linear peptide has been shown 157, 166, 

which would be appropriate CP61 where the serine is substituted for cysteine, 

the version synthesised for delivery to mammalian cells 140. All of these 

suggestions would take a significant amount of optimisation for the specific 

sequence of CP61. The efficiency of the cyclisation step could be improved 

more easily by using a dual syringe pump to create pseudo-high dilution 

conditions, where the linear peptide and other reagents are added slowly and 

at a constant rate, allowing the peptide to cyclise before more is added to 

prevent polymerisation, this has been shown to give a better yield of cyclic 

peptides than on-resin cyclisation of the same sequences 199.  

Expression and purification of His-CtBP1 FL was successful using the method 

previously employed by the group. Although there was some aggregation, the 

protein was catalytically active and used effectively to demonstrate the binding 
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of NADH and NADH dependent dimerisation via the FRET assay and size 

exclusion chromatography respectively. Size exclusion chromatography was 

also used to show that CP61 inhibited the NADH dependent dimerisation of the 

protein, consistent with other work by Birts et al. (2013) 140. 

The FRET assay showed that the FRET signal generated by NADH binding to 

His-CtBP1 FL was reduced in the presence of CP61, demonstrating CP61 

binding to His-CtBP1 FL. It was inferred that this was due to CP61 inhibiting the 

binding of NADH, and that this was a potential mechanism for the CP61 

inhibition of NADH dependent dimerisation. Direct competition between the 

CP61 and the NADH was concluded to be unlikely as the maximum signal seen, 

at saturating NADH concentrations, was reduced at increasing CP61 

concentrations (Figure 18). It could be that NADH binding is reduced as a 

consequence of the inhibition of CtBP1 dimerisation, due to alterations in the 

shape of the NADH binding pocket. Alternatively if CP61 binding affects the 

position of the tryptophan residue that is required to generate the FRET signal 

then this would also reduce the observed signal because energy transfer is 

reliant on the distance and orientation between the donor and the acceptor 87.  

As previously described (3.4.1), one limitation of the FRET assay was that an 

accurate K
d
 for NADH could not be obtained, due to difficulties in estimating 

the free NADH concentration. In experiments that included the peptide, the 

high level of background fluorescence from CP61 saturated the signal at the 

wavelengths used, preventing investigation at higher concentrations. The 

inherent fluorescence of CP61 was then considered when selecting other 

potential assays for this peptide and protein pair. The small volumes used for 

this assay, although an advantage in terms of low amounts of reagents 

needed, meant that there was also high variability between replicates and 

repeats that unfortunately reduced the usefulness of this assay to test future 

inhibitors of CtBP1.  

The results of the FRET assay led to the hypothesis that CP61 would inhibit the 

weak dehydrogenase activity of CtBP1, therefore the dehydrogenase activity of 

His-CtBP1 FL was next investigated. His-CtBP1 FL was shown to be catalytically 

active with NADH and MTOB as substrates, which is consistent with previously 

published research 137. Substrate saturation curves were acquired for MTOB and 

NADH at a fixed concentration of the second substrate, and the apparent K
M
s 
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were calculated; for MTOB these were: 18.2 ± 5.7 μM at 37.5 μM NADH and 

12.5 ± 3.9 μM at 5 μM NADH, and for NADH: 2.65 ± 1.55 μM at 20 μM MTOB.
 
  

The mechanism of pyruvate inhibition for the lactate dehydrogenases to which 

CtBP is similar has been well established. Firstly the mechanism for the 

conversion of pyruvate to lactate is thought to occur via a ordered sequential 

binding mechanism, whereby the enzyme:NADH complex forms prior to the 

pyruvate substrate binding 200, 201 (Figure 53). Evidence for this reaction scheme 

has come from the inability of lactate dehydrogenase to bind pyruvate 202 or 

substrate analogues oxamate and oxalate without NAD(H) 203. Substrate 

inhibition occurs due to the formation of an abortive ternary complex between 

the enzyme, NAD+ and pyruvate 204, 205 (Figure 53). The NAD+-pyruvate adduct 

that forms part of this complex has been crystallised and characterised 206-208 to 

show the NAD+ linked covalently to the pyruvate. It is likely that the substrate 

inhibition of MTOB for CtBP is caused by the same mechanism.  

 

Figure 53. Mechanism for the lactate dehydrogenases showing the order of binding of 

the substrates and the formation of the abortive ternary complex at inhibitory 

concentrations of pyruvate. E: enzyme, Pyr: pyruvate and Lac: lactate.  

 

The inhibitory effect of NADH has not previously been demonstrated with 

CtBPs, but reduced enzyme activity at higher concentrations of NADH has been 

detected with members of the human serum lactate dehydrogenase family 

(LDH) 209. Additionally, for a lactate dehydrogenase from Phycomyces 

blakesleeanus, the concentration of NADH affected the amount of inhibition 

seen by pyruvate 210. However, unlike the well-characterised mechanism of 

pyruvate inhibition for the lactate dehydrogenases, the mechanism of this 

NADH inhibition is unclear and would be an interesting point for further study. 
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The addition of CP61 had no effect on the dehydrogenase activity of His-CtBP1 

FL, which was not anticipated. The conditions were optimised to be around the 

K
M
 for each substrate in order to be able to observe inhibition from a variety of 

mechanisms (3.5.2), however as estimations of the K
M
s were challenging to 

obtain due to substrate inhibition and tight binding, it is possible that the 

conditions used were inappropriate to see inhibition of activity by CP61. These 

factors combined with the weak activity of CtBP1 make changing the 

conditions of the assay to see CP61 inhibition impractical, ultimately meaning 

that a dehydrogenase assay is not suitable for analysing inhibitors of CtBP1. 

However, the dehydrogenase assay does provide a useful tool to test the 

functionality of CtBP proteins and can therefore be used to check that 

expressed recombinant CtBPs are correctly folded, this assay was used to test 

the truncated His-CtBP1 (28-353) (3.6.3).  

The inability of CP61 to show any effect may result from the presence of the 

MTOB in this assay. MTOB might compete with CP61 or cause changes to the 

structure of CtBP that prevent CP61 binding. The activity of CP61 to inhibit the 

NADH dependent dimerisation of CtBPs has not been measured in the presence 

of this substrate before, mainly because it will allow the NADH to be oxidised. 

Further investigation into this idea could be essential to understanding the 

mechanism of CP61 binding and dimerisation inhibition. 

CtBP1 retained its functionality as a dehydrogenase after the removal of its 

unstructured C-terminus, this was expected and had been shown previously 8. 

The truncated protein was also less aggregated in solution, which is evidence 

that the unstructured C-terminus is responsible for aggregation of the protein. 

This domain has been shown to be essential for dimer-dimer interactions that 

allow for the formation of a CtBP tetramer through a dimeric intermediate 13 

and so it is plausible that it can promote non-specific or NAD-independent 

oligomerisation of the protein. 

The truncated protein was analysed using a thermal shift assay. The T
m
 of the 

protein increased with NADH showing that NADH binds to the protein and has 

a stabilising effect, which would be expected as NADH binding promotes 

dimerisation 84. The concentration dependence of the change in T
m 

showed 

saturation on a semi-log plot (Figure 46). For a ligand with 1:1 stoichiometry, 

the relationship between log ligand concentration and protein T
m
 is generally 
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typified by a sigmoidal curve. Characteristically, small changes in T
m
 are 

observed at concentrations below the protein concentration and then a sharp 

sigmoidal increase is seen when ligand concentration becomes equal to 

protein concentration, higher ligand concentrations result in an additional 

increase in T
m
 rather than saturation 211. Updated models of thermal 

stabilisation account for ligand binding to the unfolded state and predict 

saturation effects to result from this 190. However in the case of His-CtBP1 (28-

353) and NADH it is possible that the saturation and the large T
m 

observed at 

this point (16.9°C) results from protein stabilisation by NADH-induced 

dimerisation rather than purely conformational changes to a single His-CtBP1 

(28-353) monomer. The use of a CtBP1 mutant that is impaired in its ability to 

dimerise but can still bind NADH would be a useful tool to elucidate the 

stabilisation effects of NADH binding versus protein dimerisation using the 

thermal shift assay.  

CP61 induced a dose-dependent negative shift in the T
m
 showing that CP61 

binds and has a destabilising effect on the protein. At low concentrations of 

NADH, CP61 elicited the same destabilising effect but at high NADH 

concentrations no shift as a result of CP61 binding, was observed (Figure 51). 

However these results only show the change in temperature according to the 

Boltzmann distribution and therefore smoothed out any other subtle effects in 

the melting curve, thus reducing the accuracy of the Boltzmann distribution for 

measuring ΔT
m 

at
 
concentrations where two peaks are seen.  

Two peaks were seen at increased concentrations of CP61 at NADH 

concentrations nearer to the protein concentration (e.g. 5 μM), this was clear in 

the first derivative plots of the melt curves. Two distinct T
m
s in thermal shift 

could be indicative of two protein species in different conformations 212, one 

more stable and one less stable, or sometimes two separate domains of the 

same protein can show distinct melting temperatures, with a ligand stabilising 

one domain over another 213, 214. In the case of His-CtBP1 (28-353) the former is 

most likely to be the case, as two domains were not identified through binding 

of a single ligand in the thermal shift assay. As CtBP1 homo-dimerises the two 

melting temperatures could also result from monomer and dimer species. 

Furthermore the destabilisation effect seen from CP61 binding may result, at 

least in part, from the breaking up of pre-formed dimers in the protein stock. 

Based on how each ligand behaves individually, it was inferred that the less 
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stable species was as a result of CP61 binding and the more stable as a result 

of NADH binding. However it is not possible to tell from the data whether the 

binding of NADH and CP61 are mutually exclusive, that is whether the less 

stable species is only bound to CP61 and the more stable species only to 

NADH.  

Thermal shift assays have been used extensively for screening libraries of 

potential protein binders, for example the inhibitors of Bacillus anthracis PurE 

enzyme 188 and to differentiate between inhibitors of a Toxoplasma gondii 

enoyl-acyl carrier protein 187. This assay has the advantage of being high-

throughput 191, and was found to be quick to set up and run. Although it uses a 

high concentration of protein (8 μM) in comparison to the FRET (0.3 μM) and 

dehydrogenase assays (0.775 μM), the small volumes mean that the total 

amount of protein required remains low. The results were very consistent 

between experimental repeats. Overall the thermal shift assay utilised for His-

CtBP1 (28-353) provides a viable and repeatable assay to test other inhibitors 

of CtBP1 (28-353) and future potential inhibitors derived from CP61.  
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Chapter 4:  Alanine Scanning of CP61 to 

identify the active motif of the peptide 

Alanine scanning of a peptide involves substituting, in turn, each individual 

amino acid for an alanine residue. The activity of the modified peptide is then 

compared to the parent peptide to establish whether the substitution has had 

a significant effect on the peptide’s activity. Any substitutions that deplete the 

activity of the peptide indicate that the deleted residue is essential for the 

original compound’s activity. Alanine is generally used, and was selected in 

this work, as it is a small and chemically unreactive residue, which should 

allow the peptide to maintain its secondary structure. Alanine scanning has 

been successfully employed to find the residues crucial for some protein-

protein and protein-peptide interactions, including identification of the critical 

residues for the binding of insulin to the insulin receptor 215 and the binding 

site in human cytochrome P450 3A4 216. More relevantly, a small molecule 

inhibitor of aminoimidazole carboxamide ribonucleotide 

transformylase/inosine monophosphate cyclohydratase (ATIC) has been 

developed based on the alanine scan of a hexameric cyclic peptide originally 

identified through SICLOPPS 217. 

The aim of this chapter was to identify the active motif of CP61 by alanine 

scanning.  

Two complementary methods were used to achieve this; the bacterial RTHS 

used to originally identify CP61 and the thermal shift assay developed in 

chapter 3. The RTHS provided an established platform to measure the ability of 

each alanine analogue to disrupt CtBP1 homo-dimerisation. The thermal shift 

assay was developed as a method to measure the binding of the peptides to 

CtBP1, and was found to be a very robust and consistent assay. It was 

predicted that the results from each approach would support and confirm each 

other.  
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4.1 Utilising RTHS and SICLOPPS for alanine scanning of 

CP61 

CP61 was identified using a high-throughput screening (HTS) platform that 

utilises split-intein mediated circular ligation of peptides and proteins 

(SICLOPPS) 218 in combination with a bacterial reverse-two hybrid system (RTHS). 

This system was used to analyse alanine analogues of CP61 and identify key 

residues for the peptide’s activity.  

4.1.1 Generation of SICLOPPS plasmids encoding the alanine analogues 

of CP61 

SICLOPPS plasmids that encode for the alanine analogues of CP61 were 

constructed. pARCBD_CP61, the SICLOPPS plasmid that generates the parent 

CP61, was used as a template for PCR. Forward PCR primers were designed to 

amplify and mutate the region of pARCBD_CP61 that contains the parent CP61 

sequence by replacing each specific codon with a codon for alanine. The 

reverse primer annealed outside of this region and so was kept constant for 

each PCR reaction (CBDr primer). The forward primers all contained the BglI 

restriction site and the reverse primer the HindIII restriction site to allow for 

ligation of inserts back into the pARCBD vector. Inserts and pARCBD_CP61 

backbone were digested with the appropriate restriction digest enzymes, and 

purified digest products were ligated at 4°C overnight.  
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Figure 54: Plasmid map of pARCBD with crucial areas highlighted. 
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Alanine 

Analogue 

Forward Primer Sequence 

SGWTVVRMA GAATTCGCCAATGGGGCGATCGCCCACAATAGCGGC

TGGACCGTGGTGCGCATGGCGTGCTTAAGTTTTGG 

SGWTVVRAY GAATTCGCCAATGGGGCGATCGCCCACAATAGCGGC

TGGACCGTGGTGCGCGCGTACTGCTTAAGTTT 

SGWTVVAMY GAATTCGCCAATGGGGCGATCGCCCACAATAGCGGC

TGGACCGTGGTGGCGATGTACTGCTTAAG 

SGWTVARMY GAATTCGCCAATGGGGCGATCGCCCACAATAGCGGC

TGGACCGTGGCGCGCATGTACTGCTT 

SGWTAVRMY GAATTCGCCAATGGGGCGATCGCCCACAATAGCGGC

TGGACCGCGGTGCGCATGTACTG 

SGWAVVRMY GAATTCGCCAATGGGGCGATCGCCCACAATAGCGGC

TGGGCGGTGGTGCGCATGTA 

SGATVVRMY GAATTCGCCAATGGGGCGATCGCCCACAATAGCGGC

GCGACCGTGGTGCGCAT 

SAWTVVRMY GAATTCGCCAATGGGGCGATCGCCCACAATAGCGCG

TGGACCGTGGTGCG 

Table 31: PCR primers for the construction of the alanine analogue encoding SICLOPPS 

plasmids. The BglI restriction site (blue) is included. The mutation from the parent 

sequence is highlighted (red). 

 

Initial attempts at the ligation resulted in plasmids that matched the sequence 

of the template vector, pARCBD_CP61; this was likely to be a result of the re-

ligation of singly digested backbone contaminating the purified digestion 

product. The singly and doubly digested vector was difficult to separate by gel 

purification due to their similarity in size. Furthermore, as the sequence of 

each new vector was only different to pARCBD_CP61 by three or less bases, it 

was not possible to distinguish between successful ligation colonies and those 

that resulted from re-ligation of singly digested backbone, by colony PCR 
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alone. However, a FspI restriction site (TGCGCA) is present in the CP61 

sequence which was removed for three of the analogues, SGTTVVRAY, 

SGWTVVAMY, SGWTVARMY, this allowed for the ligation reactions for these 

sequences to be checked before sending plasmids for sequencing. The 

proportion of successful ligations could also be used as a guide to how many 

were likely to be successful for the other sequences. Selected colonies from 

these alanine analogues were checked by PCR amplification of the intein region 

with 5AF1 and 5AR1 primers, to yield a 790 bp product, this was then digested 

with FspI. Any digested product showed two bands at 566 bp and 274 bp and 

was inferred to contain the CP61 sequence. Any that remained undigested was 

most likely to contain the correct sequence (Figure 55). After the first ligation 

attempt the majority of the colonies contained the digestible sequence 

demonstrating that the backbone was inefficiently digested, this may have 

been as a result of the BglI restriction endonuclease only having 50% efficiency 

in the reaction buffer used (NEB Buffer Performance chart). In order to improve 

the efficiency of the vector digestion, a sequential digest of the vector was 

attempted so that each restriction enzyme could be used in its most 

compatible buffer. After sequential digest and the subsequent ligation most of 

the colonies did not have a digestible product so they were deemed more likely 

to contain the correct sequence. One of these colonies was shown to be correct 

after sequencing, therefore a sequential digest of the backbone was used for 

the construction of all the alanine analogue vectors from this point forward. All 

of the vectors were successfully cloned and the sequence of each intein 

construct was confirmed by sequencing. 
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Figure 55: Agarose gel electrophoresis of colony PCR followed by restriction digestion 

with FspI. Colonies from ligation plates of the SGWTVVRAY alanine analogue from 

either A) doubly digested or B) sequentially digested pARCBD_CP61 backbone. Two 

bands in the same well with lengths of 566 bp and 274 bp mean successful colony PCR 

and restriction digestion and indicate the parent peptide sequence. One band at 790 

bp means successful colony PCR but unsuccessful FspI digestion and suggest the 

ligation of DNA containing the correct sequence. 

 

The splicing efficiency of the Ssp inteins is effected by the amino acid residues 

present in the extein fragment, particularly in the second position 219. In order 

to check that the intein-peptide construct expressed for each alanine analogue 

had maintained its ability to splice, the pARCBD constructs were transformed 

into DH5α chemically competent cells and 100 ml cultures of these cells were 

induced to express the intein construct with arabinose. The expressed inteins 

were purified using chitin beads and their splicing was visualised by SDS-PAGE 

(Figure 56). 
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Figure 56: SDS-PAGE of chitin pull-downs for the intein expression of the alanine 

analogues. 15 μl chitin beads loaded with lysate from expression pellets and then 

washed were loaded in each lane. The intense band at around 25 kDa is the unspliced 

intein construct; the slightly lower band 20 kDa is the spliced N-intein. The spliced C-

intein comes around 4 kDa and so is not visible. Lane 1: CP61, 2: SGWTVVRMA, 3: 

SGWTVVRAY, 4: SGWTVVAMY, 5: SGWTVARMY, 6: SGWTAVRMY, 7: SGWAVVRMY, 8: 

SGATVVRMY, 9: SAWTVVRMY. 

 

The splicing level for all constructs was relatively low which is not unexpected 

with the Ssp inteins 220. All of the constructs showed the ability to splice by the 

presence of the splicing band and although this experiment was difficult to 

quantify all seem qualitatively to have spliced to a similar level as the parent 

CP61 construct, demonstrating that any difference in activity for any of the 

peptides was from the peptide itself rather than the level of splicing of that 

peptide. 

 

4.1.2 Optimisation of the conditions for the SICLOPPS screen of the 

CP61 alanine analogues 

The pARCBD plasmids for alanine scanning were transformed into 

SNS118 CtBP1 and SNS118 CtBP2 bacterial strains (constructed by 

Dr Sharandip Nijjar) 140, these are the strains that have the RTHS integrated 

onto their chromosome. They were also transformed into SNS118 ATIC 166 

which was used as a control strain. pARCBD_P1, a plasmid encoding CLLFVY, 
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an unrelated cyclic peptide inhibitor of HIF dimerisation 145 (from 

Dr Charlotte Lawrence) was used as a control peptide for the screening. 

The conditions under which alanine scanning would take place were then 

optimised. The conditions of the original screen for CtBP1 and CtBP2 were 25 

μg/ml kanamycin, 2.5 mM 3-AT and 25 μM IPTG. Cultures were drop-spotted in 

ten-fold serial dilutions onto supplemented minimal media plates, the most 

concentrated was a ten-fold dilution of an overnight culture grown at 37°C. 

However, with these constructs 6.5 μM arabinose induced a toxic phenotype in 

the cells containing the majority of the sequences, with the only exceptions 

being CP61 and SGATVVRMY in CtBP1 SNS118 (Figure 57). 

 

Figure 57: Arabinose induced toxicity of the intein-alanine analogue constructs. Spots 

represent six ten-fold serial dilutions of overnight cultures of CtBP1 SNS118 

transformed with a pARCBD plasmid encoding the specific sequence. The most 

concentrated is on the left, 2.5 μl of each dilution is spotted. Plates were incubated at 

37 °C for three nights. MM is minimal media and contains 0 μM arabinose. 

 

In light of this result the level of arabinose that the cells would tolerate was 

investigated with most of the sequences and in all of the cell types (Figure 58). 

As previously observed the majority of the sequences showed toxicity in all 

three of the RTHS, except CP61 and SGATVVRMY in CtBP1 SNS118. At lower 

levels of arabinose the toxic effect was reduced, with full growth for all 

constructs maintained at 0.8125 μM arabinose. This demonstrates that the 

toxicity observed was either a direct effect of arabinose or due to the amount 

of the intein/peptide construct being induced by arabinose.  
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Figure 58: Screening for optimum arabinose conditions. SNS118 CtBP1 (top row), 

SNS118 CtBP2 (middle row) and SNS118 ATIC (bottom row) strains containing pARCBD 

plasmids were drop-spotted onto minimal media under various arabinose 

concentrations. Spots represent six ten-fold serial dilutions of overnight cultures with 

the most concentrated is on the left, 2.5 μl of each dilution is spotted. Plates were 

incubated at 37 °C for three nights.  Arabinose concentration is stated above each 

plate. 

These systems are presumably under significant pressure as they are grown on 

minimal media in the presence of several antibiotics. Previously within the 

research group, removing the stress imposed by one of the antibiotics was 

shown to also relieve some of the toxic effects due to other pressures on the 

cells. Furthermore when the same cells were grown on LB media the toxicity 

with arabinose was not seen at 6.5 μM and was only shown minimally at 52 μM 

arabinose, which is eight times the level usually used in a screen (Figure 59).  
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Figure 59: Testing the toxicity of arabinose on rich media. SNS118 CtBP1 Strains 

containing pARCBD plasmids were drop-spotted onto rich media containing no 

arabinose (left), 6.5 μM arabinose (middle) and 52 μM arabinose (right). Spots 

represent six ten-fold serial dilutions of overnight cultures with the most concentrated 

is on the left, 2.5 μl of each dilution is spotted. Plates were incubated at 37 °C for one 

night. Arabinose concentration is stated above each plate.   

 

For this reason the experiment was repeated without carbenicillin present on 

the plates, although it was still present in the media grown for the starter 

cultures (Figure 60). Less toxic effects were observed at 6.5 μM arabinose, with 

the majority of the peptides growing well, however only at 0.8125 μM were all 

of the peptides able to grow under arabinose, with SGWTVVRMA being 

particularly toxic. This could be an effect of this particular sequence, or the 

splice rate of the inteins with this sequence.	   
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Figure 60: Screening for optimum arabinose conditions with no carbenicillin pressure. 

