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Aberrant expression of the B-cell lymphoma 6 (BCL6) oncoprotein has been
associated with a large percentage of diffuse large B-cell lymphoma cases, the
most common subset of Non-Hodgkin’s lymphoma. With cancers of this type
highly dependent upon combination therapy, there is much desire to find more
bioavailable and less cytotoxic treatment options than the current ‘gold’ standard.
Here, homo- and heterodimeric protein-protein interaction inhibitors of the Nterminal Bric-a-brac tramtrack broad-complex (BTB) domain of BCL6 have been
identified. This was achieved by combining a bacterial reverse two-hybrid system
with a split intein based methodology to screen libraries of backbone cyclic
peptides.
A bacterial reverse two-hybrid system for BTB homodimerisation was constructed,
alongside two heterodimeric systems targeting the BCL6 and silencing mediator of
retinoic acid and thyroid receptor corepressors. From these three systems a series
of cyclic peptide sequences were identified that were found to exhibit inhibitory
activity. These cyclic peptides were subsequently synthesised by solid phase
peptide synthesis and their activity assessed using a range of in vitro based
assays.
This research has resulted in the identification of one active cyclic peptide with mid
micromolar affinity that has the propensity to disrupt BTB homodimerisation. In
contrast, a number of active cyclic peptide inhibitors have been discovered against
BTB heterodimerisation with the most potent inhibitors demonstrating corepressor
specific activity despite a conserved binding site. These peptides provide a
foundation for the future design of more potent inhibitors against BCL6.
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The immune response

Chapter 1: Introduction
1.1

The immune response

The mammalian immune system is a multi-layered defence mechanism critical for
a host’s survival against not only invading pathogenic microorganisms, but is also
responsible for eliminating toxins, allergens and keeping commensal bacteria in
check.1 In order to successfully mount an effective response the immune system
must be able to distinguish host cells from exogenous threats to avoid destroying
host tissue and commensal microbes. The ability for the immune system to
discriminate ‘self from non-self’ is achieved through recognition of unique
signature molecules expressed by these pathogens, toxins and allergens.
Recognition of these molecules occurs by two general mechanisms. The first is
present from birth and involves genes encoded by the host’s germ line; this type of
‘innate’ immune response exhibits a broad range of specificity towards pathogens
and does not require any previous exposure. The second mechanism generates
‘adaptive’ immune responses through somatic gene rearrangements that produce
specialised cells that bind to a pathogen with exquisite specificity.2
1.1.1

Innate immunity

Innate immunity is generally considered to be the host’s first line of defence and
comprises a number of protective components. These include mechanical barriers
such as the mucous epithelial membranes present at gastrointestinal, respiratory
and urinary tracts and the cilia present at these membranes that allow foreign
particles to be continuously removed.1 There are also a number of antimicrobial
peptides such as the defensins and cathelicidins 3 and complement cascade
proteins that can activate pathways in innate immunity resulting in phagocytosis by
opsonisation.4, 5, 6 Lastly, the innate immune system contains leukocytes such as
neutrophils and macrophages commonly known as antigen presenting cells (APC)
that can bind to pathogen associated molecular patterns (PAMPs) expressed on
the surface of invading microbes, which allows them to be internalised and
destroyed by phagocytosis. There are a number of different subsets of leukocytes
but they are all derived from a common hematopoietic stem cell found in the bone
marrow.7
1
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1.1.2

Adaptive immunity

In contrast, adaptive immune responses involve specialised cells that can have
unique specificity for an individual pathogen and are largely comprised of T
(thymus)- and B (bursa)-cells from the lymphoid lineage. T-cells have a unique
phenotype in that they express a heterodimeric T-cell receptor (TCR) on their
surface that binds intracellular antigens displayed by APCs through association
with the major histocompatibility complex (MHC).8 When naive T-cells come into
contact with an antigen:MHC complex they can differentiate into T-lymphocyte
subpopulations termed clusters of differentiation (CD), this includes the cytotoxic
CD8+ and effector CD4+ cells.9 CD4+ can further differentiate upon exposure to
antigen, into effector T-helper (TH) cell populations, which include TH1 and TH2 and
can be distinguished by their cytokine secreting profiles. For example, TH1 cells
secrete interferon-γ and tumour necrosis factor-β that can result in macrophage
activation. Conversely TH2 profiles secrete a combination of interleukin-4 (IL), IL-5,
IL-9, IL-10 and IL-13 cytokines and play an important role in the activation,
proliferation and differentiation of B-cells.10, 11, 12
The second subpopulation of lymphocyte, the B-cell, is responsible for
extracellular humoral immune defences through secretion of specialised
immunoglobulin (Ig) molecules. These molecules can combat invading pathogens
by opsonisation, complement activation and antibody neutralisation. Prior to
secretion of Ig molecules, B-cells must first undergo a rigorous developmental
process. Early B-cell development begins in the bone marrow and involves the
differentiation of a pro-B-cell to a pre-B-cell and finally into an immature-B-cell.13
During these stages of development, surface Ig undergo rearrangements at the
heavy and light chain loci mediated by recombination activating genes 1 and 2
(RAG1/RAG2).14, 15 This results in the generation of mature B-cell receptors
(BCR) at the surface, capable of recognising and binding to an antigen. It has
been reported that approximately 55-75% of immature-B-cells expressing mature
BCR are self-reactive at this stage and must undergo further selection by receptor
editing, or removed by apoptosis.16 The remaining immature B-cells, not
expressing self-reactive BCR, traverse the bone marrow and enter the secondary
lymphoid periphery where they undergo further differentiation to generate mature
naïve B-cells. Upon association with T-cells expressing antigen, B-cells become
activated, move to follicular sites and undergo mass proliferation through the
2
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germinal centre (GC) reaction17, a process that is tightly regulated by the B-cell
lymphoma 6 (BCL6), transcription factor.
1.1.3

The germinal centre and BCL6

The GC is a dynamic site located within B-cell follicles of secondary lymphoid
tissues, where antigen activated B-cells can undergo mass proliferation, resulting
in Ig affinity maturation.18 The GC is compartmentalised into two distinct regions,
the ‘dark zone’ and the ‘light zone’, distinguished by their histological appearance,
chemokine abundance and interacting processes (Figure 1). B-cells initially
traverse the ‘dark zone’ where they are termed centroblasts (CB) and undergo
intense proliferation and genetic alterations via somatic hypermutation (SHM) of
the Ig variable region to diversify the B-cell repertoire.19, 20 SHM requires the
enzyme, activation-induced cytidine deaminase (AID), that can convert
cytosine:guanine base pairing to uracil:guanine mismatches by deamination.21
These mismatches are excised from DNA with uracil-DNA glycosylase (UNG), and
the resulting DNA corrected with polymerases, thus introducing random mutations
into the Ig variable areas.22 CB having undergone proliferation and SHM resulting
in enhanced specificity for the target antigen can differentiate into centrocytes
(CC) and migrate to the ‘light zone’ of the GC via chemotaxis.
Production of CC with reduced affinity for the target antigen induce apoptosis at
this stage, whilst the remaining CC enter the ‘light zone’ and interact with follicular
dendritic cells (FDC) and follicular T-helper cells (TFH) to further enhance the
selectivity for antibody-antigen interactions. Following these rounds of selection,
CC can further differentiate into memory B-cells or undergo class-switch
recombination (CSR) with the help of AID to generate plasmablasts that can then
leave the GC as plasma cells.23 CSR is the second mutational based process that
occurs in the GC and involves the modification of the heavy chain of the IgD and
IgM molecules to IgA, IgE or IgG enhancing the effector functions, thus altering the
affinity for antigen binding to antibody. Whilst it is evident that B-cells traversing
the GC are fundamental in eliciting an effective immune response, they have also
been recognised as the main source of B-cells driving lymphomagenesis.24
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Figure 1: Overview of the B-cell affinity maturation process that occurs in the secondary
lymphoid organs. (A) When mature naïve B-cells come into contact with an antigen they
move to B-cell follicles and enter a specialised site known as the germinal centre (GC).
(B) B-cells entering the GC first traverse the ‘dark zone’ termed centroblasts (CB) where
they undergo intense proliferation and somatic hypermutation (SHM) processes. The CB
can then differentiate into centrocytes (CC) and migrate to the ‘light zone’ by chemotaxis.
(C) Once in the ‘light zone’ the CC interacts with follicular dentritic cells (FDC) and T-cells
that help to enhance the antigen-antibody affinity through a selection based process. (D)
Once the CC undergoes selection they can terminally differentiate and leave the GC as
one of three phenotypes. Firstly if the CC fails to enhance the antibody-antigen affinity
then apoptosis will be induced. Secondly a subset of CC can undergo class-switching
recombination (CSR) and differentiate into plasma cells secreting antibody. The final
phenotype involves the differentiation of CC to produce memory B-cells.

Evidence suggests that the BCL6 transcription factor, originally discovered
because of the involvement of the BCL6 proto-oncogene in chromosomal
translocations (3q27 band) resulting in diffuse large B-cell lymphoma (DLBCL)25,
26

, is crucial to the regulation and maintenance of the GC. The implication of the

BCL6 gene in driving DLBCL, the most common subset of Non-Hodgkin’s
lymphoma (NHL), has made BCL6 an increasingly attractive target over the past
two decades.27, 28, 29 BCL6 has been found to be specifically expressed in CB and
CC B-cells within the GC but could not be detected in high quantities from naïve Bcells and terminally differentiated plasma or memory B-cells that have exited the
GC.30, 31 Transgenic mice studies have shown that deregulation of BCL6 resulted
in enhanced GC formation, whilst mice deficient in the BCL6 protein could not
produce a GC and therefore failed to produce affinity matured B-cells.32, 33 During
normal function, BCL6 is up regulated by interferon regulatory factor-8 (IRF8)34
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aiding formation of the CB phenotype. This up-regulation results in direct
repression of a plethora of critical DNA damage response and cell cycle
checkpoint genes (Figure 3) including the ataxia telangiectasia and rad3 related
(ATR), p53, checkpoint kinase 1 (CHK1) and cyclin dependent kinase (CDKN)
genes. 35, 36, 37, 38 These genes are normally expressed in response to genotoxic
stress; however, their repression allows the proliferating CB to undergo SHM and
CSR processes highlighting the direct involvement of BCL6 in sustaining the GC.
BCL6 activation also represses B-lymphocyte-induced maturation protein 1
(BLIMP1) resulting in inhibition of terminal differentiation of plasma and memory Bcells.39 If aberrant expression occurs and BCL6 remains constitutively activated
through chromosomal translocation and point mutations in the BCL6 gene, the CB
will continue to rapidly proliferate resulting in the onset of DLBCL (Figure 2).
BCL6 Downregulation
Memory B cells
Plasmocytes

BCL6 downregulation

Programmed Apoptosis
Somatic hypermutation
Isotype switching

Antigen
B-cell

Normal Function
BCL6 Activation

BCL6 Activation

ATR

CHK1

p53

CDKN1A

Ig Hypermutation
Ig Class switching

DLBCL

Lymphomagenic function
Survival and proliferation

Figure 2: The importance of BCL6 in the formation and maintenance of the GC. BCL6
represses the damage response and cell checkpoint pathway, which in turn facilitates
clonal expansion and survival of B-cells despite continuous hypermutation and
recombination events. BCL6 downregulation is crucial for B-cells to exit the GC and
differentiate into memory B-cells, plasma cells and also permits apoptosis of mutated
centrocytes. Aberrant expression of BCL6 can however, result in uncontrollable
proliferation and survival of B-cells followed by the onset of DLBCL

During the transition of the CB to the ‘light zone’ the CC will come into contact with
T-cells expressing the co-stimulatory CD40 ligand. CD40 activation can
transcriptionally silence BCL6 by disrupting the BCL6 repressive complex through
5

The BCL6 protein
nuclear factor kappa-light-chain-enhancer of activated B-cell (NFκB) facilitated
IRF4 signalling (Figure 3).40 In addition, BCL6 can also be post-transcriptionally
inhibited through BCR signalling and acetylation.41 BCL6 must be downregulated
and the target genes reactivated for successful affinity maturation.

CD40
NFκB
IRF8

IRF4

BCR and acetylation

BCL6
BLIMP1

CHK1 and CDKN1A
ATR and p53

Figure 3: Brief overview of the biological function and regulation of BCL6 and genes
important to GC function. Activation of BCL6 by IRF8 drives the CB proliferating
phenotype by permitting SHM and CSR processes. To achieve this BCL6 can directly
repressing a cohort of genes that are involved in plasma-cell-differentiation (BLIMP1),
genotoxic stress (ATR and p53) and cell cycle control (CHK1 and CDKN1A). Down
regulation of BCL6 can be achieved by transcriptional silencing through CD40 and NFkB
mediated IRF4 signalling, and post-transcriptionally by BCR signalling or acetylation and
is critical for terminal differentiation of GC B-cells.

1.2
1.2.1

The BCL6 protein
Structure of the BCL6 protein

The BCL6 proto-oncogene present on chromosome 3q27 was originally
discovered in 1993, and found to encode a 706 amino acid (79 kDa) zinc finger
(Znf) transcription factor, which is comprised of three distinct domains (Figure 4).25
The C-terminal domain of BCL6 (residues 518-681) contains six classical
Cys(2)His(2) (C2H2) Znf motifs that can make tandem contacts and bind to
specific DNA sequences in the major groove of DNA.42, 43 The central repressor
domain 2 (RD2) region of BCL6 (residues 130-386) is largely unstructured and
contains three PEST motifs that contribute to the overall activity and instability of
the protein by acting as signalling peptides for protein degradation.44 In addition,
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the PEST region also contains a KKYK motif that can be acetylated by the p300
protein downregulating BCL6 activity.41 This central region can also exclusively
recruit the co-repressor, metastatic tumour antigen 3 (MTA3) and regulate a
subset of genes involved in plasma cell differentiation.45, 46 The N-terminal bric-abrac, tramtrack and broad-complex (BTB) domain (residues 5-129) plays a
fundamental role in the activity of BCL6 by mediating obligate homodimerisation
and subsequently recruiting co-repressor molecules. BCL6 is also capable of
heterodimerisation with additional BTB Znf family proteins, promyelocytic
leukaemia zinc finger (PLZF) and myc interacting zinc finger protein 1 (Miz-1).47, 37
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RD2
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386
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706

1
N-terminal

300 PEST 417

C-terminal

Figure 4: Graphical representation of the BCL6 protein (red). The three functional domains
of the protein have been highlighted. The C-terminal domain contains six C2H2 ZnF (518681, green). The central region contains three PEST domains (300-417, dark green) that
overlap with a central repression domain (191-386 light green). The N-terminal contains
the BTB domain (5-129, blue) that mediates homo- and heterodimerisation with Znf
proteins.

1.2.2

BCL6 BTB homodimerisation

BCL6 can facilitate repression by direct recruitment of class I and II histone
deacetylase (HDAC) complexes.48 However, the majority of repression is
mediated through BTB homodimerisation and is an architectural requirement,
critical for normal repressor functions. Upon dimerisation each BTB monomer
forms a tight intertwined butterfly like homodimer whereby approximately a quarter
of the monomer surface is masked upon dimer formation.49 The only prerequisite
for the correct folding of the BTB domain of BCL6 is homodimerisation and the
interaction is therefore obligate in nature, with an immeasurable affinity.
Dimerisation generates a symmetrical binding site at the interface of the two
domains known as the lateral groove. This groove creates a docking site that
allows specific binding of three co-repressor proteins, nuclear-receptor corepressor 1 (NCoR1), silencing mediator for retinoid and thyroid receptor (SMRT)
and BCL6-co-repressor (BCoR) to bind exclusively.50, 51, 52, 53 Full length NCoR154
and SMRT55 are large (274 kDa) proteins and have been reported to have an
overall similar sequence homology.56 Despite a lack of sequence homology to
7
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BCoR, all three of these co-repressors can bind to the exposed lateral grove of the
BTB homodimer in a mutually exclusive manner across a 17 amino acid BCL6
binding domain (BBD).57, 58 The SMRT and NCoR1 BBD share a 70% sequence
homology, whilst the BCoR BBD possesses a different sequence (Table 1).
NCoR11340-1356

GITTIKEMGRSIHEIPR

SMRT1414-1430

LVATVKEAGRSIHEIPR

BCoR498-514

RSEIISTAPSSWVVPGP

Table 1: The 17 amino acid BBD sequences of the NCoR1, SMRT and BCoR corepressor proteins. NCoR and SMRT show a sequence homology of 70% (blue residues)
and a conserved alanine between SMRT and BCoR (yellow). Similar residues have been
highlighted in green. Despite these differences all three co-repressors can bind to the
lateral groove of the BTB homodimer in a mutually exclusive manner and mediate
transcriptional repression.

All three co-repressors bind to the BBD by making multiple conserved polar
contacts and a number of co-repressor specific interactions with the BTB domain.
Crystal structure and biophysical analysis revealed that SMRT, NCoR1 and BCoR
can bind in a 2:2 complex with the BTB homodimer along each side of the
interface, yet only one corepressor could be bound to one BBD (Figure 5).57, 58
Interestingly, the residues that form the BBD motif of BCL6 are not conserved
among other BTB domain proteins. In addition, the co-repressor interactions are
unique among the BTB domains of BCL6 and do not bind to any other BTB-Znf
proteins.

Figure 5: Crystal structure of the BCL6 BTB homodimer (monomers in green and cyan) in
complex with SMRT (red) at the BBD. PDB: 1R2B.57
8
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1.3

BCL6 Transcriptional repression

The regulation of BCL6 transcriptional repression is largely mediated by multicomplex histone acetyltransferases (HATs) and HDACs. Histone acetylation and
deacetylation involves the addition or removal of an acetyl group on lysine
residues within the N-terminal ends of histone cores, altering the overall charge of
the histone tail. Briefly, transcriptional activation is normally associated with high
levels of lysine acetylation; this results in the neutralisation of positively charged
lysine residues with HATs, weakening the affinity for histone tails to bind to DNA,
thus relaxing the chromatin. This results in the DNA being more accessible to
transcription factors, enhancing transcriptional activation.59, 60 In contrast,
transcriptional repression is mediated by the removal of the acetyl cap by HDACs
that re-establish the positively charged state of the lysine residues, increasing the
affinity for histone tails to bind to DNA, thus closing the chromatin. This results in
the DNA being less accessible to transcription factors and gene silencing.61, 62
BCL6 mediated repression of target genes occurs in a similar manner, either
through direct recruitment of HDAC complexes, or indirectly through BTB
mediated recruitment of SMRT, NCoR1 and BCoR.52 SMRT/NCoR1 has been
associated with multiple transcriptional regulatory components and can form stable
complex structures with HDAC3, transducing β-like protein 1 (TBL1), TBL1-related
protein (TBLR1) and G protein pathway suppressor 2 (GPS2) to mediate
transcriptional repression of its target genes.63, 64, 65 TBL1 and TBLR1 both interact
directly with SMRT/NCoR but not with HDAC3 and are thus not required for
enzymatic activity. However, one study has shown that TBL1 and TBLR1 can
mediate proteasome-dependent degradation of SMRT/NCoR1 and can alleviate
the repressive capabilities.66 Interaction of the corepressors/HDAC3 complex with
GPS2 is essential for the inhibition of the jun-amino terminal kinase (JNK) pathway
of genes.67 In addition to this, a number of other HDACs (including 1, 4, 7 and 9)
as well as the transcriptional regulatory protein sin3 have been shown to interact
with the corepressor proteins (Figure 6).68, 69 With a multitude of different
transcriptional regulatory complexes at its disposal, it is unsurprising that BCL6
has been reported to regulate 485 target genes highlighting the central importance
of this protein.70
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Figure 6: Graphical representation of a transcriptional regulatory complex mediated by
BTB homodimerisation. BTB homodimerisation creates a lateral groove-docking site
whereby the SMRT corepressor complex binds, resulting in the subsequent recruitment of
regulatory proteins sin3 and different classes of HDACs that leads to downstream
repression of BCL6 target genes.

1.4

Importance and therapeutic exploitation of BCL6

BCL6 has a multitude of functions leading to both positive and detrimental
outcomes, on one side, the BCL6 protein is critical for normal function that
involves GC formation and repression of genes that would prevent AID mediated
SHM and CSR B-cell processes. However, BCL6 can become constitutively
expressed through point mutations in the BCL6 gene or through chromosomal
translocations in the 3q27 band.25 This can lead to the prolonged exposure of the
unstable genomic phenotype and the continued activation of AID processes within
the GC that can drive lymphomagenesis.
The most common type of malignancy associated with BCL6 is DLBCL. Extensive
research into BCL6 is still on going in an attempt to identify novel strategies to
effectively target DLBCL and establish durable remission. DLBCL is an aggressive
malignancy of matured B-cells and the most common sub-type of NHL, with an
annual incidence rate of 25,000 cases that accounts for approximately 40% of all
cases of NHL.71 There are two main biologically distinct types of DLBCL, germinal
centre B-cell-like (GCB) and activated B-cell-like (ABC). GCB DLBCL is the most
common type and is characterised by the high expression levels of BCL6. ABC
DLBCL is linked to the later stages of B-cell differentiation and has resulted in a
poorer outcome when treated with conventional chemotherapeutic agents.71 To
date, a number of promising therapeutic strategies have been identified but have
failed to yield an effective therapeutic agent. The most effective treatment regimen
currently available involves a combination of chemotherapeutic agents
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Cyclophosphamide, Hydroxydaunomycin, Oncovin and Prednisolone (CHOP).72
CHOP has been used in conjunction with the monoclonal antibody rituximab (R) to
make R-CHOP the current ‘gold’ standard treatment for aggressive lymphoma
which has achieved only a 40% durable remission rate.73 R-CHOP based
therapies are also cytotoxic, with increased risk towards immunocompromised
lymphoma patients, thus developing novels strategies to improve survival rates is
essential.
Aberrant expression of BCL6 drives the lymphomagenic nature of DLBCL, which is
dependent upon BCL6 for its continued proliferation and survival. There are two
therapeutically important domains that can be targeted within BCL6, the RD2
domain and the BTB domain. One study has shown that disruption of the RD2MTA3 complex re-activated genes such as BLIMP-1 involved in terminal plasma
differentiation but did not exhibit potent activity against DLBCL.45, 46 A potentially
powerful approach to inhibiting BCL6 function in malignant cells is to therefore
target the protein-protein interactions (PPI) associated with the N-terminal BTB
domain, allowing other domains of BCL6 to remain active.70 This is particularly
important, because BCL6 has been reported to mediate the development of TFH
cells within the GC, and it is likely that completely abrogating BCL6 activity would
result in immunocompromised individuals at a significantly greater risk of infection
due to the loss of B- and T-cell function.74 In a recent study, genetic BCL6
alterations were introduced into mice that prevented co-repressors from binding to
the BTB domain, and the mice were found to be incapable of generating mature Bcells due to the inability to generate a GC. However, the mice were still able to live
a healthy life with no inflammation, as BTB disruption had no detrimental effect on
TFH function compared to BCL6 null mice.75 From these studies, the BTB domain
and co-repressor interactions have thus been highlighted as the most feasible
targets for therapeutic intervention.