SNS118 CtBP1 (top row), SNS118 CtBP2 (middle row) and SNS118 ATIC (bottom row) 

strains containing pARCBD plasmids were drop-spotted onto minimal media under 

various arabinose concentrations. Spots represent six ten-fold serial dilutions of 

overnight cultures with the most concentrated is on the left, 2.5 μl of each dilution is 

spotted. Plates were incubated at 37 °C for three nights. Arabinose concentration is 

stated above each plate. 

 

Next the level of IPTG required for inhibition of the growth of the cells was 

investigated (Figure 61). 
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Figure 61: Screening for optimum IPTG conditions. SNS118 CtBP1 (top row), SNS118 

CtBP2 (middle row) and SNS118 ATIC (bottom row) strains containing pARCBD 

plasmids were drop-spotted onto minimal media under various IPTG concentrations. 

Spots represent six ten-fold serial dilutions of overnight cultures with the most 

concentrated is on the left, 2.5 μl of each dilution is spotted. Plates were incubated at 

37 °C for three nights. IPTG concentration is stated above each plate. 

For SNS118 CtBP1, 25 μM IPTG was sufficient to inhibit the growth of the cells. 

Shut-down of SNS118 CtBP2 growth was less clear and higher levels of IPTG 

(100 μM) were required. The clearest shut-down results for SNS118 ATIC were 

also seen with 100 μM IPTG. The minimal media for SNS118 ATIC contains a 

higher level of kanamycin and 3-AT than that for the SNS118 CtBP strains, this 

was based on the original ATIC screen in which more stringent conditions were 

required for shut-down than those for CtBP screening 166. To investigate 

whether the shut-down for SNS118 CtBP2 would also benefit from more 

stringent conditions this strain was also tested with 50 μg/ml kanamycin and 

5 mM 3-AT (Figure 62).  
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Figure 62: Example of drop-spotting of SNS118 CtBP2 with pARCBD_CP61 under more 

stringent conditions. Even though the shut-down is clearer under more stringent 

conditions (bottom) the regrowth with arabinose is clearer with less stringent 

conditions (top). Spots represent six ten-fold serial dilutions of overnight cultures with 

the most concentrated is on the left, 2.5 μl of each dilution is spotted. Plates were 

incubated at 37 °C for three nights.   

Greater shut-down was observed under more stringent conditions, even with 

lower IPTG levels compared to 100 μM IPTG under less stringent conditions. 

However some of this shutdown is maintained on plates where arabinose is 

present and growth should be restored due to induction of the peptide 

expression. This means that, comparatively, the difference between the IPTG 

only and the IPTG with arabinose plates is more apparent with less stringent 

kanamycin and 3-AT conditions but with higher IPTG levels. The conditions 

selected for SNS118 CtBP2 screening were therefore 25 μg/ml kanamycin and 

2.5 mM 3AT. For SNS118 CtBP1 the conditions were 25 μg/ml kanamycin and 

2.5 mM 3AT. Both of these strains were tested using 25 μM IPTG and 100 μM 

IPTG. For SNS118 ATIC the conditions were 50 μg/ml kanamycin, 5 mM 3AT 

and 100 μM IPTG. 

 

4.1.3 Screening of SICLOPPS generated alanine analogues of CP61 for 

their ability to inhibit CtBP1 and CtBP2 homo-dimerisation 

The alanine analogues were then drop-spotted under optimum conditions. The 

experiment was repeated four times at 25 μM IPTG and three times at 100 μM 

IPTG. One example is shown below (Figure 63 and Figure 64), the others gave 

the same results and can be seen in appendix C.1, except where specially 

mentioned. 
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Figure 63: Alanine scanning of CP61 using the RTHS. A) SNS118 CtBP1 and B) SNS118 

CtBP2 with the alanine analogue pARCBD plasmids were drop-spotted on minimal 

media. Spots represent six ten-fold serial dilutions of overnight cultures with the most 

concentrated is on the left, 2.5 μl of each dilution is spotted. Plates were incubated at 

37 °C for three nights. All plates contained 25 μg/ml kanamycin and 2.5 mM 3-AT. 
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Figure 64: Alanine scanning of CP61 with a control RTHS. SNS118 ATIC (left) with the 

alanine analogue pARCBD plasmids was drop-spotted on minimal media. Spots 

represent six ten-fold serial dilutions of overnight cultures with the most concentrated 

is on the left, 2.5 μl of each dilution is spotted. Plates were incubated at 37 °C for three 

nights. All plates contained 50 μg/ml kanamycin and 5 mM 3-AT. 

 

As expected, full regrowth was seen for CP61, the parent peptide and 

therefore the positive control, in both the CtBP1 and the CtBP2 RTHS. No 

regrowth was observed for the negative control, the HIF inhibitor P1. Full-

regrowth was also observed for SGWTAVRMY, SGWAVVRMY and SAWTVVRMY 

peptide sequences consistently with CtBP1 and CtBP2, showing that one of the 

valine residues, the threonine residue and the glycine residue respectively, are 

non-essential for the activity of CP61. Lower levels of regrowth were seen for 

the SGWTVVRMA, SGWTVVRAY, SGWTVVAMY and SGWTVAMRY in the CtBP1 

RTHS, suggesting that the VRMY motif is crucial for the inhibition of CtBP1 

dimerisation. There were two instances (see Appendix C.1) where a small 

amount of re-growth was observed with SGWTVVAMY and SGWTVARMY at 25 

μM IPTG although not at 100 μM IPTG in the same experiment, this could mean 

that the valine and arginine residues are not as crucial for function as the 

others and peptides with these eliminated may maintain a greater level of 

activity than those with, for example, the methionine or tyrosine deleted. 
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Furthermore there is a lower level of regrowth seen for the SGATVVRMY 

sequence showing that the tryptophan residue is also important (Figure 65).  

These results are consistent with the CtBP2 RTHS; except for the SGWTVVAMY 

sequence which showed regrowth with the CtBP2 RTHS, this suggests that the 

arginine residue is only required for CtBP1 inhibition and not CtBP2. 

SGWTVVRMA appears to give the least regrowth, this may suggest that the 

tyrosine residue is the most crucial residue for CtBP binding, however as this 

was also the most toxic sequence to the cells in the arabinose tests there could 

be an added toxicity effect affecting this result. All peptide sequences showed 

no activity in the ATIC RTHS which was used as a control, showing that the 

differences between the sequences are a result of their interaction with CtBP 

proteins as opposed to other parts of the RTHS/cell machinery. 

 

Figure 65: CP61 with side groups highlighted according to alanine scanning using the 

RTHS. Red: Essential for CtBP1 and CtBP2, Black: Non-essential for CtBP1 or CtBP2, Teal 

(arginine): Essential for CtBP1 but non-essential for CtBP2, Blue (serine): Not tested. 

The results from the RTHS/SICLOPPS alanine scanning method (Figure 65) were 

then verified in an in vitro assay. 
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4.2 Chemical synthesis of alanine analogues of CP61 

Alanine analogues of CP61, in which one residue was substituted for an 

alanine residue (Figure 66), were chemically synthesised using the same 

methodology developed for the synthesis of CP61 (2.1.1).  

It was predicted that the order of the amino acids, as well as their identity, 

would affect the structure of the peptide and subsequent activity of CP61. A 

scrambled version of CP61 (SGWYVMVTR), that contained the same residues 

but in a different sequence, was therefore also synthesised alongside the 

alanine analogues to test this hypothesis (Figure 66). If inactive the scramble-

CP61 could then serve as a negative control for the in vitro assays. 
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Figure 66: Structures of the cyclic peptides synthesised. 

 

The synthesis of the alanine analogues and the CP61-scramble were 

successful, with total yields of between 2% and 10% achieved. 

The NMR spectra of some of the peptides showed more than one peak for 

some of the proton shifts, most commonly for the methyl groups of 

methionine and alanine and the indole NH of tryptophan. This could either be 

caused by the presence of diastereoisomers of the peptide present in the final 

compound, due to conformational changes occurring whilst the NMR was being 

measured or impurities in the sample. SGWTVVRMA showed these extra peaks 

most clearly (Figure 67). 
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Figure 67: Section of 1H NMR of SGWTVVRMA. Peaks at 2.01 ppm and 1.96 ppm are 

both Met CH
3
 peaks and demonstrate the presence of conformers or diastereoisomers. 

 

For this compound HPLC-MS was run to try and distinguish whether 

diastereoisomers were present (Figure 68). Two peaks with the correct M+H+ 

peak were seen, these are most likely to be diastereoisomers caused by some 

epimerization of an amino acid during the coupling reaction. The amount of 

diastereoisomers in each peptide was therefore calculated from the integrals of 

the double peaks in the 1H NMR, for SGWTVVRMA the ratio was 83:17. 

Although diastereoisomers can be separated by RP-HPLC, in this case they 

could not be separated using any of the purification columns available in the 

lab as both isomers eluted at the same retention time. These compounds were 

still used in subsequent assays to find the active motif of the peptide, although 

the presence of the other isomer should be taken into account when analysing 

the results of any assays where the differences between analogues are subtle.  
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Figure 68: ESI+ of SGWTVVRMA by HPLC-MS. The two peaks at 2.82 min and 2.97 min 

have a [M + H]+ peak at 988.5. 

4.3 Alanine scanning using the thermal shift assay 

The thermal shift assay used previously to measure the binding of CP61 to His-

CtBP1 (28-353) in section 3.7.3, was used to analyse the binding of each of the 

alanine analogues and the scramble-CP61 at two concentrations of peptide 

(Figure 69).  
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Figure 69: Alanine scanning using thermal shift assay. Thermal denaturation scans 

were measured in 96-well PCR plates on a Real-Time PCR System, at a rate of 1°C per 

12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM Tris (pH 7.4) and 

350 mM NaCl and the dye used was SYPRO® orange. CP61 was incubated with the 

protein for 5 min prior to addition of dye. ΔT
m
s were calculated by Boltzmann 

distribution (GraphPad Prism) and are average of three repeated experiments and error 

bars represent s.d. 

 

The majority of the alanine analogues shifted the T
m
 of His-CtBP1 (28-353) to a 

lower temperature, showing that they bound to His-CtBP1 (28-353). The ΔT
m
 at 

both concentrations of 200 μM and 500 μM were generally lower for the 

alanine analogues than the parent CP61 peptide, suggesting that the alanine 

analogues had a lower affinity for His-CtBP1 (28-353) than CP61, this would be 

expected as the deleted residues may not be essential but still may be helpful 

for the binding interaction. However, caution was taken when drawing firm 

conclusions from this, as where the differences in ΔT
m
 were less than 1°C 

none
CP61

SGW
TVVRMA

SGW
TVVRAY

SGW
TVVAMY

SGW
TVARMY

SGW
TAVRMY

SGW
AVVRMY

SGATVVRMY

SAW
TVVRMY

AGW
TVVRMY

Scr
am

ble 
- C

P61

-3

-2

-1

0

Peptide

!
T m

 (°
C

)  

200 µM
500 µM



  Chapter 4: Alanine Scanning of CP61 

 151   

between the analogue and the parent CP61 this could also be attributed to 

experimental error. Only two of the alanine analogues appeared to show no 

binding to His-CtBP1 (28-353), SGWTVVRMA and SGATVVRMY, with the ΔT
m
 for 

both much lower than -1°C even with 500 μM peptide. This indicates that the 

tyrosine (Y) residue and the tryptophan (W) residue were essential for binding 

to His-CtBP1 (28-353) (Figure 70). This is consistent with the alanine scanning 

using the RTHS, which also highlighted these residues as essential. 

 

Figure 70: CP61 with crucial residues highlighted according to alanine scanning using 

the thermal shift assay. Red: Essential for CtBP1 binding, Black: Non-essential for CtBP1 

binding. 

 

4.4 Discussion for alanine Scanning of CP61 to identify 

the active motif of the peptide 

This chapter describes the alanine scanning of CP61 by two methods, firstly 

using a bacterial RTHS combined with SICLOPPS and then the thermal shift 

assay developed in chapter 3. 

Screening in the RTHS highlighted the tryptophan residue and the whole of the 

VRMY section of the peptide as essential amino acids for CP61’s activity as a 
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CtBP1 dimerisation inhibitor. With the exception of the arginine residue, these 

findings were replicated for CtBP2 dimerisation. CtBP1 and CtBP2 share a high 

sequence identity32, which would make finding a specific inhibitor for just one 

form of the protein particularly challenging, none of the discovered CtBP 

inhibitors discovered to date have shown specificity for one isoform 10, 89, 139. 

Therefore, the importance of the arginine residue for activity against CtBP1 

over CtBP2 could form an exciting avenue for further investigation into specific 

inhibition of CtBP homo-dimerisation. However the nature of the assay means 

that there may be other factors influencing this result. The optimisation of the 

conditions for the RTHS screen already identified that growth shut-down of the 

CtBP2 system require a greater concentration of IPTG. Possible explanations 

for this are that the expression of the CtBP2-434 fusion protein is lower than 

the CtBP1-434 in the SNS118 E.coli cells, the interaction between CtBP2 

monomers is weaker than that of CtBP1 or that the slightly larger CtBP2 

protein may be more hindered by the attached 434 domain. These may all lead 

to the measurement of a weaker interaction that is less susceptible to changes 

in the CP61 sequence. This highlights the need for the results to be verified in 

another assay. 

Another limitation of the RTHS is that the amount of peptide produced in the 

assay cannot be quantified as it is made intracellular. The splicing ability of all 

the peptides was demonstrated, suggesting similar amounts would be present 

in the cells. However, the experiment used to test this exploited inteins 

attached to a solid support, which may affect their splicing ability and mask 

any differences, incomplete splicing has been shown using this method 

previously and differences between the functionality of inteins in and out of a 

cellular environment 218, 221, 222. Splicing rates are also affected by the extein 

sequence, in particular the residues that are immediately adjacent to the N- 

and C- inteins 223 and the I
c
+2 residue, with hydrophobic residues preferred in 

this position 222. For CP61 and its analogues the I
c
+2 residue is either glycine or 

alanine which have both been shown to have a low efficiency with Ssp inteins, 

offering one explanation for the low amount of splicing observed 219. The high 

toxicity of the SGWTVVRMA analogue could also result from a higher amount 

of splicing as the substituted residue is next to the N-intein. Therefore 

discrepancies between the quantities of peptide produced due to the splicing 
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rate of the inteins may slightly skew the results from the alanine scanning and 

validation of these findings using an alternative assay was pursued. 

The alanine analogues and a scrambled CP61 were chemically synthesised 

using SPPS, as for CP61 (4.2). The thermal shift assay developed in chapter 3 

was then used to test and compare the binding of the CP61 analogues. The 

SGATVVRMY and SGWTVVRMA analogues showed no significant change in the 

T
m 

of His-CtBP1 (28-353), and so no binding to His-CtBP1 (28-353). This result 

led to the conclusion that the tryptophan and tyrosine residues were essential 

for the binding and activity of CP61 as a CtBP1 dimerisation inhibitor. This was 

also consistent with the SICLOPPS screen of the analogues. The residues are 

similar in that they are both aromatic, this may mean that the binding pocket 

of the peptide also contains aromatic residues and π-stacking interactions 

contributing to the binding of CP61, although only structural analysis of a 

CtBP1-CP61 complex or molecular modelling would be able to confirm this 

speculation. Interestingly, the two essential residues are not adjacent in the 

sequence of CP61. Previous alanine scanning of peptides has identified active 

motifs that are a linear sequence within the peptide, for example a di-peptide 

inhibitor of AICAR transformylase was identified by alanine scanning of a 6-

mer cyclic peptide 217. However CP61 is relatively small compared to most 

peptides analysed by alanine scanning and there are many cases where motifs 

containing five residues or more are identified 224, 225, in fact a five amino acid 

PXDLS motif is found in many transcription factors 27 and is responsible for 

CtBP1 binding to them 20. Additionally the conformation the peptide adopts in 

solution or when bound to the protein may place the residues close to each 

other in space and the conformational rigidity imposed by the CP61 backbone 

may also be essential for its activity. 

The CP61-scramble (SGWYVMVTR) showed a greater ΔT
m
 than the parent CP61 

peptide, indicating that CP61-scramble may be a better CtBP dimerisation 

inhibitor than the parent CP61. In the scramble sequence the tryptophan and 

tyrosine residues are next to each other, in light of the alanine scanning data 

the closer proximity of these two residues could allow the peptide to bind 

more favourably. Further tests using the scramble peptide to see if it retains 

activity as a dimerisation inhibitor and alanine scanning of this sequence 

would help to confirm this. Structural information of the scramble and the 

parent peptide from crystallography or NMR spectroscopy would also help 
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establish whether they have similar conformations. This could support the idea 

that, although not bonded next to each other, the tryptophan and tyrosine 

residues may be positioned near each other by the structure of the peptide 

backbone. 

Future work should also focus on screening further derivatives of CP61 to 

establish the necessity of the backbone structure for its activity. Firstly testing 

smaller versions and linear fragments of the peptide that retain the key 

residues would show how much of the peptide’s activity is based on its limited 

conformational freedom, as a clear linear motif was not found for CP61 this 

may require the synthesis of a large library of compounds. The thermal shift 

assay is a good assay to test a large compound library to find any structures 

that are worth assessing further. Computational or physical data on the 

structure of the peptide may aid in the design of this library. 
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Chapter 5:  A SICLOPPS screen of a CtBP2 

RTHS to find inhibitors that are specific to 

CtBP2 

As discussed in chapter 1, the two isoforms of CtBP have many overlapping 

functions in cells. However, their similarity makes it difficult to differentiate 

between any distinct roles they may play, knock-out experiments using siRNA 

or the over-expression of one isoform can be useful 105 but cannot be used to 

distinguish between the hetero-dimeric and homo-dimeric CtBP forms. Any 

inhibitor that is specific for one isoform of CtBP would be a useful tool to solve 

this issue. The aim of this chapter was to work towards identifying a specific 

inhibitor of CtBP2 dimerisation.  

To that end, a SICLOPPS 218 screen of a peptide library of potentially 3.2 million 

compounds was carried out using the previously constructed CtBP2 RTHS (by 

Dr Sharandip Nijjar). The active sequences identified could also be used to 

further establish the active motif of amino acids that can inhibit CtBP 

dimerisation. Concurrently, the results from the alanine scanning of CP61 

showed that a version of CP61 without arginine retained activity against CtBP2 

but not against CtBP1, this demonstrated that there might be potential to find 

a specific CtBP2 inhibitor. 

5.1 Optimisation of the conditions for the CtBP2 

SICLOPPS screen 

The IPTG induction of the CtBP2-434 construct and the reduction in growth of 

the bacteria due to the interacting proteins was tested under various 

conditions. Ten-fold serial dilutions of two stocks of the RTHS (CtBP2 118.1 

and CtBP2 118.4) were drop-spotted onto minimal media supplemented with 3-

amino-1, 2, 4-triazole (3-AT), kanamycin and IPTG. Two different strengths of 

the 3-AT and kanamycin were used; less stringent conditions of 25 μg/ ml 

kanamycin and 2.5 mM 3-AT and more stringent conditions of 50 μg/ ml and 5 

mM 3-AT. The concentrations of IPTG used ranged from 0-100 µM. Triplicate 

experiments were carried out and the conditions selected for SICLOPPS 

screening were 2.5 mM 3-AT, 25 µg/ml kanamycin and 25 µM IPTG (Figure 71). 
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Figure 71. Selecting suitable conditions for the SICLOPPS screen of the CtBP2 RTHS. 

Spots represent six ten-fold serial dilutions of SNS118 overnight cultures with the most 

concentrated is on the left, 2.5 μl of each dilution is spotted. Plates were incubated at 

37 °C for three nights. Less stringent conditions are 25 μg/ ml kanamycin and 2.5 mM 

3-AT, More stringent conditions are 50 μg/ ml and 5 mM 3-AT. 

 

5.2 Screening for CtBP2 inhibitors 

5.2.1 Primary screening 

Once conditions had been selected a C+5 SICLOPPS library (constructed by 

Dr Abigail Male) was transformed into SNS118-CtBP2 electro-competent cells 

(made from CtBP2-118.1). This was duplicated. The transformation efficiency 

was calculated to be 1.5 x 109 for the first experiment and 2.5 x 109 for the 

second experiment; this means that the potential peptide library was covered 

over 400 and 700 times respectively. The transformations were spread on 

minimal media agar plates supplemented with the previously selected 

conditions and 6.5 μM arabinose to induce intein expression. Colonies that 

grew had the potential to contain a peptide that inhibited CtBP2 dimerisation 

as the transcription repression caused by the expression and dimerisation of 

434-CtBP2 recombinant proteins was inactivated. 

96 colonies were selected at a time for primary screening. This process was 

executed once for the first set of transformations and three times for the 

second set of transformations; consequently a total of 384 individual colonies 

were analysed (Figure 72 and Figure 73). Colonies were selected that showed a 

growth advantage on arabinose and IPTG supplemented plates compared to 

those supplemented with only IPTG. Growth on plates only supplemented with 
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arabinose also had to be monitored to show that the peptide or intein by-

products were not toxic to the cells. 

 

Figure 72. An example of the IPTG + Arabinose and IPTG only plates from a primary 

screen of the C+5 library transformed into CtBP2 118.1. Spots represent six ten-fold 

serial dilutions of overnight cultures with the most concentrated is on the left, 2.5 μl of 

each dilution is spotted. Plates were incubated at 37 °C for three nights. There are 96 

different cultures in total. The highlighted set is an example of a colony identified for 

secondary screening and is shown in detail in Figure 73.   
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Figure 73. An example of an active sequence in the SICLOPPS screen of a C+5 library in 

CtBP2 118.1, highlighted in Figure 72. Spots represent six ten-fold serial dilutions of 

overnight cultures with the most concentrated is on the left, 2.5 μl of each dilution is 

spotted. Plates were incubated at 37 °C for three nights. On minimal media (MM) the 

bacteria grow at all concentrations. This growth is inhibited on the IPTG plate, showing 

that the RTHS is functional. The colonies re-grow on the IPTG + arabinose plate 

showing that the dimerisation is being inhibited by the cyclic peptide produced. 

Growth is also seen on the arabinose only plate showing that the peptide is not toxic 

to the cells. 

 

5.2.2 Secondary screening 

The active SICLOPPS plasmids were harvested from selected colonies and 

re-transformed into SNS118-CtBP2 and another RTHS to use as a selectivity 
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control, in this case an ATIC RTHS was used. This is a RTHS of an unrelated 

mammalian protein involved in de novo purine biosynthesis that has been 

previously investigated within the Tavassoli lab 217. At first the secondary 

screening for both the CtBP2 and the ATIC strains was carried out on plates 

with the original conditions used in the primary screening. However, the 

shutdown of ATIC was not clear enough to be able to judge if any of the 

sequences were CtBP2 specific. Consequently ATIC was drop-spotted on 

different 3-AT (2.5 mM and 5 mM), kanamycin (25 μg/ml and 50 μg/ml) and 

IPTG conditions (0-100 μM) (as for CtBP2) to establish suitable conditions for 

screening (Figure 74). The conditions selected for ATIC were 5 mM 3-AT, 50 

µg/ml kanamycin and 50 µM IPTG.  

 

Figure 74. Selecting suitable conditions for the ATIC RTHS. Spots represent six ten-fold 

serial dilutions of SNS118 overnight cultures with the most concentrated is on the left, 

2.5 μl of each dilution is spotted. Plates were incubated at 37 °C for three nights. Less 

stringent conditions are 25 μg/ ml kanamycin and 2.5 mM 3-AT, More stringent 

conditions are 50 μg/ ml and 5 mM 3-AT. 

 

The secondary screening was repeated using the conditions appropriate for 

each RTHS. Colonies that retained their functionality after re-transformation 

and were selective for the CtBP2 RTHS were ranked and the plasmid sent for 

sequencing to elucidate the active peptide sequence. Secondary screening was 

carried out for a total of 55 colonies that showed a growth advantage on IPTG 

and arabinose supplemented plates, numbered C1-C55, the results for C1-C39 

and C40-C55 are shown below (Figure 75 and Figure 76).  
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Figure 75. The IPTG + arabinose and IPTG only plates from the secondary screen of C1-

C39. Spots represent six ten-fold serial dilutions of overnight cultures with the most 

concentrated is on the left, 2.5 μl of each dilution is spotted. Plates were incubated at 

37 °C for three nights. The sets highlighted with a red rectangle to the left were the 

ones selected for sequencing. 
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Figure 76. The IPTG + arabinose and IPTG only plates from the secondary screen of 

C40-C55. Spots represent six ten-fold serial dilutions of overnight cultures with the 

most concentrated is on the left, 2.5 μl of each dilution is spotted. Plates were 

incubated at 37 °C for three nights. The sets highlighted with a red rectangle to the left 

were the ones selected for sequencing. 

 

5.2.3 Screening for CtBP2 versus CtBP1 specificity 

A total of 19 colonies were isolated and their harvested plasmids sent for 

sequencing (Table 32). These 19 plasmids also underwent tertiary screening; 

the plasmids were transformed into the CtBP1 RTHS in order to establish if any 
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of the peptides were CtBP2 specific. A pARCBD plasmid containing CP61 was 

also screened as a control that was effective against both CtBP1 and CtBP2 

homo-dimerisation. The conditions used for CtBP1 screening were the same as 

those for CtBP2 (2.5 mM 3-AT, 25 µg/ml kanamycin and 25 µM IPTG), these 

were the conditions used for a previously described CtBP1 screen 140.	  At first 

the tertiary screening was challenging, little growth was seen for CtBP2 at 

dilutions of greater than 10-5, even on plates supplemented with neither 

arabinose nor IPTG, this problem was not solved by re-transforming into 

freshly made chemically competent cells. The conditions were checked again, 

this time on plates which did not contain carbenicillin, growth was observed at 

all dilutions of CtBP2 so it was inferred that the cells had in part lost some of 

their carbenicillin resistance and carbenicillin was left out of all further 

screens, this was also found to be the case in the alanine scanning SICLOPPS 

screen (4.1.2). The tertiary screening was executed on increasingly stringent 

conditions in an attempt to preferentially select the most active peptide 

sequences. Under the most stringent conditions used (5 mM 3-AT, 50 μg/ml 

kanamycin and 100 μM IPTG), four top hits were selected C9, C26, C54 and 

C55 (Figure 77). Three hits were shown to be CtBP2 specific, C23, C26 and 

C55 (Figure 77 and Table 32), of note are C26 and C55 which are both top 

‘hits’ and shown to be CtBP2 specific. These five plasmids (C9, C23, C26, C54 

and C55) were used in further investigations.  
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Figure 77. Tertiary screening results of the 4 top ‘hits’ (C9, C26, C54 and C55), the 

CtBP2 specific inhibitors (C23, C26 and C55) and CP61.  CtBP2 plates contain the most 

stringent IPTG and IPTG + arabinose conditions of 5 mM 3-AT, 50 µg/ml kanamycin 

and 100 µM IPTG. CtBP1 plates contain 2.5 mM 3-AT, 25 µg/ml kanamycin and 50 µM 

IPTG.	  Spots represent six ten-fold serial dilutions of overnight cultures with the most 

concentrated is on the left, 2.5 μl of each dilution is spotted. Plates were incubated at 

37 °C for three nights. 
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Table 32. Sequences of the selected peptides with their intein mutations and rank from 

the tertiary screening. C53 was unsuccessfully sequenced. CtBP2 specific over CtBP1 

specific peptides are shown. The highlighted sequences were taken for further 

investigation.  

 

5.2.4 Splicing of hit plasmids 

Without exception, the five selected plasmids contained mutations that could 

impede their inteins from splicing effectively. None of the mutated residues in 
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the intein fragments themselves (C54 and C55) have been previously identified 

as essential to the intein splicing mechanism 226. However, both C9 and C23 

have an arginine as their first residue and C26 contains a stop codon, which 

would directly affect intein spicing. In order to check whether the inteins could 

splice the plasmids were transformed into BL21 DE3 competent cells and 

100 ml cultures of these cells were induced with arabinose to express the 

intein construct. The expressed inteins were purified using chitin beads and 

their splicing was evaluated by SDS-PAGE (Figure 78). 

 

Figure 78 SDS-PAGE to show the splicing of inteins. 15 μl chitin beads loaded with 

lysate from expression pellets and then washed were loaded in each lane. The band at 

~25 kDa is the full intein construct before splicing, the band at ~20 kDa is the N-intein 

after splicing and the band at ~4 kDa is the C-intein after splicing. CP61 was used as a 

control with no mutations so should splice and the Ic-mut is mutated so that the 

inteins cannot splice. This result is an example from duplicate experiments that gave 

the same result.  

 

A small amount of splice products were observed for CP61 and the Ic-mut, the 

former is consistent with the results from the alanine scan but the latter of 

which was designed to be unable to splice 221. C23 showed the largest 

capability to splice. The poor splicing of the other plasmids was expected due 

to their respective mutations.  
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5.3 Discussion for a SICLOPPS screen of a CtBP2 RTHS to 

find inhibitors that are specific to CtBP2 

The SICLOPPS screen identified a series of peptides that had activity in a CtBP2 

RTHS and showed potential as inhibitors of CtBP2 dimerisation. The sequences 

were fairly conserved with a high prevalence of arginine residues flanked by 

hydrophobic residues such as valine, leucine and isoleucine. There is also a 

high occurrence of aromatic residues such as phenylalanine and tyrosine in the 

last position of the sequence. This pattern is matched in CP61 which has the 

sequence SGWTVVRMY and is homologous to the other peptide sequences 

identified in the original CtBP1 screen 140. The aromatic residues were identified 

as essential to the ability of CP61 to bind CtBP1 and a VRMY motif was also 

recognised as necessary for the peptides activity in a CtBP1 RTHS. Arginine, 

which was the only discrepancy found between activity against CtBP1 and 

CtBP2 was prevalent in the sequences in this study, even though it was deemed 

not essential for the activity of CP61 against CtBP2. As previously mentioned in 

chapter 4 this assay is limited by factors outside of a peptide’s ability to inhibit 

CtBP dimerisation (4.4). The inherent hydrophilicity and basicity of this residue 

may be affecting peptide splicing or solvent interactions within the cellular 

environment, which explain its abundance in the hit sequences. Similar 

arguments could be made for any of the residues that show prevalence in a 

SICLOPPS screen, emphasising the need for hits to be validated in other assays. 

There were a few anomalies amongst the identified sequences; firstly one of 

the peptides, C26, had a stop codon in its sequence that would mean that this 

peptide is likely to remain attached to the C-intein after translation as the N-

intein would not be expressed. Four of the peptides did not have cysteine as 

their first residue. These peptides would not be expected to splice free of the 

inteins as they are missing the crucial nucleophilic serine or cysteine residue 

which allows this to occur. However C23, which contains an arginine as its first 

residue, surprisingly demonstrated the greatest ability to splice. It is unlikely 

that arginine is nucleophilic enough to allow for splicing by this mechanism 

and indeed this has not been reported. There are two alternative mechanisms 

of intein splicing; these occur for inteins that do not have a nucleophilic 

residue at their N-terminals to initiate the first step of the mechanism 227, 228. 

However, both of these mechanisms still involve the nucleophilic residue at the 
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N-terminus of the extein. Homologs of inteins, called bacterial intein-like (BIL) 

domains, can undergo protein slicing without the nucleophilic residue in the 

extein region 229. The proposed mechanism suggests that an Asn cyclisation 

removes the C-intein and the resulting free amino end of the extein attacks the 

thioester formed from the first N-S acyl shift 229. It is possible that this 

alternative mechanism occurs for C23. Further investigation into the splicing 

with an arginine in the first position would give useful insights into this 

observation.  

A high proportion of the plasmids carried mutations in their intein sequences. 

There is evidence that the Ssp inteins are toxic to E.coli bacterial cells 221, 

inteins that are mutated so that they abrogate splicing could be favoured in 

the RTHS to reduce this toxic effect. This would also explain why the selected 

hits show low levels of spliced product in vitro. If the inteins are not splicing 

during the screening then the selected peptide hits could be presented as an 

aptamer with the I
C 
and I

N
 fragments associated with each other but still 

attached
 
to the peptide; the implications of this are that the structure and 

conformity of the peptide would have to be investigated when they are 

synthesised for in vitro tests. 

The selected peptides next need to be synthesised and their activity validated 

in in vitro and cell-based assays. It would be logical to begin with developing a 

thermal shift assay for CtBP2 as this was found to be the most reliable assay 

for testing inhibitors of CtBP1 (Chapter 3), although an ELISA using CtBP2 has 

also been previously used and would measure the specific dimerisation 

interaction of the protein 140. Recombinant CtBP2 has been successfully 

expressed, however the full-length protein and some truncated versions have 

been even more difficult to handle than the CtBP1 isoform (verbal 

communication from within the group). The crystal structure of the core 

dehydrogenase domain of CtBP2, encompassing residues 33-364, has been 

elucidated 9, which may indicate the need to remove some of the protein to 

improve its handling, similar to CtBP1 (see  Chapter 3), in order to develop 

suitable in vitro assays.   
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Chapter 6:  Investigations into the properties 

of CtBP1 using mutant forms of His-CtBP1 

(28-353) 

The majority of research into CtBPs has focused on identifying their various 

interacting partners and downstream effects. Although this compliments a 

number of biochemical studies on the effects of nucleotide binding and self-

association of the protein (See Chapter 1), there are still unanswered questions 

on how these elements link together to control the overall action of CtBPs. The 

thermal shift assay developed in chapter 3 was found to be an effective 

method for visualising the stabilising and destabilising influences of ligand 

binding to His-CtBP1 (28-353) (3.7) and had also raised some questions of its 

own. The aim of this part of the project was to further investigate the 

functionality of CtBP1, and the potential mechanisms of binding of its 

substrates and inhibitors, primarily using the thermal shift assay. It was 

especially important to study the CP61-induced shift seen in the thermal shift 

assay, as this was the main assay used to analyse the alanine analogues.  

Another aim was to address some of the questions raised by the assays 

developed in the previous sections. These include whether the destabilisation 

of the protein by CP61 is due to the unfolding of monomer CtBP1 or is the 

removal of residual dimers. If the large stabilisation of the protein, seen upon 

NADH binding in the thermal shift assays, results purely from a conformational 

change upon binding or if it is also enhanced by dimerisation of the subunits. 

Subsequently, whether the two separate unfolding species observed in the 

presence of NADH and CP61 together are due to the presence of dimer and 

monomer units, or two separate conformations of CtBP1. Also does MTOB 

compete with CP61, and if so could this explain why CP61 doesn’t inhibit 

dehydrogenase activity of CtBP1, even though it has been shown to affect 

NADH binding in the FRET assay?  

In order to address these questions mutant forms of CtBP1 (28-353) were 

considered. A mutant CtBP with the inability to dimerise would be able to 

demonstrate the effects of NADH and CP61 binding on the stability of CtBP1 

without the possibility of forming stable dimers, this may also show whether 
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the peptide induced shift of T
m
 is actually a measure of binding or disruption 

of pre-formed dimers. Additionally, a catalytic mutant would be useful to 

investigate the order of binding of NADH and MTOB, and whether MTOB 

competes with CP61. An NADH binding mutant that cannot bind NADH could 

be used to help elucidate whether the shift seen from the peptide was just 

showing the displacement of residual NADH from the expression of the 

protein.  

 

6.1 Cloning, expression and purification of mutant His-

CtBP1 (28-353) proteins 

Mutant forms of CtBP1 have been previously validated in the literature 6 and 

the design of the dimerisation, catalytic and NADH binding mutants for this 

study (Table 33) were based on those analysed and used by Kuppuswamy et al 

(2008) 6 to study the CtBP co-repressor complex in mammalian cell culture. 

Mutant Mutated Residues 

Catalytic Mutant (Cat mut) H315Q 

NADH binding Mutant (NADH mut) G183A, G186A 

Dimerisation Mutant 1 (Dim1mut) R141A, R163L 

Table 33: CtBP1 (28-353) mutant functions and mutations. 

The DNA encoding sequences for the mutant CtBP1 (28-353) proteins were 

cloned into pET28a by site-directed mutagenesis (SDM) of pET28a CtBP1 

(28-353). For His-CtBP1 (28-353) Dim1mut two SDM steps were necessary due 

to the distance between the two mutations. Although a small amount of 

template DNA is preferable in SDM to reduce the likelihood of retaining the 

original sequence, the amount of template had to be increased from 10 ng to 

50 ng to achieve any product for all of the constructs except His-CtBP1 

(28-353) NADH mut. The methylated template vector was digested using DpnI 

restriction endonuclease, which specifically digests methylated DNA, leaving 
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the unmethylated PCR product. The cloning of the mutant sequences was 

successful and confirmed by sequencing.  

Protein was expressed successfully for all of the mutants using the protocol 

used previously for the wild type (WT) protein. However the solubility of the 

proteins upon lysis of the cells was low, with the majority of the protein in the 

insoluble fraction (Figure 79). This corresponded to no product being retained 

after purification of His-CtBP1 (28-353) NADH mut and His-CtBP1 (28-353) 

Dim1mut, and only a very low amount of His-CtBP1 (28-353) Cat mut. This 

result was not unexpected as Kumar et al. (2003) expressed similar constructs 

in E.coli and found that the NADH-binding mutant and similar dimerisation 

mutant expressed solely as inclusion bodies 8. Furthermore Kuppuswamy et al 

(2008) only expressed the constructs in mammalian cells and did not attempt 

to recombinantly express the mutants from E.coli 6. 

 

Figure 79: 15% SDS-PAGE gel of the lysis of His-CtBP1 (28-353) mutant expression 

pellets. Lane 1: His-CtBP1 (28-353) NADH mut total material, 2: His-CtBP1 (28-353) 

NADH mut insoluble material, 3: His-CtBP1 (28-353) NADH mut soluble material, 4: 

His-CtBP1 (28-353) Dim1mut total material, 5: His-CtBP1 (28-353) Dim1mut insoluble 

material, 6: His-CtBP1 (28-353) Dim1mut soluble material 7: His-CtBP1 (28-353) Cat 

mut total material 8: His-CtBP1 (28-353) Cat mut insoluble material, 9: His-CtBP1 (28-

353) Cat mut soluble material. The expected molecular weight is ~38 kDa. 
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Proteins expressed as inclusion bodies can be purified by solubilisation and 

refolding to produce a functional product 230. The His-CtBP1 (28-353) 

NADH mut, His-CtBP1 (28-353) Dim1mut and His-CtBP1 (28-353) WT proteins 

were re-expressed at a temperature of 37°C because the higher temperature 

allows more protein to be synthesised and, as the desired product would be 

taken from the insoluble fraction, the cost to protein solubility no longer 

needed to be considered. The inclusion bodies were washed and solubilised in 

buffer containing 8 M urea; a denaturing agent. The protein was refolded 

under dilution conditions at a final concentration of 0.2 mg/ml in a redox 

buffer containing a 2:1 molar ratio of reduced to oxidised glutathione, this was 

incubated at 4°C for ~18 h. However the refolding of all the proteins was 

unsuccessful. Thermal shift was used to check whether the protein had 

refolded, as the appearance of a melting curve would provide an indication 

that there were some structural elements present that could be denatured by 

heating (Figure 80). Altering the re-folding conditions to include 2 mM DTT or 

400 mM arginine, and leaving the protein for a longer period of time (up to 

1 week) did not affect the result except to produce a precipitate in some cases.  

 

Figure 80: Thermal denaturation profile of CtBP1 (28-353) from a refolding 

experiment. Thermal denaturation scans were measured in 96-well PCR plates on a 

Real-Time PCR System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. 

The samples were run in refolding buffer and the dye used was SYPRO® orange. Shows 

a typical denaturation profile of an unsuccessfully refolded protein.  

 

His-CtBP1 (28-353) Cat mut was found to be more soluble than the other two 

mutants, so next attempts were made to optimise the expression conditions to 
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produce as much protein as possible in the soluble fraction. Furthermore an 

alternative dimerisation mutant (His-CtBP1 (28-353) Dim2mut) was designed 

based on another one characterised and found to be partially soluble by Kumar 

et al. (2003) (Table 34), the mutations introduce steric clash and electrostatic 

repulsion across the dimerisation interface 8. His-CtBP1 (28-353) Dim2mut was 

cloned into pET28a using two SDM steps.  

Mutant Mutated Residues 

Dimerisation Mutant 2 (Dim2mut) C134Y, N138Y, R141E, L150W 

Table 34: CtBP1 (28-353) Dim2mut function and mutations. 

 

The plasmids for His-CtBP1 (28-353) WT, His-CtBP1 (28-353) Cat mut and His-

CtBP1 (28-353) Dim2mut (pET28a CtBP1(28-353), pET28a CtBP1(28-353) Cat 

mut and pET28a CtBP1(28-353) Dim2mut) were transformed into BL21 (DE3) 

pLysS ROSETTA™ 2 (Novagen) competent cells; the ROSETTA strain is another 

eukaryotic codon optimised strain similar to the RIPL strain. The strain was 

altered in order to test whether using a different strain produced more soluble 

protein. The particular pLysS ROSETTA™ strain used also expresses T7 

lysozyme to repress any pre-induction expression of T7 RNA polymerase and 

increase IPTG control of the expression system. The use of the ROSETTA™ 

strain did improve the amount of soluble material for Cat mut, as Figure 81 

shows the amount of material after a small-scale bead purification was similar 

to the WT. 
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Figure 81: 15% SDS-PAGE gel of small scale his bead purification of CtBP1 (28-353) 

mutants. 15 μl Ni2+ beads with bound His-CtBP1 (28-353) WT or mutant were loaded in 

Laemmli buffer. Band at ~38 kDa is the CtBP1 (28-353). 

A larger scale FPLC purification of His-CtBP1 (28-353) Cat mut was successful 

(Figure 82).  

 

Figure 82: 15% SDS-PAGE of purified His-CtBP1 (28-353) Cat mut. 
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For the dimerisation mutant (His-CtBP1 (28-353) Dim2mut) a small amount of 

soluble material was expressed (Figure 81). However the larger scale 

purification did not yield enough protein to be useful. To improve the amount 

of soluble protein expressed a larger volume was used, the temperature was 

reduced to 18°C and the expression was run overnight. Expression under these 

conditions did successfully yield a sufficient amount of His-CtBP1 (28-353) 

Dim2mut for further experiments (Figure 83).  

 

Figure 83: 15% SDS-PAGE of purified His-CtBP1 (28-353) Dim2mut. 

 

6.2 Using the dimerisation mutant of His-CtBP1 (28-353) 

to study the possible species in the thermal shift 

assay  

6.2.1 Characterisation of His-CtBP1 (28-353) Dim2mut 

6.2.1.1 Circular dichroism spectroscopy of His-CtBP1 Dim2mut 

Circular dichroism (CD) measures secondary structure of proteins using 

circularly polarised light. Asymmetric molecules absorb different amounts of 

left-handed and right-handed circularly polarised light; at a particular 

wavelength an elliptical signal is detected that correlates to the difference 
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between the amounts of each light absorbed. The most commonly observed 

protein secondary structures have characteristic CD spectra; α- helices show 

negative signals with minima at 222 nm and 208 nm and a positive signal at 

193 nm 231 whereas β-sheets show negative bands at 218 nm and a strong 

positive band at 195 nm 232. CD spectra is also affected by the absorbance of 

components of the buffer used, in this case this includes DTT at a 

concentration above 1 mM, glycerol and tris-HCl. These effects are 

compounded at wavelengths below 200 nm, because as the absorbance 

increases the HT voltage, applied by the CD spectrometer to maintain constant 

current when light is applied, also increases, producing a poor signal-to-noise 

ratio 232. For the buffer alone the HT voltage reached around 700 V at 200 nm. 

At this voltage the signal-to-noise ratio would be too poor to collect 

meaningful data, therefore the signals below 200 nm, for example the 

characteristic β-sheet peak at 195 nm, could not be easily seen. CD was used 

to show the structure of His-CtBP1 (28-353) Dim2mut to confirm that it was 

correctly folded. The far UV spectra of His-CtBP1 (28-353) Dim2mut was similar 

to that of His-CtBP1 (28-353) WT (Figure 84). The spectra, with minima at 

around 222 nm and 208 nm, indicate some α- helical structure 232 and are also 

comparable to those obtained by Kumar et al. (2002) 8, the researchers who 

designed the His-CtBP1 (28-353) Dim2mut. 
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Figure 84: Far-UV CD spectra of His-CtBP1 (28-353) Dim2mut and His-CtBP1 (28-353) 

WT. 0.1 mg/ml protein in 20 mM Tris pH 7.4, 350 mM NaCl, 2 mM DTT, 1 mM EDTA 

and 10% glycerol was measured in a 1 mm path length cuvette. Buffer background was 

subtracted prior to smoothing in GraphPad Prism. The two proteins have similar 

secondary structure. 