1.5

Therapeutic intervention of BCL6

Over the past decade a number of different strategies have been employed to
target the BTB domain and corepressor interactions of BCL6. It is well established
that BCL6 recruits corepressor proteins that exist in multi-complex structures with
HDACs; therefore one such approach involves the therapeutic targeting of
HDACs. There are a number of HDAC inhibitors available, such as the archetypal
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Trichostatin A (TSA) that has been shown to cause an accumulation of acetylated
BCL6, and apoptosis in lymphoma cells due to reactivation of target genes.41 TSA
has also been used to treat acute promyelocytic leukaemia and more recently lung
cancer.76, 77, 78 In addition, the HDAC inhibitor Suberanilohydroxamic acid (SAHA)
has been approved to treat prostate cancer.79 A common problem encountered
with HDAC inhibitors is non-specificity due to the widespread nature of HDAC
complexes among transcription factors. Disruption of SMRT and BCoR corepressors binding to the lateral groove of the BTB homodimer has also been
demonstrated, with 17 residue peptides that compromise the minimal BBD. These
peptides (Table 1) were found to bind competitively with low micromolar affinity
and attenuate BCL6-facilitated transcriptional repression, resulting in apoptosis of
lymphoma cells.57, 80, 58 The problems associated with this approach was the size
of the peptide fragments, number of doses and their ability to be degraded by
cellular proteases. To circumvent these issues the SMRT-BBD peptide was
shortened, converted to d-amino acids and subjected to a retero-inverso (RI)
configuration, that was more stable than the original peptide whilst still retaining
similar specificity.81 These peptides were also found to be highly specific to the
BCL6 BTB domain.
An alternative approach to inhibit BCL6 function utilised peptide aptamers, these
are peptides whereby the N- and C-terminus have been modified such that they
are anchored within a scaffold protein.82 These aptamers possess the ability to
exist in a constrained conformation thereby enhancing the specificity for binding.
A screening based approach led to the identification of aptamer-48 (Apt-48) that
binds to the BCL6-BTB domain in a distinct manner from SMRT by binding to a
charged pocket formed upon BTB homodimerisation. Apt-48 was found to prevent
BCL6 mediated repression and the reactivation of genes including BLIMP-1 and
cyclin D2.83
Analysis of the BCL6-BBD complex and subsequent alanine scanning revealed
that SMRT residues 1423-1428 (RSIHEI) and BCoR residues 506-511 (SSWVVP)
make critical contacts with BCL6 lateral groove.57, 58 These regions of SMRT and
BCoR were used in a more recent strategy involving computer-aided drug design
(CADD)84 that resulted in the identification of small molecule inhibitor 79-6.85
Inhibitor 79-6 was found to bind to a pocket in the lateral groove of the BTB
domain, reactivate target genes and potently kill BCL6-positive DLBCL cells in vivo
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despite high micromolar affinity. 79-6 was also found to be specific and selective
for the BCL6-BTB domain and not for other BTB domains.85 Another approach
carried out by others utilised a natural product library comprised of 480
compounds that was screened using a luciferase reporter-screening assay
platform. From these screens, the ansamycin antibiotic rifamycin SV was
identified, that similarly to 79-6 inhibited BCL6 transcriptional repression. NMR
spectroscopy and co-crystallisation confirmed a direct binding event between
rifamycin SV and BCL6 and revealed that the antibiotic occupies a sub-pocket
close to the SMRT BBD.86 The most recent attempt at designing a
BCL6 therapeutic was in the form of the rationally designed small molecule
inhibitor FX1. This inhibitor was identified using an in silico drug design mapping
approach termed ‘SILCS’ and was found to have a 10-fold greater potency than
the endogenous corepressors SMRT and BCoR. FX1 binds a critical region of the
BTB lateral groove with low micromolar affinity, reactivated target genes and
supressed ABC-DLBCL in vitro and vivo.87 There are two main approaches that
have been previously used for BCL6 therapeutic intervention (Figure 7): targeting
HDACs and a number of different inhibitors that exhibit the ability to perturb the
BTB corepressor interactions and allow reactivation of target genes. A third
possibility that has been underexplored is disruption of the BTB homodimer
interface. This would prevent the endogenous corepressor proteins binding to the
lateral groove and would subsequently stop repression of BCL6 target genes. The
significant challenge with achieving disruption of this PPI, involves the propensity
for BTB to homodimerise with an immeasurable affinity. At present however, there
are currently no known inhibitors that can do this.
4
ZnF

BTB

BTB

SMRT

3

HDAC
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Figure 7: Potential strategies for blockade of N-terminal BCL6 activity. (1) BCL6
acetylation by blocking corepressor interactions with HDAC using class 1 and III HDAC
inhibitors such as TSA and SAHA. (2) Competitive Inhibition of the BCL6 lateral groove
using SMRT/BCoR peptides fragments and RI based peptidomimetics. (3) Blockade of
sub-pockets that can perturb the BTB-SMRT interaction, as shown by Apt48, rifamycin
and small molecule inhibitors 79-6 and FX1. (4) Inhibition of BTB homodimerisation, of
which there are currently no known inhibitors.
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1.6

Druggability of protein-protein interactions

Over the past two decades considerable progress has been made towards
understanding the molecular mechanisms that cause disease. This has allowed
the pharmaceutical industry to rationally design drugs for known molecular targets
as opposed to screening large libraries of drugs for therapeutic effects on
unknown targets.88 The human genome contains ~30,000 genes of which
~3000-10,000 proteins have been identified as having the potential to cause
disease.89 Of all the putative druggable targets that have emerged from research
in recent history, G protein-coupled receptors and enzymes are among some of
the most common families to be successfully targeted.90, 91 These targets bind
ligands and natural substrates to mediate their biological functions, providing a
potential starting point for therapeutic design.92 However, these advantageous
druggable targets have been researched extensively and the pharmaceutical
industry must now focus their efforts on identifying novel targets.90 On the basis of
their importance in a biological environment, the macromolecular interaction
between two proteins has surfaced as a therapeutic target, which has been
extensively reviewed over the past decade.93, 94, 95
In order to effectively target a PPI such as the BTB homodimer of BCL6, an
understanding of the significant challenges associated with PPIs should be
considered. PPIs are fundamental to almost all biological functions, and are often
associated with malignant transformation due to their central importance within
signalling cascades, making them worthy candidates for therapeutic intervention.
PPIs have long been considered ‘undruggable’ due to their large contact surface
(~1200-3000 Å2) and flat interface that lack grooves or binding pockets capable of
binding drug-like molecules.96, 97 In addition, most PPIs do not have any natural
binding ligands thus there are no feasible starting points for drug discovery in this
area. Despite these drawbacks, interest in identifying modulators of PPIs remains
high thanks to a number of advances with proteomics and mutational based
studies as reviewed by Archakov et al.98 Whilst protein interfaces are large,
mutational studies have provided evidence for the presence of ‘hotspots’, a small
number of residues at the dimer interface that provide the majority of the free
binding energy involved in driving PPIs.99, 100 This suggests that a modulator of a
PPI need only interact with a small subset of residues and not the entire interface.
It was found that amino acid residues tryptophan, tyrosine and arginine are
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particularly prevalent within these ‘hotspots’, perhaps owing to the fact that they
are all capable of hydrogen bonding as well as π-interactions.101 In addition, novel
approaches to drug discovery in this area have identified ‘hot loops’ which are
analogous to ‘hot spots’ and are comprised of small loops with favourable
properties which provide promise for drug development.102
There is evidence to suggest that PPIs are a feasible target for therapeutic
intervention103 and in addition to the BCL6 inhibitors discussed previously, the
following examples highlight their importance. PPI inhibitors have been designed
for the immunological cytokine chemical signalling molecule interleukin 2 (IL-2)
that plays a crucial role in T cell activation and tissue graft rejections.104 The most
potent of these molecules disrupts recognition of IL-2 to its α-chain receptor on
the nanomolar scale.105, 106 Inhibitors have been developed for the tumour
suppressor protein p53 by preventing recognition to its ligase target HDM2.107
Inhibitors have also been developed for the oncogene B-cell lymphoma 2 (Bcl-2)
and its associated family of proteins that play a central role in regulating
apoptosis.108 Small molecule inhibitors can mimic the α-helical portion of the proapoptotic molecule BAK (bcl-2 anatagonist) and BAD (bcl-2 antagonist of cell
death) thus has potential in the treatment of cancer and are currently in phase II
clinical trials.109
In addition to small molecules, peptides are becoming an increasingly attractive
target for the disruption of biological function.110 Peptide based biologics possess
the ability to bind to their in vivo targets with superior specificity, often resulting in
favourable potency and minimal undesirable side effects. However, their
propensity to be metabolised by cellular proteases, their lack of oral bioavailability
and high production costs has severely limited their application thus far in drug
discovery. Despite these disadvantages, peptides can be harnessed as a class of
therapeutic that exhibits the exquisite specificity and potency of larger biologics
whilst remaining smaller in size and easier to synthesise through chemical
methods, potentially combining advantages of both small molecule and proteins.111
Since the discovery of the antibiotic Gramicidin S there has been interest in
peptide cyclisation to improve the stability of this class of biologic in vivo thereby
rendering them more resistant to cellular proteases.112 The targeting of PPIs with
cyclic peptides has thus become an invaluable approach to identify novel
therapeutics.113, 114, 115, 116
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A number of different strategies and technologies exist for the identification of
peptide macrocycles that target therapeutically relevant PPI’s. These strategies
can be divided into three main categories and span a large chemical space
ranging from canonical to non-canonical amino acids (Table 3). The first category
involves a ‘biological’ based approach that utilises split intein circular ligation of
peptides and proteins (SICLOPPS). This approach takes advantage of intein
splicing to generate large libraries of backbone cyclic peptides in cells that contain
up to 108 members.117, 118 This system is particularly useful as it allows the
simultaneous identification of a cyclic peptide that is capable of binding as well as
disrupting the PPI of interest. This system is however, currently restricted to the
20-proteinogenic amino acids (see section 1.8). Another frequently used
genetically encoded library generation based approach complementary to
SICLOPPS includes phage display. This display technique allows the insertion of a
gene encoding a protein of interest into a bacteriophage coat protein that is then
expressed on the surface of the phage.119 Phage libraries can reach up to 1011
members of peptides that bind to the target PPI and has been successfully used to
identify peptides against gp120 mimics, tumour necrosis factor and urokinase-type
plasminogen activator.120, 121, 122
The second category includes an in vitro based technique such as mRNA display
that can identify cyclic peptides that bind to a desired protein. This technique has
commonly been referred to as a semisynthetic based approach and can expand
the chemical diversity beyond the 20 proteinogenic amino acids.123, 124 mRNA
display can link genotype to phenotype by means of a puromycin linkage and
involves rounds of PCR based amplification that can be applied to peptides and
proteins.125 Due to the in vitro nature of this technique, mRNA display holds
several major advantages over biological based approaches. Firstly, such a
technique can be used at a range of stringent conditions due to the stable
conjugated 3’ mRNA puromycin molecule that is linked to genotype and
phenotype. Secondly, library sizes are almost comparable to fully synthetic based
approaches and can typically yield greater than 1x1013 unique cyclic peptide
members as the libraries are not dependent upon the transformation efficiency of a
cellular host (i.e. E. coli and yeast). Arguably the most significant interest with this
technique involves the potential to encode a number of unnatural amino acids at
once through utilisation of an in vitro transcription/translation (IVTT) system, a
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concept that has not been applied efficiently to phage display and SICLOPPS.126,
127

This incorporation allows the chemical diversity to be expanded beyond the 20-

proteinogenic amino acids and thus has potential to identify a number of rare and
potent cyclic peptide sequences. One example of mRNA display being utilised for
cyclic peptide formation involves the sunflower trypsin inhibitor-1 that was used in
combination with an IVTT system to undergo thioester rearrangement and
subsequent cyclisation.128 In addition to this mRNA display has also been utilised
for the design of cyclic peptides that bind to the GαiI protein and is a technique
that is becoming increasingly prevalent.129, 130 Split and pool is an example of a
one-bead-one-compound synthetic combinatorial technique that has been used
with cyclic131, 132 and bicyclic peptide libraries.133 Split and pool can generate large
libraries (~1013) by employing a solid-phase based approach that involves division
of resin beads equally to couple each quantity to a different amino acid. Each
portion of resin is then mixed back together and repeated multiple times to
generate large libraries. Split and pool has been used against a number of
therapeutic targets including TNF-α, Akt3 and MAPK.133, 134 One of the key
advantages associated with split and pool libraries is the deconvolution, which is
made relatively straightforward by analysis with mass spectrometry following direct
cleavage from resin.
There were a large number of possible screening platforms that could have been
utilised for the identification of cyclic peptide inhibitors of BTB homodimerisaton.
Due to the previous success with the SICLOPPS system, particularly with
transcription factor assembly targets and the expertise of the technique having
already been optimised, SICLOPPS was the screening method of choice.
Type of
library

Strategy

Library
size

Biological

SICLOPPS

10 -10

Biological

Phage
display

6

10

10

7

Advantages

Disadvantages

Examples
of targets

Screens for both
affinity and PPI
disruption

Limited to the 20
canonical amino
acids.

HIF, CtBP1,
ATIC and
HIV

Utilised in bacterial,
yeast and mammalian
cells

System only
utilised with
weakly splicing
Ssp inteins.

Deconvolution
straightforward
Used with different
modes of cyclisation
including disulfide
bridging and bicyclic
libraries
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Can only identify
cyclic peptides
that have affinity
for target protein
and may not be
functional.

Gp120,
protease
kallikrein,
urokinase
activators

Two-hybrid systems
Can identify potent
high affinity cyclic
peptides through
multiple rounds of
panning
Semisynthetic

mRNA
display

10

13

Large libraries not
restricted by
transformation
efficiency of host cells
Can be used to
generate libraries of
cyclic peptides that
contain unnatural
amino acids, thus
expanding chemical
diversity

Synthetic

Split and
pool

10

13

Deconvolution
relatively
straightforward by
mass spectrometry
Large chemical and
functional diversity

Phage only
areas are
required to
prevent cross
contamination
Can only identify
cyclic peptides
that have affinity
for the target
protein and may
not be functional.
Limited codon
sets necessary
to ensure
complete
coverage of the
library
Limitations to
chemical
modifications
due to the
possibility of the
resin being
affected

GαiI,
sunflower
trypsin
inhibitor-1

TNF-α, Akt3
and MAPK

Libraries are not
always focused
enough to
generate a large
inhibitor pool
against biological
function

Table 2: Methods utilised for the generation of cyclic peptide libraries

1.7

Two-hybrid systems

PPIs have previously been studied using a number of in vitro biochemical
techniques including co-immunoprecipitation, cross-linking, affinity
chromatography and affinity blotting.135, 136, 137, 138 In addition, in vitro biophysical
assays such as thermal shift (TS) and surface plasmon resonance (SPR) can be
modified into a high-throughput screening (HTS) platform to identify PPI inhibitors.
An in vivo based approach allows PPIs to be present in a more biological context
and is known as the two-hybrid system (THS). The THS has been used to study
the association and characterisation of PPIs through host survival assays and
quantified in colorimetric experiments.139 The method relates transcriptional
activity of a known modular protein as a measure of a specific PPI; this genetic
system can be utilised in a number of different species, but was first utilised in
yeast.140
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As a proof of principle experiment, the GAL4 protein from the yeast
Saccharomyces cerevisiae was utilised.141, 142 The GAL4 protein is a
transcriptional activator necessary for the expression of genes that encode
enzymes involved in galactose utilisation. The GAL4 protein is separable and is
comprised of both an N- and C-terminal domain, both of which are essential
components of the protein. The N-terminal DNA binding domain (residues 1-147)
of GAL4 was fused to a protein of interest X and can bind to the upstream
activation site (UAS). The C-terminal transcriptional activating domain (residues
768-881) was fused to a protein Y forming two hybrid proteins. If the target
proteins X and Y associate to form a protein-protein complex, this will reconstitute
the GAL4 domains allowing the normal transcriptional activity of the GAL4 protein
to occur (Figure 8).141 In such a way the formation of a PPI can be linked to the
expression of downstream reporter genes. In an early THS, this reporter gene was
lacZ and thus the levels of β-galactosidase can be monitored. This genetic system
was initially used to study the PPI of two proteins, sucrose non-fermenting (SNF)
SNF1 and SNF4 serine-threonine kinases, but can essentially be used to monitor
any PPI of interest.

GAL4

A
SNF1

C-terminal activation domain

SNF4
No transcription

DNA binding domain GAL4
UASG

GAL1- LacZ

B
GAL4

SNF1 SNF4

C-terminal activation domain
Transcription

DNA binding domain GAL4
UASG

GAL1- LacZ

Figure 8: The first yeast THS utilising the N- and C-terminal binding domains of GAL4. (A)
The GAL4 DNA-binding domain and activation domain are fused to proteins SNF1 and
SNF4, respectively, but are incapable of activating transcription of the lacZ gene. (B) The
association of the SNF1 and SNF4 proteins brings the GAL4 domains within close
proximity enabling transcription of the lacZ reporter gene to occur.
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1.7.1

Two-hybrid systems in an E. coli host

The application of yeast in a THS is somewhat limited by their transformation
efficiency and slow growing nature. These limitations led to the use of a bacterial
host (E. coli), which can reach transformation efficiencies of up to 108-10
transformants, compared to 105 members in yeast and generally has a faster
growth rate at 37°C.143, 144 The THS has been successfully used in an E. coli host
system by taking advantage of the separable domains of the bacteriophage λ
repressor. The transcriptionally active segment of the repressor exists, as a
homodimer comprised of two cI proteins that contain a separable N-terminal DNAbinding domain and a C-terminal dimerisation domain.145, 146, 147 The λ repressor is
derived from a family of bacterial DNA-binding domain proteins that contains a
helix-turn-helix (HTH) motif. This allows two identical α-helices (recognition
helices) to bind to two operator half sites within the major groove of DNA.148, 145
The first THS in E. coli was developed by Dove et al. and utilised two adjacent
OR2 operator half sites whereby the N-terminus of the cI monomers are bound and
fused to a C-terminal homodimerisation domain. This cI dimer can interact with a
second cI dimer by replacing the α-C-terminal binding domain of RNA polymerase
(RNAP) with the dimerisation domain of λ-cI. This reconstituted the RNAP
complex, enabled transcription and the subsequent expression of β-galactosidase
from the lacZ gene.149 The leucine zipper from the yeast GCN4 was among the
early proteins to be studied in an E. coli host system taking full advantage of the λ
repressor. By fusing the GCN4 leucine zipper to the N-terminal cI domain,
expression of the lacZ reporter gene could be controlled. In this way the THS
could be used to assess the amino acid side chains present within the zipper.150
Di Lallo subsequently modified the concept of the early E. coli THS to generate an
alternative model known as the bacterial reverse two-hybrid system (RTHS) that
links the disruption of a PPI to the transcription of reporter genes.151, 152 The early
RTHS also utilised the λ repressor, but Di Lallo modified the E. coli chromosome
to contain two λ operator sites OR2 and OR1 that overlap the pribnow box at the 10 and -35 consensus sequences. The expression of a gene fusion comprised of
the N-terminal domain of λ cI with a gene of interest could then be induced with
isopropyl ß-D-1 thiogalactopyranoside (IPTG). This would then allow dimerisation
of the protein of interest and allow the N-terminal domain to bind to the respective
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operator sequences. This prevented RNAP from binding to the promoter and
consequently preventing transcription of the lacZ reporter gene.151, 152
1.7.2

Reverse two-hybrid systems involving the 434 repressor

In addition to the well-characterised λ cI dimer, a number of other repressor
proteins could be utilised for RTHS construction including phage 434 and
Salmonella P22. These repressors belong to a diverse range of transcription
factors that can bind to their operator sequences and mediate their effects in a
similar manner to λ phage.153, 154, 155 The 434 repressor consists of two functional
domains; an N-terminal HTH motif that binds to DNA via a recognition helix and a
C-terminal homodimerisation domain. Each 434 monomer makes contacts with the
major groove of the right operator (OR) that is comprised of three binding sites
OR1-3. This process that is mediated by the C-terminal homodimerisation domain,
ensures 434 binds as a homodimer (Figure 9A).156 Di Lallo et al. extended their
previous work to show that the phage 434 could not only be used in the study of
protein homodimerisation as previously detailed by λ phage, but could also be
exploited to the study of protein heterodimerisation (Figure 9C). This can be
achieved by construction of a chimeric operator sequence comprised of both a
phage 434 and phage P22 operator hemi sites (Figure 9B). The N-terminal domain
of both P22 and 434 can bind to their respective operator sequences, forming a
functional P22-434 hybrid repressor preventing the expression of the lacZ reporter
gene. The P22-434 repressor can only mediate it’s function when the C-terminal
fused heterologous protein partners of interest undergo sufficient dimerisation.157,
158, 159
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A

B

Homodimeric RTHS 434 operator sequences
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-10
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OR1434
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Heterodimeric RTHS 434/P22 chimeric operator sequences

5’-A T T T G A C A A A C A A G A T A T C T T A A A T G A A A A T A C A A G A A A T C T T A A A T A-3’
-10

OR2434

OR2P22

-35

OR1434

OR1P22

C
X

X

X

X
No transcription

434

434

434

OR2434 OR2434
-10

OR1434

434

LacZ

OR1434

-35

X

X

Y

Y
No transcription

434

OR2434
-10

P22

434

P22

OR1434 OR1P22
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Figure 9: Utilisation of the 434-phage protein in bacterial RTHS design for both
homodimeric and heterodimeric PPIs. (A) Crystal structure of phage 434 binding to its
operator sequence in the major groove of DNA. The critical α-helices required for binding
have been highlighted in red, PDB: 2OR1.159 (B) Operator sequences of 434 and 434/P22
on the bacterial chromosome.158 (C) Bacterial reverse two-hybrid systems constructed by
Di Lallo to probe homo and heterodimeric PPIs of interest.158
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1.7.3

Reverse two-hybrid systems utilising a reporter gene triad

The construction of a RTHS using only a single reporter gene such as LacZ can
potentially limit the assays available to probe PPIs and solely relies on monitoring
β-galactosidase activity. A more recent RTHS constructed by Horswill et al. still
utilises the 434/P22 repressor and operator sequence but includes two additional
reporter genes as well as the previously discussed lacZ gene. These reporter
genes, HIS3 and KanR encode imidazole glycerol phosphate dehydratase (IGPD)
and aminoglycoside 3’-phosphotransferase, respectively and allows a PPI of
interest to be linked to bacterial cell death on a selective media.118, 160 Horswill and
Savinov engineered two chromosomal strains termed SNS118 and SNS126 that
are derived from the BW27786 E. coli and modified to contain deletion of the hisB
gene (residues 165-355) that encodes IGPD.161, 162 This deletion was necessary to
ensure that the analogous HIS3 gene product is solely responsible for catalysing
the sixth step of histidine biosynthesis. The chemical 3-amino-1,2,4-triazole (3-AT)
is a competitive inhibitor of IGPD and could therefore be used at varying
concentrations to increase the pressure on the RTHS to transcribe IGPD from the
HIS3 gene. The addition of 3-AT and kanamycin on a selective minimal histidine
deficient media are required for qualitative analysis of bacterial cell survival.
Whereas the lacZ gene present could be used to quantitatively assess bacterial
cell death through ortho-nitro phenyl β-galactosidase (ONPG) assays.163
The reporter triad consisting of HIS3-KanR-lacZ was integrated into the
chromosome via the λ integration site along with the operator sequences of 434 or
434/P22 for SNS118 and SNS126, respectively (Figure 10A). This allows the
SNS118 strain to be suitable for homodimeric PPIs, whilst the SNS126 strain was
designed to contain chimeric 434/P22 operators that are suitable for the
monitoring of heterodimeric PPIs.118 The proteins of interest are fused to the Nterminal domain of the 434 or P22 repressors and can be integrated into the E. coli
chromosome via the HK022 site to ensure that a single copy of the gene is present
to limit toxicity.164 The recombinant protein can then be expressed with IPTG,
resulting in the dimerisation of the protein partners and binding to the respective
operator sites. This prevents RNAP from binding to DNA and transcribing the
reporter cassette HIS3-KanR-lacZ, resulting in bacterial cell death. If the protein
partners fail to dimerise then the bacterial will survive on a selective minimal media
(Figure 10).
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Figure 10: Graphical representation of the bacterial reverse two-hybrid systems designed
by Horswill et al. to contain a HIS3-KanR-lacZ reporter gene cassette.118 (A) The SNS118
and SNS126 strains contain the 434 and 434-P22 operator sites, respectively.
Transcription of the reporter gene cassette occurs due to RNAP binding. (B) Addition of
an artificial inducer such as IPTG induces expression of the recombinant protein partners
that upon dimerisation forms a functional repressor. This stops RNAP from binding to the
promoter and preventing transcription of the reporter genes and subsequent bacterial cell
death on a selective minimal media.
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Horswill et al. successively combined this bacterial RTHS with a genetic screening
platform that utilises split intein circular ligation of peptides and proteins
(SICLOPPS) to enable the cyclisation of libraries of cyclic peptides inhibitors
against the PPI of interest.118, 160, 117 Early Implementation of the RTHS and
SICLOPPS methodology (section 1.8) was demonstrated by Horswill et al. using
the homodimeric HIV protease and heterodimeric ribonucleotide reductase PPIs.
Firstly, as proof of principle, two known linear peptide inhibitors TVSYEL and
FTLDADF were used within the RTHS against the HIV and RR PPIs, respectively.
These inhibitors were shown to prevent dimerisation of their respective PPIs and
alleviate repression of the reporter genes, confirming that the RTHS could be finetuned and be utilised in the identification of modulators of PPIs from libraries.118
The RTHS was then used in a library screen with SICLOPPS and resulted in the
identification of eight candidates exhibiting inhibitory activity from a library of 108
members.118 The platform has also been used to identify a cyclic peptide inhibitor
(cyclo-CRYFNV) of AICAR transformylase homodimerisation.113 The active
pharmacophore of this cyclic peptide was identified through alanine scanning and
the peptide modified to generate a small molecule with potent in vivo activity.165, 166
More recently, the combined use of these two methodologies resulted in the
identification of two first-in-class inhibitors against the cancer related transcription
factors C-terminal binding protein (CtBP1) and hypoxia inducible factor-1 (HIF1).115, 116 The previous success with this RTHS, particularly with challenging
transcription factor assembly targets makes it an ideal candidate to probe BCL6
BTB homo and heterodimeric PPIs for the identification of novel inhibitors.