6.2.1.2 Size exclusion chromatography of CtBP1 (28-353) Dim2mut 

His-CtBP1 (28-353) Dim2mut was further analysed by size exclusion 

chromatography using a Superdex 200 10/300 column (GE Healthcare, UK) 

(Figure 85). There is a small impurity in the dimerisation mutant, this was also 

seen on the SDS-PAGE gel with a band around 72 kDa, this was likely to be a 

consequence of having to load more cell lysate to be able to purify similar 

amounts of this protein to the His-CtBP1 (28-353) WT and His-CtBP1 (28-353) 

Cat mut, as this band was also observed in the purification of these proteins, 

but to a lesser extent. Through measuring the intensity of the bands on the 

SDS-PAGE the purity of the protein was still found to be high, ~90%. The 

retention volume of the protein higher than that for His-CtBP1 (28-353) WT 

even though the two proteins are nearly equal in molecular mass and higher 

than the 29 kDa molecular weight marker (expected mass is ~38 kDa). This 

could be a result of either the dimerisation mutant having a slightly different 

conformation or the presence of some loosely formed dimers in the His-CtBP1 

(28-353) WT protein. Unlike His-CtBP1 (28-353) WT, which shows a change in 
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retention volume from 16.3 ml to 15.5 ml after the addition of NADH, the His-

CtBP1 (28-353) Dim2mut retention volume does not notably decrease in the 

presence of NADH, only from 17.2 ml to 17.0 ml demonstrating that the 

protein is abrogated in its ability to form NADH induced dimers (Figure 86).  
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Figure 85: Size exclusion chromatography of His-CtBP1 (28-353) Dim2mut (top) using a 

Superdex 200 10/300 column. Samples (0.4 mg/ml) were run in 20 mM Tris (pH 7.4) + 

350 mm NaCl at 0.4 ml/min. Main peak is at 17.2 ml. Molecular weight standards 

(bottom) were run at 0.3 ml/min, IgM (900 kDa and void volume (V
0
)): 8.28 ml, IgG 

(150 kDa): 12.60 ml, Fab (50 kDa): 15.25 ml, carbonic anhydrase (CA, 29 kDa): 16.50 

ml, cytrochrome c (CC, 12 kDa): 17.73 ml. 
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Figure 86: Size exclusion chromatography of His-CtBP1 (28-353) Dim2mut (Dim2mut) 

with NADH (top) using a Superdex 200 10/300 column. Samples (0.4 mg/ml) were run 

in 20 mM Tris (pH 7.4) + 350 mm NaCl at 0.4 ml/min. Black line: Dim2mut alone, 

Dashed black line: Dim2mut  + 100 μM NADH, Grey line: WT alone, Dashed grey line: 

WT + 100 μM NADH. Main peak is at 17.2 ml. Molecular weight standards (bottom) 

were run at 0.3 ml/min, Fab (50 kDa): 15.25 ml, carbonic anhydrase (CA, 29 kDa): 

16.50 ml, cytrochrome c (CC, 12 kDa): 17.73 ml. 
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6.2.1.3 Dehydrogenase activity of His-CtBP1 (28-353) Dim2mut 

The dehydrogenase activity of His-CtBP1 (28-353) Dim2mut was tested in the 

dehydrogenase assay and compared with His-CtBP1 (28-353) WT (Figure 87). 

The protein was found to have no dehydrogenase activity under these 

conditions; both decreasing and increasing the MTOB substrate concentration 

did not affect this result. This suggests that CtBP1 requires the stability of the 

dimer structure to exhibit dehydrogenase activity. However, the lack of 

dehydrogenase activity could also be attributed to an inability of the 

dimerisation mutant to bind NADH, as opposed to the inactivity of CtBP1 

monomers. 

 

Figure 87: Dehydrogenase activity of His-CtBP1 (28-353) Dim2mut compared to WT. 

Experiments were measured in a 200 µl UV-cuvette using a Cary 100 Bio UV-Visible 

Spectrometer at 30°C in Tris (pH7.4) + 350 mM NaCl. Conversion of NADH to NAD+, 

calculated from the loss of absorbance at 340 nm, was measured every 5 s over 20 

min. NADH was pre-incubated with CtBP and MTOB addition initiated the reaction. The 

starting concentrations used were 0.775 μM protein, 37.5 μM NADH and 25 μM MTOB.  

 

6.2.1.4 FRET assay with His-CtBP1 (28-353) Dim2mut 

The FRET assay was utilised to assess whether the His-CtBP1 (28-353) 

Dim2mut had the ability to bind NADH, this was again compared to the WT 

(Figure 88).  
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Figure 88: FRET of NADH binding to His-CtBP1 (28-353) Dim2mut and His-CtBP1 (28-

353) WT. Fluorescence signals of 300 nM protein with various concentrations of NADH 

were measured in a 96-well plate using a Tecan Infinite® M200 Pro micro-plate reader. 

Ex = 285 nm and Em = 425 nm. Change in fluorescence (dF) versus total [NADH] is 

plotted. dF = (F at x NADH) – (F at 0 NADH). Graph is a representative of three repeats 

(see Figure 172), error bars represent standard deviation (s.d) of three replicates at 

each NADH concentration. 

 

The dimerisation mutant did not show a FRET signal at increasing levels of 

NADH. This result suggests that His-CtBP1 (28-353) Dim2mut cannot bind 

NADH, maybe because, in spite of similar CD spectra, the structure of this 

mutant is sufficiently altered from the WT so that it does not have an intact 

binding site. This would also account for the lack of dehydrogenase activity 

and NADH induced dimerisation. However, the FRET assay cannot be taken as a 

definitive measure of whether or not a form of CtBP1 can bind NADH because 

the assay measures NADH binding by a very specific mechanism. The transfer 

of energy from a tryptophan residue near to the NADH binding site to a bound 

NADH molecule requires tryptophan to be within close proximity to the NADH 

and in the correct orientation, unhindered by other residues, meaning that any 

change that affects this would also eradicate the FRET signal, regardless of a 

bound NADH molecule. Thermal shift was next used to study NADH binding to 

His CtBP1 (28-353) Dim2mut. 
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6.2.2 Thermal shift experiments with His-CtBP1 (28-353) Dim2mut 

6.2.2.1 Binding of NADH to His-CtBP1 (28-353) Dim2mut 

Thermal shift experiments were conducted to measure the thermal 

denaturation of His-CtBP1 (28-353) Dim2mut (Figure 89). The mutant has a 

similar denaturation pattern to the WT, although its T
m
 was lower by 3.9°C.  

 

Figure 89: First derivative thermal shift plots for His-CtBP1 (28-353) Dim2mut and His 

CtBP1 (28-353) WT. Thermal denaturation scans were measured in 96-well PCR plates 

on a Real-Time PCR System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 

nm. The buffer was 20 mM Tris (pH 7.4) and 350 mM NaCl and the dye used was 

SYPRO® orange. Graph shows one of three plots. Average T
m
s calculated by Boltzmann 

distribution (GraphPad Prism) were 41.4°C for Dim2mut and 45.3°C for WT.  

 

Next the binding of NADH to the mutant was tested (Figure 90), at increasing 

concentrations of NADH there was an increase in T
m
 indicative of NADH 

binding to the protein. A larger concentration of NADH is required for His-

CtBP1 (28-353) Dim2mut than His-CtBP1 (28-353) WT to see a similar ΔT
m
, and 

the same concentration of NADH induces a smaller ΔT
m 

for His-CtBP1 (28-353) 

Dim2mut than His-CtBP1 (28-353) WT, for example the ΔT
m
s for 100 uM NADH 

were 3.3 °C and 15.7 °C with His-CtBP1 (28-353) Dim2mut and His-CtBP1 (28-

353) WT proteins respectively. These results indicate that either the NADH 

binding to His-CtBP1 (28-353) Dim2mut is abrogated, or that the binding of 

NADH stabilises CtBP1 and also induces a conformational change that allows 
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CtBP monomer units to dimerise, further stabilising the protein. Additionally, 

NADH induced ΔT
m
 of the dimerisation mutant did not show saturation (Figure 

90), more like the profile expected for ligand binding to a protein than the 

saturation shown for the WT 211.  

A 

 

B 

Figure 90: Thermal shift of NADH binding to His-CtBP1 (28-353) Dim2mut. Thermal 

denaturation scans were measured in 96-well PCR plates on a Real-Time PCR System, at 

a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM 

Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. 

A) Representative first derivative thermal denaturation plots (see Figure 173). B) 

Average ΔT
m
 calculated by Boltzmann distribution (GraphPad Prism) of three repeated 

experiments, error bars represent s.d.  

 

Overall these data support the idea that the large temperature shift observed 

when NADH is bound to His-CtBP1 (28-353) WT is a result of the homo-

dimerisation of the protein as well as ligand binding. 

6.2.2.2 Binding of CP61 to the dimerisation mutant 

The ability of CP61 to bind His-CtBP1 (28-353) Dim2mut was also investigated 

(Figure 91), the ΔT
m
 of His-CtBP1 (28-353) Dim2mut with 500 μM CP61 

was -6.2°C, this is a larger ΔT
m
 than for the WT which was -2.3°C. With 400 μM 

NADH, two peaks were observed as with the WT protein at lower 

concentrations of NADH, suggesting the presence of separate NADH bound 

and CP61 bound conformers. As this protein cannot dimerise, this result 

further indicates that where these separate species are observed for His-CtBP1 

(28-353) WT they are not simply showing monomeric and dimeric forms of the 

protein but two independent forms that result from binding to either ligand. 
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Figure 91: Thermal shift of His-CtBP1 (28-353) Dim2mut binding to CP61. Thermal 

denaturation scans were measured in 96-well PCR plates on a Real-Time PCR System, at 

a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM 

Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. CP61 was 

incubated with the protein for 5 min prior to addition of dye. A) First derivative thermal 

denaturation plots at 0 μM NADH, B) First derivative thermal denaturation plots at 400 

μM NADH, (Figure 174). C) Average T
m
s calculated by Boltzmann distribution (GraphPad 

Prism) of Dim2 mut and WT with 0μM CP61 (black) and 500 μM CP61 (grey) at 0 μM 

NADH. Averages from three repeated experiments, error bars represent s.d.  
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dehydrogenase activity of the protein? Particularly as CP61 was shown to 

impair NADH binding in the FRET assay and dimerisation was shown to be 

necessary for dehydrogenase activity. A possible explanation is that MTOB 

competes with CP61. MTOB binding to CtBP1 (28-353) was therefore 

investigated using the thermal shift assay.  

It is difficult to study the binding of two substrates of an enzyme 

simultaneously, without the reaction that converts the substrates to their 

respective products affecting the measurements. The catalytic mutant, His-

CtBP1 (28-353) Cat mut, was obtained to circumvent this problem, as any 

bound substrates should be left in their original state due to the protein’s 

inability to catalyse the reaction between them. 

 

6.3.1 Characterisation of His-CtBP1 (28-353) Cat mut 

6.3.1.1 Circular dichroism spectroscopy of His-CtBP1 (28-353) Cat mut 

As described previously for the dimerisation mutant, CD was used to analyse 

the folding of His-CtBP1 (28-353) Cat mut. Although α-helical content was 

observed for the catalytic mutant, this was less than for the WT protein (Figure 

92), suggesting that the two structures are slightly different and could indicate 

that His-CtBP1 (28-353) Cat mut is not properly folded. The catalytic mutant 

expressed by Kumar et al (2002) 8 was more similar in structure to the WT, but 

their version has the histidine residue mutated to an alanine instead of a 

glutamine.  
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Figure 92: Far-UV CD spectra of His-CtBP1 (28-353) Cat mut and His-CtBP1 (28-353) 

WT. 0.1 mg/ml protein in 20 mM Tris pH 7.4, 350 mM NaCl, 2 mM DTT, 1 mM EDTA 

and 10% glycerol was measured in a 1 mm path length cuvette. Buffer background was 

subtracted prior to smoothing in GraphPad Prism. The two proteins have differences in 

their secondary structure. 

 

6.3.1.2 Size exclusion chromatography of His-CtBP1 (28-353) Cat mut 

His-CtBP1 (28-353) Cat mut was analysed by size exclusion chromatography 

using a Superdex 200 10/300 column (GE Healthcare, UK). Similarly to 

His-CtBP1 (28-353) Dim2mut, the retention volume of His-CtBP1 (28-353) 

Cat mut was lower than that of the WT, suggesting a difference in the 

conformation of the protein. A shift in the retention volume from 16.8 ml to 

16.4 ml for His-CtBP1 (28-353) Cat mut was observed with the addition of 100 

μM NADH potentially showing that the protein may dimerise through NADH 

binding, in spite of any structural deficiencies. The shift wasn’t as large as the 

shift for the WT, suggesting that this function may be slightly impeded for this 

mutant.  
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Figure 93: Size exclusion chromatography of His-CtBP1 (28-353) Cat mut with NADH 

(top) using a Superdex 200 10/300 column. Samples (0.5 mg/ml) were run in 20 mM 

Tris (pH 7.4) + 350 mm NaCl at 0.4 ml/min.. Black line: Cat mut alone, Dashed black 

line: Cat mut  + 100 μM NADH, Grey line: WT alone, Dashed grey line: WT + 100 μM 

NADH. Molecular weight standards (bottom) were run at 0.3 ml/min, Fab (50 kDa): 

15.25 ml, carbonic anhydrase (CA, 29 kDa): 16.50 ml, cytrochrome c (CC, 12 kDa): 

17.73 ml. 
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6.3.1.3 Catalytic activity of His-CtBP1 (28-353) Cat mut  

The dehydrogenase activity of His-CtBP1 (28-353) Cat mut was tested (Figure 

94) and compared with His-CtBP1 (28-353) WT, as predicted His-CtBP1 (28-353) 

Cat mut was not catalytically active. This result confirms that the 

dehydrogenase activity analysed previously was from the CtBP protein only, 

and not caused by another protein pulled down with the CtBP. 

 

 

Figure 94: Dehydrogenase activity of His-CtBP1 (28-353) Cat mut compared to WT. 

Experiments were measured in a 200 µl UV-cuvette using a Cary 100 Bio UV-Visible 

Spectrometer at 30°C in Tris (pH7.4) + 350 mM NaCl. Conversion of NADH to NAD+, 

calculated from the loss of absorbance at 340 nm, was measured every 5 s over 30 

min. NADH was pre-incubated with CtBP and MTOB addition initiated the reaction. The 

starting concentrations used were 0.775 μM protein, 37.5 μM NADH and 25 μM MTOB. 

 

6.3.2 Thermal shift experiments with His-CtBP1 (28-353) Cat mut 

6.3.2.1 Binding of NADH to His-CtBP1 (28-353) Cat mut 

Thermal shift experiments were conducted to evaluate the thermal 

denaturation and NADH binding of His-CtBP1 (28-353) Cat mut. The protein 

had a thermal denaturation profile similar to His-CtBP1 (28-353) WT but with a 

lower T
m
 of 43.3°C (Figure 95). NADH binding was observed for His-CtBP1 (28-
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353) Cat mut, as the NADH concentration increased the ΔT
m
 also increased 

(Figure 96). The ΔT
m
 for a given concentration of NADH was lower for 

His-CtBP1 (28-353) Cat mut than the WT, for example the ΔT
m
 with 5 μM NADH 

was 3.4°C with His-CtBP1 (28-353) Cat mut and 7.1°C for His-CtBP1 (28-353) 

WT. However, unlike for His-CtBP1 (28-353) Dim2mut, the concentrations of 

NADH needed to observe a shift for the catalytic mutant were in the same 

range as those needed for the WT. This result suggests that NADH binding 

may be slightly lower for His-CtBP1 (28-353) Cat mut due to structural changes 

from the presence of the glutamine residue in place of the histidine residue in 

the catalytic site. At 100 μM NADH two distinct T
m
s are observed that were 

absent in the WT. This could be explained by there being two types of His-

CtBP1 (28-353) Cat mut in the mix, one which binds more strongly to NADH, 

although if this was the case an observation of this effect would have been 

expected at lower NADH concentrations as well. Alternatively the abrogated 

binding of NADH could have allowed more subtle effects from NADH binding 

to be seen, effects which may be undetectable with the WT due to the tighter 

binding of NADH. These could be the formation of separate NADH bound 

monomeric and dimeric species or even higher order oligomers.  

 

Figure 95: First derivative thermal shift plots for His-CtBP1 (28-353) Cat mut and His-

CtBP1 (28-353) WT.  Thermal denaturation scans were measured in 96-well PCR plates 

on a Real-Time PCR System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 

nm. The buffer was 20 mM Tris (pH 7.4) and 350 mM NaCl and the dye used was 

SYPRO® orange. Graph shows one of three plots. Average T
m
s calculated by Boltzmann 

distribution (GraphPad Prism) were 43.3 °C for Cat mut and 46.8 °C for WT. 
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Figure 96: Thermal shift of NADH binding to His-CtBP1 (28-353) Cat mut. Thermal 

denaturation scans were measured in 96-well PCR plates on a Real-Time PCR System, at 

a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM 

Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange.A) Representative 

first derivative thermal denaturation plots (see Figure 175). B) Plot of log [NADH] 

versus average ΔT
m
 calculated by Boltzmann distribution (GraphPad Prism) of 3 

repeated experiments. Points in black for Cat mut signify that there were two peaks in 

the first derivate plots (A) and the ΔT
m
 is an average of these calculated using the 

Boltzmann analysis. Error bars represent s.d.  

 

The FRET assay was also used to measure NADH binding, this assay showed no 

binding with His-CtBP1 (28-353) Cat mut. This supports the idea that the 

mutation in the binding site has caused a further structural change that is 

affecting the NADH binding. As NADH binding is clearly demonstrated in the 

thermal shift assay, it is likely that the reason the FRET interaction is impeded 

is either that the tryptophan is out of orientation or NADH binds in the wrong 

orientation, as opposed to a lack of NADH binding. Dimerisation is also 

unlikely to be the problem as the thermal shift and gel filtration results 

suggest that at least some of the population of His-CtBP1 (28-353) Cat mut are 

capable of dimerisation. 
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Figure 97: FRET of NADH binding to His-CtBP1 (28-353) Cat mut and His-CtBP1 (28-

353) WT. Fluorescence signals of 300 nM protein with various concentrations of NADH 

were measured in a 96-well plate using a Tecan Infinite® M200 Pro micro-plate reader. 

Ex = 285 nm and Em = 425 nm. Change in fluorescence (dF) versus total [NADH] is 

plotted. dF = (F at x NADH) – (F at 0 NADH). Graph is a representative of three repeats 

(see Figure 176), error bars represent standard deviation (s.d) of three replicates at 

each NADH concentration. 

 

6.3.2.2 Binding of MTOB 

Next the ability of His-CtBP1 (28-353) Cat mut to bind MTOB, the second 

substrate in the dehydrogenase reaction, was tested using thermal shift 

(Figure 100).  
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Figure 98: Thermal shift of MTOB binding to His-CtBP1 (28-353) Cat mut. Thermal 

denaturation scans were measured in 96-well PCR plates on a Real-Time PCR System, at 

a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM 

Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. A) First 

derivative thermal denaturation plots at 0 μM NADH, B) First derivative thermal 

denaturation plots at 30 μM NADH, (see Figure 177) C) Average ΔT
m 

,
 
calculated by 

Boltzmann distribution (GraphPad Prism), of three experiments, error bars represent 

s.d. C) Average ΔΔT
m 

of three experiments, where the ΔΔT
m
 is the T

m
 (x mM MTOB) – T

m
 

(0 mM MTOB) for each NADH concentration,
 
error bars represent s.d. 

 

MTOB did not induce a change in the melting temperature of His-CtBP1 

(28-353) Cat mut in the presence or absence of NADH, indicating that MTOB 

did not bind His-CtBP1 (28-353) Cat mut. This meant it was unsuitable to be 

used to test the MTOB competition with CP61. 
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6.3.3 Binding of CP61 to His-CtBP1 (28-353) Cat mut 

As the NADH/MTOB binding site may be distorted in His-CtBP1 (28-353) 

Cat mut the ability of CP61 to bind this mutant was tested. CP61 did 

demonstrate binding to His-CtBP1 (28-353) Cat mut, as there was a shift in the 

melting temperature of the protein in the presence of CP61 (Figure 99). This 

means that the structural differences in this protein did not disrupt CP61 

binding and implies that an intact NADH/MTOB binding site is not critical for 

the action of CP61. 

A 

 

B  

C 

 

 

 

Figure 99:  Thermal shift of His-CtBP1 (28-353) Cat mut binding to CP61. Thermal 

denaturation scans were measured in 96-well PCR plates on a Real-Time PCR System, at 

a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM 

Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. CP61 was 

incubated with the protein for 5 min prior to addition of dye. A) First derivative thermal 

denaturation plots at 0 μM NADH, B) First derivative thermal denaturation plots at 10 

μM NADH, (Figure 178) C) Average T
m
s of Cat mut and WT with 0μM CP61 (black) and 

500 μM CP61 (grey) at 0 μM NADH. T
m
 values were calculated by Boltzmann 

distribution (GraphPad Prism). Averages from three repeated experiments, error bars 

represent s.d.  
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6.3.4 Using NAD+ instead of the catalytic mutant in the thermal shift 

experiments to determine the effect of MTOB on CP61 binding 

His-CtBP1 (28-353) Cat mut was found to be unsuitable to be used for its 

original purpose in detecting the effects of simultaneous MTOB and CP61 

binding, so an alternative method using the WT protein was explored. With His-

CtBP1 (28-353) WT the MTOB binding could not be measured in the presence 

of NADH but could perhaps be monitored in the presence of the already 

oxidised form, NAD+, as this could not react with the oxidised MTOB. The 

formation of an adduct between NAD+ and the pyruvate based substrate has 

been extensively studied for the lactate dehydrogenase family of enzymes to 

which CtBP is similar, and it is the formation of this by-product with excess 

pyruvate that is credited as the mechanism of substrate inhibition seen with 

this family of enzymes 204, this is discussed further in chapter 3. By combining 

CtBP with NAD+ and MTOB this by-product should be formed allowing the 

binding of MTOB to be examined. 

 

6.3.4.1 Comparison of NADH and NAD+ binding to His-CtBP1 (28-353) 

NAD+ binding to CtBP has been characterised many times in the literature, with 

some conflicting evidence as to whether it binds with the same or a lower 

affinity than NADH 8, 83, 84, 86. NAD+ did bind to His-CtBP1 (28-353) as 

demonstrated by the shift in T
m
 of the protein at increasing concentrations of 

NAD+ (Figure 100). At equivalent concentrations NAD+ did not affect the T
m
 as 

much as NADH, around a ten-fold difference in NAD+ and NADH concentrations 

was required to produce the same T
m
 shift, at 10 μM NADH shift was 12.2°C, at 

100 μM NAD+ shift was 11.2°C. The IC
50 

for NADH was 4.8 ± 1.3°C and for NAD+ 

was 38.9 ± 6.2°C calculated using one-site binding in GraphPad Prism. This 

shows that NAD+ does not bind as strongly to CtBP1 than NADH and provides 

additional evidence that CtBPs act as redox sensors.   
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Figure 100: Thermal shift assay for NAD+ binding to His-CtBP1 (28-353). Thermal 

denaturation scans were measured in 96-well PCR plates on a Real-Time PCR System, at 

a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 20 mM 

Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. A) 

Representative first derivative thermal denaturation plots of His-CtBP1 (28-353) at 

various concentrations of NAD+ (see Figure 179). B) Log Concentration versus average 

ΔT
m 

of three experiments, error bars represent s.d. T
m
 values were calculated by 

Boltzmann distribution (GraphPad Prism). 
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6.3.4.2 Binding of MTOB 

Binding experiments were next conducted with NAD+ and MTOB (Figure 101). 

MTOB alone showed a very small amount of binding, the ΔT
m
s were <1°C so 

could be attributed to experimental error, although they did increase to ~1°C 

at 10 mM MTOB suggesting a small amount of binding. In the presence of 

NAD+ the ΔT
m
 increased further in the presence of increasing amounts of 

MTOB, this is clearly observable in the graph of the ΔΔT
m
s at different NAD+ 

concentrations. This shows that there is positive cooperativity between NAD+ 

and MTOB, through which the stabilisation effect from one ligand is enhanced 

through the binding of another 186. Furthermore, as the stabilisation effect from 

the binding of MTOB alone is very low compared to NADH alone, this supports 

the theory that binding of the two substrates for the dehydrogenase reaction is 

ordered, with NADH binding first and the MTOB second.  
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Figure 101: Thermal shift assay of His-CtBP1 (28-353) with NAD+ and MTOB binding. 

Thermal denaturation scans were measured in 96-well PCR plates on a Real-Time PCR 

System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The buffer was 

20 mM Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® orange. A) 

Representative first derivative thermal denaturation plots of His-CtBP1 (28-353) at 

various concentrations of MTOB and 0 μM NAD+ (Figure 180). B) Representative first 

derivative thermal denaturation plots of His-CtBP1 (28-353) at various concentrations 

of MTOB and 30 μM NAD+. C) Average ΔT
m 

of three experiments, error bars represent 

s.d. T
m
 values were calculated by Boltzmann distribution (GraphPad Prism). C) Average 

ΔΔT
m 

of three experiments, where the ΔΔT
m
 is the T

m
 (x mM MTOB) – T

m
 (0 mM MTOB) 

for each NAD+ concentration
 
, error bars represent s.d. 
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6.3.4.3 Competition between MTOB and CP61 

Finally the effect of CP61 in this system was investigated to answer whether 

MTOB binding inhibits the activity of CP61 in preventing dimerisation of CtBP1 

(Figure 102). With no NAD+, MTOB does not inhibit the binding of CP61, as His-

CtBP1 (28-353) bound to CP61 has the same T
m
 regardless of whether MTOB is 

present (Figure 102A and B). As inferred from above (Figure 101) the binding 

of MTOB is strengthened if the NADH binding site is occupied with an NAD+ 

molecule. At an NAD+ concentration of 10 μM (Figure 102C), CP61 binding is 

exhibited as a ΔT
m
 of -3.2°C from the protein bound to only NAD+, with a single 

melting transition visible in the derivative melt curves. Similarly when both 

NAD+ and 5 mM MTOB are present there is a single melt peak observed but this 

time at a higher T
m
 than NAD+ alone, consistent with the additive stabilisation 

effect of NAD+ and MTOB. With all three of the ligands, there are two peaks 

visible, suggestive of two CtBP1 species in the mixture, in this case potentially 

a stable NAD+ and MTOB bound form and a separate CP61 bound form. Either 

the additive thermal shift effect of the NAD+ and MTOB together is moving the 

‘more stable conformation’ to a high enough melting temperature for the two 

forms to be discernible by this method; or this is a result of the MTOB 

competing with the CP61 for the binding to CtBP1, and vice versa CP61 

competing with MTOB. At 30 μM NAD+ two species are seen where only NAD+ 

and CP61 are present (Figure 102D). When MTOB is added the peak 

corresponding to the ‘less stable CtBP form’ is depleted and there appears to 

be a greater proportion of the stable species, this result supports the 

hypothesis that MTOB binding competes with CP61 binding.  
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Figure 102: Thermal shift assay of His-CtBP1 (28-353) with NAD+, MTOB and CP61 

binding. Thermal denaturation scans were measured in 96-well PCR plates on a Real-

Time PCR System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The 

buffer was 20 mM Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® 

orange. CP61 was incubated with the protein for 5 min prior to addition of MTOB, 

NAD+ and dye. A) Representative first derivative thermal denaturation plots of His-

CtBP1 (28-353) 0 mM and 5 mM MTOB and 0 μM and 500 μM CP61 with 0 μM NAD+. B) 

Average T
m 

of three experiments with 0 μM NAD+, error bars represent s.d. T
m
 values 

were calculated by Boltzmann distribution (GraphPad Prism). C) Representative first 

derivative thermal denaturation plots of His-CtBP1 (28-353) 0 mM and 5 mM MTOB and 

0 μM and 500 μM CP61 with 10 μM NAD+. D) Representative first derivative thermal 

denaturation plots of His-CtBP1 (28-353) 0 mM and 5 mM MTOB and 0 μM and 500 μM 

CP61 with 30 μM NAD+ (see Figure 181). 
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In a separate set of experiments a lower MTOB concentration was also used in 

an attempt to visualise whether it was MTOB or NAD+ that was affecting the 

binding of CP61 (Figure 103). At both concentrations of NAD+ the addition of 

MTOB reduces the area of the ‘CP61 bound peak’ and increases that of the 

‘NAD+/MTOB bound peak’ (solid lines), implying that MTOB does impact the 

binding of CP61, this effects is more pronounced at higher NAD+ 

concentrations. 

A

 

B 

Figure 103: Thermal shift assay of His-CtBP1 (28-353) with NAD+, MTOB and CP61 

binding. Thermal denaturation scans were measured in 96-well PCR plates on a Real-

Time PCR System, at a rate of 1°C per 12 s. Ex = 490 ± 10 nm Em = 520 ± 10 nm. The 

buffer was 20 mM Tris (pH 7.4) and 350 mM NaCl and the dye used was SYPRO® 

orange. CP61 was incubated with the protein for 5 min prior to addition of MTOB, 

NAD+ and dye. A) Representative first derivative thermal denaturation plots of His-

CtBP1 (28-353). 0 mM, 1mM and 5 mM MTOB and 0 μM and 500 μM CP61 with 10 μM 

NAD+. B) Representative first derivative thermal denaturation plots of His-CtBP1 (28-

353) 0 mM, 1 mM and 5 mM MTOB and 0 μM and 500 μM CP61 with 30 μM NAD+ 

(Figure 182). 
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catalytic mutant (His-CtBP1 (28-353) Cat mut) was also based on one used in 

the same paper where His315 was exchanged for a glutamine residue; 

Balasubramian et al. (2003) had previously validated that the substitution of 

this single histidine residue abolished the dehydrogenase activity of CtBP1. 

However, the histidine was substituted for a valine residue instead of a 

glutamine residue 84. The second dimerisation mutant (His-CtBP1 (28-353) 

Dim2mut) was taken from Kumar et al. (2002) 8. Other mutants to inhibit the 

same functions have been utilised in the literature, for example a catalytic 

mutant with four mutations H315A, E295A, R266A and D290A was 

successfully purified by Kumar et al  (2002) 8, the H315Q mutant was pursued 

in this study as it required less mutations so was more likely to keep the 

structure of the protein as close to the WT as possible. Conversely a NADH 

binding mutant with only the G183A mutation has been used 7, but the version 

with larger number of mutations was selected as partial activity was observed 

with the G183A only mutant 83. Other functions of CtBP that have been 

diminished by point mutations are its ability to bind to repressors 7 and its 

modification by phosphorylation 81 and sumoylation 80, emphasising the 

precedence of using mutation studies to investigate the functions of CtBP. 

The expression and purification of the mutants was challenging, attempts to 

purify both His-CtBP1 (28-353) Dim1mut and His-CtBP1 (28-353) NADH mut 

were ultimately unsuccessful from both the soluble and insoluble fractions. 

Further optimisation of the refolding buffers and conditions may in the future 

enable these to be obtained recombinantly; this was not attempted in this 

study due to the time–consuming nature of this task. Switching the strain of 

cells form BL21-CodonPlus (DE3) RIPL cells (Agilent Technologies) to BL21 

(DE3) pLysS ROSETTA™2 (Novagen) was the main factor that allowed a 

sufficient amount of His-CtBP1 (28-353) Cat mut and His-CtBP1 (28-353) 

Dim2mut to be expressed in the soluble fraction for purification. This could be 

explained by the added expression of T7 lysozyme in the ROSETTA™ strain, 

which represses any pre-induction expression of T7 RNA polymerase and 

increases IPTG control for the expression system, allowing the protein to be 

synthesised more slowly and perhaps preventing aggregation 233.  

No dehydrogenase activity was observed for His-CtBP1 (28-353) Dim2mut. The 

reliance of similar enzymes on their oligomeric state has been previously 

established, for example non-dimerising mutants of a malate dehydrogenase, 
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which shares many structural similarities to the lactate dehydrogenases, have 

been used to show that it is the dimeric form of the protein that is active 234 

and the activity of the lactate dehydrogenases themselves has been linked to 

their ability to form a tetrameric structure 235. Given this, it is not surprising 

that His-CtBP1 (28-353) Dim2mut did not demonstrate any dehydrogenase 

activity. Nonetheless this result emphasises the question as to why CP61, a 

validated inhibitor of CtBP1 dimerisation, did not affect the dehydrogenase 

activity of CtBP1 (see chapter 3). Alternatively, the inability of CP61 to inhibit 

dehydrogenase activity may suggest that dimerisation is not required for the 

dehydrogenase activity of CtBP1, and that the lack of dehydrogenase activity 

by His-CtBP1 (28-353) is as a result of differences in the structure of this 

protein compared to the WT outside of its ability to dimerise. Structural 

changes in the dehydrogenase domain are supported by the lack of signal seen 

in the FRET assay that could mean this domain is sufficiently altered in the 

monomer protein to prevent dehydrogenase activity.  

In spite of the evidence from the literature that it was to be expected, the lack 

of dehydrogenase activity could indicate that the structure of the mutant 

protein is sufficiently altered from the WT that it does not have an intact NADH 

binding site. The results from the FRET experiment support this conclusion as 

no NADH binding was seen using this method. Although it was not possible to 

test higher concentrations of NADH in this assay due to high background 

signal at high NADH concentrations so the results may only be implying that 

the binding of NADH to His-CtBP1 (28-353) Dim2mut is weaker than for the WT 

rather than completely abrogated.  

Conversely His-CtBP1 (28-353) Dim2mut protein was shown to be correctly 

folded by CD spectroscopy, the same method by which the quality of the 

protein had been analysed by Kumar et al. (2002) 8. Moreover NADH binding 

was clearly shown by thermal shift. As previously mentioned (chapter 1), in the 

FRET assay, the orientation of both the donor and acceptor are essential for 

energy transfer to occur and a signal to be observed 87. The position of the 

donor tryptophan residue (Trp318) could be different in the dimerisation 

mutant than the WT. This specific residue, Trp318, was identified as a switch 

that enables CtBP units to dimerise 13, so the position of the residue is likely to 

be secured by formation of a dimer molecule. Presumably, without the second 

unit of the dimer complex, the position of this particular tryptophan residue is 
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more flexible and this impedes the FRET signal even when a NADH molecule is 

bound. 

Collectively these results suggest that His-CtBP1 (28-353) Dim2mut can bind 

NADH but cannot form dimers and that dimerisation is essential for the 

dehydrogenase activity of CtBP. In the thermal shift assay, the large 

temperature shift and saturation effect shown by NADH binding to His-CtBP1 

(28-353) WT can be concluded to result from an NADH induced conformational 

shift that induces homo-dimerisation of the protein. The data for NADH 

binding to His-CtBP1 (28-353) WT do not show saturation as this protein 

cannot form dimers, therefore using this mutant could provide a more 

accurate representation for the effect of NADH on the stability of a single CtBP 

unit.  

CP61 binds to His-CtBP1 (28-353) Dim2mut, as shown by thermal shift. This 

means that the binding effect seen for the WT is not just due to the breaking 

up of pre-formed dimers, as there are none with this protein. This also 

confirms that CP61 binds to and destabilises CtBP1, probably altering its 

conformation so that it cannot dimerise. The observation of the two separate 

species when both CP61 and NADH are present, consistent with the WT, rules 

out that these two species are separate dimer and monomer and supports the 

idea of different CP61 bound and unbound conformations with different 

propensities to form dimers. The two possible scenarios that account for the 

separate species seen in thermal shift are outlined in Figure 104 and Figure 

105, there are two because unfortunately the ability of NADH to bind to the 

CP61 bound form is still unknown.  
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Figure 104: A) CtBP binding to CP61 results in a destabilising conformational shift that 

inhibits dimerisation. NAD(H) binding causes a conformational shift that stabilises the 

protein and promotes the formation of an even more stable dimer complex. In this 

model CP61 and NADH binding are mutually exclusive so that NAD(H) cannot bind to 

the CP61 bound form. B) CP61 binding results in a destabilising conformational shift 

that inhibits dimerisation (as for A), but in this model CP61 can bind to the NADH 

bound conformer and vice versa. C) The dashed grey arrows represent that it is unclear 

whether pathway C can occur ie. that CP61 can interact with the a pre-formed dimer 

complex. Increasing concentrations of NADH or CP61 may only shift the equilibriums 

to promote one form or another. 
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 Figure 105: The possible nature of the complexes responsible for the observation of 

two species in the thermal shift assay. A) From pathway A in Figure 104, a less stable 

CP61 bound conformation and a more stable NADH bound conformation that is able to 

dimerise. B) From pathway B in Figure 104, a less stable CP61bound conformation that 

retains its ability to bind NADH and a more stable CP61 unbound conformation that is 

able to dimerise. 

 

His-CtBP1 (28-353) Cat mut had no dehydrogenase activity, however it was also 

shown to be deficient in its ability to bind NADH by thermal shift and the FRET 

assay, and to have a slightly different structure from the WT by circular 

dichroism. The protein did not bind MTOB providing further evidence that the 

substrate-binding site is altered. Therefore, the lack of dehydrogenase activity 

cannot be solely attributed to the missing histidine residue. The glutamine 

residue in this position has only previously been expressed in mammalian cell 

culture, and no structural data were collected 6. Other researchers have used a 

valine 84 or an alanine 8 and it is possible that the smaller size and increased 

hydrophobicity of these residues may be better tolerated than the glutamine at 

this position. 

CP61 did bind His-CtBP1 (28-353) Cat mut, which shows that CP61 doesn’t 

require the NADH/MTOB binding site to be fully intact to bind. This may also 

infer that any inhibition of CP61 from MTOB is not due to direct competition 

for this site, although CP61 is a lot larger than MTOB so could still be binding 
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at or near the same site, just with contacts to different residues. The 

temperature shift induced by 500 μM CP61 was -4.1°C with His-CtBP1 (28-353) 

Cat mut and 6.2°C with His-CtBP1 (28-353) Dim2mut, these are a larger ΔT
m
 

than for the WT which was around 2.5°C. This doesn’t necessarily mean that 

the peptide binds to the mutant forms with a greater affinity as the ΔT
m
 

induced by a ligand on a protein depends on the K
d
 of the ligand and the 

unfolding enthalpy (Δ
U
H) for the protein 211. This in turn depends on the 

structure and sequence of the protein 236, meaning that if all other variables are 

equal a ligand with the same binding affinity for two different proteins may 

still exhibit a different ΔT
m 

with each protein. 

Unfortunately the His-CtBP1 (28-353) Cat mut protein could not be used for the 

purpose it was intended, to study MTOB and CP61 binding together, so an 

alternative approach was exploited, using NAD+ instead of NADH to prevent the 

reduction of MTOB. This method has the benefit of being able to use the WT 

protein instead of a mutant version.  

The binding of NAD+ to His-CtBP1 (28-353) was investigated, NAD+ induces a 

positive temperature shift and a curve on the semi-log plot consistent with 

NADH, however the shift at a given concentration is lower with NAD+ than 

NADH. This is evidence that NAD+ binds with a lower affinity than NADH. This 

is a significant finding because, although it is generally accepted that CtBPs act 

as redox sensors 85, disparity between the binding of NADH and NAD+ has only 

been shown by Zhang et al. (2002) 83 and by the FRET assay developed by 

Fjeld et al. (2003) 86. Other experiments have found no difference between the 

binding of NADH and NAD+, for example, by measuring oligomerisation by size 

exclusion chromatography 84 and most recently equilibrium dialysis 13. The 

FRET assay and thermal shift allow lower concentrations of NADH and NAD+ to 

be used which may explain why a difference is seen in these assays. Fjeld et al 

(2003) found a 100-fold difference in the binding affinities of NADH and 

NAD+ 86, yet the IC
50 

 for NADH and NAD+ in the thermal shift assay is only 

10-fold. The concentrations, however, are in the micro-molar range for the 
thermal shift assay but the nano-molar range in FRET. This gives weight to the 

argument that at a lower concentration the differences between NADH and 

NAD+ binding are more easily observed 85.  
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MTOB binding was shown by thermal shift to be cooperative with NAD+ binding 

and the minimal amount of MTOB binding in the absence of NAD+ supports an 

ordered binding model for the two substrates. This model of dehydrogenase 

activity has been well researched for the lactate dehydrogenases 206, 237, and is 

discussed in chapter 3. Isothermal titration calorimetry (ITC) experiments using 

2-hydroxyimino-3-phenylpropanoic acid (HIPP), recently found to be a higher 

affinity inhibitor than MTOB, showed no difference in binding affinity with or 

without NADH, and competition studies with MTOB showed that MTOB can 

bind in the absence of co-enzyme 10. This is contradictory to the findings from 

thermal shift, although HIPP binds in a slightly different conformation to 

MTOB, which may reduce any reliance on a bound co-enzyme molecule. Still 

further work is needed to fully establish the relationship between both the 

oxidised and reduced forms of the co-enzyme and MTOB substrate binding, 

this may have implications for the use of MTOB as an inhibitor of CtBP 

activity 89. 

Finally studies with CP61, MTOB and NAD+ in the thermal shift assay were 

conducted. Ultimately the addition of MTOB inhibited the action of CP61. 

Where two peaks were present with both CP61 and NAD+, the area of the ‘CP61 

bound peak’ was reduced by the addition of increasing MTOB, and where only 

one peak was previously present two peaks were formed on the addition of 

MTOB (Figure 102 and Figure 103). However the mechanism of this 

competition cannot be elucidated by this method and the effect of competition 

by NAD+ still cannot be ruled out, as the results, and previous results, equally 

show CP61 is less affective at increased NAD+/NADH concentrations. This is 

further confused as MTOB binds more strongly in the presence of NAD+, which 

means at a higher NAD+ concentration, the amount of MTOB that can 

effectively bind is also increased, this is illustrated in Figure 106 and Figure 

107. 
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Figure 106: The binding of NAD(H) and MTOB is ordered. NAD(H) binds first, forming a 

more stable conformation and units that are able to dimerise. This is followed by 

MTOB binding and results in dehydrogenase activity. Dimerisation, which is necessary 

for dehydrogenase activity, could occur either before or after MTOB binding. 

A) 

 

B) 

 

Figure 107: Effect of increasing MTOB concentration. A) At increasing MTOB 

concentrations more of the MTOB bound ‘active dehydrogenase’ is formed reducing 

the affectivity of CP61. B) At increasing NAD(H) concentrations the amount of NAD(H) 

bound conformer is increased. The binding of MTOB is also increased, effectively 

increasing the concentration of MTOB as well, forming more of the ‘active 

dehydrogenase’. This illustration ignores the possibility of NAD(H) and MTOB being 

able to bind alongside CP61 which was outlined in Figure 104 for simplicity and as the 

overall effect would be the same. 
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Additionally, as results from the dimerisation mutant suggest, there is also 

likely to be some contribution from monomeric and dimeric forms of CtBP 

further muddying the possible conclusions that can be drawn from this 

experiment alone. It is certain though, that CP61 and MTOB binding influence 

the efficacy of each other and this provides a possible explanation as to why 

no effect on dehydrogenase activity was observed under the assay conditions 

used, despite the dehydrogenase activity being linked to the oligomeric state 

of CtBP1. 

The thermal shift assay and mutant forms of His-CtBP1 (28-353) have been 

used in this chapter to elucidate some of the properties of CtBP and its 

interactions with its various small molecule binding partners, some of the 

questions raised after chapter 3 have also been addressed. It is evident that 

further work is needed to fully understand the effect of CP61, NADH and MTOB 

binding on the structure of CtBP1 and the consequences this has for the 

activity of CtBP1 in a cellular environment. New approaches that focus on the 

structural properties of CtBPs would be useful to achieve this goal, for example 

crystallography with CP61 or NMR studies. Although, these are likely to be 

challenging as both CtBP1 and CtBP2 have so far only been successfully 

crystallised in their more stable dimeric form 7-9 and the destabilising effect of 

CP61 may seriously hamper efforts to collect sufficient structural data. More 

direct binding techniques would also be beneficial to determine a more 

quantitative measure of CP61 binding and its potential competition with MTOB, 

iso-thermal calorimetry (ITC) has already been used to measure binding of 

MTOB to CtBP1 (28-353), although this paper does elude to some difficulties 

with this technique 10.
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Chapter 7:  Final Discussion and Future 

Directions 

The reprogrammed metabolism of cancer cells has been recognised as a 

potential target for novel therapies to treat tumours 238. CtBPs, through their 

sensitivity to NADH/NAD+ levels, link cancer metabolism to other hallmarks of 

cancer, such as increased cell survival and invasion 88, 239. Additionally they are 

upregulated in many types of cancer and their knockdown has been shown to 

induce apoptosis in cancer cells 104, 105, 110, 111. As a result, CtBPs and their 

interactions have been identified as a prospective target for small molecule 

therapies to treat cancer. Recently, research that has focused on finding small 

molecule inhibitors of CtBPs has emerged 10, 139. 

The cyclic peptide CP61 specifically targets the dimerisation of CtBPs, which is 

essential for their activity as transcriptional co-factors, and the compound was 

found to be active in cancer cell lines 140. However, the potency and 

bioavailability of CP61 needs to be optimised in order for it to be used as a 

lead for the development of a therapeutic drug and as an efficient tool for 

investigating the functions of CtBP dimers. This project aimed to develop 

assays to study the interaction between CP61 and CtBP1, then to use those 

assays to identify the active motif of CP61 by alanine scanning and investigate 

the mechanisms by which CP61 inhibits CtBP1 dimerisation. 

A clear active motif of CP61 was difficult to determine. The aromatic residues, 

tryptophan and tyrosine, were shown to be essential for both binding to CtBP1 

and the inhibition of dimerisation in the RTHS. This was supported by the high 

prevalence of aromatic residues in the CtBP2 screen. However, the 

conformational restrictions imposed by the peptide backbone are undoubtedly 

also important, as the residues are not sequentially linear. The conformation of 

the peptide in solution therefore needs to be investigated in the future, this 

could be through NMR experiments utilising further NOESY and ROSEY 

experiments to map the residues that are in close proximity in aqueous 

solution. CP61 binding to CtBP1 could also be analysed using saturation-

transfer difference (STD) NMR 240 to discover which residues make direct 

contact with the protein. Crystallisation of the peptide in contact with CtBP1, 

although a solid phase technique, would also help elucidate the conformation 
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of the peptide when bound to the protein, which may differ from that in 

solution. As mentioned in section 4.4 future work should also focus on 

screening further derivatives of CP61. This would be through the synthesis and 

testing of smaller versions and linear fragments of the peptide that retain the 

key residues to show how much of the peptide’s activity is based on its limited 

conformational freedom.  

The results from the thermal shift assay with truncated CtBP1 and its mutant 

forms suggest that CP61 binds in the core dehydrogenase domain of the 

protein and that CP61 binding destabilises the protein. This is in opposition to 

the conformational shift induced by NADH binding, that promotes the 

formation of dimers and potentially higher order oligomers that are essential 

for the activity of CtBP1. The FRET assay highlights the possibility that NADH 

and CP61 binding may be mutually exclusive but a more direct competition 

assay would be needed to confirm this. The second substrate and inhibitor of 

the dehydrogenase activity of CtBP1, MTOB, binds CtBP1 cooperatively with the 

nucleotide. Potentially the conformational change induced by NADH binding 

creates the MTOB binding pocket. MTOB also inhibits CP61 binding, which 

means that under measurable conditions, CP61 showed no inhibition of the 

dehydrogenase activity, even though dimerisation was later shown to 

potentially be necessary for this activity. 