1.8

Split-intein circular ligation of peptides and proteins

Inteins (internal proteins) are selfish genetic elements that are embedded within a
precursor protein known as the extein.167 They possess the ability to posttranslationally excise themselves from their host protein in a self-catalysed manner
termed protein splicing (Figure 11). This results in the ligation of the flanking extein
fragments via a native peptide bond; the splicing process is self initiated and does
not require an external cofactor or energy source such as Adenosine triphosphate
(ATP).168 Inteins are often considered the protein equivalent of introns as they
share the ability to splice non-coding regions of genetic information.167 Since the
fortuitous discovery of the first intein sequence from the Saccharomyces
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cerevisiae vacuolar (H+--ATPase) catalytic subunit, over 550 inteins have been
listed in InBase (Intein database) ranging from ~130 up to ~600 amino acids in
length.169, 170, 171
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C-Extein

DNA

Transcription
RNA
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Protein splicing

NH2

COOH
Ligated extein fragments

+

NH2
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Figure 11: Central dogma, whereby transcription and translation produce a protein
sequence that can then undergo post-translational splicing.

There are three categories of inteins (Figure 12); the first class to be discovered
were bifunctional (or maxi) inteins that contain a nucleophilic serine or cysteine
residue at the N- terminal subdomain.172 The N-terminus is attached to a central
homing endonuclease region that can introduce double stranded breaks in DNA,
thus allowing the spread of inteins into genes involved in cell division.173, 174, 175
Following the endonuclease region is the C-terminal splice junction, which
contains conserved amino acid residues histidine, asparagine and a serine,
cysteine or threonine residue further downstream.168 Mini-inteins contain the
representative N- and C-termini found in maxi-inteins but lack a central homing
endonuclease region, which is replaced by a smaller central linker (Figure 12). It
has been reported that mini-inteins can still initiate their protein splicing
mechanism even in the absence of the endonuclease domain.176, 177 Trans-splicing
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(or split) inteins do not have a covalent bond between their N- and C-termini and
as a result exist as two independent polypeptide chains that can associate to carry
out protein splicing. The most well documented example of a naturally occurring
trans-splicing intein is the cyanobacterium Synechocystis sp. (Ssp) PCC6803 that
was used throughout this research.178 The N- and C-terminal halves of the Ssp
DnaE protein comprise the α subunit of DNA polymerase III and are encoded by
the genes dnaE-n and dnaE-c. Together these genes can reconstitute the
functional protein but are interrupted by the intein regions.178, 179
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Figure 12: The three main classes of inteins, with their highly conserved amino acid
residues. (A) Bifunctional or maxi-intein possessing both an endonuclease and splicing
domain. (B) Mini-intein lacking the endonuclease domain, which is replaced by a small
central linker. (C) Split intein where the N- and C-terminal splice junctions exist as two
separate polypeptide chains.

The intein-mediated protein splicing mechanism consists of four mechanistic steps
(Figure 13). Splicing is initiated when the first intein cysteine or serine residue
present undergoes an NàS or NàO acyl shift at the N-extein junction resulting in
the formation of a (thio)ester intermediate.180 The second step involves
transesterification, whereby the conserved nucleophilic (cysteine, serine or
threonine) residue at the start of the C-terminal extein produces a branched ester
intermediate, linking the N-extein to the C-terminal splice junction. The third
reaction involves a highly conserved asparagine residue present at the start of the
C-terminal intein, which cyclises, breaking the C-terminal peptide bond thus
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liberating the ligated extein fragments. The extein fragments will undergo a final
NàS or NàO acyl shift generating a functionally mature protein sequence.180, 181
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Figure 13: Mechanism of intein splicing. Splicing is initiated by an NàS or NàO acyl shift
(1) to produce a (thio)ester that can then undergo transesterification (2) following by
asparagine side chain cyclisation (3) and a final spontaneous rearrangement (4) to
produce a functionally mature protein. EN and EC refer to the N- and C- extein,
respectively. X = S or O.

Inteins have been utilised in a wide range of applications including protein
purification, specific labelling of proteins for biochemical assays, isotopic labelling
for NMR spectroscopy and microarray design for drug discovery.182, 183, 184, 185
Intein-mediated technology has also been used to produce cyclic peptides in vivo
by exploiting the DnaE split intein from Ssp. Cyclic peptides produced by a robust
and flexible technique termed Split Intein Circular Ligation of Peptides and
Proteins (SICLOPPS) have therapeutic potential, due to their enhanced affinity for
the target protein, low toxicity and increased resistances towards cellular
catabolism compared to their linear counterparts.186, 117 SICLOPPS enables the
production of genetically encoded cyclic peptide libraries, that can reach up to 100
million members, and is only limited by the transformation efficiency of an E. coli
host. SICLOPPS rearranges the Ssp split inteins in such a way that the C-intein
(IC) precedes the N-intein (IN), flanking a central extein or peptide region in the form
IC-Peptide-IN (Figure 14) that upon intein splicing generates a cyclic peptide or
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protein product.117 Backbone cyclisation of the peptide not only results in
enhanced resistances towards cellular catabolism, but also restricts the
conformational freedom of the peptide, which can potentially improve the binding
affinity to the protein of interest.187, 124 The efficacy of this type of therapeutic is
hindered due to typically poor membrane permeability and cost of production,
however, cyclic peptides can be further modified into small molecules once the
pharmacophore has been identified.113, 165, 166
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Figure 14: Graphical representation of the SICLOPPS splicing construct. (A) The
SICLOPPS intein whereby the N- and C-inteins have been rearranged such that the
extein region is flanked in the form IC-extein-IN that upon splicing can generate a cyclic
peptide or protein product. (B) Crystal structure of the splicing of the dnaE intein from
Synechocystis sp. (Ssp) PCC6803. The C- and N-intein regions are coloured in turquoise
and blue, respectively. The extein region has been highlighted in red. PDB: 1ZDE.188
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A randomised sequence can be introduced into a SICLOPPS vector between the
C- and N-intein regions through incorporation of a PCR primer. This can result in
the generation of a library of SICLOPPS plasmids, whereby each plasmid
potentially encodes for a different cyclic peptide once transformed into cells. The
DNA encoded randomised region of this peptide is utilised in the form NNS, where
N is any of the four bases of DNA (A, T, C or G) and S represents a C or a G (see
section 2.3.2) removing the opal and ochre stop codons from the library.189, 190 The
SICLOPPS splicing mechanism proceeds via the same four mechanistic steps as
normal intein splicing and requires a nucleophilic residue to initiate (Figure 15).191
The SICLOPPS methodology was validated with the E. coli enzyme dihydrofolate
reductase that was inserted between the DnaE Ssp inteins as an extein fragment,
which was successfully cyclised and as a consequence displayed enhanced
stability in vitro. The cyclic octapeptide tyrosinase inhibitor pseudostellarin F
(Cyclo-SGGYLPPL) was also produced and readily detected in vivo.117

Figure 15: The SICLOPPS mechanism. The linear fusion peptide folds to form an active
intein, which can undergo splicing to yield the target cyclic peptide or protein product. X =
S or O.190

As proof of principle, an SX5 library (SXXXXX) was constructed to determine
codon usage, and to evaluate whether there is a bias toward certain amino acids
within the SICLOPPS library.191 The invariable serine residue initiates the splicing
mechanism through a nucleophilic displacement reaction, followed by five
randomised amino acid residues. At least 205 (or 3.2×106) bacterial transformants
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must be prepared to allow complete theoretical coverage of the library at the DNA
level, which is well within the capabilities of an E. coli host. Leucine, valine and
threonine were over-represented in the SX5 library whilst proline, aspartic acid and
lysine were under-represented. This could suggest a slight bias towards
hydrophobic residues.191 SICLOPPS libraries can be generated with ease and
thus this system has been utilised in a number of different applications across both
prokaryotic and eukaryotic host cells.192, 193, 194 Deconvolution of the cyclic
peptides by this technique is also straightforward and involves plasmid extraction
followed by DNA sequencing. One successful application of this technique has
come from interfacing SICLOPPS with a bacterial RTHS, resulting in the
identification of cyclic peptide inhibitors against challenging PPIs. In the past
decade this genetic screening platform has been used to identify cyclic peptide
inhibitors with low micromolar affinity against AICAR transformylase and CtBP1
homodimerisation as well as the HIV gag protein with the host protein TSG101
and HIF heterodimerisation.113, 114, 115, 116 The successful implementation of this
technique with oncoproteins HIF and CtBP provides promise for the utilisation of
this system with additional tumorigenic proteins such as BCL6.

1.9

Overview and project aims

With DLBCL becoming increasingly prevalent, there is a desire to find less toxic
and more bioavailable methods to combat the disease than R-CHOP
chemotherapy. The BTB domain of BCL6 has identified at high levels in DLBCL
and has been acknowledged as a critical factor to the continued progression of the
malignancy. Here, the BTB domain of BCL6 has been selected to demonstrate
that interfacing a bacterial RTHS with SICLOPPS methodology can be used to
identify cyclic peptide inhibitors of challenging PPIs. The aims of Chapter 2
involves the construction of a BTB homodimeric RTHS that links the PPI to
bacterial cell viability. The BTB homodimer is obligate in nature and a monomeric
species has not currently been reported, highlighting the lack of any therapeutic
strategies or inhibitors in this area. The BTB RTHS will then used to screen
different library scaffolds by SICLOPPS to identify novel cyclic peptide inhibitors.
The aims of Chapter 3 then involves the construction of a BTB-SMRT and BTBBCoR heterodimeric RTHS that will then also be screened using SICLOPPS. The
most potent inhibitors isolated, in both cases will be validated by a number of
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different in vitro based assays. The identification of cyclic peptide inhibitors
through these screens, can potentially form the basis of a useful therapeutic tool
for studying the PPIs of the BTB domain. These inhibitors could also be modified
further to act as an anti-cancer agent in its own right.

Chapter 2: Screening for Cyclic Peptide Inhibitors
of BTB Homodimerisation
2.1

Construction of the BTB RTHS

The initial aim of the project was to construct a bacterial RTHS, through
successive transformation steps. This would result in a single copy of the BTB
domain being integrated into the E. coli chromosome, coupling BTB
homodimerisation to bacterial cell survival. Combined with SICLOPPS
methodology this genetic screening platform could then be employed to screen for
potential cyclic peptide inhibitors that disrupt the homodimeric BTB protein-protein
interaction.
2.1.1

Selection of the BTB domain of BCL6

The initial aim of the project was to construct and verify a bacterial RTHS coupling
BTB homodimerisation to E. coli cell survival. Three distinct regions comprise the
BCL6 protein as previously described (1.2.1): briefly, the C-terminal domain that
contains six zinc finger DNA-binding domains (518-681, Figure 16), which bind to
recognition elements in a sequence dependent manner; the central ‘linker’ region,
which is largely unstructured (130-517), but is able to repress transcription via the
repression domain 2 (RD2, 191-386) motif58; and the N-terminal BTB domain (5129), which mediates the majority of repression through obligate homodimer
formation and the subsequent recruitment of endogenous corepressor molecules
that bind to the lateral groove of the dimer (as described above).51, 53, 57 Residues
1-4 and 682-706 are predicted to be largely unstructured and their function is not
currently known. The only requirement for the correct folding of the BTB domain is
homodimerisation, and due to its obligate nature, the BTB domain can be readily
expressed and remain soluble in an E. coli host without the requirement for the full
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length protein.57 BTB is the most physiologically relevant domain of BCL6
principally due to its ability to independently repress a plethora of genes involved
with DNA damage response and genomic stability.42 It was therefore decided that
the full-length wild type (WT) protein was not necessary and may even hinder
construction of the RTHS due to its substantial length. In addition to this, selection
of just the most relevant domain could potentially reduce the number of false
positives identified through SICLOPPS, which is likely to occur due to non-specific
off target events. Hence ultimately only residues 5-129 that comprise the Nterminal BTB domain of BCL6 were used for RTHS construction.

Figure 16: Amino acid sequence of the full length WT BCL6 protein. Residues 5-129
(Red) comprise the N-terminal BTB domain and were chosen for RTHS design. Residues
130-517 form the central unstructured linker region that contains a functional repression
domain 2 from residues 191-386 (green). Residues 518-681 (blue) form the 6 C-terminal
zinc finger DNA-binding domains that bind to recognition elements in a sequence
dependent manner. Regions of the protein that are predicted to be unstructured have not
been highlighted. Sequence map was obtained using ExPASy bioinformatics software.
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2.1.2

Construction of pTHCP16 BTB

Initial construction of the homodimeric BTB RTHS involved cloning the BTB gene
into the pTHCP16 plasmid, generating an N-terminal fusion complex with the 434
DNA-binding domain (1-102). pTHCP16 is one of a series of plasmids constructed
by Horswill et al. that contains a functional IPTG-inducible hybrid promoter PTAC,
with recognition elements from both the tryptophan and lac operons.118, 195
Expression and subsequent dimerisation of the 434-BTB construct should then
regulate transcription of a reporter gene cassette.158, 118 Insertion of the BTB gene
downstream of the 434-repressor was achieved by cloning between the SalI and
SacI restriction endonucleases (Figure 17) present at the multiple cloning site
(MCS). These endonucleases were chosen as they have the greatest base pair
(bp) separation, permitting more efficient digestion. In addition, both restriction
sites were absent in the BTB gene, and moreover, the only two alternative sites
(BamHI and NruI) could have proven problematic due to their insensitivity to heat
inactivation and because both are also affected by the methylation status of the
template DNA.
BTB-Forward and BTB-Reverse primers (experimental 5.1, Table 12) were both
designed with a six bp overhang flanking the recognition site, to allow for more
efficient cleavage (as recommended by the manufacturers). This six bp overhang
chosen was the non-palindromic sequence ‘GTT GTT’, which helps limit the
formation of primer dimers, while also minimizing the G:C content to control the
annealing temperature. The BTB gene was amplified via PCR utilizing the SalI and
SacI restriction sites and then cloned into the pTHCP16 plasmid generating the
new pTHCP16 BTB construct.158 Cloning was confirmed via PCR followed by
analysis on a 1% agarose gel, and ultimately by DNA sequencing to ensure that
no mutations were present.
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Figure 17: Construction of pTHCP16 BTB. (A) Overview of the final pTHCP16 BTB
plasmid highlighting significant promoters and operon regions. (B) Linear representation of
the PTAC and 434 domain of the pTHCP16 plasmid that contains a MCS. (C) Cloning of the
BTB gene between the SalI and SacI restriction sites.

2.1.3

Construction of pAH68 BTB

The next step in construction of the homodimeric BTB RTHS required integration
of the 434-BTB gene fragment into the chromosome of the E. coli (SNS118 strain).
Chromosomal integration introduces a single copy of the BTB gene in E. coli,
circumventing a reliance on multicopy plasmids with high expression levels, which
could lead to undesirable phenotypes in vivo. During the screening process, the
pARCBD SICLOPPS plasmid is transformed into cells of the BTB RTHS. The
pTHCP16 plasmid could be used for this transformation, however, the coexistence
of recombinant plasmids can also lead to unstable phenotypes, and integration
into the chromosome allows integrants to be maintained in the absence of
antibiotic selection pressures.
Prior to integration, the 434-BTB genes were cloned into one of the ‘conditional,
replication, integration and modular’ (CRIM) plasmids. The CRIM plasmids
designed by Haldimann and Wanner (2001), facilitate integration into the E. coli
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chromosome by site-specific recombination at one of five different phage
attachment sites.164 The well-characterised λ phage site could not be used for this
integration as it had already been utilized for insertion of the reporter gene
construct onto the BW27786 chromosomal strain derived from K-12 E. coli.196,162
Another phage integrase site known as HK022, which has been previously shown
to be efficient, was therefore used.197 The CRIM plasmid pAH68 contains an
HK022 phage attachment site (attP), a β-lactamase (βla) selectable marker and
also contains bacterial (rgnB) and phage λ (t0, tL3) terminators flanking cloning
regions to protect other areas of the plasmid from transcriptional read-through.164
CRIM plasmids also contain an R6K γ origin of replication, which is dependent
upon the trans-acting π protein encoded by pir cells that were used during
cloning.198 The pAH68 plasmid was therefore used, as not only is this plasmid
readily available in-house, but it has also been used previously for RTHS
construction.
There were two possible routes for construction of pAH68 BTB. The first method
involved digestion of the lacIQ-434-BTB genes from pTHCP16 using MscI and
SacI restriction endonucleases. The lacIQ gene is a mutant of lacI (due to a CàG
mutation in the -35 region of the promoter) and results in increased production of
the repressor protein. This mutation leads to tighter regulation of recombinant
protein expression compared to the WT lacI+ present on the BW27786 strain.162
This approach was problematic due to the methylation sensitive nature of MscI. An
additional step prior to digestion was therefore required, involving the
transformation of the pTHCP16 plasmid into the E. coli strain GM2929, which is
dcm methylation negative.199 In addition to this, the pAH68 plasmid was digested
with SacI and SmaI; the latter is active at 25°C and compatible with MscI, as both
endonucleases are blunt-ended. Attempts using this method were unsuccessful
and the lacIQ-434-BTB cassette failed to ligate likely due to the inefficient nature of
blunt-ended ligations. To avoid the cloning issues encountered using this method,
a second more efficient strategy was devised. The second method involved
exploiting a recombinant pAH68 (E+G) plasmid that was constructed previously by
members of the Tavassoli group. This plasmid already contains the lacIQ gene,
allowing the 434-BTB cassette to be digested out of pTHCP16 with NdeI and SacI
restriction sites (Figure 18) without the need for prior transformation into GM2929.
This second method resulted in successful ligation and was confirmed by PCR
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using external primers M13-49 and P2 (primer Table 12). Transformants exhibiting
a PCR product at the expected size were sequenced to ensure that no mutations
were present.
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Figure 18: Graphical representation of the pTHCP16 and pAH68 BTB plasmids. The
cloning sites and genes of importance to RTHS construction are shown

2.1.4

Integration into the SNS118 chromosome

The pAH68 BTB plasmid was integrated into the SNS118 chromosome for
construction of homodimeric PPI genetic selections.118 The strain is derived from
E. coli K-12 and has been modified to contain a deletion of hisB residues 165-355
that encode imidazole glycerol phosphate dehydratase (IGPD).161 Consequently,
HIS3 is primarily responsible for catalyzing the sixth step of histidine biosynthesis,
enhancing selection relative to just antibiotic resistance alone. The reporter
cassette (HIS3-KanR-lacZ) and 434-operator sequence were also introduced into
the chromosome previously, via the λ integration site.200, 164 The integration
requires a ‘helper’ plasmid known as pAH69 (Figure 19). This plasmid expresses
phage integrase, which mediates double stranded breaks in DNA at the HK022
attP, resulting in a Holliday junction intermediate.164, 201 This thermosensitive
helper plasmid is under control of the cI857 repressor and is active at 30°C
suppressing the PR promoter and preventing expression of phage integrase.202, 203
However, elevation to 42°C results in thermal denaturation of cI857 resulting in
promoter activation and expression of phage integrase. The plasmid also contains
an oriR101 origin of replication and is dependent upon the thermosensitive
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repA101 protein.204, 205, 206 This protein is stable at 30°C but denatures at 42°C,
preventing replication. Therefore during the integration process a temperature shift
from 30°C to 42°C results in expression of phage integrase and the simultaneous
inhibition of replication. This dual mode of action ensures that minimal pAH69 is
present following integration.
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Figure 19: Plasmid map of the pAH69 CRIM helper plasmid. The ‘helper’ plasmid
simultaneously expresses phage integrase and fails to replicate at elevated temperatures
of 42°C.

Integration was achieved by electroporation of the pAH68 BTB recombinant CRIM
plasmid into SNS118 electrocompetent cells containing a previously transformed
pAH69 helper plasmid. These cells were prepared by incubation at 30°C, followed
by a short 20 minute and 42°C incubation to ensure that phage integrase was
present prior to the transformation (see 5.4.3). The Haldimann method was used
as previously described.164 Following electroporation, cells were transferred to ice
cold SOC and incubated at 30°C for one hour, followed by a further incubation at
42°C for 45 minutes. It was found that overnight incubation of the bacterial
recovery mixtures on LB agar plates, supplemented with relevant antibiotics, at
42°C (instead of 37°C) significantly increased the number of positive integrants.
This is probably because at higher temperature more efficient ejection of the
helper plasmid occurs and this therefore reduced the number of false positive
colonies.
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2.1.5

Identification of positive BTB integration

Single copy integration of 434-BTB into the chromosome of SNS118 was verified
by PCR, and utilised four primers (P1, P2, P3 and P4, Table 12).164 Colonies were
picked from LB agar plates and subjected to colony PCR alongside a previously
constructed and verified RTHS C-terminal binding protein 1 (CtBP1), which acted
as a positive control. The resulting PCR products were then visualised by agarose
gel electrophoresis to identify DNA amplicons indicative of integration. Successful
integrants amplified by PCR using primers P1-P4 will result in the loss of a band
(amplicon) of 740 bp when the products are subjected to gel electrophoresis.
Indicating the absence of the 740 bp bacterial attachment site (attB). A
successfully produced integrant will also be indicated by the addition of two new
bands on the gel, at 289 bp and 824 bp, which correspond to the attL (BOP’, P1P2) and attR (POB’, P3-P4) junctions, respectively (Figure 20).
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Figure 20: Integration occurs across the HK022 attachment site and can be verified using
PCR with primers P1-P4. Single copy integration results in the loss of a 740 bp amplicon,
accompanied by the identification of two aditional amplicons at 289 bp and 824 bp
corresponding to the attL and attR sites, respectively. Multiple integration can also occur
resulting in a third amplicon at 373 bp, representative of the attP with primers P2-P3.