A further question raised by these observations is: can the dimer easily 

dissociate once formed? The dimer and monomer conformations are likely to 

cycle to a certain extent as bound nucleotides, particularly oxidised NAD+, 

must dissociate from the complex in order for the enzyme to continue to turn-

over its substrates, suggesting that the dimer complex can also dissociate 

when the NAD(H) induced conformation is lost. This is the rationale behind the 

pyruvate incubation in the purification of recombinant CtBPs. However the 

stability of the dimer complex hasn’t been measured and it is possible that 

CP61 cannot access the dimer structure once it has formed. It may instead act 

by holding CtBP monomers in a conformation that either cannot bind NADH or 

cannot form dimers. Investigating the order of addition of NADH and CP61 

would be useful in this context. Although, as NADH has a higher affinity for 

CtBP1 than CP61 this would be difficult, especially as the concentration of 

CP61 is limited by its insolubility, improving this by tagging the peptide with a 

soluble moiety like the tat-tag would help solve this issue. An assay that allows 
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excess NADH to be removed would be required to both guarantee that all of 

the CtBP protein had formed dimers and that CP61’s ability to inhibit 

dimerisation could then be measured. For example a pull-down or ELISA, in 

which protein with a saturating amount of NADH is first introduced to bind to 

protein attached to the beads/plate, then excess NADH and protein is washed 

away before CP61 is introduced; although if the dimers are weak then they 

may be disrupted before the addition of the inhibitor. Alternatively CtBP 

covalently bound to NADH may form more stable dimers in a similar assay, if 

CP61 can break apart these dimers then it will show that this action is 

independent to NADH binding. 

The development of CP61 would be facilitated by further knowledge of where 

CP61 binds the protein, as discussed in section 6.4. Alternatively, CtBP could 

be targeted in a number of other ways. Dimerisation could be targeted by the 

rational design of a molecule that binds directly to the dimerisation interface 

of CtBPs, in theory this could mimic parts of this interface and compete with 

other units of CtBP. The dimerisation interface of CtBPs constitutes a large area 

that contains several α-helices 8 (Figure 2), one in particular interacts with 

Trp318, which is essential for CtBP dimerisation, and has been proposed to 

support dimerisation by hydrophobic interactions 13. The α-helix is the most 

common class of protein secondary structure and mimetics of α-helices are 

being used as inhibitors of protein-protein interactions, as reviewed by 

Guarracino et al (2011) 241 and Azzarito et al (2013) 242. Like any peptide, an α-

helix mimetic has to be stabilised in some way to enhance its resistance to 

degradation by proteases, and in the case of short peptides, to promote the α-

helix to form 242. The interaction between p53 and HDM2 has been targeted in 

several ways by α-helix mimetics 243-245. An alpha-helix peptide stapled through 

the side-chain crosslinking of substituted olefins, resulted in a cell-permaeable 

peptide that alleviated HDM2 binding to p53 243 and a β-peptide foldamer that 

adopts an α-helix like secondary structure has also been used to mimic p53, 

with a high-affinity for HDM2 244. The HIF1α and CBP/p300 interaction has been 

targeted by a hydrogen bond surrogate (HBS) α-helix, substituting one of the 

hydrogen bonds between the protein backbone that would usually hold the 

helix together, for a covalent bond. The inhibitor was shown to successfully 

reduce expression of HIF–mediated genes 246.  
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A direct competitor of NAD(H) could also serve to inhibit dimerisation, in 

theory the inhibitor would be designed to bind in the same pocket as NAD(H) 

but would not induce the conformational changes that promote dimerisation. 

There are limited examples of NAD(H) competitors for other NADH mediated 

enzymes. ADP-ribose competes with NADH in mitochondrial NADH-ubiquinone 

oxidoreductase  (Complex I) 247, and other adenine containing compounds 

inhibit the E.coli respiratory chain NADH dehydrogenase 248. The design of an 

inhibitor that competes with MTOB (HIPP) has already been investigated and 

described in chapter 1 (1.1.4.5), although how this might also repress the 

transcriptional regulatory roles of CtBPs is yet to be elucidated 10. Screening a 

library of derivatives of NADH and other nucleotides may yield one that binds 

with a greater affinity to CtBP1 than NADH, its competition with NADH could be 

analysed using the FRET assay which has already been used to measure the 

competition between NADH and NAD+ and could be developed for a high-

throughput screen or a more established high throughput screening platform 

such as the thermal shift assay or surface-plasmon resonance (SPR) 249. 

The dimerisation of CtBPs was recognised in this project as one interaction of 

CtBPs that could be therapeutically targeted. As previously mentioned other 

groups have targeted the interaction of CtBPs with their co-repressors 139 

(1.1.4.5), this method has the advantage of being able to target certain 

binding partners specifically, for example those that bind through the PXDLS 

motif. This could also be viewed as a disadvantage as it would not universally 

knock-out CtBPs’ repression activities. Another way to prevent CtBPs’ activity as 

transcription co-factors could be to prevent their localisation to the nucleus. 

Furthermore, targeting this action may be the best way to identify CtBP1 or 2 

specific inhibitors, because this is the main area in which they differ. For 

example, by targeting the exclusive SUMOylation of CtBP1 36, 80 or the nuclear 

localisation sequence of CtBP2 35. In order to achieve this screening for 

inhibitors that exclusively bind to these areas would be undertaken, this could 

be done by screening libraries or by the rational design of molecules that bind 

to the specific peptide sequence responsible for this activity. 

Targeting CtBPs is a feasible method for targeting cancer metabolism as they 

link the increased NADH/NAD+ ratio to the progression of tumours (1.1.4.1). 

Since cancer metabolism was recognised as an emerging hallmark of cancer 239 

efforts have been renewed in investigating therapeutics aimed at the 
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mechanisms involved; cancer metabolism has even been described as a 

‘beacon of hope for cancer research’ 250. Another way of targeting cancer 

metabolism is to directly focus on the pathways involved. For example, 

inhibiting the enzymes involved in the glycolysis pathway would reduce the use 

of glucose by cancer cells and effectively starve the cells. Tools that 

individually switch off each step of glycolysis could also enable further 

investigation of the links between this pathway and other elements of cancer 

biology, such as proliferation and migration. The development of small 

molecules to inhibit these enzymes is already widespread and future work in 

this direction could be beneficial 251.  

The first enzyme in the glycolysis pathway is hexokinase. Hexokinase II (HK2) 

is upregulated in cancer cells and not normal tissue 252. HK2 is inhibited by 

glucose mimics such as 2-deoxyglucose (2-DG), a compound that is commonly 

used as a metabolic block in research 253-256. Clinical trials of 2-DG have not 

been very successful, probably due to the dosage required to overcome the 

amount of glucose available to the tumours 257. Another compound targeting 

HK2 is 3-bromopyruvate 258, which was found to eradicate advanced cancers in 

rats 259 and was given orphan drug designation for liver cancer by the FDA 251. 

This compound has multiple activities and also targets glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) 260, so its effects cannot be solely 

attributed to the inhibition of HK2. 

Further down the glycolytic pathway, phosphofructokinase (PFK) and the final 

enzyme, pyruvate kinase (PKM2 isoform), have both shown promise as 

therapeutic targets with the development of potent small-molecule 

modulators. Members of the PFK/fructose-2,6-bisphosphatase family of 

enzymes catalyse both the conversion of fructose-6-phosphate to fructose-2,6-

bisphosphate and the reverse reaction. Specifically, the PFK2 isoform, PFKFB3, 

is upregulated under hypoxia 261 and an inhibitory compound of this enzyme 

named PFK158 is in a phase I trial 262, 263. Pyruvate kinase catalyses the 

conversion of phosphoenolpyruvate (PEP) to pyruvate combined with the 

formation of ATP. The PKM2 isoform was identified as necessary in promoting 

the Warburg effect in cancer cells 264. PKM2 is the main isoform found in 

tumour cells 265 and is less active than the alternative PKM1 266. PKM2 activity is 

increased when it forms tetramers, as opposed to when it is in a less active 

dimer form, the formation of tetramers is linked to its ability to interact with 
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fructose-1,6-biphosphate (FBP) 267, 268. The low activity of PKM2 slows glycolysis 

and may let the intermediates formed above it in the glycolysis pathway 

accumulate and be diverted into anabolic pathways essential for cell 

proliferation 251. Therefore, it is the activation of PKM2 that suppresses 

tumorigenesis and small-molecule activators of PKM2 have been discovered 269, 

270 and shown to inhibit xenograft tumour growth in mice 271.  

Treating the high lactate production by cancer cells is another way to target 

cancer metabolism, particularly as excreted lactate influences the tumour-

microenvironment to promote tumour progression 100. Lactate dehydrogenase, 

which converts pyruvate to lactate, is perhaps the most obvious enzyme to 

inhibit for this objective. Although many small molecule inhibitors of this 

enzyme have been investigated, many of the most potent show low activity in 

cells or poor selectivity 251. Although the non-selective natural phenol, 

gossypol, has been used in phase I and phase II clinical trials for oncology 272, 

273. Monocarboxylate transporters (MCTs) have been targeted with some 

success. MCT1 was found expressed in primary human tumours, it allows 

lactate to enter oxygenated cells that use lactate for metabolism, targeting 

MCT1 stops these cells using lactate for energy production and hindered 

tumour growth in both a mouse model and with human xenografts 274. A 

selective MCT1 inhibitor (AZD3965) has reached phase I clinical trials in 

patients with advanced tumours or lymphoma 251. Conversely, the hypoxia 

inducible MCT4 275, allows lactate to exit cells. Inhibiting MCT4 could lead to 

lactate build up in cells, increasing pH and preventing cell proliferation. MCT4 

expression is upregulated in cancer types such as prostate and renal 

cancers 276, 277 and MCT4 knockdown demonstrated that they are necessary for 

the invasion of tumour cells expressing them 278. Therefore, MCT1 and MCT4 

represent valid targets for cancer metabolism worth further investigation. The 

examples discussed above are all ways to target glucose metabolism outside 

of CtBPs and the further development of these molecules demonstrates how 

this hallmark of cancer could be targeted in the future.  

The main problem with directly targeting metabolism is that healthy cells use 

the same pathways to generate energy; aerobic glycolysis is particularly 

relevant in proliferative but healthy tissue 90. Finding and combining therapies 

that target elements exceptionally active in cancer is therefore essential to 

avoid toxicity in healthy tissues, and is one area where further research is 
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needed. Factors regulated by oncogenes, and those that link metabolism to the 

transcription of the genes that drive tumorigenesis, including CtBPs, are 

therefore also increasingly relevant.  
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Appendices 

 

Appendix A Chapter 2: Experimental 

 

A.1 Analytical Data for Peptides  

A.1.1 Linear CP61 

 

Figure 108: Analytical RP-HPLC of linear CP61. 

Figure 109: MS (HM ESI+) of linear CP61. 

 

 

 

Component Report        

Component Report 
 

 
Peak Detection Results 
 

ID: 1
Reference ID: 224799
Scan#: 4
RT: 0.37 minutes
Start RT: 0.09 minutes
End RT: 1.17 minutes
Component Width: 1.08 minutes
Area 6637989 arbitrary units
Height: 358189 units
Base Peak: 1120.6
Purity 43.20 %

m/z Intensity 
Arb. Units

Relative 
Intensity

Peak Width 
Minutes

Area 
Arb. Units

1 150.3 841 1.64% 1.44 28090

2 174.3 602 1.18% 0.62 10582

3 190.1 931 1.82% 0.96 34255

4 200.1 976 1.91% 0.96 22497

5 203.1 763 1.49% 0.75 15451

6 217.2 606 1.19% 1.09 15533

7 241.1 9962 19.49% 1.30 251666

8 242.1 577 1.13% 0.89 12467

9 294.0 692 1.35% 1.44 16157

10 304.3 2060 4.03% 1.44 46319

11 305.2 644 1.26% 0.96 13635

12 332.3 760 1.49% 1.16 17819

13 335.9 806 1.58% 1.16 18920

14 376.9 1655 3.24% 1.16 40632

15 420.2 820 1.60% 0.89 18294

16 471.9 1696 3.32% 1.16 37759

17 512.9 1018 1.99% 0.82 22757

Page 1 of 3RemoteAnalyzer Component Report

05/06/2015http://152.78.196.118/RemoteAnalyzer/resultscomponentprint.aspx?id=9BB7012DA5...
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A.1.2 Cyclic CP61 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.82 (s, 1H, Trp ArNH) 9.16 (br.s, 1H, Tyr 

ArOH) 8.39-8.43 (m, 1H, Gly CONH) 8.18 (d, J= 7.3 Hz, 1H, Trp CONH) 8.03-

8.08 (m, 1H, Met CONH and Arg CONH) 7.80 (d, J=6.1 Hz, 1H, Val CONH 1) 

7.71-7.76 (m, 2H, Tyr CONH and Ser CONH) 7.51-7.58 (m, 3H, Thr CONH, Val 

CONH 2 and Trp ε3, ζ2, ζ3 or η2CH) 7.40-7.42 (m, 1H, Arg εCH
2
NHCNHNH

2
) 

7.31-7.33 (m, 1H, Trp ε3, ζ2, ζ3 or η2CH) 7.16-7.18 (m, 1H, Trp δ1CH) 7.06 (dd, 

J= 7.3 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 6.98 (dd, J = 7.3 Hz, 1H, Trp ε3, ζ2, ζ3 or 

η2CH) 6.93 (d, J=7.3 Hz, 2H Tyr εCH (o-OH)  x2) 6.62 (d, J= 7.3 Hz, 2H, Tyr δCH 

(m-OH) x2) 5.19 (br.s, 1H, Ser/Thr OH) 4.56-4.60 (m, 1H, Trp αCH) 4.46-4.49 

(m, 1H, Thr αCH) 4.26-4.29 (m, 1H, Ser αCH) 4.16-4.21 (m, 2H, Tyr αCH and 

Arg αCH) 4.09-4.13 (m, 2H, Val αCH 1 and Val αCH 2) 3.99-4.04 (m, 2H, Met 

αCH and Thr βCH) 3.83 (dd, J=16.5 Hz, 5.5 Hz, 1H, Gly αCH
2
 x1) 3.55-3.70 (m, 

7H (overlapped H
2
O), Gly αCH

2
 x1 and Ser βCH

2
 x2) 3.20-3.23 (m, 1H, Trp βCH

2
 

x1) 3.03-3.11 (m, 3H, Arg δCH
2
) 2.94-3.01 (m, 2H, Trp βCH

2
 x1 and Tyr βCH

2
 

x1) 2.76-2.80 (m, 1H, Tyr βCH
2
 x1) 2.32-2.38 (m, 1H, Met γCH

2
 x1) 2.25-2.30 

(m, 1H, Met γCH
2
 x1) 2.12-2.17 (m, 1H, Val βCH 1) 2.05-2.10 (m, 1H, Val βCH 

2) 1.98 (s, 3H, Met CH
3
) 1.77-1.82 (m, 2H, Met βCH

2
 x2) 1.63-1.67 (m, 1H, Arg 

βCH
2
 x1) 1.52-1.56 (m, 1H, Arg βCH

2
 x1) 1.42-1.46 (m, 3H, Arg γCH

2
 x2) 0.97 

(d, J=6.1 Hz, 4H, Thr CH
3
) 0.89 (m, 4H, Val CH

3  
1 x1) 0.81-0.86 (m, 14H, Val 

CH
3  

1 x1 and Val CH
3  

2 x2), 100:0 d.r.  
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Figure 110: 1H NMR of cyclic CP61 in DMSO-d
6
. 

 

Figure 111: Analytical RP-HPLC of cyclic CP61. 
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Figure 112: MS (HM ESI+) of cyclic CP61. 

 

A.1.3 Linear SGWTVVRMA 

 

Figure 113: Analytical RP-HPLC of linear SGWTVVRMA. 
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Figure 114: MS (HM ESI+) of linear SGWTVVRMA. 

 

A.1.4 Cyclic SGWTVVRMA 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.81 (br.s, 1H, Trp ArNH) 8.28-8.33 (m, 

1H, Gly CONH) 8.22 (d, J = 8.2 Hz, 1H, Trp CONH) 8.12 (d, J= 6.4 Hz, 1H, Met 

CONH) 8.03 (d, J=4.9 Hz, 1Hm, Arg CONH) 7.92 (d, J= 6.4 Hz, 1H, Ala CONH) 

7.83 (d, J= 6.7 Hz, 1H, Ser CONH) 7.75 (d, J= 8.2 Hz, 1H, Thr CONH) 7.62 (d, J= 

7.9 Hz, 1H, Val CONH 1) 7.55-7.57 (m, 2H, Val CONH 2 and Trp ε3, ζ2, ζ3 or 

η2CH) 7.38-7.42 (m, 1H, Arg εCH
2
NHCNHNH

2
) 7.31 (d, J= 7.9 Hz, 1H, Trp ε3, 

ζ2, ζ3 or η2CH) 7.14 (br.s, 1H, Trp δ1CH) 7.05 (t, J= 7.5 Hz, 1H, Trp ε3, ζ2, ζ3 

or η2CH) 6.96 (t, J= 7.3 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 5.18 (br.s, 1H, Ser/Thr 

OH) 4.55-4.61 (m, 1H, Trp αCH) 4.44 (dd, J= 7.9 Hz, 4.0 Hz, 1H, Thr αCH) 4.23-

4.29 (m, 3H, Ala αCH, Val αCH 1, and  Ser αCH) 4.15-4.17 (m, 1H, Met αCH) 

4.07-4.12 (m, 1H, Arg αCH) 4.03-4.06 (m, 3H, Val αCH 2 and Thr βCH) 3.90 

(dd, J= 16.3 Hz, 6.3 Hz, 1H, Gly αCH
2
 x1) 3.59-3.61 (m, 3H (overlapped H

2
O), 

Ser βCH
2
 x2) 3.46-3.51 (m, 8H (overlapped H

2
O), Gly αCH

2
 x1) 3.23 (dd, J= 14.8 

Hz, 4.1 Hz, 2H (overlapped H
2
O), Trp βCH

2
 x1) 3.03-3.08 (m, 3H, Arg δCH

2 
) 

2.98 (dd, J=14.8 Hz, 9.9 Hz, 1H, Trp βCH
2
 x1) 2.38-2.44 (m, 3H, Met γCH

2
 x2) 

2.14-2.17 (m, 1H, Val βCH 1) 2.02-2.05 (m, 1H, Val βCH 2) 2.01 (s, 3H, Met 

CH
3
) 1.90-1.94 (m, 1H, Met βCH

2
) 1.62-1.68 (m, 1H, Arg βCH

2
 x1) 1.53-1.58 (m, 

1H, Arg βCH
2
 x1) 1.41-1.44 (m, 2H, Arg γCH

2
 x2) 1.19 (d, J= 7.0 Hz, 3H, Ala 

CH
3
) 0.97 (d, J=6.1 Hz, 3H, Thr CH

3
) 0.82-0.89 (m, 16H, Val CH

3  
1 x2 and Val 

CH
3  

2 x2), 83:17 d.r. 

Component Report        

Component Report 
 

 
Peak Detection Results 
 

ID: 1
Reference ID: 160341
Scan#: 4
RT: 0.37 minutes
Start RT: 0.09 minutes
End RT: 0.92 minutes
Component Width: 0.83 minutes
Area 15473113 arbitrary units
Height: 807335 units
Base Peak: 1006.5
Purity 53.27 %

m/z Intensity 
Arb. Units

Relative 
Intensity

Peak Width 
Minutes

Area 
Arb. Units

1 241.0 9996 3.67% 1.91 553817

2 362.7 8651 3.18% 0.75 174158

3 451.2 3992 1.47% 0.75 81134

4 457.2 4544 1.67% 1.09 85809

5 494.7 6489 2.39% 0.82 131649

6 504.0 37360 13.73% 0.89 749851

7 514.9 27624 10.15% 0.89 549933

8 522.6 5082 1.87% 0.75 102491

9 525.9 4106 1.51% 0.75 82584

10 763.4 8736 3.21% 0.75 165591

11 764.5 5003 1.84% 0.82 91126

12 831.2 2957 1.09% 0.75 57542

13 842.0 2849 1.05% 1.30 56724

14 848.4 6348 2.33% 1.16 111015

15 849.5 3462 1.27% 0.75 65191

16 1000.3 3893 1.43% 0.89 70118

17 1006.5 272032 100.00% 0.75 5067560

Page 1 of 2RemoteAnalyzer Component Report
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Figure 115: 1H NMR of cyclic SGWTVVRMA in DMSO-d
6
. 

Figure 116: Analytical RP-HPLC of cyclic SGWTVVRMA. 
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Figure 117: MS (HM ESI+) of cyclic SGWTVVRMA. 

 

A.1.5 Linear SGWTVVRAY 

 

Figure 118: Analytical RP-HPLC of linear SGWTVVRAY. 
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Figure 119: MS (HM ESI+) of linear SGWTVVRAY. 

 

A.1.6 Cyclic SGWTVVRAY 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.83 (br.s, 1H, Trp ArNH) 9.17 (br.s, 1H, 

Tyr ArOH) 8.43-8.46 (m, 1H, Gly CONH) 8.16 (d, J= 6.7 Hz, 1H, Trp CONH) 8.13 

(d, J=8.8 Hz, 1H, Tyr CONH) 8.02-8.07 (m, 1H, Ala CONH) 7.76 (d, J= 7.3 Hz, 

1H, Val CONH 1) 7.62-7.69 (m, 1H, Arg CONH) 7.53-7.55 (m, 2H, Ser CONH 

and Trp ArNH) 7.47-7.50 (m, 2H, Val CONH 2) 7.40-7.43 (m, 2H, Thr CONH and 

Arg εCH
2
NHCNHNH

2
) 7.32 (d, J= 8.2 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 7.18 (br.s, 

1H, Trp δ1CH) 7.03-7.07 (m, 1H, Trp ε3, ζ2, ζ3 or η2CH) 6.96-7.01 (m, 2H, Trp 

ε3, ζ2, ζ3 or η2CH) 6.94 (d, J=8.2 Hz, 2H Tyr εCH (o-OH)x2) 6.63 (d, J= 8.2 Hz, 

2H, Tyr δCH (m-OH)  x2) 5.22 (br.s, 1H, Ser/Thr OH) 4.58-4.61 (m, 1H, Tyr αCH) 

4.48-4.51 (m, 1H, Thr αCH) 4.24-4.27 (m, 1H, Ser αCH) 4.17-4.20 (m, 1H, Arg 

αCH) 4.07-4.10 (m, 3H, Val αCH 1, Trp αCH and Thr βCH) 3.97-3.99 (m, 3H, Val 

αCH 2 and Ala αCH) 3.85 (dd, J= 16.5 Hz, 6.1 Hz, 1H, Gly αCH
2
 x1) 3.55-3.69 

(m, 24H (overlapped H
2
O), Gly αCH

2
 x1 and Ser βCH

2
 x2) 3.16-3.19 (m, 1H, Trp 

βCH
2
 x1) 3.04-3.09 (m, 3H, Tyr βCH

2
 x1 and Arg δCH

2
) 2.94-3.01 (m, 2H, Trp 

βCH
2
 x1) 2.79-2.83 (m, 1H, Tyr βCH

2
 x1) 2.14-2.17 (m, 1H, Val βCH

2
 1) 2.06-

2.12 (m, 1H, Val βCH
2
 2) 1.59-1.63 (m, 1H, Arg βCH

2
 x1) 1.47-1.51 (m, 1H, Arg 

βCH
2
 x1) 1.41-1.44 (m, 3H, Arg γCH

2
 x2) 1.15 (d, J= 7.0 Hz, 3H, Ala CH

3
) 0.93 

Peak 1, RT 0.016, Scan 6, NL 2.373E05, MS2 (150:1500) ES+
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(d, J=6.1 Hz, 3H, Thr CH
3
) 0.89 (d, J= 6.1 Hz, 3H, Val CH

3  
1 x1) 0.80-0.86 (m, 

12H, Val CH
3  

1 x1 and Val CH
3  

2 x2), 91:9 d.r. 