These amplicons represent recombinant bacterial and phage attachment sites in
the chromosome. It was also possible that multiple integration of pAH68 BTB into
SNS118 could occur; if so the identification of a third amplicon at 373 bp
representative of the attP (POP’, P2-P3) was observed. Early integration attempts
using 100 ng of pAH68 BTB resulted in multiple integration, verified by PCR
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(primers P1-P4, Table 12) and visualised by agarose gel electrophoresis (Figure
21).
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Figure 21: colony PCR following integration, where lanes 1-14 show three amplicons at
289 bp, 373 bp and 824 bp indicative of multiple integration. Visualised on a 1% agarose
gel. L; molecular weight marker (2log DNA ladder)

The occurrence of multiple copy integrants is the most commonly encountered
when performing this type of recombination. It is likely that 100 ng of pAH68 BTB
was too high a concentration of plasmid, especially when used in combination with
highly efficient electrocompetent cells. Therefore to try to reduce multiple
integrations of the BTB gene, integration was assessed using 25 ng and 50 ng of
pAH68 BTB. The electroporation procedure was carried out as previously
described and the recovery mixture plated on to LB agar plates, which were then
incubated for 16 hours at 42 °C. Resulting colonies were subjected to colony PCR
(using primers P1-P4) and visualised by agarose gel electrophoresis. The results
indicated the production of single copy integrants (Figure 22), using both 25 ng
and 50 ng of plasmid DNA, and thus construction of the RTHS was completed. A
single amplicon at 373 bp indicative of the continued presence of the pAH68 BTB
plasmid was also observed (Figure 22, lane 6). This was unexpected, as pAH68
contains the R6K γ origin of replication and therefore should not be able to
replicate in the absence of the trans-acting π protein encoded by pir cells. SNS118
is a pir negative strain and so it is possible that the colony observed has suffered a
mutation, preventing ejection of the plasmid, and hence suggesting that it’s
replication is no longer dependent upon the trans-acting π protein. However, this
was only observed in a small number of colonies that were subjected to PCR.
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Figure 22: Visualisation of colony PCR integrants by agarose gel electrophoresis
confirming that single copy integration has occurred through the observation of two
amplicons at 289 bp and 824 bp. Lane 1: positive control (cTBP1 RTHS in the
chromosome of SNS118). Lanes 2-3: positive single copy integration of the BTB construct
(50 ng) into the SNS118 chromosome with bands at 824 bp and 289 bp. Lanes 4-5:
Positive single copy integration of the BTB construct (25 ng). Lane 6: Failed integration
attempt showing plasmid at 373 bp

It was also determined that overnight incubation temperatures played a critical role
on the number of positive integrants. Visualisation by agarose gel electrophoresis
revealed a significantly greater number of positive integrants at 42°C compared to
overnight incubation at 37°C (Figure 23). Additional PCR experiments were also
carried out with different primer pairs P1/P2, P2/P3 and P3/P4 to further confirm
that pAH68 BTB integration had occurred (Figure 24). These primer pairs give
greater clarity and should only give rise to one amplicon, thereby confirming single
copy integration has occurred. It was expected that P1/P2 primers would give rise
to an amplicon at 289 bp; P2/P3 should not produce an amplicon, unless pAH68
plasmid is present or multiple integration has occurred; and P3/P4 should give rise
to a band at 824 bp.
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A
3000
1000
500

B

Figure 23: Visualisation of colony PCR BTB integrants by agarose gel electrophoresis at
42 °C and 37 °C. (A) colonies incubated at 42 °C overnight confirming a large number of
positive integrants through the observation of two amplicons at 289 bp and 824 bp. (B)
colonies incubated at 37 °C showing only a single amplicon at 740 bp indicative of failed
integration.
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Figure 24: Primer pair colony PCR to further confirm integration. (A) Primers P1/P2
should produce an amplicon at 289 bp; (B) primers P2/P3 produce an amplicon at 373 bp
if there is pAH68 or multiple integration present; (C) primers P3/P4 should produce an
amplicon at 824 bp confirming integration has occurred. For images A, B and C, Lane 1:
dH2O negative control, Lane 2: pAH68 BTB control, Lane 3: cTBP1 positive control, Lane
4-6 Positive BTB integrants. (D) has been shown for comparison against all four primers
giving integration amplicons simultaneously, Lanes 1-7: Positive BTB integrants

2.2

Verification of the BTB RTHS

Following successful construction of the BTB RTHS, it was necessary to
determine whether a functional BTB PPI was being formed upon induction with
IPTG. If BTB homodimerisation occurs then a functional repressor will be
reconstituted through the enhanced affinity of the 434-repressor domains binding
to their operator sites (Figure 25). It was theorised that formation of this functional
repressor would then prevent transcription of the HIS3, kanamycin and LacZ
reporter genes resulting in bacterial cell retardation on a selective minimal
media.118, 207 In order to verify the function of the BTB RTHS, two assays were
44

Verification of the BTB RTHS
carried out. The first entailed qualitative analysis through minimal-media based
bacterial drop-spotting, accompanied by determining whether any growth
retardation resulted from the of BTB homodimers preventing transcription of the
reporter genes, or general toxicity of the recombinant 434-BTB constructs. The
second quantitatively assessed bacterial growth using ortho-nitro phenyl βgalactosidase (ONPG).
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Transcription
434

434

434
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KanR

Kanamycin
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BTB BTB

BTB BTB

434

434

LacZ
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LacZ
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3-AT
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Figure 25: Representation of the successfully constructed BTB bacterial RTHS. (A) In the
absence of IPTG no functional repressor would be formed and transcription occurs. (B)
Upon induction of the RTHS with IPTG a functional BTB repressor would be reconstituted
preventing transcription of the reporter genes and resulting in cell death on a selective
minimal media.

2.2.1

Minimal media drop-spotting of the BTB RTHS

Firstly, BTB RTHS functionality was examined via assaying ten-fold serial dilutions
on a selective histidine deficient minimal media, to determine the qualitative extent
of bacterial retardation. Drop-spotting was carried out in the presence of IPTG (0250 µM) where it was hypothesised that at increasing concentrations there would
be increased expression, and reconstitution of a functional repressor and greater
retardation of the BTB RTHS in a dose dependent manner. This assay utilised the
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HIS3 and Kan (Neomycin phosphotransferase II) genes of the reporter construct
and as such any retardation observed was a consequence of the reduction in the
rate of histidine biosynthesis and kanamycin resistance, respectively.
The BTB RTHS was spotted onto selective minimal media agar plates
supplemented with IPTG (0-250 µM), carbenicillin, spectinomycin and two distinct
concentrations of kanamycin and 3-amino-1,2,4-triazole (3-AT), a competitive
inhibitor of IGPD. These two distinct conditions (50 µg/mL kanamycin and 5 mM 3AT) or (25 µg/mL kanamycin and 2.5 mM 3-AT) were chosen to represent ‘harsh’
and ‘mild’ conditions, respectively, but could be optimised should the retardation
not be deemed adequate for screening potential inhibitors. Following ten-fold serial
dilution drop-spotting on to agar plates, significant retardation was observed at 10
µM IPTG, under both both mild and harsh conditions (Figure 26). These conditions
are notably milder than those of previously constructed RTHS, such as the
homodimeric CtBP1 (50 µM IPTG, 25 µg/mL kanamycin, 2.5 mM 3-AT), ATIC (50
µM IPTG, 25 µg/mL kanamycin, 2.5 mM 3-AT) and heterodimeric HIF-1α/β (25 µM
IPTG, 50 µg/mL kanamycin, 7.5 mM 3-AT) PPI.115, 113, 116 The low concentration of
IPTG required to form a functional repressor is likely a consequence of the
obligate high affinity nature of BTB for homodimerisation.57
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Figure 26: Drop-spotting of the BTB RTHS with ten-fold serial dilutions (109-104) on
selective minimal media. (A) Plates supplemented with 25 µg/mL kanamycin and 2.5 mM
3-AT. 1-6: Integrated BTB constructs in the SNS118 chromosome, 7: CtBP2 (positive
control RTHS), 8: SNS118 negative control. (B) Plates supplemented with 50 µg/mL
kanamycin and 5 mM 3-AT. 1-4: Integrated BTB constructs, 5: CtBP1 (positive control
RTHS), 6: SNS118 (Negative control). Dose dependent retardation is observed at
increasing concentrations of IPTG on both ‘mild’ and ‘harsh’ conditions

These selection conditions were deemed suitable to screen for cyclic peptide
inhibitors with SICLOPPS. However, it has been shown that the BTB domain of
BCL6 forms tight immeasurable obligate homodimers and there is no evidence to
suggest that a monomeric subunit had been isolated.57 It is therefore unsurprising
that significant retardation was observed at 10 µM IPTG. Additional serial dilution
drop-spotting was carried out at lower concentrations of IPTG to further optimise
the selection conditions. Determining the minimum concentration of IPTG that is
required to form the lowest concentration of functional repressor was necessary to
optimise the conditions for identifying a potential inhibitor. In an additional dropspotting assay using 0-5 µM IPTG, 25 µg/mL kanamycin and 2.5 mM 3-AT, a
dose-dependent retardation of the BTB RTHS was still observed at 5 µM IPTG
(Figure 27). This was consistent with the hypothesis that as IPTG concentration
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increases, the formation of the BTB homodimer and subsequent reconstitution of
the functional repressor stunts E. coli growth. In addition to this, the concentrations
of kanamycin (25 µg/mL) and 3-AT (2.5 mM) were also halved in an attempt to
improve SICLOPPS selection conditions. However, this resulted in significantly
less repression and likely required increased levels of IPTG to compensate (Figure
28).
0 µM IPTG!

1 µM IPTG!

!!!!!!104!!105!!106!!107!!108!!109!

!104!!105!!106!!107!!108!!109!
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Figure 27: Further serial dilution drop-spotting of the BTB RTHS. Selective minimal media
supplemented with 25 µg/mL kanamycin, 2.5 mM 3-AT and varying concentrations of
IPTG (0-5 µM). 1: BTB RTHS, 2: CtBP1 RTHS (positive control), 3: SNS118 (negative
control). Showing dose dependent retardation up to 5 µM IPTG.
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Figure 28: Further serial dilution drop-spotting of the BTB RTHS on selective minimal
media. Supplemented with varying concentrations of kanamycin, 3-AT and IPTGo try and
further optimise the conditions in which bacterial retardation was observed. 1: BTB RTHS,
2: CtBP1 RTHS (positive control), 3: SNS118 (negative control). Retardation is observed
at 5 µM IPTG but restoration of growth was observed when the levels of kanamycin and
3-AT were reduced.

2.2.2

Drop-spotting of the BTB RTHS to assess toxicity

Having observed bacterial retardation with IPTG in a dose-dependent manner, it
was then critical to determine whether this was due to the expected formation of a
functional repressor or due to toxicity exhibited from the 434-BTB-fusion protein. If
toxicity was observed then the system would be deemed unsuitable for screening
using SICLOPPS. The BTB RTHS was drop spotted onto LB agar supplemented
with appropriate antibiotics and containing increasing concentrations of IPTG (0250 µM). It was hypothesised that as IPTG concentration increased, there would
be greater concentrations of recombinant BTB protein present. If the presence of
BTB attributed a toxic effect towards the E. coli then retardation would be
observed even in the absence of histidine deficient and kanamycin selection
pressures. No significant growth retardation was observed even at concentrations
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as high as 250 µM IPTG (Figure 29) suggesting that the minimal media dropspotting carried out previously was a result of the BTB PPI and not toxicity.
0 µM IPTG
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100 µM IPTG

250 µM IPTG
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7
Figure 29: Toxicity serial dilution drop-spotting on LB agar supplemented with appropriate
antibiotics and increasing concentrations of IPTG (0-250 µM). 1-5: BTB RTHS integrated
constructs in the SNS118 chromosome, 6: CtBP1 RTHS (positive control), 7: blank
SNS118 chromosomal strain (negative control). The drop-spotting assay shows that as
IPTG concentration was increased up to 250 µM there was no toxicity of the recombinant
434-BTB-fusion protein towards the E. coli.

2.2.3

Ortho-Nitrophenyl-β-Galactoside (ONPG) assay

In addition to qualitative analysis of bacterial retardation through drop-spotting
assays due to the presence of the reporter genes kanR and HIS3, quantitative
analysis was also probed through use of the lacZ gene within the reporter gene
construct. The lacZ gene encodes the enzyme β-galacotosidase, which catalyses
the hydrolysis of β-galactosides into their monosaccharide products. In this way,
ONPG can be cleaved into ortho-nitrophenol (ONP), a yellow substrate that can be
detected by its absorbance at a λmax of 420 nm163 (Figure 30). Assuming that an
excess of ONPG is added to the assay, the amount of ONP produced is
proportional to the amount of β-galactosidase and time of the reaction. Such an
assay was employed through dimerisation of the BTB and bacteriophage binding
proteins, which reconstitutes a functional repressor and can be linked to the
suppressed transcription of the lacZ gene. As IPTG induces the expression of the
recombinant BTB protein, it was hypothesised that increasing concentrations of
IPTG would form greater concentrations of recombinant fusion proteins and
subsequent functional repression. This in turn, would result in reduced levels of βgalactosidase, allowing for the quantitative verification of the RTHS.
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Figure 30: Cleavage of ONPG with the lacZ gene product. The synthetic compound orthonitrophenyl-β-galactoside (ONPG, 1) can be hydrolysed into the monosaccharide
galactose (2) and the cleaved yellow chromogenic substrate ortho-nitrophenol (ONP, 3)
catalysed by the lacZ gene product.

BTB RTHS was used in the ONPG assay, alongside the CtBP2 RTHS (positive
control) and a blank SNS118 chromosomal strain that does not contain any
proteins of interest. All three systems were cultured for 16 hours and
supplemented with appropriate antibiotics. The cultures were then used to
inoculate LB media and incubated at 37°C until an OD600 of 0.4 was reached.
Each bacterial culture was split into triplicate and incubated at 37°C with
increasing concentrations of IPTG (0, 10, 25, 50, 100, 250 µM) for a further 1.5
hours and the OD600 of each culture then recorded. ONPG assays were then
carried out to determine the length of time required for the yellow ONP to be
detected, followed by an absorbance reading at OD420.163 The β-galactosidase
activity was then calculated (see 5.4.5). Increased IPTG concentration led to a
decrease in the concentration of ONP product both the BTB and CtBP2 RTHS,
which was likely due to reduced β-galactosidase activity determined to be ~45%
and 60% respectively (Figure 31). The limited reduction in β-galactosidase
observed can be attributed to lacZ’s position as the final reporter gene in the
cassette (HIS3-KanR-lacZ), hence transcriptional read-through will not be as
efficient. The SNS118 negative control functioned as expected and no reduction in
β-galactosidase activity was observed regardless of IPTG concentration. This is
likely due to the absence of a functional repressor (Figure 31). These data are
consistent with the hypothesis that increased IPTG produces greater
concentrations of functional repressor. In turn preventing transcription of the lacZ
reporter gene and reducing the levels of β-galactosidase, thus reducing the
amount of ONP that is produced in a dose-dependent manner.
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Figure 31: ONPG assay carried out with increasing concentrations of IPTG (0-250 µM).
SNS118 has been used as a negative control exhibiting no change in β-galactosidase
activity. CtBP1 RTHS positive control exhibiting a reduction in the activity of βgalactosidase as IPTG concentrations is increased. BTB RTHS exhibited a greater
reduction in the activity of β-galactosidase as IPTG concentration is increased.

Whilst only a modest reduction in β-galactosidase activity was observed using the
BTB RTHS, this was consistent with ONPG assays carried out by Di Lallo et al.
(2001).164 In this study, a number of different PPI, were shown to form a functional
repressor, resulting in a similar reduction in β-galactosidase activity. Drop-spotting
assays combined with quantitative verification showed that the optimal conditions
for bacterial retardation of the BTB RTHS were 5 µM IPTG, 25 µg/mL kanamycin
and 2.5 mM 3-AT on a selective minimal media. Selection of potential inhibitors of
BTB homodimerisation could therefore be investigated by coupling the BTB RTHS
with SICLOPPS methodology.
2.3

SICLOPPS libraries

Following the successful construction and verification of the BTB RTHS, the
system could now be used to potentially screen any library of compounds targeting
BTB homodimerisation. SICLOPPS methodology was used to screen genetically
encoded libraries for the identification of backbone cyclic peptides. Construction
and diversity of SICLOPPS libraries allows ring size, invariable residues and
number of randomised positions to be predetermined.208 Due to the large and
complex interface of BTB, and with the knowledge that approximately a quarter of
the monomer surface is masked upon dimer formation, libraries of varying ring
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sizes were considered.49 Libraries of small cyclic peptides may closer resemble a
small molecule or potentially be developed into one. However, large scaffolds may
be more optimal for disruption of the BTB homodimer due to the potential for more
effective contacts and for this reason a range of libraries sizes (6, 8, 9 and 12
members) were chosen.209, 210
Four SICLOPPS libraries were constructed, including two that were cysteine
based (CX5 and CX11) and two that included an invariable SGW motif (SGWX5 and
SGWX6). The advantage of the cysteine-based libraries over serine was their
superior nucleophilic ability to initiate SICLOPPS splicing. CX5 was the smallest
library constructed (3.2 x 106 potential peptides), and is one of the more preferred
scaffolds for screening, as 3.2 million transformants can easily be evaluated via
electroporation into the E. coli host. In contrast, a larger CX11 library was also
screened with the knowledge that the whole library was not present during the
screen. Due to the reactive nature of cysteine, problems can be encountered
during peptide synthesis and cysteine must be orthogonally protected with a nonacid labile protecting group to prevent side-chain cyclisation from occurring.
Furthermore, cysteine also has the potential to form disulfide linkages affecting
solubility. In addition to this, if the deconvoluted peptide sequence does not
contain a chromophore, then purification by HPLC can only be monitored via the
peptide backbone at 220 nm, due to the absence of a signal at 280 nm. To
circumvent these issues, SGW libraries were also considered. The inclusion of a
weaker nucleophilic serine residue alleviates the problems encountered with
cysteine peptides, despite potentially slower splicing capabilities. A glycine residue
was also incorporated to prevent epimerisation during the cyclisation step of the
synthesis. Finally, inclusion of a tryptophan residue would also allow for better
monitoring of the peptide at 280 nm during HPLC purification.160, 114
2.3.1

pARCBD SICLOPPS plasmid

The SICLOPPS plasmid pARCBD (Figure 32) was used for library construction
and was originally designed from the arabinose inducible expression vector pAR3,
but later modified by Scott et al. to contain the Ssp inteins in an inverse
configuration.211, 117, 191 The araC regulatory repressor gene, araBAD promoteroperator and a chloramphenicol resistance gene are all present in pARCBD and
expression of the SICLOPPS Ssp splicing construct (IC-target peptide-IN) is
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therefore induced with arabinose. In the absence of L-arabinose, the araC
repressor protein can homodimerise and bind simultaneously to the araO2 and
araI1 half sites via a helix turn helix motif. This generates a DNA loop preventing
transcription of the IC-target peptide-IN construct. However, when L-arabinose is
present, it will bind to araC causing the repressor protein to undergo a
conformational change resulting in a greater affinity for araI2 over araO2. This will
abrogate DNA loop formation and allow transcription of the IC-target peptide-IN
construct.212 The SICLOPPS construct was previously cloned downstream of the
araBAD promoter proceeded by a chitin binding domain (CBD) for characterisation
and purification.117, 179 The pARCBD plasmid also contains a p15A origin of
replication (~10 copies per cell); this origin maintains a low copy number, which
helps to minimise toxicity upon expression of the SICLOPPS construct.
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Figure 32: Plasmid map of the pARCBD SICLOPPS plasmid. The plasmid contains the
araC regulatory gene and araB promoter that induces the SICLOPPS splicing construct
(IC-target peptide-IN) upon addition of L-arabinose. The plasmid also contains a
chloramphenicol resistance gene and the p15A origin of replication to maintain a low copy
number.

2.3.2

Overview of SICLOPPS library construction

Libraries of cyclic peptides were constructed using SICLOPPS methodology. This
was achieved by introducing a randomized sequence between the Ssp intein
elements, through the incorporation of a degenerate PCR primer (as detailed by
Tavassoli et al.).189 The randomized segment of these primers was encoded in the
form NNS, where N signifies any of the four bases of DNA (A, T, C and G) and S
represents a C or G. Designing the primer in such a way allows 32 codons to
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encode all the proteinogenic amino acids, whilst removing two of the three stop
codons from the library, specifically opal (TGA) and ochre (TAA).189 Removing
these two stop codons would significantly reduce the number of truncations within
the SICLOPPS splicing construct. The final amber (TAG) stop codon is of the
lowest abundance in E. coli and as a consequence has rarely been associated
with the termination of genes.213, 214 Due to DNA fragment mismatches following
initial PCR owing to the use of degenerate primers, a second round of PCR was
carried out using the product of the first round of PCR as a template. This PCR
utilized a ‘zipper’ primer to ensure that all bp were annealed correctly generating
the expected double strand of DNA.215 The pARCBD vector and zipper PCR
product were digested with BglI and HindIII restriction endonucleases prior to
ligation and subsequent generation of a SICLOPPS library (Figure 33).

Figure 33: Graphical representation of SICLOPPS library construction. The technique
uses standard molecular biology techniques involving two rounds of PCR and digestion
using BglI and HindIII restriction endonucleases. Followed by ligation and transformation
into electrocompetent cells of the BTB RTHS.

Initially a CX5 library was constructed between the split intein elements of Nostoc
punctiforme (Npu) instead of Ssp. The Npu split intein is known to have a
significantly greater splicing efficiency than the Ssp intein.216 However,
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construction of the Npu library and subsequent screening resulted in no cyclic
peptide inhibitors being identified. This is likely due to the toxicity of processed
Npu inteins to E. coli. (NB. At the time of construction research was currently
ongoing within the Tavassoli group to bypass toxicity issues that were
encountered with the Npu split intein system and it was later discovered that a
degradation tag was necessary to reduce the toxic effects of the splicing).217 The
well-characterised Ssp split intein was therefore used for all further library
construction. Primer design for the cysteine-based libraries utilised a TGC codon
to encode cysteine, as this was more abundant than the TGT codon within E. coli.
In addition to this the SGW primers were designed in a similar manner and
optimised for an E. coli host.
2.3.3

Optimisation of SICLOPPS library construction

Firstly, the BglI and HindIII-HF restriction enzymes have a 75% and 100%
respective activity in the presence of NEB buffer 2.0. Due to these sub-optimal
conditions digestion of the pARCBD plasmid was found to be more efficient with a
16 hour incubation at 37°C compared to a three hour incubation.190 A sequential
digest with CutSmart buffer (HindIII-HF) and NEB buffer 3.1 (BglI) was also
attempted but did not give any benefit over a 16 hour double digest (Figure 34).
Not only were the efficiencies found to be approximately the same (Table 3) but
the double digest resulted in greater concentrations of vector, likely due to reduced
purification steps.
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Figure 34: Comparison of pARCBD digestions as analysed following 1% agarose gel
electrophoresis. 1: 16 hour double digestion of pARCBD with BglI and HindIII-HF in sub
optimal buffer conditions (NEB 2.0). 2: sequential digestion of pARCBD with HindIII-HF
(cutsmart) followed by BglI (NEB 3.1). Both digestion methods clearly show the expected
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digested intein band at ~600 bp indicating that there is no significant advantage of a
sequential digestion over a 16 hour double digestion.

To ensure complete coverage of the CX5 and SGWX5 libraries in terms of the
amino acid products, 205 (or 3.2 x 106) transformants were required. To achieve
this, highly efficient electrocompetent cells of the BTB RTHS were prepared. The
first method for preparation of these cells involved culturing a BTB RTHS bacterial
culture to an OD600 of ~0.6, harvesting the cells and performing wash steps with
glycerol (5.3.4). These wash steps allowed the removal of residual culture media
and aided desalting thus reducing the ionic strength of the cell suspension to
ensure efficient electroporation.218 An alternative protocol for preparation of
electrocompetent cells was also attempted whereby the temperature of the
bacterial culture was reduced to 18 °C until an OD600 of ~0.5 was reached.
Reduced incubation temperatures were previously reported to alter membrane
lipid composition and increase electroporation efficiency.219 This second method
did not result in greater efficiency and was laborious due to the slow growth of E.
coli hence it was not used.
The first attempt at CX5 library construction resulted in transformation efficiency of
5x104, two orders of magnitude lower than the minimum coverage despite freshly
prepared electrocompetent cells and new restriction/ligase enzymes. In addition to
this ice cold SOC, cuvettes and ligation mixtures gave only a minor improvement
to efficiency. Following a number of failed attempts, the CX5 ligation mixture was
suspended in 1 L of dH2O and dialysed to ensure the removal of salts that could
hinder or cause arcing thus reducing the electroporation efficiency. This step was
found to be critical as dialysis prior to electroporation resulted in significantly
greater transformation efficiencies from 104-105 up to 106-107 (Table 3). Using this
method efficiencies greater than 1.0x107 were routinely obtained (Figure 35)
during library construction.190
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Figure 35: Efficiency dilutions achieved following construction of a CX5 library. The library
was dialysed prior to electroporation yielding significantly greater library sizes of ~7.0x107
!
compared
to ligations that were not dialysed.
Library

Split intein

Restriction Digest

Dialysed

Library efficiency

CX5

Npu

Double digest

No

3.0x10

CX5

Npu

Double digest

Yes

7.0x10

CX5

Ssp

Double digest

No

5.0x10

CX5

Ssp

Double digest

Yes

1.0x10

CX5

Ssp

Sequential digest

Yes

1.0x10

CX11

Ssp

Double digest

Yes

2.0x10

SGWX5

Ssp

Double digest

Yes

3.0x10

SGWX6

Ssp

Double digest

Yes

8.0x10

5

7

4

7

7

7

6

6

Table 3: Construction attempts, split inteins used and efficiencies achieved for all four
libraries that were screened using SICLOPPS methodology. Dialysis of ligation mixtures
prior to electroporation resulted in significantly greater library efficiencies likely due to the
reduced salts present allowing for a more efficient electroporation procedure. No
improvement in library efficiency or advantage was observed when comparing a
sequential to a double digestion.
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2.4
2.4.1

Screening of SICLOPPS libraries
Primary Screening of SICLOPPS libraries

Following construction, all four SICLOPPS libraries were transformed by
electroporation into cells of the BTB RTHS and plated onto selective minimal
media agar containing minimal media salts, MgSO4 and glycerol as essential
nutrients for bacterial growth. ‘Selection plates’ were also supplemented with
Spectinomycin (25 µg/mL), chloramphenicol (35 µg/mL), IPTG (5 µM), kanamycin
(25 µg/mL), 3-AT (2.5 mM) and L-arabinose (6.5 mM) as detailed in Table 4. Any
colonies that were able to grow on these selection plates are potentially producing
cyclic peptides that are capable of disrupting BTB homodimerisation and should
infer a growth advantage. The minimal media selection plates were incubated at
37°C for 72 hours.
Reagent
Carbenicillin

Final concentration
50 µg/mL

Spectinomycin

25 µg/mL

Chloramphenicol

35 µg/mL

IPTG

5 µM

Kanamycin

25 µg/mL

3-AT

2.5 mM

L-arabinose

6.5 µM

Purpose
Selective pressure for
pAH68 BTB in
chromosome
Selective pressure for
SNS118 chromosomal
strain
Selective pressure for
pARCBD SICLOPPS
plasmid
Permits expression of the
434-BTB protein
reconstituting a functional
repressor
Selection antibiotic for the
kanamycin reporter gene
on the chromosome
allowing bacterial
retardation
Selection chemical acting
as a competitive inhibitor
with the HIS3 gene product
IGPD allowing bacterial
retardation
Permits expression of
cyclic peptides

!

Table 4: Conditions required for screening libraries of cyclic peptides using the bacterial
BTB RTHS in conjunction with SICLOPPS methodology. Minimal media agar selection
plates were supplemented with these chemicals as they were either essential to maintain
selection pressures or identified during drop-spotting assays to be the optimal
concentration for bacterial retardation.
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For a primary SICLOPPS screen, at random, 96 colonies were chosen from the
minimal media agar selection plates, cultured overnight supplemented with
relevant antibiotics, diluted serially and drop spotted on to selective minimal media
agar plates over four different conditions (Figure 36).
BglI

Ar a
C

IC

Efficiency
IN
HindIII

Pick 96 colonies

Transformation

o rigin

CBD

Plating on to minimal
media

C

hl

p1

5A

pARCBD Ssp
3940 bp

or

R

Dilute serially and
plate

Minimal media

+ Arabinose

+ IPTG

+ IPTG + Arabinose

Figure 36: Schematic of the primary SICLOPPS screening process initiated by
transforming a plasmid library into cells of the BTB RTHS and plating on to a selective
minimal media. At random 96 colonies are cultured overnight, diluted serially and drop
spotted on to selective minimal media agar plates over four different conditions.

The 96 colonies were firstly plated onto four agar plates (Table 5). A minimal
media agar control plate (Table 5, 1) that did not contain IPTG or L-arabinose,
where bacterial growth was expected to occur. A screening plate (Table 5, 2) was
supplemented with IPTG to induce the expression of 434-BTB and reconstitute the
functional repressor. Bacterial retardation was expected for all 96 colonies on this
plate. If bacterial growth still occurred on plate 2, it would suggest that growth is no
longer dependent on the RTHS and was likely mutated and thus discarded as a
potential inhibitor. The third plate (Table 5, 3) was an additional control plate that
was supplemented with L-arabinose in the absence of IPTG in order to cause the
expression of cyclic peptides to assess toxicity towards E. coli. Bacterial growth
was expected to occur on the third plate. Interestingly, toxicity was observed in the
presence of L-arabinose and it was assumed that the accumulation of the cyclic
peptides, intein construct or both within the E. coli was the cause. Concentrations
of L-arabinose were reduced (3.2 µM) in an attempt to alleviate the toxicity
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observed. The final plate (Table 5, 4) was supplemented with IPTG and Larabinose, which should cause simultaneous expression of the 434-BTB proteins
and cyclic peptide, thus any peptide that has the potential of disrupting the BTB
PPI should disrupt the functional repressor and allow bacterial growth to be
restored.
Agar plate number

Supplement

Expected bacterial
observations

1

- IPTG - arabinose

Bacterial growth

2

+ IPTG - arabinose

Bacterial retardation

3

- IPTG + arabinose

Bacterial growth

4

+ IPTG + arabinose

Bacterial growth
identifying a potential
cyclic peptide inhibitor

!

Table 5: SICLOPPS primary screening plates supplemented with slightly different
conditions. 96 colonies were dropped spotted on each agar plate. Plates 1 and 3 were
used as controls to ensure the correct growth of the E. coli was observed, whilst plates 2
and 4 were directly compared against each other for bacterial retardations against
restoration of growth when both IPTG and L-arabinose are present.

Over 6720 potential primary inhibitors were screened across the four constructed
libraries. One of the CX5 primary screens with plates 1-4 is shown below. Plate 1
shows that generally all 96 bacterial colonies have regrown as expected following
incubation at 37°C (Figure 37). Plate 2 gave bacterial retardation as expected in
all but one colony, and this colony was therefore discarded as a potential inhibitor
as growth was no longer dependent on the BTB RTHS (Figure 38). Plate 3
resulted in a large number of potential inhibitors being toxic in the presence of Larabinose likely due to cyclic peptide or intein expression (Figure 39). Plate 4
resulted in the identification of seven primary inhibitors exhibiting a growth
advantage in the presence of IPTG (5 µM) and L-arabinose (6.5 µM) (Figure 40).
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Figure 37: Plate 1 of a primary CX5 SICLOPPS screen. Drop-spotting 96 colonies onto
minimal media supplemented with 3-AT (2.5 mM) and Kanamycin (25 µg/mL). In most
cases bacterial growth was as expected in the absence of IPTG and arabinose

Figure 38: Plate 2 of a primary CX5 SICLOPPS screen. Drop-spotting 96 colonies onto
minimal media supplemented with IPTG (5 µM). In most cases bacterial retardation
occurred as expected.
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Figure 39: Plate 3 of a primary CX5 SICLOPPS screen. Drop-spotting 96 colonies onto
minimal media supplemented with L-arabinose (6.5 µM). Approximately 50% of colonies
did not show growth as expected, likely due to the toxicity of the cyclic peptide or intein
construct.

Figure 40: Plate 4 of a primary CX5 SICLOPPS screen. Drop-spotting 96 colonies onto
minimal media supplemented with IPTG (5 µM) and L-arabinose (6.5 µM). In most cases
bacterial retardation occurred. Colony 1 (top left) is an example of a colony that has
mutated where growth is likely no longer dependent on the RTHS due to growth on plate
2. However seven colonies exhibited a growth advantage highlighting them as primary
hits.
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2.4.2

Mutations following primary screening

Screening of all four SICLOPPS libraries resulted in the identification of 25
primary inhibitors. These colonies were isolated and cultured for 16 hours at 37°C,
supplemented with carbenicillin (50 µg/mL), spectinomycin (25 µg/mL) and
chloramphenicol (35 µg/mL). All primary inhibitors were plasmid extracted, and
prior to carrying out the second round of drop-spotting (secondary screening),
these primary hits were analysed. Analysis by electrophoresis revealed that all 25
colonies assayed exhibited a DNA band significantly smaller than the pARCBD
Ssp control plasmid used to construct the SICLOPPS library, indicating the
presence of potential mutations or deletions. In addition to this, many of these
plasmids produced bands of different molecular weights (Figure 41). In order to
determine whether the extein (IC-peptide-IN) region was still present, PCR was
carried out on each colony. Following analysis it was apparent each of these
inhibitors did not contain the expected amplicon at ~585 bp.

1#
3000#bp#
1000#bp#

25#

Figure 41: Analysis of 25 primary SICLOPPS plasmid hits by agarose gel electrophoresis.
Resulting in the identification of all hits exhibiting a DNA band smaller than the original
SICLOPPS plasmid. Lane 1: pARCBD Ssp control plasmid. Lanes 2-25: Primary
SICLOPPS hits exhibiting non-uniform sizes identified by drop-spotting.

To probe further and understand the change in molecular weight, three of these
SICLOPPS plasmids were sequenced and the results indicated that the IC-peptide64
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IN region was not present. To try and identify which regions of the SICLOPPS
plasmid had mutated, four primers were designed to enable DNA sequencing of
most of the plasmid (Table 6).
Primer

Sequence

!pARCBD!!Forward!read!1

5’2!TGAGTGGCAGGGCGGGGCG!23’

pARCBD!!Forward!read!2

5’2ATTATTAATGACGCCCTCTCCGC23’

pARCBD!Reverse!read!1

3’2!GGAACCTCTTACGTGCCGATCA!25’

pARCBD!Reverse!read!2

3’2!ATCGTCTTGAGTCCAACCCGGAA25’

!

Table 6: Primers designed to read the pARCBD Ssp SICLOPPS plasmid. Primers cover
all the regions of interest including the chloramphenicol resistance gene, P15A origin of
replication, inteins and arabinose promoter/repressor protein.

Further sequencing analysis of these mutant plasmids revealed that the
chloramphenicol resistance gene and P15A origin of replication were intact.
However, part of the arabinose promoter and the intein regions had significant
deletions and mutations. Surprisingly, the same ligation mixture containing the
same SICLOPPS library was not only transformed into the BTB RTHS where
mutations were observed but also into an additional RTHS. This additional RTHS
contained a completely unrelated PPI and resulted in the identification of primary
hits that were shown to be the correct size by electrophoresis and later
deconvoluted to provide peptide hit sequences. This suggests that the plasmid
mutations only occur against certain protein targets and may have been a
consequence of the tight immeasurable affinity of the BTB homodimer or the
stress of BTB production in E. coli. The growth advantage exhibited by these
plasmids during the primary screening phase is therefore likely a consequence of
the deletion of the intein region and not disruption of the BTB homodimer. Due to
the nature of SICLOPPS library construction involving two PCR steps, mutations
have been observed within the Tavassoli lab in prior screens but these are usually
only restricted to point mutations within the intein regions. Interestingly there has
been one case where SICLOPPS screening of a particular PPI resulted in the
inclusion of in-frame amber stop codons within the randomised region of the
library. This led to the identification of potent linear peptides of the target PPI and
is an example of SICLOPPS introducing favourable mutations to produce peptide
sequences.220 This also implies that each target PPI is affected dissimilarly and

65

Screening of SICLOPPS libraries
could explain why the same library ligation mixture identified peptide sequences in
an unrelated system.
Despite issues encountered with respect to mutations in the pARCBD plasmids of
primary inhibitors, additional screening of the four libraries was carried out using a
reduced concentration of L-arabinose (3.25 µM) to help limit the toxicity of the
processed intein construct or cyclic peptide observed in previous screens (Figure
39). Halving the concentration of L-arabinose did not prevent the
deletions/mutations observed previously, but less toxicity resulted during primary
screening. Despite the lack of success with the CX11 and SGWX6 libraries, seven
primary inhibitors were identified in the SGWX5 and one primary inhibitor in the
CX5 library (Figure 42). Following plasmid extraction of the SICLOPPS plasmid all
eight of these hits produced DNA products of the expected size, suggesting that
these hits had not undergone the deletions observed previously.

Figure 42: Primary screening drop-spotting of the hits identified in the SGWX5 and CX5
libraries. (A) SGWX5 library, Row 1: Reference bacterial retardation in the presence of 5
µM IPTG, Rows 2-8 : Restoration of growth in the presence of IPTG ( 5 µM) and Larabinose (3.25 µM) identifying 7 primary hits. (B) CX5 library, Row 1: Reference bacterial
retardation in the presence of 5 µM IPTG, row 2: Restoration of growth in the presence of
IPTG ( 5 µM) and L-arabinose (3.25 µM) identifying 1 primary hit.
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2.4.3

Secondary Screening of SICLOPPS Hits

Following plasmid extraction of the eight primary inhibitors, the colonies were
subjected to a secondary screening procedure. Secondary screening involved retransforming the isolated SICLOPPS plasmid hits back into the BTB RTHS and
also into the CtBP1 RTHS. This was necessary to determine whether the original
phenotype observed in the primary screen had been retained and if so whether the
cyclic peptide was specific to the target BTB PPI (Figure 43). CtBP1 is an
unrelated mammalian protein that can mediate a homodimeric PPI, and it was
hypothesised that any cyclic peptide inhibitor specific to BTB should not lead to
any restoration of growth in this system. Following transformation of the plasmids
into both the BTB and CtBP1 RTHS, drop-spotting was carried out and the
selective minimal media plates incubated at 37°C for 72 hours. CP61 (Figure 44
row 8), previously identified as a cyclic peptide inhibitor of CtBP1, was also
included in the drop-spotting to act as a positive control for this system.
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Figure 43: Schematic of a modified E. coli chromosome containing either the BTB or
CtBP1 RTHS that can be merged with the SICLOPPS plasmid by transformation. Each E.
coli colony produced following transformation potentially contains a cyclic peptide that can
disrupt BTB homodimerisation. Any sequence capable of disrupting this interaction would
then prevent the bacteriophage repressor protein from binding to its operator sequencing
therefore allowing transcription of the reporter genes and restoration of growth on a
selective minimal media. Z = S or O.
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Following secondary screening, it was clear that all seven SGWX5 primary
inhibitors had failed to retain their initial phenotype (Figure 44). Three of these hits
did not exhibit restoration of growth in either the BTB or CtBP1 RTHS. This loss of
phenotype is likely due to mutations or could be false positives, an artefact of most
screening platforms. The remaining four primary hits exhibited restoration of
growth as observed previously in the BTB RTHS, but also in the CtBP1 RTHS.
This suggests that all four hits were not specific to the BTB PPI and were either
disrupting the CtBP1 PPI non-specifically, or more likely, disrupting interactions
between the fused bacteriophage 434 repressor protein and its operator
sequence. If this interaction was being inhibited then a functional repressor would
not be formed and the reporter genes would not be repressed. These four hits
were thus identified as false positives and disregarded. Interestingly, evaluation of
the final CX5 inhibitor (Figure 44) confirmed the previously observed regrowth
phenotype in the BTB RTHS, but resulted in no restoration of growth with the
CtBP1 RTHS. This suggests successful identification of a BTB-specific PPI
inhibitor and thus this was was then deconvoluted.
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Figure 44: Secondary screening drop-spotting of the inhibitors identified from the SGWX5
and CX5 libraries. Drop-spotting was carried out on selective minimal media
supplemented with IPTG (5 µM) and/or L-arabinose (6.5 µM). SGWX5 library rows 1-7:
primary hits identified for a secondary screen, row 8: CP61 a previously identified cyclic
peptide inhibitor of CtBP1 (positive control).
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2.4.4

Deconvolution of CX5 library hit

During the primary screening process a number of plasmids had been isolated that
potentially contained a cyclic peptide capable of disrupting the BTB homodimer. Of
these, only colony A82 from a CX5 library screen was found to not contain base
deletions or mutations, as well as not displaying the original phenotype due to
false positives or specificity. This was confirmed by culturing colony A82 for 16
hours at 37°C in the presence of relevant antibiotics. The A82 plasmid was then
analysed by electrophoresis and subjected to PCR, confirming the correct band at
~3900 bp and an amplicon at 585 bp, respectively. Deconvolution of peptide A82
was then achieved by DNA sequencing of the extracted plasmid. The invariable
cysteine residue was found to be proceeded by five randomised peptides with the
variable motif identified as IYYCV (Figure 45). Interestingly this peptide is
comprised of two nucleophilic, two hydrophobic and two aromatic polar residues,
suggesting that the cyclic peptide could make a number of different hydrophobic
and polar interactions with BTB. However, as only one peptide has been identified
as a consequence of this screening, no consensus sequences could be identified.
Following deconvolution of the peptide sequence, intein splicing assays were
carried out to determine whether the intein plasmid construct of cyclo-CIYYCV
splices.

Figure 45: DNA sequencing data obtained for peptide A82. Deconvolution of A82 has
identified the variable motif to be IYYCV
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2.4.5

Splicing assay with cyclo-CIYYCV

Intein splicing was a critical requirement for the identification of cyclic peptide
inhibitors of BTB homodimerisation using SICLOPPS methodology. It was
therefore necessary to demonstrate splicing of the pARCBD Ssp plasmid of any
identified hits. A splicing assay was therefore carried out to ascertain whether the
isolated peptide CIYYCV is cyclic or remains attached to the intein precursor, thus
acting as an aptamer-like scaffold.221 Plasmid A82 was transformed into DH5α E.
coli cells and cultured for 16 hours at 37°C with relevant antibiotics. Splicing was
then carried out by inducing with L-arabinose resulting in expression of the inteinCBD fusion construct (Figure 46).

IC

CIYYCV

IN

CBD

Figure 46: Schematic of the pre-splicing construct of pARCBD Ssp that contains the
CIYYCV peptide sequence between the intein elements. The molecular weight of all
domains has also been determined.

This method allows the CBD domain that proceeds the IN to be exploited and
facilitates the intein construct to be purified by adsorption on chitin affinity beads
for ~16 hours at 4°C.182 The chitin beads were then analysed by SDS-PAGE.
Direct characterisation of cyclo-CIYYCV was not possible due to its low molecular
weight, however, bands at 24.4 kDa and 20.3 kDa were observed corresponding
to the IC-peptide-IN pre-splicing construct and IN-CBD post splicing sequences,
respectively (Figure 47). A weak band at 4.1 kDa was also observed
corresponding to the IC post splicing, but due to the low molecular weight, was
difficult to observe.
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Figure 47: SDS-PAGE of intein processing with plasmid A82 containing the CIYYCV
peptide motif. Lane L: Molecular weight ladder, Lane 1: splicing and intein processing
costructs of plasmid A82. The band at ~25 kDa corresponds to the IC-peptide-IN presplicing construct and bands at ~22 kDa and 8 kDa correspond to peptide-IN and IC post
splicing constructs.

The latter peptide-IN band indicates that the inteins are being processed and
suggests that splicing occurred. However, the intensity of the IN-CBD band is low
compared to the intensity of the pre-splicing construct, which suggests intein
processing has occurred, but only to a small extent, or that optimal splicing is
absent under these experimental conditions. The intein construct was bound to
chitin beads and left to incubate for ~16 hours. During SICLOPPS screening,
minimal media selection plates are left to incubate for 72 hours in the presence of
L-arabinose in vivo. Thus the 16 hour reaction may not accurately indicate the
splicing potential of CIYYCV.

2.5

In vitro testing of cyclo-CIYYCV

Having integrated the BTB RTHS with the SICLOPPS platform, the cyclic peptide
inhibitor CIYYCV was identified that showed BTB homodimeric inhibitory activity.
In order to characterise and validate the activity of cyclo-CIYYCV against BTB in
vitro it was first necessary to synthesise the peptide using solid phase peptide
synthesis (SPPS).
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2.5.1
2.5.1.1

Synthesis of cyclo-CIYYCV
Synthesis of linear CIYYCV

The inhibitor cyclo-CIYYCV was synthesised using SPPS. This method involved
the stepwise addition of α-amino 9-fluorenylmethoxycarbonyl (Fmoc) protected
amino acids to a growing peptide chain covalently bound to a solid resin support
first developed by Merrifield.222 SPPS facilitates reagents and by-products to be
removed by filtration, allowing peptides to be synthesised at a faster rate
compared to liquid phase synthesis, as the laborious purification procedures are
not necessary. Linear CIYYCV was assembled on a pre-loaded α-amino Fmocprotected valine derived p-alkoxybenzyl support, commonly referred to as Wang
resin (Figure 48). Fmoc protecting groups can be removed in a specific orthogonal
manner utilising 20% piperidine in N,N-dimethylformamide (DMF) permitting the
base labile protecting group to be removed, liberating CO2 and the soluble byproduct dibenzofulvene. This method ensured that all acid labile side-chain
protecting groups and the Wang resin polymer remained intact.223, 224, 225, 226
B

A

O
HO
O

NH
O
O

Figure 48: The starting material for synthesis of cyclo-CIYYCV utilised a pre-loaded αamino Fmoc protected valine amino acid. (A) attached to a p-alkoxybenzyl support (B)
commonly referred to as a Wang resin.