Figure 120: 1H NMR of cyclic SGWTVVRAY in DMSO-d
6
. 

 

Figure 121: Analytical RP-HPLC of cyclic SGWTVVRAY. 
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Figure 122: MS (HM ESI+) of cyclic SGWTVVRAY. 

 

A.1.7 Linear SGWTVVAMY 

Figure 123: Analytical RP-HPLC of linear SGWTVVAMY. 
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Figure 124: MS (HM ESI+) of linear SGWTVVAMY. 

 

A.1.8 Cyclic SGWTVVAMY 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.82 (s, 1H, Trp ArNH) 9.14 (br.s, 1H, Tyr 

ArOH) 8.24 (t, J= 5.3 Hz, 1H, Gly CONH) 8.09-8.12 (m, 2H, Trp CONH and Met 

CONH) 7.79-7.83 (m, 2H, Tyr CONH and Ser CONH) 7.75 (d, J=7.0 Hz, 1H, Val 

CONH 1) 7.67 (d, J= 6.4 Hz, 1H, Ala CONH) 7.56 (m, 3H, Thr CONH, Val CONH 

2 and Trp ε3, ζ2, ζ3 or η2CH) 7.31 (d, J= 7.9 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 

7.16 (s, 1H, Trp ε3, ζ2, ζ3 or η2CHNH) 7.05 (dd, J= 7.5 Hz, 7.5 Hz, 1H, Trp ε3, 

ζ2, ζ3 or η2CH) 6.96-6.98 (m, 1H, Trp δ1CH) 6.93 (d, J=8.2 Hz, 2H Tyr εCH (o-

OH)x2) 6.61(d, J= 8.2 Hz, 2H, Tyr δCH (m-OH)  x2) 5.13 (br.s, 1H, Ser/Thr OH) 

4.55-4.59 (m, 1H, Trp αCH) 4.44 (dd, J= 8.2 Hz, 3.7 Hz, 1H, Thr αCH) 4.28-4.32 

(m, 1H, Tyr αCH) 4.20-4.27 (m, 2H, Ala αCH and Ser αCH) 4.11-4.13 (m, 1H, Val 

αCH 1) 4.08-4.10 (m, 1H, Thr βCH) 4.06 (dd, J= 7.8 Hz, 7.8 Hz, 1H, Val αCH 2), 

4.01 (dt, J= 6.7 Hz, 6.7 Hz, 1H, Met αCH) 3.81 (dd, J= 16.8 Hz, 5.8 Hz, 1H, Gly 

αCH
2
 x1) 3.62-3.65 (m, 6H (overlapped H

2
O), Gly αCH

2
 x1 and Ser βCH

2
 x2) 3.22 

(dd, J= 14.8 Hz, 4.1 Hz, 1H, Trp βCH
2
 x1) 3.00 (dd, J= 14.6 Hz, 9.5 Hz, 1H, Trp 

βCH
2
 x1) 2.93 (dd, J= 13.9 Hz, 4.4 Hz, 1H, Tyr βCH

2
 x1) 2.72 (dd, J= 13.9 Hz, 

10.2 Hz, 1H, Tyr βCH
2
 x1) 2.26-2.36 (m, 2H, Met γCH

2
 x2) 2.13-2.17 (m, 1H, 

Val βCH 1) 2.05-2.11 (m, 1H, Val βCH 2) 1.98 (s, 3H, Met CH
3
) 1.75-1.79 (m, 

2H, Met βCH
2
 x2) 1.18 (d, J= 7.0 Hz, 3H, Ala CH

3
) 0.99 (d, J=6.4 Hz, 3H, Thr 

Peak 3, RT 1.215, Scan 456, NL 6.560E05, MS2 (150:1500) ES+
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CH
3
) 0.90 (d, J= 6.7 Hz, 4H, Val CH

3 
1

 
x1) 0.81-0.84 (m, 8H, Val CH

3  
2 x2), 

90:10 d.r. 

Figure 125: 1H NMR of cyclic SGWTVAMY in DMSO-d
6
. 

 

Figure 126: Analytical RP-HPLC of cyclic SGWTVVAMY. 
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Figure 127: MS (HM ESI+) of cyclic SGWTVVAMY. 

 

A.1.9 Linear SGWTVARMY 

 

Figure 128: Analytical RP-HPLC of linear SGWTVARMY. 
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Figure 129: MS (HM ESI+) of linear SGWTVARMY. 

 

A.1.10 Cyclic SGWTVARMY 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.84 (d, J=2.1 Hz, 1H, Trp ArNH) 9.17 

(br.s, 1H, Tyr ArOH) 8.45-8.48 (m, 1H, Gly CONH) 8.07-8.13 (m, 3H, Trp CONH, 

Met CONH and Tyr CONH) 7.91 (d, J= 6.7 Hz, 1H, Ala CONH) 7.82 (d, J=6.7 Hz, 

1H, Val CONH) 7.67 (d, J= 6.7 Hz, 1H, Val CONH) 7.56-7.59 (m, 1H, Arg CONH) 

7.49-7.54 (m, 2H, Thr CONH and Trp ε3, ζ2, ζ3 or η2CH) 7.41 (y, J= 5.5 Hz, 1H, 

Arg εCH
2
NHCNHNH

2
) 7.31-7.34 (m, 1H, Trp ε3, ζ2, ζ3 or η2CH) 7.19 (d, J=2.4 

Hz, 1H, Trp δ1CH) 7.05-7.07 (m, 1H, Trp ε3, ζ2, ζ3 or η2CH) 6.97-7.00 (m, 2H, 

Trp ε3, ζ2, ζ3 or η2CH) 6.94 (d, J=8.5 Hz, 2H Tyr εCH (o-OH)x2) 6.62-6.63 (m, 

2H, Tyr δCH (m-OH)  x2) 5.29 (br.s, 1H, Ser/Thr OH) 4.51-4.54 (m, 1H, Trp 

αCH) 4.48-4.51 (m, 1H, Thr αCH) 4.23-4.27 (m, 1H, Ser αCH) 4.18-4.21 (m, 2H, 

Ala αCH and Tyr αCH) 4.09-4.14 (m, 1H, Arg αCH) 4.00-4.05 (m, 3H, Val αCH, 

Met αCH and Thr βCH) 3.71-3.76 (m, 2H, Gly αCH
2
 x1 and Ser βCH

2
 x1) 3.63-

3.67 (m, 4H (overlapped H
2
O), Gly αCH

2
 x1 and Ser βCH

2
 x1) 3.20 (dd, J= 14.5 

Hz, 4.1 Hz, 1H, Trp βCH
2
 x1) 3.06-3.12 (m, 3H, Arg δCH

2
) 2.95-3.02 (m, 2H, 

Trp βCH
2
 x1 and Tyr βCH

2
 x1) 2.83-2.87 (m, 1H, Tyr βCH

2
 x1) 2.35-2.39 (m, 1H, 

Met γCH
2
 x1) 2.24-2.29 (m, 1H, Met γCH

2
 x1) 2.09-2.14 (m, 1H, Val βCH) 1.99 

(s, 3H, Met CH
3
) 1.73-1.78 (m, 2H, Met βCH

2
 x2) 1.62-1.68 (m, 1H, Arg βCH

2
 x1) 

1.52-1.57 (m, 1H, Arg βCH
2
 x1) 1.42-1.48 (m, 2H, Arg γCH

2
 x2) 1.23 (d, J= 7.0 

Hz, 3H, Ala CH
3
) 0.95 (d, J=6.4 Hz, 3H, Thr CH

3
) 0.90-0.91 (m, 3H, Val CH

3  
x1) 

0.86 (d, J= 7.0 Hz, 3H, Val CH
3  

x1), 85:15 d.r. 

Component Report        

Component Report 
 

 
Peak Detection Results 
 

ID: 1
Reference ID: 151938
Scan#: 4
RT: 0.37 minutes
Start RT: 0.09 minutes
End RT: 1.39 minutes
Component Width: 1.30 minutes
Area 22493125 arbitrary units
Height: 1309884 units
Base Peak: 1070.5
Purity 55.28 %

m/z Intensity 
Arb. Units

Relative 
Intensity

Peak Width 
Minutes

Area 
Arb. Units

1 241.0 17375 8.40% 1.91 471248

2 292.0 3679 1.78% 1.57 97072

3 410.8 3882 1.88% 0.89 76318

4 469.1 2818 1.36% 1.23 52278

5 471.8 2314 1.12% 1.57 59826

6 483.2 11057 5.34% 1.03 213805

7 484.1 2230 1.08% 0.96 39347

8 511.9 8351 4.04% 1.09 157696

9 513.1 2651 1.28% 1.64 63105

10 522.8 6154 2.97% 0.89 120471

11 527.0 29654 14.33% 1.09 554110

12 536.0 166658 80.54% 1.23 2951869

13 547.0 119250 57.63% 1.03 2253293

14 554.4 2530 1.22% 1.44 43096

15 555.2 5360 2.59% 1.09 98883

16 556.2 2681 1.30% 1.30 49092

17 557.7 8443 4.08% 1.09 164591

Page 1 of 3RemoteAnalyzer Component Report
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Figure 130: 1H NMR of cyclic SGWTVARMY in DMSO-d
6
. 

 

 

Figure 131: Analytical RP-HPLC of cyclic SGWTVARMY. 
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Figure 132: MS (HM ESI+) of cyclic SGWTVARMY. 

 

A.1.11 Linear SGWTAVRMY 

 

Figure 133: Analytical RP-HPLC of linear SGWTAVRMY. 
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Figure 134: MS (HM ESI+) of linear SGWTAVRMY. 

 

A.1.12 Cyclic SGWTAVRMY 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.84 (s, 1H, Trp ArNH) 9.16 (br.s, 1H, Tyr 

ArOH) 8.40-8.42 (m, 1H, Gly CONH) 8.17 (d, J= 8.2 Hz, 1H, Trp CONH) 8.07-

8.11 (m, 3H, Ala CONH, Met CONH and Tyr CONH) 7.73-7.77 (m, 1H, Arg 

CONH) 7.61 (d, J=6.4 Hz, 1H, Ser CONH) 7.49-7.55 (m, 3H, Thr CONH, Val 

CONH and Trp ε3, ζ2, ζ3 or η2CH) 7.45 (t, J= 5.3 Hz, 1H, Arg εCH
2
NHCNHNH

2
) 

7.32 (d, J=7.9 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 7.18 (d, J= 1.5 Hz, 1H, Trp δ1CH) 

7.06 (t, J= 7.5 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 6.98 (t, J=7.5 Hz, 1H, Trp ε3, ζ2, 

ζ3 or η2CH) 6.94 (d, J=8.2 Hz, 2H, Tyr εCH (o-OH)x2) 6.62 (d, J=8.2 Hz, 2H, Tyr 

δCH (m-OH)  x2) 5.11-5.18 (m, 1H, Ser/Thr OH) 4.54-4.58 (m, 1H, Trp αCH) 

4.26-4.30 (m, 2H, Thr αCH and Ser αCH) 4.16-4.20 (m, 3H, Ala αCH, Arg αCH 

and Tyr αCH) 3.99-4.07 (m, 4H, Val αCH, Met αCH and Thr βCH) 3.81 (dd, 

J=16.6 Hz and 6 Hz, 1H, Gly αCH
2
 x1) 3.65 (d, J=5.2 Hz, 3H (overlapped H

2
O), 

Ser βCH
2
 x2) 3.61 (dd, J= 16.5 Hz,5.2 Hz, 4H (overlapped H

2
O), Gly αCH

2
 x1) 

3.20 (dd, J= 14.5 Hz, 4.1 Hz, 1H, Trp βCH
2
 x1) 3.04-3.12 (m, 3H, Arg δCH

2
) 

2.95-3.01 (m, 2H, Trp βCH
2
 x1 and Tyr βCH

2
 x1) 2.79-2.83 (m, 1H, Tyr βCH

2
 x1) 

2.34-2.38 (m, 1H, Met γCH
2
 x1) 2.27-2.31 (m, 1H, Met γCH

2
 x1) 2.05-2.09 (m, 

1H, Val βCH) 1.99 (s, 3H, Met CH
3
) 1.75-1.83 (m, 2H, Met βCH

2
 x2) 1.64-1.69 

(m, 1H, Arg βCH
2
 x1) 1.52-1.58 (m, 1H, Arg βCH

2
 x1) 1.43-1.48 (m, 2H, Arg 

γCH
2
 x2) 1.26 (d, J= 7.3 Hz, 3H, Ala CH

3
) 1.00 (d, J=6.4 Hz, 3H, Thr CH

3
) 0.81-

0.84 (m, 6H, Val CH
3  

x2), 94:6 d.r. 

Component Report        

Component Report 
 

 
Peak Detection Results 
 

ID: 1
Reference ID: 219004
Scan#: 4
RT: 0.37 minutes
Start RT: 0.09 minutes
End RT: 0.99 minutes
Component Width: 0.90 minutes
Area 6343281 arbitrary units
Height: 322246 units
Base Peak: 1114.5
Purity 58.81 %

m/z Intensity 
Arb. Units

Relative 
Intensity

Peak Width 
Minutes

Area 
Arb. Units

1 241.1 5735 9.18% 0.96 122310

2 242.2 967 1.55% 0.82 19357

3 304.2 1569 2.51% 1.03 33370

4 471.9 740 1.19% 1.37 15524

5 512.8 713 1.14% 0.82 15099

6 527.2 749 1.20% 0.89 17238

7 536.0 10597 16.97% 0.89 248861

8 557.7 1606 2.57% 0.82 34192

9 783.1 1032 1.65% 0.82 25179

10 783.7 659 1.05% 0.89 16846

11 884.0 767 1.23% 0.82 16652

12 884.6 1347 2.16% 1.16 33373

13 1070.4 9840 15.75% 0.82 185869

14 1070.5 9917 15.88% 0.89 203197

15 1071.9 5916 9.47% 0.96 120629

16 1072.9 2327 3.72% 0.82 47688

17 1073.9 710 1.14% 1.30 13893
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Figure 135: 1H NMR of cyclic SGWTAVRMY in DMSO-d
6
. 

 

 

Figure 136: Analytical RP-HPLC of cyclic SGWTAVRMY. 
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Figure 137: MS (HM ESI+) of cyclic SGWTAVRMY. 

 

A.1.13 Linear SGWAVVRMY 

 

Figure 138: Analytical RP-HPLC of linear SGWAVVRMY. 
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Figure 139: MS (HM ESI+) of linear SGWAVVRMY. 

 

A.1.14 Cyclic SGWAVVRMY 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.81 (s, 1H, Trp ArNH) 9.17 (br.s, 1H, Tyr 

ArOH) 8.28-8.30 (m, 1H, Gly CONH) 8.08-8.11 (m, 2H, Arg CONH and Trp 

CONH) 8.04 (d, J=7 Hz, Tyr CONH) 7.86-7.88 (m, 2H, Val CONH 1 and Met 

CONH) 7.83 (d, J=6.4 Hz, 1H, Ala CONH) 7.70 (d, J=6.7 Hz, 1H, Ser CONH) 7.54 

(d, J=7.9 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 7.39-7.40 (m, 2H, Val CONH 2 and Arg 

εCH
2
NHCNHNH

2
) 7.39 (d, J=7.9 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 7.13 (d, J=1.5 

Hz, 1H, Trp δ1CH) 7.05 (dd, J=7.5 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 6.96-6.98 (m, 

3H, Tyr εCH (o-OH) and Trp ε3, ζ2, ζ3 or η2CH x2) 6.62 (d, J=8.2 Hz, 2H, Tyr 

δCH (m-OH)  x2) 5.12 (br.s, 1H, Ser OH) 4.52-4.56 (m, 1H, Trp αCH) 4.39-4.42 

(m, 2H, Ala αCH and Tyr αCH) 4.22-4.26 (m, 1H, Ser αCH) 4.11-4.16 (m, 2H, Val 

αCH 2 and Met αCH) 4.02-4.07 (m, 2H, Val αCH and Arg αCH) 3.80 (dd, J=16.5 

Hz, 6.1 Hz, 2H (overlapped H
2
O), Gly αCH

2
 x1) 3.63-3.66 (m, 3H (overlapped 

H
2
O), Ser βCH

2
 x1) 3.54-3.56 (m, 4H (overlapped H

2
O), Gly αCH

2
 x1 and Ser 

βCH
2
 x1) 3.19 (dd, J=14.6 Hz, 4.3 Hz, 1H, Trp βCH

2
 x1) 3.02-3.08 (m, 2H, Arg 

εCH
2
) 2.92-2.97 (m, 2H, Trp βCH

2
 x1 and Tyr βCH

2
 x1) 2.71-2.75 (m, 1H, Tyr 

βCH
2
 x1) 2.27-2.35 (m, 2H, Met γCH

2
 x2) 2.09-2.14 (m, 1H, Val βCH 1) 2.03-

2.07 (m, 1H, Val βCH) 1.98 (s, 3H, Met CH
3
) 1.87-1.93 (m, 1H, Met βCH

2
 x1) 

1.77-1.84 (m, 1H, Met βCH
2
 x1) 1.67-1.73 (m, 1H, Arg βCH

2
 x1) 1.55-1.61 (m, 

1H, Arg βCH
2
 x1) 1.38-1.46 (m, 2H, Arg γCH

2
 x2) 1.28 (d, J=7 Hz, 3H, Ala CH

3
) 

0.85-0.87 (m, 8H, Val CH
3
 1 x 1 and Val CH

3
 2 x1) 0.81-0.84 (m, 8H, Val CH

3
 1 

x1 and Val CH
3
 2 x1), 100:0 d.r. 
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Figure 140: 1H NMR of cyclic SGWAVVRMY in DMSO-d
6
. 

 

Figure 141: Analytical RP-HPLC of cyclic SGWAVVRMY. 
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Figure 142: MS (HM ESI+) of cyclic SGWAVVRMY. 

 

A.1.15 Linear SGATVVRMY 

 

Figure 143: Analytical RP-HPLC of linear SGATVVRMY. 
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Figure 144: MS (HM ESI+) of linear SGATVVRMY. 

 

A.1.16 Cyclic SGATVVRMY 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 9.17 (br.s, 1H, Tyr ArOH) 8.38-8.39 (m, 1H, 

Gly CONH) 7.91-7.95 (m, 4H, Ala CONH, Val CONH 2, Ser CONH and Met 

CONH) 7.78 (d, J=6.1 Hz, 1H, Tyr CONH) 7.70  (d, J=7.3 Hz, 1H, Val CONH 1) 

7.61 (d, J=8.5 Hz, 1H, Thr CONH) 7.49 (d, J=8.5 Hz, 1H, Arg CONH) 7.41 (t, 

J=4.9 Hz, 1H, Arg εCH
2
NHCNHNH

2
) 6.97 (d, J=8.5 Hz, 2H, Tyr εCH (o-OH) x2) 

6.62 (d, J=8.5 Hz, 2H, Tyr δCH (m-OH)  x2) 5.16 (br.s, 1H, Thr or Ser OH) 4.30-

4.38 (m, 3H, Ala αCH, Thr αCH, Tyr αCH) 4.19 (q, J=6.1 Hz, 1H, Ser αCH) 4.10-

4.14 (m, 3H, Val αCH 1, Val αCH 2, Arg αCH) 4.04-4.08 (m, 2H, Thr βCH and 

Met αCH) 3.85 (dd, J=17.1 Hz, 6.1 Hz, 1H, Gly αCH
2
 x1) 3.59-3.64 (m, 7H 

(overlapped H
2
O), Gly αCH

2
 x1 and Ser βCH

2
 x2) 3.05-3.11 (m, 3H, Arg δCH

2
) 

2.97 (dd, J=14.0 Hz, 4.3 Hz, 1H, Tyr βCH
2
 x1) 2.77 (dd, J=13.4 Hz, 9.8 Hz, Tyr 

βCH
2
 x1) 2.33-2.37 (m, 1H, Met γCH

2
 x1) 2.26-2.32 (m, 1H, Met γCH

2
 x1) 2.13-

2.17 (m, 1H Val βCH 1) 2.03-2.06 (m, 1H, Val  βCH
2
 1) 1.99 (s, 3H, Met CH

3
) 

1.84-1.88 (m, 1H, Met βCH
2
 x1) 1.75-1.80 (m, 1H, Met βCH

2
 x1) 1.68-1.71 (m, 

1H, Arg βCH
2
 x1) 1.54-1.60 (m, 1H, Arg βCH

2
 x1) 1.42-1.47 (m, 3H, Arg γCH

2
 

x2) 1.24 (d, J=7.3 Hz, 4H, Ala CH
3
) 1.04 (d, J=6.1 Hz, 4H, Thr CH

3
) 0.88 (d, 

J=7.3 Hz, 5H, Val CH
3
 1) 0.84 (m, 14H, Val CH

3
 1 and Val CH

3
 2 x2), 100:0 d.r. 

 

 

Component Report        

Component Report 
 

 
Peak Detection Results 
 

ID: 1
Reference ID: 150553
Scan#: 4
RT: 0.37 minutes
Start RT: 0.09 minutes
End RT: 0.97 minutes
Component Width: 0.88 minutes
Area 3529941 arbitrary units
Height: 189321 units
Base Peak: 1005.5
Purity 64.60 %

m/z Intensity 
Arb. Units

Relative 
Intensity

Peak Width 
Minutes

Area 
Arb. Units

1 241.1 1349 2.34% 1.37 23256

2 492.4 8374 14.54% 1.03 165060

3 503.5 4861 8.44% 1.03 95800

4 511.2 1156 2.01% 0.75 23264

5 514.5 11872 20.62% 1.16 231286

6 839.1 844 1.47% 0.75 17165

7 983.3 2732 4.74% 0.75 54970

8 983.6 28575 49.62% 0.82 523026

9 984.7 11804 20.50% 1.30 196979

10 985.7 4783 8.31% 0.96 85813

11 986.7 1666 2.89% 0.75 31805

12 987.7 666 1.16% 0.89 12074

13 1005.5 7210 12.52% 0.75 145102

14 1005.5 57583 100.00% 0.68 1077390

15 1007.0 21322 37.03% 0.96 385486

16 1008.0 5156 8.95% 0.75 98937

17 1008.8 2265 3.93% 1.03 40439

Page 1 of 2RemoteAnalyzer Component Report
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Figure 145: 1H NMR of cyclic SGATVVRMY in DMSO-d
6
. 