The valine Fmoc group was deprotected with 20% piperidine in DMF prior to
coupling of the subsequent amino acid. The coupling stage of the synthesis
proceeded via amide bond formation and this required prior activation of the
carboxyl terminus of the incoming amino acid to enable the reaction to occur at
room temperature and ensure completion.227 Activation was achieved using a
combined strategy of diisopropylcarbodiimide (DIC) with the additive
hydroxybenzotriazole (HOBt), which minimises racemisation.
Using this strategy, the next amino acid in the synthesis of linear CIYYCV,
cysteine, was coupled by reacting with DIC and HOBt resulting in the formation of
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a labile O-acylisourea intermediate before forming an activated benzotriazole
ester. Reaction of the free primary amine of the valine residue with the activated
cysteine ester generated a new amide bond.228, 229, 230 Cycles of Fmoc
deprotection and coupling of each amino acid was carried out until the linear
CIYYCV peptide was synthesised. Due to the potentially reactive nature of the
side-chains of tyrosine and cysteine, four of these residues were incorporated into
CIYYCV with a side-chain-protecting group. The Tyrosine utilised the common
acid labile tert-butyl (tBu) group, whilst the cysteine used the non-acid labile tertbutylthio (StBu) group and could remain intact during cleavage from the Wang
resin (Figure 49). This was done to ensure that the reactive cysteine residues did
not undergo nucleophilic attack or oxidation during cyclisation.
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Figure 49: Fmoc and side chain protected amino acids utilised during the synthesis of
linear CIYYCV. (A) Tyrosine used during the synthesis of CIYYCV containing an acid
labile side chain tBu protecting group. (B) The cysteine utilised during synthesis contains
a non-acid labile StBu protecting group.

2.5.1.2

Monitoring linear CIYYCV coupling by the Kaiser test

To monitor each amino acid coupling and Fmoc deprotection during the synthesis
of linear CIYYCV, the colourimetic Kaiser test was used.231 Despite using efficient
coupling methods, on occasion a peptide sequence may prevent fully efficient
coupling, due to steric hindrance or β sheet formation, leading to deletions. The
Kaiser test is based on the reaction of ninhydrin, which, in the case of successful
Fmoc deprotection, will be able to react with the newly free primary amine,
generating the Ruhemann’s purple compound, visualised by a characteristic dark
blue colour. In contrast, a colourless result would either indicate an unsuccessful
deprotection or be used to confirm coupling. Following a successful result, the
synthesis continued until all the amino acid couplings for linear CIYYCV were
completed. Due to the small amount of Wang resin beads used to monitor each
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Kaiser test, the coupling efficiencies could not be quantified, but provided a
significant qualitative indication of completion.
2.5.1.3

Cleavage of linear-CIYYCV from Wang resin

Following the completion of linear-CIYYCV on the Wang resin support (Figure
50A), the N-terminal Fmoc group was deprotected and the peptide chain cleaved
off the Wang resin. Cleavage was achieved by acid catalysed hydrolysis in
trifluoroacetic acid (TFA), resulting in the simultaneous removal of the peptide from
the Wang resin and deprotection of the Tyr(tBu) protecting group226, 232 (Figure
50B). The addition of deionized H2O and triisopropylsilane (TIS) were added to the
cleavage reaction to ensure that any cationic species produced during the
cleavage were quenched preventing any undesirable side reactions.233, 234 Linear
StBu protected CIYYCV was purified by RP-HPLC and lyophilised for two days to
produce a white powder (77% yield). The linear peptide was characterised by LRMS, HR-MS and analytical RP-HPLC.
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Figure 50: Cleavage of linear-CIYYCV from the Wang resin can be achieved by
trifluoroacetic acid catalysed removal. (A) Structure of linear-CIYYCV prior to cleavage
linked to the Wang resin and with tyr (tBu) protecting groups in tact. (B) Post cleavage
showing the liberated linear-CIYYCV peptide that is no longer covalently bound to the
Wang resin.
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2.5.1.4

Cyclisation of linear Cys(StBu) CIYYCV

The linear Cys(StBu) protected CIYYCV peptide was cyclised in liquid phase with
a large excess of 1-ethyl-3-(3’-dimethyl-aminopropyl)carbodiimide hydrochloride
(EDC) and HOBt in DMF. The reaction was carried out in high dilution for 48 hours
under argon to promote the N- and C- termini of the peptide to undergo
intramolecular backbone cyclisation and to prevent undesirable intermolecular
polymerisation from occurring. The cysteine StBu side-chain protecting groups
were required to ensure that the thiol groups did not initiate any nucleophilic attack
or undergo oxidation, which could have hindered cyclisation.235 Following
cyclisation, cyclo-CIYYCV (Figure 51) was purified by RP-HPLC and lyophilised
for two days to produce a white powder. The cyclisation process was found to be
quite inefficient and yielded only 19%.
This low yield was likely obtained due to undesirable intermolecular side reactions
occurring during the desired reaction. In addition to this, cyclo-CIYYCV is notably
insoluble in aqueous solvents and therefore the product may have been lost during
RP-HPLC purification due to precipitation. In order to improve the efficiency of
cyclisation an alternative strategy involving a dual syringe pump was considered,
whereby the slow drop wise addition of linear CIYYCV would ensure an even
lower local concentration of peptide in the cyclisation solution.236 However, due to
the laborious nature of this method and the requirement for only low milligram
quantities, the synthesis of CIYYCV was continued.
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Figure 51: Structure of Cys(StBu) protected cyclo-CIYYCV.
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2.5.1.5

Deprotection of Cys(StBu) protecting groups

The final step in the synthesis of cyclo-CIYYCV involved deprotection of the nonacid labile Cys(StBu) protecting groups from the cysteine residues. Reduction of
the disulfides was achieved by reaction with a large excess of dithiothreitol (DTT)
and aqueous ammonium carbonate in DMF. The reaction proceeded by
deprotonation of a thiol group in DTT generating a reactive thiolate species that
acts as a nucleophile attacking the disulfiude bond of Cys(StBu) producing the free
thiol group and liberating cyclo-CIYYCV peptide (Figure 52). This final step of the
synthesis routinely produced a 60-70% yield. The peptide was then characterised
by LR-MS, HR-MS and analytical HPLC (5.12.4) confirming high purity.
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Figure 52: Structure of the cyclo-CIYYCV peptide

2.5.2

Synthesis of the SMRT2 corepressor peptide

It has been reported that BTB homodimerisation creates a lateral groove-binding
site and recruits the SMRT corepressor to mediate its repressive capabilities.57
Further research by Ahmad et al. (2003) revealed a minimal binding motif
comprised of SMRT residues 1414-143057 that could bind to the BTB homodimer
with low micromolar affinity. The SMRT1414-1430 peptide sequence would therefore
be an ideal candidate to be used as a positive control for future biophysical assays
with the BTB protein. Prior to the synthesis of SMRT it was reported that an
H1426W mutation (referred to as SMRT2 herein) resulted in no loss of activity and
synthesis was made easier due to the presence of the tryptophan residue that can
be monitored during HPLC purification.58 The synthesis of SMRT2 comprised of
residues LVATVKEAGRSIWEIPR was carried out using standard Fmoc SPPS as
detailed above. All amino acids were incorporated with their respective acid labile
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side-chain protecting groups, which included Arg (Pbf), Glu (OtBu), Trp (Boc), Ser
(tBu), Lys (Boc) and Thr (tBu). Following completion of the linear peptide, the
terminal Fmoc group was removed and the resin split in half. Half the peptide was
cleaved off the resin and all acid labile side-chain protecting groups removed
producing the SMRT2 peptide (Figure 53) that was then purified by RP-HPLC and
characterised by LR-MS and analytical HPLC. The resin was halved at this point
as it was decided for biophysical assays that a labelled version of the SMRT2
peptide would also be useful.
HN

NH 2

NH 2
NH

H

H
N

O
N
H

H
N
O

O
N
H H

OH
H
N
O

O
N
H

H
N

O
N
H

O
HO

H
N
O

O
N
H

HO
H
N

O

O
N
H H
O
OH

H
N

O

O

H H
N

N
H

O

H
N

N

O

O
NH 2

O

NH

O

NH
HN

Figure 53: Structure of the SMRT2 peptide that contains an H1426W mutation to aid
purification of the peptide by RP-HPLC.

Three dye-labelling strategies were considered. The first was labelling using Nhydroxysuccinimide (NHS) esters such as Cy5 that could react with primary amino
groups.237 However, due to the synthesis of SMRT2 on a rink amide resin there
were two primary amine sites possible, at the N terminus as well as on the lysine
residue. This method was therefore not viable, as the labelling site could not be
predicted. The second option considered was maleimide labelling, which entails
the use of electrophilic compounds that are highly reactive with thiols.238, 239
However, due to the absence of a cysteine residue in the native SMRT2 peptide
an additional residue would have to be coupled, potentially affecting the activity of
SMRT2 binding to BTB. In addition, inclusion of a cysteine residue could result in
oxidation or intermolecular disulfide interactions. The third option involved on-resin
N-terminal labelling by employing a carboxylated dye such as 5(6)carboxyfluorescein.240 This method ensures specific labelling of the N-terminus of
the peptide and avoids side reactions, as all other residues possess intact
protecting groups. Closer inspection of the BTB-SMRT crystal structure (PDB ID:
1R2B) and the work carried out by Ghetu et al. (2008) confirmed that the N-termini
was not forming any significant interactions with BTB and therefore the labelling
should have minimal affect on the binding.57, 58 Another potential advantage of
carrying out on-resin labelling was the ease with which the peptide was purified.
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Labelling was carried out on resin prior to SMRT2 cleavage using a large excess
of carboxyfluorescein in the presence of coupling reagents DIC (3 eq) and HOBt (3
eq) in DMF. The peptide was then cleaved off the resin as previously detailed and
purified by RP-HPLC and lyophilised. The resulting peptide (Figure 54) was
obtained as a yellow-orange powder.
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Figure 54: Structure of the carboxyfluorescein labelled SMRT2 peptide.

2.5.3
2.5.3.1

BTB protein expression
Expression and purification of WT GST-BTB5-129

Prior to testing the affinity of cyclo-CIYYCV and determining the activity towards
BTB, the BCL6 BTB protein (Figure 55) had to be expressed and purified. The
majority of all previously reported expressions and crystal structures of the BCL6
BTB domain have involved the use of a triple cysteine mutant (C8Q, C67R and
C84N) that has been shown to significantly enhance solubility and purification yield
(3CysMut BTB herein).57, 58 It was believed that removal of these three cysteine
residues reduced the complexity of folding and therefore enhanced solubility. The
BTB RTHS used during SICLOPPS screening that resulted in the identification of
cyclo-CIYYCV utilised the BTB WT protein. Therefore, it was important to express
the WT protein to ensure that the loss of the triple cysteine did not affect the
binding of cyclo-CIYYCV. These three cysteine residues were also found to be
non-conserved between structurally similar BTB-ZF proteins. Stead et al is the
only group reported to have expressed, purified and crystallised the WT BTB
domain of BCL6 and reported that there was no substantial deviation between the
WT and 3CysMut BTB structures at the dimerisation interface.241 However the WT
protein was still favoured due to its therapeutic relevance and potential for
intermolecular disulfide interactions between cyclo-CIYYCV and BTB.
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Figure 55: Crystal structure of the WT BTB homodimer with the Green and Blue regions
representing BTB monomers. The homodimer shows the positions of the non-conserved
cysteine residues C8Q (red), C67R (orange) and C84N (yellow) that can be mutated
resulting in enhanced solubility. PDB ID: 3E4U

Stead et al reported an optimised purification protocol to specifically enhance the
amount of WT BTB protein within the soluble fraction, which utilized a glutathione
S-transferase (GST) tag.241 GST is a 26 kDa enzyme that can exist as a
homodimer and be expressed as a fusion protein with BTB, resulting in enhanced
solubility in aqueous solutions and facilitating subsequent purification by affinity
chromatography. If desired, the tag can also be cleaved from the BTB protein via
digestion with a site-specific protease such as thrombin.242 To establish whether
the WT BTB5-129 protein could be expressed and purified as detailed in the
literature, the BTB gene was cloned into an IPTG inducible expression plasmid
pGEX-2TK. This plasmid encoded a fusion protein, which contained an N-terminal
GST tag. The BTB gene was cloned at the MCS downstream of this GST tag and
the resulting pGEX-BTB construct transformed into E. coli BL21 Rosetta (DE3)
cells to enhance protein yield and purity by the inclusion of a number of rare
tRNAs.243
GST-BTB was then expressed and purified as previously described.241 A
transformed E. coli strain containing pGEX-2TK was grown at 37°C until an OD600
of 0.6 had been obtained241 and was then induced with 0.1 mM IPTG for 16 hours
at 16°C. The low temperature incubation was used because of previous reports
which suggest improved the solubility of proteins due to the increased stability,
reduced toxicity and improved protein folding.244,245,246 Purification of the GST-BTB
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fusion protein from the soluble crude bacterial lysate was achieved by fast protein
liquid chromatography (FPLC) using an immobilised sepharose-glutathione
column247 and the GST-BTB protein specifically eluted from the affinity column in
the presence of reduced glutathione. The band corresponding to the recombinant
protein was observed by SDS-PAGE and found to be at the anticipated size of
41.3 kDa (Figure 56). Analysis also revealed a large amount of protein within the
insoluble fraction. In addition, lower molecular weight impurities at ~34 and 26
kDa, were also seen which were likely thermally degraded or truncated forms of
GST-BTB and GST only proteins, respectively. Fractions 7-14 were pooled
together and the GST-BTB protein concentrated to a final volume of 5 mL prior to
further purification.
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Figure 56: 15% SDS-PAGE gel of GST-BTB WT protein purified from the soluble fraction
using an immobilised sepharose-glutathione column. Lane 1. Bacterial culture prior to
induction with IPTG with an OD600 of 0.6 reached. Lane 2. bacterial culture post induction
with 0.1 mM IPTG following 16 hour incubation at 16°C. Lane 3. insoluble bacterial lysate
fraction. Lane 4. soluble pellet before purification. Lane 5. protein flow through from
sepharose column. Lane 6. early GST-BTB fraction. Lanes 7-14. elution of the GST-BTB
recombinant protein.

To further purify the GST-BTB protein and to eliminate the lower molecular weight
contaminants, size exclusion chromatography (SEC) was used, by injecting GSTBTB onto a Superdex 75 size exclusion column. This column acted as a molecular
sieve and separated proteins based on size and decreasing molecular weight248.
SEC was therefore an ideal technique for not only further purification but for also
determining and separating different species of GST-BTB from undesirable
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aggregates.Initial SEC purified GST-BTB in a phosphate buffered saline (PBS),
10% glycerol, pH 7.5 and 5 mM DTT buffer, and gave an elution volume of 45 mL,
identified as the void volume of the column and therefore consistent with
aggregation (Figure 57A). There was a small secondary elution peak observed at
52 mL identified as GST-BTB protein. However, analysis by SDS-PAGE revealed
impurities and low quantities of protein presumably due to significant aggregation.
In an attempt to optimise the buffer conditions and improve stability of BTB, high
salt conditions were considered as detailed in the literature regarding the 3CysMut
BTB protein.58,87 SEC carried out in a high salt optimised buffer of 500 mM NaCl,
20 mM Tris-HCl, 10% glycerol, pH 8.0 and 1 mM TCEP also resulted in aggregate
elution at 45 mL. However protein elution at 70 mL was also obtained and
observed to have significantly greater separation from the aggregate elution
(Figure 57B) compared to the lower salt buffer. Analysis of this elution volume by
SDS-PAGE revealed pure GST-BTB protein at the anticipated size of 41.3 kDa
(Figure 57C). Having successfully isolated native WT GST-BTB protein, a
calibration curve was generated using three proteins of known size: cytochrome C
(12.4 kDa), carbonic anhydrase (29 kDa) and bovine serum albumin (66 kDa;
Figure 57D) and used to predict the molecular weight of GST-BTB. Injection of a
small amount of isolated native protein onto the S75 column gave an elution
volume of 52 mL (Figure 57E), corresponding to a calculated molecular weight of
76.91 kDa determined to be close to the theoretical size of the GST-BTB
homodimer (82.60 kDa), as detailed in Figure 57F. Due to the obligate state of
native BTB, it is unsurprising that BTB homodimer was isolated.
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Figure 57: Further purification and SEC optimisation of GST-BTB from the soluble
fraction. (A) Chromatogram of GST-BTB elution using a PBS, 10% glycerol, pH 7.5 and 5
mM DTT buffer. (B) Chromatogram of GST-BTB elution using an optimised high salt
buffer containing 500 mM NaCl, 20 mM Tris-HCl, 10% glycerol, pH 8.0 and 1 mM TCEP
resulting in greater separation and isolation of GST-BTB native protein. (C) 15% SDSPAGE of isolated GST-BTB protein in lanes 1-8 at the anticipated size of 41 kDa. (D) SEC
calibration curve, the dotted horizontal line highlights where GST-BTB was eluted in
comparison to proteins of known mass. (E) Analytical chromatogram following large scale
SEC of GST-BTB to determine an elution volume of 52 mL. (F) Table detailing the
theoretical and calculated values of the native GST-BTB protein identifying it as a
homodimer.
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2.5.3.2

GST cleavage from BTB

Having successfully obtained native BTB protein fused to a GST tag, the GST tag
was removed. GST has the propensity to homodimerize and is also promiscuous
and a relatively large protein (26 kDa), hence it could interfere with the native state
of BTB during biophysical characterisation.249, 250 However, removing GST could
also lead to solubility issues.57, 58, 87 It was therefore hypothesised that cleavage of
GST may result in aberrant unfolding and subsequent aggregation of BTB due
decreased solubility. The pGEX vector which BTB was cloned into, contained a
thrombin protease cleavage site that could recognise the consensus sequence
Leu-Val-Pro-Arg-Gly-Ser. Thrombin could then specifically cleave between the
Arg-Gly residues allowing the GST tag to be cleaved from BTB.251, To determine
the optimal conditions for cleavage four small-scale reactions were prepared under
slightly different conditions. The protein was cleaved at 4°C for 16 hours and 20°C
for two hours using either 1 U/mg or 10 U/mg. Analysis by SDS-PAGE revealed
that all four conditions gave cleavage but unsurprisingly 10 U/mg resulted in
significantly greater cleavage (Figure 58). Analysis of these conditions also
revealed that 4°C for 16 hours gave the greatest conversion to BTB homodimer
with a band at 14 kDa and GST observed at 26 kDa.
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Figure 58: optimisation of GST cleavage from BTB as analysed on a 15% SDS-PAGE.
Lane 1: Cleavage at 4°C for 16 hours with 10 U/mg. Lane 2: Cleavage at 4°C for 16 hours
with 1 U/mg. Lane 3: Cleavage at 20°C for two hours with 10 U/mg. Lane 4: Cleavage at
20°C with 1 U/mg

Having identified the optimal conditions for cleavage, a large-scale reaction was
carried out with 10 U/mg of thrombin at 4°C for 16 hours. The GST-BTB protein
was then subjected to SEC. It was believed that due to the size difference
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between GST dimer (52 kDa) and BTB dimer (28 kDa) the proteins should be
easily separable, and could be eluted directly into their storage buffer. Following
SEC, two peaks were observed on the chromatogram. The first had an elution
volume of 45 mL and upon closer inspection of this fraction white precipitate could
be observed consistent with protein degradation and aggregation. The second
peak had an elution volume of 60 mL indicative of GST dimer (Figure 59A).
Analysis by SDS-PAGE revealed that the peak with an elution volume of 45 mL
contained bands at 14 kDa and 26 kDa corresponding to cleaved BTB and GST
proteins, respectively (Figure 59B). However, due to the elution volume being
consistent with the void volume these proteins were identified as inseparable
aggregates with a significant loss of protein. Furthermore analysis of the second
peak revealed a band at 26 kDa corresponding to GST protein and the absence of
a band at 14 kDa. This confirmed that the majority of the BTB protein had now
aggregated and been lost due to the reduced stability and solubility of the WT
protein in the absence of the solubility tag.
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Figure 59: Large scale GST cleavage from BTB using 10 U/mg thrombin at 4°C for 16
hours. (A) Chromatogram of GST-BTB cleavage. Peak 1 gave an elution volume of 45 mL
indicative of aggregation and peak 2 gave an elution volume of 60 mL indicative of GST
dimer. (B) 15% SDS-PAGE, lanes 1-3: fractions collected from peak 1 with bands at 26
and 14 kDa corresponding to GST and BTB respectively. Lanes 4-6 fractions collected
from peak 2on the chromatogram with a band at 26 kDa corresponding to GST protein.

2.5.3.3

Expression and purification of WT His6-BTB5-129

Due to the inability to remove the GST tag from BTB without significant
aggregation and loss of protein, alternative approaches were considered.
Expression and purification of the WT BCL6 BTB domain has only previously been
reported with a GST tag.241 However, the 3CysMut BTB domain has been purified
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with a small hexahistidine (His6) tag and so this option was considered with the
WT protein. Despite the likelihood of significant aggregation, the WT BTB gene
was cloned into the pET28a vector that encoded an N-terminal His6 tag that would
allow purification by nickel affinity chromatography. Expression and purification of
His6-BTB was carried out in an identical fashion to the GST-BTB protein using a
high salt 500 mM NaCl, 20 mM Tris-HCl, 10% glycerol, pH 8.0 and 1 mM TCEP
buffer. The band corresponding to the recombinant His6-BTB protein isolated from
the soluble fraction was analysed by SDS-PAGE and found to be present in high
yield and purity at the anticipated size of 17 kDa (Figure 60).

26 kDa
17 kDa
10 kDa
1

2

3

4

5

6

7

8

9

10 11

Figure 60: 15% SDS-PAGE gel of His6-BTB WT protein purified from the soluble fraction
using nickel affinity chromatography. Lane 1: Bacterial culture prior to induction with IPTG
with an OD600 of 0.6 reached. Lane 2: Bacterial culture post induction with 0.1 mM IPTG
following 16 hours incubation at 16°C. Lane 3: Insoluble bacterial lysate fraction. Lanes 45: Soluble pellet before purification. Lanes 5-6: protein flow through from nickel column.
Lanes 7-11: His6-BTB protein identified by the band at 17 kDa with high yield and purity.

The His6-BTB protein fractions were pooled together and concentrated to a final
volume of 5 mL. Closer inspection of the His6-BTB sample revealed white
precipitate starting to form. The sample was then subjected to centrifugation
resulting in the formation of a large white pellet suggesting the protein had
aggregated. The remaining solution was injected onto a Superdex 75 size
exclusion column in an attempt to isolate non-aggregated protein. SEC of His6BTB revealed an elution volume of 63 mL (Figure 61A), which was calculated to
be consistent with the presence of BTB homodimer using a calibration curve
(Figure 61B). Despite successfully isolating protein, the yield following separation
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of the aggregates was too low and deemed negligible. It was therefore concluded
that His6-BTB could not be used to characterise cyclo-CIYYCV with biophysical
assays.
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Figure 61: SEC of GST-BTB from the soluble fraction. (A) Chromatogram of His6-BTB
elution using an optimised high salt buffer containing 500 mM NaCl, 20 mM Tris-HCl, 10%
glycerol, pH 8.0 and 1 mM TCEP. (B) SEC calibration curve, the dotted horizontal line
highlights where His6-BTB was eluted in comparison to proteins of known mass. (C) Table
detailing the theoretical and calculated values of the native His6-BTB protein identifying it
as a homodimer.