 

Figure 146: Analytical RP-HPLC of cyclic SGATVVRMY. 
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Figure 147: MS (HM ESI+) of cyclic SGATVVRMY. 

 

A.1.17 Linear SAWTVVRMY 

 

Figure 148: Analytical RP-HPLC of linear SAWTVVRMY. 
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Figure 149: MS (HM ESI+) of linear SAWTVVRMY. 

 

A.1.18 Cyclic SAWTVVRMY 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.84 (s, 1H, Trp ArNH) 9.19 (br.s, 1H, Tyr 

ArOH) 8.45 (br.s, 1H, Ala CONH) 8.24-8.27 (m, 1H, Val CONH 1) 8.13-8.15 (m, 

1H, Trp CONH) 7.87 (d, J=6.4 Hz, 1H, Val CONH 2) 7.50-7.54 (m, 4H, Arg 

CONH, Tyr CONH, Met CONH and Ser CONH) 7.40-7.42 (m, 1H, Arg 

εCH
2
NHCNHNH

2
) 7.36 (d, J=7.9 Hz, 1H, Thr CONH) 7.34 (d, J=7.9 Hz, 1H, Trp 

ε3, ζ2, ζ3 or η2CH) 7.18 (s, 1H, Trp δ1CH) 7.04-7.08 (m, 2H, Trp ε3, ζ2, ζ3 or 

η2CH x2) 6.98-7.01 (m, 1H, Trp ε3, ζ2, ζ3 or η2CH) 6.96 (d, J=8.2 Hz, 2H, Tyr 

εCH (o-OH) x2) 6.64 (d, J=7.9 Hz, 2H, Tyr δCH (m-OH)  x2) 5.18 (br.s, 1H, Thr 

or Ser OH) 4.57 (br.s, 1H, Thr αCH) 4.43-4.48 (m, 1H, Trp αCH) 4.35-4.39 (m, 

1H Ser αCH) 4.23-4.31 (m, 2H, Tyr αCH and Arg αCH) 4.12-4.17 (m, 3H, Ala 

αCH and Thr βCH) 4.08-4.11 (m, 2H, Val αCH 1 and Val αCH 2) 4.00-4.03 (m, 

1H, Met αCH) 3.76-3.83 (m, 1H, Ser βCH x1) 3.63 (m, 4H (overlapped H
2
O), Ser 

βCH) 3.24-3.28 (m, 1H,  Trp βCH
2
 x1) 3.11-3.15 (m, 1H, Tyr βCH

2
 x1) 3.07-3.09 

(m, 1H, Arg δCH
2
) 3.03-3.06 (m, 1H, Tyr βCH

2
 x1) 2.87-2.92 (m, 1H, Trp βCH

2
 

x1) 2.31-2.35 (m, 1H, Met γCH
2
 x1) 2.25-2.28 (m, 1H, Met γCH

2
 x1) 2.14-2.21 

(m, 2H, Val βCH 1 and Val βCH 2) 1.98 (s, 3H, Met CH
3
) 1.72-1.75 (m, 2H, Met 

βCH
2
) 1.66-1.69 (m, 1H, Arg βCH

2
 x1) 1.51-1.54 (m, 1H, Arg βCH

2
 x1) 1.44-1.48 

Peak 1, RT 0.024, Scan 9, NL 3.100E05, MS2 (150:1500) ES+
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(m, 2H, Arg γCH
2
 x2) 1.09 (d, J=7.0 Hz, 3H, Ala CH

3
) 1.06 (d, J=6.1 Hz, Thr CH

3
) 

0.92 (d, J=6.7 Hz, 3H, Val CH
3
 1) 0.88 (d, J=6.7 Hz, Val CH

3
 1) 0.84-0.86 (m, 

7H, Val CH
3
 x2), 85:15 d.r. 

Figure 150: 1H NMR of cyclic SAWTVVRMY in DMSO-d
6
. 

 

 

Figure 151: Analytical RP-HPLC of cyclic SAWTVVRMY. 
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Figure 152: MS (HM ESI+) of cyclic SAWTVVRMY. 

 

A.1.19 Linear AGWTVVRMY 

 

Figure 153: Analytical RP-HPLC of linear AGWTVVRMY. 
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Figure 154: MS (HM ESI+) of linear AGWTVVRMY. 

 

A.1.20 Cyclic AGWTVVRMY 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.83 (s, 1H, Trp ArNH) 9.14 (br.s, 1H, Tyr 

ArOH) 8.24 (d, J=8.2 Hz, 1H, Trp CONH) 8.17 (t, J=5.3 Hz, 1H, Gly CONH) 7.95-

7.99 (m, 3H, Ala CONH and Val CONH 1 and Met CONH) 7.83 (d, J=7.3 Hz, 1H, 

Tyr CONH) 7.71 (d, J=7.9 Hz, 1H, Arg CONH) 7.65-7.68 (m, 2H, Thr CONH and 

Val CONH 2) 7.57 (d, J=7.9 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 7.40 (t, J=5.5 Hz, 

1H, Arg εCH
2
NHCNHNH

2
) 7.31 (d, J=8.2 Hz, 1H, Trp ε3, ζ2, ζ3 or η2CH) 7.16 (s, 

1H, Trp δ1CH) 7.05 (t, J= 7.6, 1H, Trp ε3, ζ2, ζ3 or η2CH) 6.96-6.98 (m, 1H, Trp 

ε3, ζ2, ζ3 or η2CH) 6.91 (d, J=8.2 Hz, 2H, Tyr εCH (o-OH) x2) 6.60 (d, J=8.2 Hz, 

2H, Tyr δCH (m-OH)  x2) 5.51 (br.s, 1H, Thr OH) 4.54-4.57 (m, 1H, Trp αCH) 

4.37 (dd, J=8.2 Hz, 4 Hz, 1H, Thr αCH) 4.24-4.29 (m, 1H, Tyr αCH) 4.18-4.23 

(m, 2H, Ala αCH and Val αCH 2) 4.06-4.11 (m, 3H, Arg αCH, Val αCH 1 and Thr 

βCH) 4.02-4.04 (m, 1H, Met αCH) 3.91 (dd, J=16.3 Hz, 6.3 Hz, 1H, Gly αCH
2
 x1) 

3.52-3.55 (m, 5H (overlapped H
2
O), Gly αCH

2
 x1) 3.23 (dd, J=14.8 Hz, 4.4 Hz, 

1H, Trp βCH
2
 x1) 3.03-3.08 (m, 3H, Trp βCH

2
 x1 and Arg δCH

2
) 2.89 (dd, J=13.9 

Hz, 4.7 Hz, 1H, Tyr βCH
2
 x1) 2.67-2.71 (m, 1H, Tyr βCH

2
 x1) 2.25-2.35 (m, 2H, 

Met γCH
2
 x2) 2.13 (m, 1H, Val βCH 2) 2.01-2.07 (m, 1H, Val βCH 1) 1.98 (s, 3H, 

Met CH
3
) 1.77-1.88 (m, 2H, Met βCH

2
 x2) 1.65-1.71 (m, 1H, Arg βCH

2
 x1) 1.55-

Peak 1, RT 0.016, Scan 6, NL 3.896E05, MS2 (150:1500) ES+
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1.61 (m, 1H, Arg βCH
2
 x1) 1.41-1.48 (m, 2H, Arg γCH

2
) 1.18 (d, J=7 Hz, 3H, Ala 

CH
3
) 0.97 (d, J=6.1 Hz, Thr CH

3
) 0.87 (d, J=6.7 Hz, 4H, Val CH

3
 2) 0.85 (d, J=6.7 

Hz, 4H, Val CH
3
 2) 0.82 (dd, J=6.7 Hz x2, 7H, Val CH

3
 1 x2), 91:9 d.r. 

Figure 155: 1H NMR of cyclic AGWTVVRMY in DMSO-d
6
. 

 

Figure 156: Analytical RP-HPLC of cyclic AGWTVVRMY. 
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Figure 157: MS (HM ESI+) of cyclic AGWTVVRMY. 

 

A.1.21 Linear Scramble CP61 

 

Figure 158: Analytical RP-HPLC of linear Scramble CP61. 
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Figure 159: MS (HM ESI+) of linear Scramble CP61. 

 

A.1.22 Cyclic Scramble CP61 

1H NMR (600 MHz, DMSO-d
6
) δ ppm 10.76 (br.s, 1H, Trp ArNH) 9.17 (br.s, 1H, 

Tyr ArOH) 8.36 (br.d, J=6.1 Hz, 1H, Trp/Tyr CONH 1) 8.28 (br.s, 1H, Gly CONH) 

8.18-8.22 (m, 2H, Val CONH 2) 7.95-8.01 (m, 2H, Val CONH 1 and Met CONH) 

7.87-7.91 (m, 4H, Trp/Tyr CONH 2, Ser CONH, Thr CONH and Arg CONH) 7.43-

7.46 (m, 2H, Arg εCH
2
NHCNHNH

2
 and Trp ε3, ζ2, ζ3 or η2CH) 7.31 (d, J = 8.2, 

1H, Trp ε3, ζ2, ζ3 or η2CH) 7.04-7.07 (m, 3H, Trp ε3, ζ2, ζ3 or η2CH and Tyr 

εCH (o-OH) x2) 7.01 (br.s, 1H, Trp δ1CH) 6.97 (t (dd), J = 7.3 Hz, 1H, Trp ε3, ζ2, 

ζ3 or η2CH) 6.68 (d, J= 7.9 Hz, 2H, Tyr δCH (m-OH)  x2) 5.10 (br.s, 1H, Ser/Thr 

OH) 4.55-4.60 (m, 1H, Trp/Tyr αCH 2) 4.40-4.45 (m, 1H, Trp/Tyr αCH 1) 4.35-

4.38 (m, 1H, Met αCH) 4.24-4.32 (m, 2H, Ser αCH and Arg αCH) 4.19-4.22 (m, 

1H, Thr αCH) 4.08-4.12 (m, 1H, Thr βCH) 4.02-4.06 (m, 1H, Val αCH 2) 3.94 

(br.t (dd), J = 8.4, 1H Val αCH 1) 3.84 (br.dd, J = 15.6, 4.0, 1H, Gly αCH
2
 x1) 

3.68-3.73 (m, 1H, Ser βCH
2
 x1) 3.52-3.56 (m, 5H (overlapped H

2
O), Gly αCH

2
 x1 

and Ser βCH
2
 x1) 3.02-3.11 (m, 2H, Arg δCH

2
 x2) 2.94-3.01 (m, 2H, Trp/Tyr 

βCH
2
 1 x1 and Trp/Tyr βCH

2
 2 x1) 2.80-2.84 (m, 1H, Trp/Tyr βCH

2
 2 x1) 2.69-

2.73 (dq, J = 13.3, 6.6, 1H, Trp/Tyr βCH 1 x1) 2.41-2.48 (m, 3H, Met ϒCH
2
 x2) 

2.01-2.11 (m, 7H, Met CH
3
, Met βCH

2
 x1, Val βCH 1 and Val βCH 2) 1.91-1.98 

(m, 1H, Met βCH
2
 x1) 1.75-1.81 (m, 1H, Arg βCH

2
 x1) 1.60-1.67 (m, 1H, Arg 

βCH
2
 x1) 1.44-1.54 (m, 2H, Arg γCH

2
 x2) 1.06 (d, J=6.1 Hz, 4H, Thr CH

3
) 0.84-

0.86 (m, 8H, Val CH
3  

1 x 1 and Val CH
3  

2 x1) 0.78-0.81 (m, 8H, Val CH
3  

1 x1 

and Val CH
3  

2 x1). 100:0 d.r. 

Component Report        

Component Report 
 

 
Peak Detection Results 
 

ID: 1
Reference ID: 71657
Scan#: 4
RT: 0.37 minutes
Start RT: 0.10 minutes
End RT: 1.13 minutes
Component Width: 1.03 minutes
Area 1201522 arbitrary units
Height: 57402 units
Base Peak: 241.1
Purity 37.41 %

m/z Intensity 
Arb. Units

Relative 
Intensity

Peak Width 
Minutes

Area 
Arb. Units

1 160.1 118 1.55% 0.96 2342

2 162.1 643 8.40% 0.75 13071

3 170.1 248 3.24% 0.75 4926

4 171.2 78 1.02% 0.68 1447

5 172.2 357 4.66% 1.16 7424

6 173.1 786 10.26% 1.16 16632

7 174.2 112 1.47% 0.75 2298

8 178.2 92 1.20% 1.91 2171

9 182.2 97 1.27% 0.75 2723

10 187.3 285 3.72% 0.82 5798

11 190.1 234 3.05% 0.62 4569

12 200.0 243 3.17% 1.09 5045

13 203.1 2722 35.54% 1.30 50739

14 204.2 151 1.98% 0.75 3007

15 210.1 77 1.01% 0.68 2008

16 214.0 207 2.70% 1.64 12510

17 216.1 276 3.61% 1.50 7485

Page 1 of 5RemoteAnalyzer Component Report
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Figure 160: 1H NMR of cyclic Scramble CP61 in DMSO-d
6
. 

 

 

 

Figure 161: Analytical RP-HPLC of cyclic Scramble CP61. 
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Figure 162: MS (HM ESI+) of cyclic Scramble CP61. 

 

Component Report        

Component Report 
 

 
Peak Detection Results 
 

ID: 1
Reference ID: 158178
Scan#: 4
RT: 0.37 minutes
Start RT: 0.09 minutes
End RT: 1.11 minutes
Component Width: 1.02 minutes
Area 937759 arbitrary units
Height: 45544 units
Base Peak: 1080.7
Purity 29.54 %

m/z Intensity 
Arb. Units

Relative 
Intensity

Peak Width 
Minutes

Area 
Arb. Units

1 151.3 236 1.51% 0.75 4729

2 152.2 318 2.03% 0.96 5366

3 160.1 192 1.23% 1.16 5053

4 162.1 307 1.96% 0.68 5919

5 163.2 673 4.30% 0.82 21200

6 164.2 255 1.63% 1.30 7204

7 170.1 238 1.52% 0.75 4747

8 173.1 680 4.35% 0.89 13478

9 176.1 239 1.53% 1.09 4927

10 187.1 238 1.52% 1.50 4567

11 189.1 917 5.87% 1.09 18263

12 190.1 516 3.30% 0.68 10100

13 203.2 157 1.00% 1.02 3875

14 216.1 220 1.41% 1.02 4744

15 217.1 750 4.79% 0.96 15208

16 226.3 185 1.18% 0.75 3815

17 229.2 488 3.12% 1.64 27742

Page 1 of 2RemoteAnalyzer Component Report

17/06/2015http://152.78.196.118/RemoteAnalyzer/resultscomponentprint.aspx?id=052AA8CFB4...
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Appendix B Chapter 3: Development of in 
vitro assays to test the activity of inhibitors 
of CtBP1 

 

B.1 FRET assay with NADH to measure NADH binding to 
His-CtBP1 FL 

 

A

 

B

 

Figure 163: Repeats of FRET of NADH binding to His-CtBP1 FL (Figure 17). Change in 

fluorescence (dF) versus total [NADH] is plotted. dF = (F at x NADH) – (F at 0 NADH). 

Error bars represent standard deviation (s.d) of three replicates at each NADH 

concentration. 
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B.2 Optimisation of the Dehydrogenase Assay 

A 

 

B 

 

  

Figure 164: Repeats of Dehydrogenase activity of CtBP1 FL at various MTOB 

concentrations ( 

Figure 23). The CtBP1 FL concentration was 0.775 μM (37.5 μg/ml) and the starting 

NADH concentration was 75 μM.  

 

A 

 

 

Figure 165:Repeat of Dehydrogenase activity of CtBP1 FL at various NADH 

concentrations (Figure 24). The CtBP1 FL concentration was 0.775 μM and the starting 

MTOB concentration was 25 μM.  
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B.3 Development of a Thermal Shift Assay 

B.3.1 Use of the thermal shift assay to investigate the binding of 

NADH to His-CtBP1 (28-353) 

 

A 

 

B 

 

Figure 166: Repeats of Thermal shift of CtBP1 (28-353) with NADH (Figure 46). A) and 

B) First derivative plots representative of one experiment.  
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B.3.2 Use of the thermal shift assay to investigate the binding of 

CP61 to His-CtBP1 (28-353) 

 

A 

 

B 

 

C 

 

D 

 

Figure 167: Repeats of First derivative thermal shift plots for CtBP1 (28-353) binding to 

CP61 at various NADH concentrations (Figure 52). A) and C) 0 μM CP61, B) and D) 

500 μM CP61.  
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Appendix C Chapter 4: Alanine Scanning of 
CP61 to identify the active motif of the 
peptide 

 

C.1 Screening of SICLOPPS generated alanine analogues 
of CP61 for their ability to inhibit CtBP1 and CtBP2 
homo-dimerisation 

 

 

 

Figure 168: Repeat of Alanine scanning of CP61 using the RTHS (Figure 63). SNS118 

CtBP1 and SNS118 CtBP2 with the alanine analogue pARCBD plasmids were drop-

spotted on minimal media. All plates contained 25 μg/ml kanamycin and 2.5 mM 3-AT. 
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Figure 169: Repeat of Alanine scanning of CP61 using the RTHS (Figure 63). SNS118 

CtBP1 and SNS118 CtBP2 with the alanine analogue pARCBD plasmids were drop-

spotted on minimal media. All plates contained 25 μg/ml kanamycin and 2.5 mM 3-AT. 
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Figure 170: Repeat of Alanine scanning of CP61 with a control RTHS (Figure 64). 

SNS118 ATIC (left) with the alanine analogue pARCBD plasmids was drop-spotted on 

minimal media. All plates contained 50 μg/ml kanamycin and 5 mM 3-AT. 
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Figure 171: Repeat of Alanine scanning of CP61 with a control RTHS (Figure 64). 

SNS118 ATIC (left) with the alanine analogue pARCBD plasmids was drop-spotted on 

minimal media. All plates contained 50 μg/ml kanamycin and 5 mM 3-AT.
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Appendix D Chapter 6: Investigations into the 
properties of CtBP1using mutant forms of 
His-CtBP1 (28-353) 

 

D.1 FRET Assay with His-CtBP1 (28-353) Dim2mut 

A

 

B

 

Figure 172: Repeats of FRET of NADH binding to His-CtBP1 (28-353) Dim2mut and WT 

(Figure 88). A) and B) Change in fluorescence (dF) versus total [NADH] is plotted. dF = 

(F at x NADH) – (F at 0 NADH). error bars represent standard deviation (s.d) of three 

replicates at each NADH concentration. 
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D.2 Thermal Shift Experiments with His-CtBP1(28-353) 
Dim2mut 

D.2.1 Binding of NADH to His-CtBP1 (28-353) Dim2mut 

A 

 

B 

 

Figure 173: Repeats of Thermal shift of NADH binding to His-CtBP1 (28-353) Dim2mut 

(Figure 90). A) and B) Representative first derivative thermal denaturation plots.  
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D.2.2 Binding of CP61 to His-CtBP1 (28-353) Dim2mut 

A

 

 

B 

 

C 

 

D 

 

Figure 174: Repeats of Thermal shift of His-CtBP1 (28-353) Dim2mut binding to CP61 

(Figure 91). A) and C) First derivative thermal denaturation plots at 0 μM NADH, B) and 

D) First derivative thermal denaturation plots at 400 μM NADH. 
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D.3 Investigating whether CP61 competes with MTOB 

D.3.1 Binding of NADH to His-CtBP1 (28-353) Cat mut 

A 

 

B 

 

Figure 175: Repeats of Thermal shift of NADH binding to His-CtBP1 (28-353) Cat mut 

(Figure 96). A) and B) Representative first derivative thermal denaturation plots. 
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B 

 

Figure 176: Repeats of FRET of NADH binding to His-CtBP1 (28-353) Catmut and WT 

(Figure 97). A) and B) Change in fluorescence (dF) versus total [NADH] is plotted. dF = 

(F at x NADH) – (F at 0 NADH). Error bars represent standard deviation (s.d) of three 

replicates at each NADH concentration. 
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D.3.2 Binding of MTOB to His-CtBP1 (28-353) Cat mut 

A 

 

 

B 

 

 

Figure 177: Repeats of Thermal shift of MTOB binding to His-CtBP1 (28-353) Cat mut 

(Figure 98). A) First derivative thermal denaturation plots at 0 μM NADH, B) First 

derivative thermal denaturation plots at 30 μM NADH. 
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D.3.3 Binding of CP61 to His-CtBP1 (28-353) Cat mut 

A

 

 

B 

 

 

C 

 

 

D 

 

Figure 178: Repeats of Thermal shift of His-CtBP1 (28-353) Cat mut binding to CP61 

(Figure 99). A) and C) First derivative thermal denaturation plots at 0 μM NADH, B) and 

D) First derivative thermal denaturation plots at 10 μM NADH. 
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D.3.4 Binding of NAD+ to His-CtBP1 (28-353) 

A 

 

B 

 

Figure 179: Repeats of Thermal shift assay for NAD+ binding to CtBP1 (28-353) (Figure 

100). A) and B) Representative first derivative thermal denaturation plots of CtBP1 (28-

353) at various concentrations of NAD+. 
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D.3.5 Binding of MTOB to His-CtBP1 (28-353) 

A 

 

B 

 

 

C 

 

 

D 

 

Figure 180: Repeats of Thermal shift assay of CtBP1 (28-353) with NAD+ and MTOB 

binding (Figure 101). A) and C) Representative first derivative thermal denaturation 

plots of CtBP1 (28-353) at various concentrations of MTOB and 0 μM NAD+. B) and D) 

Representative first derivative thermal denaturation plots of CtBP1 (28-353) at various 

concentrations of MTOB and 30 μM NAD+. 
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D.3.6 Competition between MTOB and CP61 
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D 

 

E 

 

F 

 

 

Figure 181: Repeats of Thermal shift assay of His-CtBP1 (28-353) with NAD+, MTOB and 

CP61 binding (Figure 102). A) and D) Representative first derivative thermal 

denaturation plots of His-CtBP1 (28-353) 0 mM and 5 mM MTOB and 0 μM and 500 μM 

CP61 with 0 μM NAD+. B) and E) Representative first derivative thermal denaturation 

plots of His-CtBP1 (28-353) 0 mM and 5 mM MTOB and 0 μM and 500 μM CP61 with 10 

μM NAD+. C) and F) Representative first derivative thermal denaturation plots of His- 

CtBP1 (28-353) 0 mM and 5 mM MTOB and 0 μM and 500 μM CP61 with 30 μM NAD+. 
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A 
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D 

 

Figure 182: Repeats of Thermal shift assay of His-CtBP1 (28-353) with NAD+, MTOB and 

CP61 binding (Figure 103). A) and C) Representative first derivative thermal 

denaturation plots of His-CtBP1 (28-353). 0 mM, 1mM and 5 mM MTOB and 0 μM and 

500 μM CP61 with 10 μM NAD+. B) and D) Representative first derivative thermal 

denaturation plots of His-CtBP1 (28-353) 0 mM, 1 mM and 5 mM MTOB and 0 μM and 

500 μM CP61 with 30 μM NAD+. 
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