2.5.3.4

Expression and purification of 3CysMut BTB

Despite efforts to cleave the GST tag from BTB and also express the His6-BTB
WT protein, both resulted in significant aggregation as previously detailed. Due to
the desire to characterise the cyclic peptide with the WT protein it was decided
that the GST-BTB protein would be used with the GST tag intact. To complement
this, the 3CysMut BTB protein was expressed and purified. As previously detailed
this mutant BCL6 BTB protein has three non-conserved solvent exposed cysteine
residues that are mutated to C8Q, C67R and C84N to enhance the solubility and
prevent aggregation.57, 58, 241 The GST-BTB WT and 3CysMut proteins could then
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be characterised in parallel with cyclo-CIYYCV, to ensure that the GST tag is not
significantly altering the native state of the protein and to determine whether the
loss of three cysteine residues abrogates binding of the peptide.
The mutant BTB gene was cloned into an IPTG inducible expression plasmid
pET32a. This plasmid encoded a fusion protein, which contained an N-terminal
thioredoxin (trx) fusion protein followed by a His6 tag allowing the protein to be
purified by nickel affinity chromatography. Despite removal of the three-cysteine
residues, BTB expression is still problematic and so the trx fusion partner was
included to circumvent any aggregate complications and ensure the production of
soluble protein252. Expression and purification of Trx-His6-3CysMutBTB was
carried out as detailed in the literature58 using a high salt 500 mM NaCl, 20 mM
Tris-HCl, 10% glycerol, pH 8.0 and 1 mM TCEP buffer. The mutant protein was
then further purified by injection onto a superdex S200 size exclusion column
where a minor aggregate peak was observed at 45 mL. A large intense peak was
also observed (elution volume 57 mL) expected to be Trx-His6-3CysMutBTB
(Figure 62A). The band corresponding to the recombinant protein isolated from the
soluble fraction was then observed by SDS-PAGE and found to be present in high
yield and purity at the anticipated size of 34 kDa (Figure 62B). A calibration curve
for the S200 column using proteins of known mass was constructed (Figure 62C)
and the 3CysMut BTB protein determined to be present as a homodimer (Figure
62D). The mutant protein was significantly easier to express and purify, and as a
result large quantities of mutant protein were obtained.

88

In vitro testing of cyclo-CIYYCV

B

A
600

mAU

400

43 kDa
34 kDa

200

26 kDa
0

0

25

50

75

1

100

2

3

4

6

5

Volume (mL)

D

C
2.0

Ve / Vo

1.8
1.6

Carbonic anhydrase

3CysMut BTB

Bovine serum albumin
Alcohol Dehydrogenase
-Amylase

1.4
1.2
1.0

Protein!
Ve/Vo!
Log10 Molecular
Weight (kDa!
Theoretical
Molecular weight
monomer (kDa)!
Theoretical
molecular weight
dimer (kDa)!
Calculated
Molecular weight!

Cytochrome C

1.5

2.0

2.5

Log10 Molecular weight (kDa)

Trx%His6%BTB!
1.56!
1.87!
34.90!
69.80!
74.13!

!

Figure 62: Isolation and SEC of Trx-His6-BTB mutant protein from the soluble fraction
using a pET32a vector. (A) SEC Chromatogram of Trx-His6-BTB mutant protein elution
using an optimised high salt buffer containing 500 mM NaCl, 20 mM Tris-HCl, 10%
glycerol, pH 8.0 and 1 mM TCEP. (B) 15% SDS-PAGE of isolated Trx-His6-BTB mutant
protein. Lane 1: Insoluble pellet, lane 2: Trx-His6-BTB protein following nickel affinity
purification. Lane 3: Soluble protein pellet prior to purification. Lane 4-6: Trx-His6-BTB
mutant protein at the anticipated size of 34 kDa. (C) SEC calibration curve, the dotted
horizontal line highlights where Trx-His6-BTB mutant protein was eluted in comparison to
proteins of known mass. (D) Table detailing the theoretical and calculated values of the
mutant protein identifying it as a homodimer.

2.5.4

In vitro assay development to validate cyclo-CIYYCV

Having successfully isolated the GST-BTB WT and 3CysMut BTB proteins and
established their homodimeric state, in vitro assays were used to validate the
activity of cyclo-CIYYCV. Firstly, in order to evaluate whether a binding event was
occurring, two biophysical assays were carried out: Thermal shift (TS) and
Microscale thermophoresis (MST). These assays were designed to demonstrate
direct binding and generate preliminary data for cyclo-CIYYCV to complement the
in vivo drop-spotting data observed during the SICLOPPS screening assay.
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2.5.4.1

Thermal shift assay

It was hypothesised that TS could measure the thermal stability/unfolding of BTB
upon binding of cyclo-CIYYCV in the presence of a SYPRO orange fluorescent
dye (Ex492/Em610 nm).253 The thermal stability of BTB is linked to Gibbs free energy
of unfolding (∆GU) which is affected by temperature.254 The stability of BTB
decreases with increasing temperatures resulting in a decrease in ∆GU. The assay
can then monitor the point at which ∆GU becomes zero and a state of equilibrium is
reached between the concentrations of the native and unfolded states of BTB.
This is considered the melting temperature (Tm).
Firstly a Tm was obtained for WT GST-BTB whereby the protein was heated from
25°C to 95°C at a rate of 1°C every 30 seconds generating a sigmoidal transition
melt curve (Figure 63). From 25°C to 40°C the folded native BTB protein starts to
melt but the fluorescence remains constant due to the lack of hydrophobic
unfolded binding sites for SYPRO orange to bind. However from 45°C to 60°C
there is a sudden increase in fluorescence intensity consistent with the melting
and unfolding of the BTB protein, and the ability for SYPRO to bind nonspecifically to the unfolded and exposed hydrophobic region. The fluorescent
signal then plateaus between 60°C to 65°C suggesting that BTB was completely
unfolded and SYPRO was occupying all hydrophobic regions. A decrease in
fluorescence between 70°C to 95°C was thought to be precipitated/aggregated
BTB and dye dissociation. The Tm was calculated by analysing the midpoint
between the high and low limits of fluorescence intensity where ∆GU is zero, by
taking the first derivative of the melt curve. The Tm in the presence of 10%
dimethyl sulfoxide (DMSO) was 51.5°C (Figure 63). A melt curve was also
obtained for the 3CysMut BTB protein with 10% (DMSO), which was 56.25°C,
highlighting a minor difference between the two proteins likely due to the different
fusion tags. The inclusion of DMSO was deemed necessary due to the poor
solubility of cyclo-CIYYCV and the high concentrations required for this assay.
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Figure 63: The change in fluorescence intensity at increasing temperatures for the
unfolding of WT GST-BTB protein in the presence of the fluorescent dye SYPRO orange
(Ex492/Em610 nm). (A) BTB homodimer in the folded native state at low temperatures. (B)
As the temperature increases further the BTB homodimer begins to unfold and expose
hydrophobic regions that SYPRO can non-specifically bind to, resulting in an increase in
fluorescence intensity. The mid-point of this transition was used to calculate the Tm of
GST-BTB and determined to be 51.5°C. (C) The fluorescence has plateaued suggesting
BTB has completely unfolded and all hydrophobic regions are now occupied. (D) When
temperatures reach an excess of 70°C the fluorescence intensity begins to decrease likely
due to BTB aggregation and dye dissociation. PDB: 3E4U

Due to the poor solubility of cyclo-CIYYCV a minimum of 10% DMSO was required
to dissolve the peptide at 3 mM. Therefore prior to testing, a TS assay was carried
out to determine the sensitivity and effect of 0-20% DMSO on the Tm of BTB. This
assay was carried out for both the WT and mutant proteins with a similar outcome.
The effects of a ligand or compound such as DMSO can result in an increase or
decrease in Tm, and can result in stabilising or destabilising effects, respectively.
The results of the assay showed that BTB shifted to lower melting temperatures
and became increasingly destabilised (∆Tm continually decreased) from -2°C to 8°C with increasing concentrations of DMSO in a dose-dependent manner (Figure
64). This result concurs with the literature, which suggests that DMSO can act as a
protein denaturant.255 In addition it has been well established that at high
91

In vitro testing of cyclo-CIYYCV
concentrations DMSO can create an expansive hydrophobic binding network with
the unfolded protein, which can potentially exist at a lower energy state compared
to that of the native protein.255 Although not ideal due to a -4°C destabilising shift,
10% DMSO was the minimum concentration required for cyclo-CIYYCV to be
dissolved in the milimolar range. For future assays no more than 10% DMSO will
be used to ensure that the BTB protein is not subjected to adverse conditions that
might cause structural changes.
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Figure 64: The effect of 0-20% DMSO on the Tm of WT GST-BTB protein. (A) Melt curve
of temperature vs. fluorescence with varying concentrations of DMSO. (B) The first
derivative of the melt curve showing a shift in the temperature at the maximal point. (C).
Bar graph of the calculated ∆Tm at increasing concentrations of DMSO showing that BTB
becomes increasingly destabilised.

Having verified the effects of DMSO, a TS assay was carried out with varying
concentrations of cyclo-CIYYCV to determine the effect on BTB. Three
concentrations from 0 to 3 mM were used with 15 µM GST-BTB. Preliminary
results from the assay showed a shift towards higher melting temperatures (∆Tm
increased) from +0.7°C to +1.7°C upon addition of 1 to 3 mM cyclo-CIYYCV
(Figure 65). This suggested that the peptide was exhibiting an increasingly
stabilising effect on GST-BTB and was consistent with a binding event. This
stabilising effect supports what has previously been observed in the literature for a
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number of protein ligand interactions and suggests that the thermal stability of BTB
is proportional to the concentration of cyclo-CIYYCV.253, 256, 257

Figure 65: The effect of cyclo-CIYYCV on the Tm of WT GST-BTB protein. (A) The first
derivative of the melt curve showing a ∆Tm towards higher temperatures at the maximal
point with increasing concentrations of cyclo-CIYYCV. (B) Bar graph highlighting the ∆Tm
resulting in an increasingly stabilising effect upon the addition of cyclo-CIYYCV from
+0.7°C to +1.7°C

To determine whether the stabilising effect observed with GST-BTB and cycloCIYYCV was reliable and not an artefact of the large GST tag, an identical TS
assay was carried out with the 3CysMut BTB protein. The results from this assay
also gave a shift towards higher melting temperatures (∆Tm increased) from
+1.5°C to +3.5°C upon addition of 1 to 3 mM cyclo-CIYYCV (Figure 66).

Figure 66: The effect of cyclo-CIYYCV on the Tm of 3CysMut protein. (A) The first
derivative of the melt curve showing a ∆Tm towards higher temperatures at the maximal
point with increasing concentrations of cyclo-CIYYCV. (B) Bar graph highlighting the ∆Tm
resulting in an increasingly stabilising effect upon the addition of cyclo-CIYYCV from
+1.5°C to +3.5°C.
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The ∆Tm between the WT and mutant proteins differs from +0.8°C to +1.8°C in the
presence of peptide. In addition to this, there is also a change in the baseline of
the first derivative curves for the WT and mutant proteins. This variation is likely
due to the affinity tags fused to BTB, where the WT protein has a GST tag (26
kDa) and the mutant version contained a Trx tag (12 kDa) altering the Tm from
51.5°C to 56.5°C, respectively. Not only did this alter the Tm but it is also likely that
the proteins would unfold differently and therefore react with sypro orange in a
altered manner. Despite this difference, the overall trend for both proteins in the
presence of cyclo-CIYYCV suggest that the peptide is binding to the BTB protein
and exhibiting a stabilising effect.
In light of binding data obtained from the TS assay, the dissociation constant (KD)
for this interaction was sought after next. To achieve this a number of different
biophysical assays were considered. The options available were Surface Plasmon
Resonance (SPR), Isothermal Titration Calorimetry (ITC) and MicroScale
Thermophoresis (MST). Initially ITC was considered to be the most favourable
technique, as it can measure the heat generated or absorbed during a binding
event without the prior need for any component of the assay to be modified, such
as bound to an immobilised surface (as with SPR) or labelled with a fluorophore
(MST) and this assay was therefore label free. However, except for the TS data
suggesting a binding event was occurring, no previous structural or affinity-based
data had been obtained for this interaction. In addition to this, all previously
identified cyclic peptide inhibitors against numerous PPI identified during
SICLOPPS screens have been found to be in the low-mid micromolar range
before modification.113, 114, 115, 116 ITC would therefore pose a significant challenge
due to the high concentrations of protein and poor solubility of peptide that would
be required to carry out the assay in the mid-micromolar range. Furthermore, with
the prior knowledge that production of WT GST-BTB protein results in large
quantities of aggregate, obtaining the protein at the required concentration to carry
out ITC would be extremely difficult and for these reasons ITC was not considered.
Whilst SPR is also a label free and highly sensitive technique, it required cycloCIYYCV or BTB to be bound to an immobilised surface and has been reported to
over estimate affinities.258 MST was therefore the most favourable technique as it
was readily available for immediate use, could detect the KD over a larger range
from µM to pM and only consume small amounts of protein and peptide.
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Due to the requirement for the labelling of primary amines of lysine residues with
MST, the crystal structure of the BTB homodimer was analysed to identify the
position of these residues. Analysis (PDB: 3E4U) revealed four lysine residues
present on each monomer subunit (Figure 67). Two lysine residues K123 and
K126 were found to be present at the C-terminus at alpha helix 6, whilst K47 and
K66 were present at alpha helix 2 and the unstructured loop by Beta sheet 4,
respectively. Due to the positioning of these residues it was unlikely that labelling
would be detrimental to cyclo-CIYYCV or SMRT2 binding, as the majority of the
dimer interface was still label free.

β4
α2

α6
Figure 67: Crystal structure of the WT BTB homodimer with the Green and Blue regions
representing BTB monomers. The four-lysine residues that will be labelled for the MST
assay K47, K66, K123 and K126 for one monomer subunit have been shown in magenta
to highlight their positions. PDB ID: 3E4U

2.5.4.2

Microscale Thermophoresis

MST is a biophysical technique that was used to determine and quantify the
affinity between BTB and cyclo-CIYYCV. The technique is based on the directed
movement of a protein along a thermal gradient termed “thermophoresis” that is
induced by a laser. The thermophoretic protein movement is dependent upon
hydration shell, size and charge, which can be affected by ligand binding.259
Thermophoresis was monitored by loading 4 µL of protein with varying
concentrations of ligand into small glass capillaries and shining an IR laser,
introducing a microscopic temperature gradient typically ranging from 2-6°C.
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Initially, the protein-ligand complex is homogenously distributed with a constant
fluorescence. Following laser activation a sudden decrease in fluorescence
caused by a temperature jump (“T-jump”) is observed that eventually reaches a
steady state. The thermophoretic movement of the protein can be monitored for
about 30 seconds and then following laser deactivation an inverse T-jump and
back-diffusion of the labelled protein occurs.259
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Figure 68: Typical MST trace for fluorescently labelled WT GST-BTB with unlabelled
cyclo-CIYYCV demonstrating the changes that occur during the thermophoretic
movement. (A) Homogenously distributed BTB-CIYYCV complex at an initial constant
fluorescence state. (B) Upon laser activation there is a sudden decrease in fluorescence
due to a T-jump. (C) After about 10 seconds the complex reaches a steady heated state
and the thermophoretic movement of the complex out of the heated volume can be
monitored. (D) Laser deactivation resulting in an inverse T-jump and back diffusion of the
complex.

When the laser is switched off, the homogenous complex has a given
concentration. However, the small temperature increase upon laser activation
causes the protein to diffuse away from the heated area affecting the local
concentration with respect to a temperature change (ΔT). Thus the change in
concentrations from “cold” to “hot” can be quantified with the Soret coefficient ST
equation as detailed in equation 1.260
!!!"
!!"#$

= exp −𝑆! 𝛥𝑇 ≈ 1 − 𝑆! ΔT

(Equation 1)
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All of the MST experiments carried out in this section use a fluorescently labelled
peptide or protein. Fluorescence can therefore be used to quantify the local
changes in these biomolecules as normalised fluorescence Fnorm. This can be
taken into consideration with the T-jump (defined as δF/δT) whereby a sudden
change in fluorescence is observed due to a temperature change that defines
equation 2260.
𝐹!"#$ =

!!!"
!!"!#$%

!!

= 1 + ( !! − 𝑆! ) ΔT (Equation 2)

For the MST assays described in this section a titration series was set up to
quantify the interaction. The labelled peptide or protein was kept at a constant
concentration and optimised to give a good signal to noise ratio prior to running
the assay. The unlabelled binding partner was then titrated across a range of
concentrations. Quantification of binding could then be achieved by calculating the
differences in normalised fluorescence of the bound and unbound states of the
biomolecule as detailed by equation 3260.
𝐹!"#$ = 1 − 𝑥 𝐹!"#$ 𝑢𝑛𝑏𝑜𝑢𝑛𝑑 + 𝑥 𝐹!"#$ (𝑏𝑜𝑢𝑛𝑑) (Equation 3)
This equation defines Fnorm (unbound) and Fnorm (bound) by the normalised
fluorescence of the unbound and bound labelled biomolecule respectively. Where
x is the fraction of labelled biomolecules bound to each state.
Initially the GST-BTB protein was labelled with a red NT-647 fluorescent probe
(NanoTemper) by reacting with the primary amines of lysine residues. The optimal
concentration of labelled BTB protein to give a clear signal to noise ratio was
found to be 30 nM. The LED power of the MST was kept at 20% as this was found
to give between 600-800 fluorescent units at 30 nM and increasing this further
risked the possibility of photobleaching of the dye. In addition to this, 60% MST
power was found to be optimal as this provided a steeper thermal gradient.
Furthermore adsorption to the capillary surface was observed when the GST-BTB
protein was monitored with standard capillaries and therefore premium-coated
capillaries that contain a specially coated polymer to prevent adsorption were
required.
Following these initial assay optimisations, cyclo and linear CIYYCV were titrated
from 2 mM to 1 µM with 30 nM of GST-BTB. The results from this assay revealed
that cyclo-CIYYCV was binding to GST-BTB with a KD of 142 ± 25 µM (three
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independent repeats in duplicate) whereas no binding was observed for the linear
peptide (Figure 69).
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Figure 69: MST of cyclo and linear CIYYCV. (A) cyclo-CIYYCV binding to GST-BTB with a
KD of 142 ± 25 µM calculated from three independent repeats in duplicate. (B) linearCIYYCV does not bind to GST-BTB. The GST-BTB protein was labelled with a NT-647
dye and used in the MST assays at a constant 30 nM whilst the linear and cyclo-CIYYCV
peptides were titrated from 2 mM to 1 µM. MST was carried out in a PBS, 0.01% tween20, pH 7.5 buffer with premium capillaries, 20% LED and 60% MST power.

Whilst the results from this assay suggest that cyclo-CIYYCV binds to GST-BTB in
the mid-micromolar range, the linear variant resulted in no binding and gave a
constant fluorescent reading. This suggests that the cyclic peptide has enhanced
specificity for the binding site over the linear counterpart likely due to
conformational rigidity. Interestingly the binding of GST-BTB with cyclo-CIYYCV
was best fitted to a hill model and found to have a hill coefficient of 2. This
indicates positive cooperativity whereby the binding of one CIYYCV peptide
improves the affinity for a second peptide.
Having now confirmed that cyclo-CIYYCV binds to BTB, it was necessary to
identify a potential binding mode. Due to the two-cysteine residues within the
peptide and the five-cysteine residues within the WT BTB protein, it was
hypothesised that there might be a propensity for disulfide interactions. To
determine whether this hypothesis was true, an additional MST assay was set-up
with 30 nM GST-BTB and cyclo-CIYYCV titrated again from 2 mM to 1 µM and
incubated in the presence of 2.5 mM DTT for 30 minutes prior to running the
assay, to keep any potential disulfide interactions reduced. Interestingly,
incubation with 2.5 mM DTT abrogated all activity previously observed with cyclo-
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CIYYCV (Figure 70). This was consistent with the hypothesis that disulfide
interactions could be playing a significant role in the binding.
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Figure 70: MST assay of cyclo-CIYYCV titrated from 2 mM to 1 µM with 30 nM GST-BTB
incubated in the presence of 2.5 mM DTT. No binding was observed. MST was carried out
in a PBS, 0.01% tween-20, pH 7.5 buffer with premium capillaries, 20% LED and 60%
MST power.

Abrogation of cyclo-CIYYCV binding to GST-BTB in the presence of DTT
highlighted the potential presence of disulfide interactions. For obvious reasons,
incubation with DTT would disrupt these interactions, leading to a loss of activity
similar to the one observed in this experiment. Three reasons have been
hypothesised to explain the loss of activity:
1. Unfolding of the BTB protein due to the reduction of intramolecular disulfide
interactions. Resulting in the peptide no longer being able to bind efficiently.
2. Intramolecular disulfide bridge formation could be occurring within cycloCIYYCV resulting in a bicyclic structure with potentially enhanced specificity. DTT
could be reducing this interaction resulting in abrogation of activity.
3. Intermolecular disulfide interactions between cyclo-CIYYCV and BTB could be
responsible for the binding of the peptide to BTB. DTT incubation would lead to a
loss in the affinity between both species therefore resulting in loss of activity.
Firstly, in order to determine whether the loss of activity was due to the unfolding
of the BTB protein and not a consequence of the binding of cyclo-CIYYCV,
positive control assays were carried out. It is well established that the SMRT
corepressor peptide can bind to the lateral groove of the BTB homodimer and
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cannot bind if the protein is in an incorrect fold or monomeric state. Therefore MST
assays were carried out using a constant concentration of labelled
carboxyfluorescein SMRT2 peptide found to give an optimal signal-to-noise ratio at
10 nM and varying concentrations of GST-BTB from 8 µM to 15 nM with and
without the presence of 2.5 mM DTT. Higher concentrations of GST-BTB were
also used, but considerable aggregation was observed. The assay revealed that
incubation with and without DTT had a minimal effect on the binding of the GSTBTB-SMRT2 complex, with KD values of 1 ± 0.03 µM and 0.3 ± 0.08 µM obtained,
respectively (Figure 71). The hill coefficient for SMRT binding to BTB was found to be
one consistent with noncooperative binding. The differences in the hill coefficient
between SMRT and cyclo-CIYYCV could suggest that the peptide is binding to an
allosteric site on BTB as opposed to the lateral groove. The results obtained from
this assay, disprove hypothesis 1 and confirm that 2.5 mM DTT had no effect on
the binding of SMRT2. Thus it is unlikely that the BTB structure was being
unfolded.
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Figure 71: MST assay with GST-BTB binding to SMRT2 in the absence and presence of
DTT. (A) GST-BTB binding to SMRT2 in the absence of DTT with a KD of 1 ± 0.03 µM
calculated from two independent repeats in duplicate. (B) GST-BTB binding to SMRT2 in
the presence DTT with a KD of 0.3 ± 0.08 µM. DTT had no effect on the binding of BTB.
The SMRT2 peptide was N-terminally tagged with carboxyfluorescein and used at a
constant concentration of 10 nM, whilst the GST-BTB protein was titrated from 8 µM to 15
nM. MST was carried out in a PBS, 0.01% tween-20, pH 7.5 buffer with premium
capillaries, 20% LED and 60% MST power.

Having obtained data to suggest that the first hypothesis was unlikely, the
possibility of an intramolecular disulfide interaction, an oxidative process that can
readily occur at room temperature with cyclo-CIYYCV was considered. If a
disulfide interaction was occurring, cyclo-CIYYCV could exist as a bicyclic
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structure. Firstly, to determine the state of CIYYCV, the peptide was analysed by
high-resolution mass spec (HR-MS) and the m/z [M+H]+ for C35H49N6O8S2 was
determined as 745.3053, indicative of a cyclic peptide that contains two free thiol
groups. However, analysis by mass spec does not mimic the experimental
conditions that were used during the MST experiments and required a
methanol/acetonitrile solvent. To avoid this issue and to determine the state of the
cysteine residues under MST buffer conditions an Ellman’s assay was
developed.
The Ellman’s assay first described in 1959 by Ellman261 is used to quantify the
number of free thiol groups present in solution by using the water-soluble
compound 5,5’-dithio-bis-(2-nitrobenzoic acid), commonly referred to as DTNB.
Free thiol groups can react rapidly and with high specificity towards DTNB,
producing a mixed disulfide and a cleaved yellow colourimetric product 2-nitro-5thiobenzoic acid (TNB) the dianion of which is measurable at absorbance of
412nm (Figure 72).262
O
N+

O
S

O
-O

S

OO

R

S

O

N+
O

O
N+
R

S

OS

S
O

DTNB2-

O
N+

Mixed disulfide

OO

O
TNB2- colorimetric at 412 nm

Figure 72: Structure of Ellman’s reagent 5,5’-dithio-bis-(2-nitrobenzoic acid) commonly
referred to as DTNB. DTNB can react with free thiol groups resulting in cleavage to a
mixed disulfide and the yellow colourimetric product TNB whereby the dianion species can
be quantified by absorbance at 412nm.

Prior to determining the quantity of free thiol groups in cyclo-CIYYCV, a standard
curve was prepared using a sample of known concentrations of a free thiol
compound. It was necessary to use a compound that also contains a cysteine
residue for direct comparison and therefore reduced glutathione (GSH) was
chosen as it contains one reduced cysteine residue, is water-soluble and was
readily available. To plot the cysteine standard curve, five concentrations of GSH
ranging from 0.5 mM to 31 µM in the presence of 10% DMSO were prepared, and
then reacted with a large excess of DTNB (5 mM) and the absorbance measured
at 412 nm. The reaction was carried out in identical buffer conditions to that used
during the MST assays (PBS, 0.01% tween-20, pH 7.5 buffer). The standard curve
was plotted and the fitted regression line was found to have an R2 value of 0.99,
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suggesting these data closely fit the standard curve. The number of free cysteine
residues within cyclo-CIYYCV could now be determined using this curve.
The peptide was prepared at a concentration of 0.5 mM in the presence of 10%
DMSO and in identical buffer conditions detailed previously, and then left to incubate
at room temperature for 1 hour. Following incubation, cyclo-CIYYCV was reacted with
DTNB (5 mM) and the absorbance measured at 412 nm. The calculated absorbance
of cyclo-CIYYCV at 0.5 mM was 1.3420, compared to that of GSH that was 0.6172.
This result shows that the absorbance of CIYYCV was approximately double that of
GSH and therefore suggests that there were twice as many free thiol groups present
in solution. It could be concluded from HRMS and the Ellman’s assay that under
experimental conditions, both cysteine residues within cyclo-CIYYCV were in a
reduced state; hence hypothesis 2 was deemed unlikely.
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Figure 73: Ellman’s assay standard curve of GSH at concentrations ranging from 0.5 mM
to 31 µM. Absorbance of GSH at 0.5 mM was determined to be 0.6172 compared to the
calculated absorbance of cyclo-CIYYCV found to be 1.3420. This suggests that both
cysteine residues within the peptide are in a reduced state.

The third and final hypothesis considered the possibility of potential intermolecular
disulfide interactions between cyclo-CIYYCV and BTB. Having already confirmed
binding to the WT GST-BTB protein, the 3CysMut BTB protein was now
considered. Although binding has already been confirmed with the mutant protein
in a TS assay it was decided that if a KD could be determined with this protein it
could provide information about three cysteine residues that are potentially not
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important to the binding of cyclo-CIYYCV. Further MST experiments were carried
out by labelling the 3CysMut BTB protein with a red NT-647 fluorescent probe as
previously detailed by reacting with the primary amines of lysine residues. The
optimal concentration of labelled mutant BTB protein to give a clear signal-to-noise
ratio was 100 nM. The LED power of the MST was kept at 20% as this was found
to give between 800-1100 fluorescent units. Following these assay optimisations,
cyclo-CIYYCV was titrated from 2 mM to 1 µM with a constant 100 nM 3CysMut
BTB with and without the presence of 2.5 mM DTT. The results from this assay
revealed that cyclo-CIYYCV binds to 3CysMut-BTB with a KD of 50 ± 11 µM in the
absence of DTT (n=3 in duplicate). Interestingly, incubation with DTT completely
abrogated binding as previously shown with the WT BTB protein (Figure 74).
Furthermore the hill coefficient of this interaction was found to be greater than 2,
further supporting the possibility of cooperative binding and supporting the data
obtained from the WT GST-BTB protein.
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Figure 74: MST of cyclo-CIYYCV with 3CysMutBTB in the presence and absence of DTT.
(A) cyclo-CIYYCV binding to 3CysMut BTB in the absence of DTT with a KD of 50 ± 11 µM
calculated from three independent repeats in duplicate. (B) cyclo-CIYYCV binding to
3CysMut BTB in the presence of 2.5 mM DTT where no binding was observed. The
3CysMut BTB protein was labelled with a NT-647 dye and used in the MST assays at a
constant 100 nM whilst cyclo-CIYYCV was titrated from 2 mM to 1 µM. MST was carried out
in a PBS, 0.01% tween-20, pH 7.5 buffer with premium capillaries, 20% LED and 60% MST
power.

The slightly stronger KD of the mutant protein over the WT protein could be due to the
difference in protein size as a result of affinity tags, or due to greater solubility and
stability. The fact that incubation of the complex with DTT completely abrogated all
activity as previously shown for the WT protein, was of significant interest and further
indicated that disulfide interactions were occurring. Having disproved two potential
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binding modes, intermolecular disulfide interactions between peptide and protein
were still a possibility. However, identification of binding with the 3CysMut BTB protein
now confirmed that Cys8, Cys67 and Cys84 were not involved in the binding of cycloCIYYCV due to their absence from the mutant protein. This left two remaining
cysteine residues Cys53 and Cys121, and to determine whether these residues were
exposed the crystal structure of the BTB homodimer was analysed. Upon closer
inspection, the crystal structure revealed that Cys121 was buried within the dimer
interface and was unlikely to be accessible. Analysis of the remaining cysteine
residue Cys53 led to the identification of a distinct pocket present on both BTB
monomers close to the dimer interface (Figure 75).

Figure 75: Crystal structure of the BTB homodimer. Analysis of Cys53 (yellow) identified
as the last cysteine residue capable of intermolecular disulfide interactions with cycloCIYYCV (yellow) led to the discovery of a distinct pocket close to the dimer interface on
both monomer faces. PDB: 3E4U

To assess the final cysteine residue a docking study was kindly carried out by
Nagarajan Elumalai to try and map cyclo-C1IY1Y2C2V into this pocket and to
determine the feasibility of this potential binding site. This study revealed that the Y1
residue is likely to be forming a hydrogen bond with S59 (3.2 Å) and also pi-stacking
interactions with Y58 (3.8 and 4.2 Å). The measured bond lengths of these
interactions were also found to be within typical distances of such interactions. In
addition, the Y2 residue fits into a distinct sub pocket and could also be involved in pistacking interactions with Y58 (3.5 and 4.4 Å) as well as hydrogen bonding with the
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N21 residue (2.8 Å) across the dimer interface to make contacts with the second
monomer (Figure 76). It was hypothesised that these tyrosine interactions could
potentially result in an induced fit mode of binding that alters the conformation and
allows the C2 residue to form the theorised disulfide interaction with C53 despite
the initial 9.5 Å distance (Figure 76). If the C2-C53 disulfide interaction does occur,
the C1 residue would also likely be within distance of hydrogen bonding
interactions with Q113 and/or polar interactions with E115. No notable interactions
were recognised with the Ile and Val residues of the peptide, but these residues
could be contributing to the overall conformation of the peptide structure or also
involved in peptide backbone interactions. Interestingly analysis of the SMRT
peptide in complex with the BTB homodimer reveals that it makes multiple
contacts with C53 and N21. Therefore if cyclo-CIYYCV is binding to this pocket
there was a possibility that it may weaken the affinity of SMRT binding.
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Figure 76: Docking of cyclo-CIYYCV with BTB at a pocket close to the dimer interface. It
is hypothesised that tyrosine residues Y1 and Y2 make multiple pi-stacking and hydrogen
bonding interactions with BTB with Y2 extending this across the dimer interface. It was
also hypothesised that C2 can form a disulfide interaction with C53.
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Following the identification of direct binding of cyclo-CIYYCV to both the WT and
mutant BTB proteins and identified a potential binding site, we determined whether
the binding of cyclo-CIYYCV could disrupt the BTB homodimer. A threecomponent MST assay was set up using NT 647 labelled 3CysMut BTB protein
(30 nM) titrated with the SMRT2 peptide (1 mM to 0.5 µM) and incubated with the
presence and absence of cyclo-CIYYCV (300 µM). BTB homodimerisation is an
architectural requirement for lateral groove formation and subsequent recruitment
of SMRT. It was hypothesised that incubating the BTB-SMRT complex with cycloCIYYCV would weaken the KD of this interaction if the peptide was capable of
disrupting the homodimer. The results from the assay revealed that the SMRT2BTB complex in the absence of cyclo-CIYYCV exhibited a KD of 25 ± 10 µM,
consistent with previously published data.80, 57, 87 Incubation of the BTB-SMRT
complex with cyclo-CIYYCV for 30 minutes at room temperature resulted in an
approximate three-fold decrease in affinity (KD of 81 ± 11 µM) for SMRT. This weaker
affinity could be a result of cyclo-CIYYCV disrupting the BTB homodimer. To continue
probing this theory, additional assays were considered.
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Figure 77: MST of 3CysMutBTB with SMRT2 with and without the presence of cycloCIYYCV. (A) 3CysMut BTB binding to the SMRT2 peptide in the absence of cycloCIYYCV exhibiting a KD of 25 ± 10 µM. (B) 3CysMut BTB binding to the SMRT2 peptide in
the presence of cyclo-CIYYCV exhibiting a KD of 81 ± 14 µM. The 3CysMut BTB protein
was labelled with a NT-647 dye and used in the MST assays at a constant 30 nM whilst
SMRT2 was titrated from 1 mM to 0.5 µM and cyclo-CIYYCV was used in this assay at 300
µM. MST was carried out in a PBS, 0.01% tween-20, pH 7.5 buffer with premium capillaries,
20% LED and 60% MST power.
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2.5.4.3

Surface Plasmon Resonance assay

To further demonstrate the binding of cyclo-CIYYCV to BTB in the absence of a
fluorophore, a surface plasmon resonance (SPR) based assay was conducted.
SPR can be used to measure the binding of a surface immobilised ligand (L)
bound to a thin gold film, with a mobile “analyte” (A) and is a completely label free
technique263. In SPR the conduction material of the gold metal surface allows free
electrons to form intermittent resonant oscillations known as surface plasmon
waves that occur between the gold film and buffer solution. Introducing a light
beam that passes through a prism can reflect off the metal surface and into a
detector, stimulating resonant oscillation once the correct resonance angle is
reached. Changes in composition at the surface (i.e. ligand binding to analyte) will
alter the momentum of the surface plasmons, causing a shift in the SPR refractive
index that is quantified by a detection module.
One method of carrying out SPR involves utilising affinity-purified fusion proteins
and immobilising them onto a sensor chip via their GST or His6 tags allowing the
protein to be in a specific orientation on the surface of the sensor chip, prior to
being placed into a flow chamber. If the addition of the mobile “analyte” into the
flow chamber results in binding, a small change in the refractive index at the gold
surface can be monitored and the interaction quantified264. In addition to the real
time monitoring of a binding event and determination of the KD, kinetic data can
also be obtained. During the association phase of the assay and when binding
occurs, an increase in SPR signal will be observed. The association rate constant
(Ka) can therefore quantify the rate at which the LA complex is formed in a one
molar solution per second with units of M-1 S-1. In contrast, when the analyte
dissociates from the LA complex a decrease in SPR signal will be observed. The
dissociation rate constant (Kd) is used to quantify the stability of the LA complex
and monitor dissociates per second measured in units of S-1. This kinetic data can
ultimately provide important information about the strength and reversibility of the
analyte-binding mode.
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Figure 78: Schematic of a typical SPR experiment. The conductive nature of the metal
surface allows free electrons to form periodic resonant oscillations termed plasmon
waves. These plasmon waves are stimulated once a light beam passes through a prism
and reflects light off the back of the metal surface at the resonance angle θ. An
immobilised ligand can be tethered to a metal surface and placed in a flow chamber. The
chamber is then washed with a mobile analyte. If a binding event occurs small changes in
the refractive index can be observed and quantified by the detector module.

The Trx-His6-3CysMut BTB protein was selected for SPR due to its greater
stability and solubility over the WT protein. Prior to carrying out the assay, the
sensor chip was conditioned and flushed with NiSO4 (40 mM) to charge the NiNTA affinity surface and allow immobilisation of the His6 tagged BTB protein. Both
the charging and immobilisation processes result in a change in the refractive
index and can thus be monitored in real-time on a sensorgram trace (Figure 79).
Following immobilisation, a preliminary experiment was conducted by flushing the
BTB protein with cyclo-CIYYCV at 400 µM in a 10% DMSO HEPES pH 5.7 buffer.
Interestingly, a change in the refractive index was observed with association and
dissociation consistent with a binding event (Figure 79).
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Figure 79: Sensorgram of an SPR trace demonstrating immobilisation and subsequent
binding of cyclo-CIYYCV to His6 tagged BTB protein. Phase 1 flushes the sensor chip with
NiSO4 to charge the Ni-NTA sensor chip, closely followed by capturing of the His6 tagged
BTB protein. The association and dissociation phase of cyclo-CIYYCV binding was then
followed by NaOH regeneration.

Having demonstrated binding of cyclo-CIYYCV to BTB with this technique, it was
then desirable to determine the kinetics of the interaction (Ka, Kd, KD). To achieve
this the immobilised BTB protein was exposed to three different concentrations of
cyclo-CIYYCV (400 µM, 200 µM, and 100 µM) to monitor the interaction times
where a decrease in the response was observed as peptide concentration was
decreased. The results from the assay suggested that the interaction was
reversible despite hypothesising the presence of a potential covalent interaction.
Interestingly, the kinetic data fitted well with a two-site binding model containing
two binding affinities measured in the mid-micromolar range (Figure 80). These
data support, and is consistent with, the data obtained from the MST assays, and
further confirm the hypothesis that cyclo-CIYYCV is binding to two pockets and
promoting cooperativity. The kinetic values for the first binding event (ka1, kd1) were
3.3 x 101 M-1 s-1 and 4.11 x 10-3 s-1, respectively, yielding a KD1 of 125 µM. In
comparison, the values for the second binding interaction (ka2, kd2) were 1.58 x 103
M-1 s-1 and 7.93 x 10-2 s-1, and yielded a 2.5 fold stronger KD2 of 50.1 µM.
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Figure 80: Data obtained from SPR for the binding of cyclo-CIYYCV to Trx-His6 tagged
BTB. (A) Dose dependent sensorgram response curves of cyclo-CIYYCV binding to BTB
(30 µM) with concentrations of peptide ranging from 400 µM to 100 µM. The data obtained
fits well and best to a two-site binding model. (B) Kinetic and affinity parameters obtained
from the BTB-CIYYCV interaction. The association rate for the second interaction is 50
fold greater than the first and the KD also calculated to be 2.5 fold stronger, this is
consistent with the hypothesis of positive cooperativity between cyclo-CIYYCV peptides
binding to BTB.

The KD values obtained from SPR closely match the MST data for the WT and
mutant BTB proteins. Both assays support the hypothesis that cyclo-CIYYCV
could be binding to a distinct pocket present on both BTB monomers close to the
Cys53 residue at the dimer interface. Whilst the values of ka1 and kd1 imply a
relatively slow association and dissociation rate for cyclo-CIYYCV, it is possible
that this initial binding is perturbing or altering the conformation of the BTB
homodimer enabling the pocket on the adjacent monomer to be more easily
accessible. This hypothesis is in accordance with the ka2 value where the
association rate was reported to be approximately 50-fold greater and could
suggest positive cooperativity. It was also reasoned that an intermolecular
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covalent irreversible disulfide interaction was occurring with Cys53 but the
formation of this complex could not be detected. The inability to detect this
covalent interaction by SPR is likely an artefact of the strict time scales of this
experiment. It is possible that whilst primarily a reversible interaction is being
observed, optimisation of the assay conditions would be required to monitor the
irreversible interaction. One possible way to do this would be to increase the
dissociation phase out injection times to monitor whether the kd rate slows down
and eventually becomes flat. Injection times could not be increased for this
research due to time restraints and practicality.
2.5.4.4

Development of a BTB ELISA

Following on from the competitive BTB-SMRT MST assay that potentially
demonstrated disruption of BTB homodimerisation in the presence of cycloCIYYCV, a BTB ELISA was carried out. ELISA was used to quantify the disruption
of the BTB-SMRT PPI with cyclo-CIYYCV and obtain a potential IC50 value for the
interaction. Whilst it was desirable to carry on using the Trx-his6-3CysMut BTB due
to its greater solubility and stability, the WT GST-BTB protein was required, as two
different affinity tags were required for this assay. It was hypothesised that the WT
GST-BTB protein could be adsorbed onto the glutathione 96-well plate, and then
incubated with varying concentrations of cyclo-CIYYCV. This was then followed by
the addition of the his6-tagged SMRT corepressor that can bind to the BTB
homodimer. The ELISA then proceeded by subsequent antibody incubations.
Firstly a primary antibody for affinity to the His6 tag (mouse anti-his) was added,
followed by incubation with a secondary horse-radish peroxidase (HRP)conjugated antimouse antibody that has affinity for the primary antibody. The
enzyme substrate tetramethylbenzidine (TMB) was then added and the reaction
quenched with a solution of H2SO4 allowing an absorbance reading to be taken at
450 nm. A summary of this BTB ELISA design is detailed in Figure 81
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Figure 81: Illustration of the BTB ELISA design. (A) Sandwich ELISA method whereby
GST-BTB can be adsorbed onto a glutathione plate and the binding of a His6-tagged
SMRT protein monitored through anti-His and HRP conjugated antibodies and conversion
of the TMB reagent into a blue substrate by oxidation. (B) The binding of cyclo-CIYYCV
can prevent the binding of the SMRT protein, also preventing antibody binding.

Prior to testing cyclo-CIYYCV, the corepressor proteins were investigated. WT
GST-BTB protein had already been expressed and purified but the previously
synthesised SMRT2 peptide could not be used in this assay due to the absence of
a His6 tag. Expression of a longer corepressor protein fragment was generated.
The minimal binding motifs of SMRT are residues 1414-1430, and for BCoR are
498-514.57, 58 However, it has been reported that larger domains from both
proteins have been expressed. Whilst SMRT protein was primarily investigated,
BCoR was also generated, as a contingency should the expression of SMRT not
be possible.57, 58 SMRT1414-1498 and BCoR317-547 were cloned into an IPTG inducible
expression plasmid pET32a. This plasmid encodes a fusion protein, which
contains an N-terminal Trx fusion protein followed by a His6 tag allowing the
protein to be purified by nickel affinity chromatography (see 2.5.3.4). Expression
and purification of Trx-His6-SMRT/BCoR was then carried out as detailed
previously from the soluble fraction, using a high salt 500 mM NaCl, 20 mM TrisHCl, 10% glycerol, pH 8.0 and 1 mM TCEP buffer. Both corepressor proteins were
then further purified by injection onto a superdex S200 size exclusion column and
analysed by SDS-PAGE (Figure 82). A peak with an elution volume of at 51 mL
was observed with minor aggregates present. The peak was collected and
analysed by SDS-PAGE confirming the presence of the Trx-His6 BCoR protein
found to be present in high yield and purity at the anticipated size of 44 kDa.
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Injection of the Trx-His6 SMRT protein gave an elution volume of 58 mL; analysis
of this peak by SDS-PAGE confirmed the presence of the SMRT protein at the
anticipated size of 29 kDa. Whilst lower molecular weight contaminants were
present, both proteins were deemed pure enough to use for ELISA.
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Figure 82: Isolation and SEC of Trx-His6-BCoR317-547 and SMRT1414-1498 proteins from the
soluble fraction using a pET32a vector. (A) SEC Chromatogram of Trx-His6-BCoR317-547
protein elution using an optimised high salt buffer containing 500 mM NaCl, 20 mM TrisHCl, 10% glycerol, pH 8.0 and 1 mM TCEP. (B) 15% SDS-PAGE of isolated Trx-His6BCoR protein. Lane 1: post induction with 0.1 mM IPTG, lane 2: Insoluble pellet, Lane 3:
Trx-His6-BCoR protein following nickel affinity purification. Lane 4-7: Trx-His6-BCoR
protein at the anticipated size of 44 kDa. (C) SEC Chromatogram of Trx-His6-SMRT14141498.

(D) 15% SDS-PAGE of isolated Trx-His6-SMRT protein. Lane 1: post induction with

0.1 mM IPTG, Lane 2: insoluble pellet, Lane 3-5: Trx-His6-SMRT protein at the anticipated
size of 29 kDa.

Firstly the optimum GST-BTB protein concentration was investigated by binding
either 1 µM or 0.1 µM to the glutathione-coated plates followed by incubation with
increasing concentrations of Trx-His6-SMRT (10 nM to 15 µM) and BCoR (10 nM
to 40 µM) protein. Figure 83 shows that there was no significant difference in
absorbance between these two concentrations therefore suggesting that 0.1 µM of
GST-BTB could be used to give a sufficient signal window whilst conserving
protein.
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Figure 83: Positive control ELISA with 1 µM and 0.1 µM protein to determine the optimum
concentration of GST-BTB. BCoR (10 nM to 40 µM, Blue/Red) and SMRT (10 nM to 15
µM, Green/Magenta) proteins were titrated against BTB and a strong signal window
observed at 0.1 µM.

0.1 µM GST-BTB was incubated with increasing concentrations of SMRT and
BCoR corepressor proteins. The primary and secondary antibodies were used at
concentrations of 1:1000 and 1:6000 respectively as recommended according to
the manufacturers guidelines. Nevertheless, binding was observed in a dosedependent manner and the BTB-SMRT interaction was found to exhibit a KD 44 ±
11 nM and similarly a KD of 40 ± 10 nM was obtained from the BTB-BCoR
interaction. These KD values are significantly stronger in contrast to the published
values of the minimal binding motifs in addition to those obtained by MST (see
2.5.4.2). This difference in affinity is likely due to the longer length protein
fragments, capable of making greater contacts with the BTB lateral groove thus
enhancing the affinity. It was also determined that the SMRT corepressor gave an
acceptable signal at 0.1 µM and this was kept constant when carrying out a
competitive based assay with cyclo-CIYYCV.
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Figure 84: ELISA with GST-BTB and corepressor proteins. (A) GST-BTB with SMRT and
(B) with BCoR resulting in KD values of 44 nM and 40 nM, respectively.
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Following optimisation, cyclo-CIYYCV was titrated from 1 mM to 10 nM in the
presence of 0.1 µM GST-BTB and 0.1 µM Trx-His6-SMRT. As the concentration of
cyclo-CIYYCV increased, a decrease in absorbance was observed and an IC50 of
76 ± 6 µM obtained (Figure 85). This result further supports the MST data,
suggesting that cyclo-CIYYCV is binding to BTB and potentially perturbing / disrupting
the dimer and thus preventing SMRT from binding to the lateral groove.
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Figure 85: ELISA of GST-BTB and Trx-His6-SMRT with increasing concentrations of
cyclo-CIYYCV exhibiting an IC50 of 76 ± 6 µM. The decrease in absorbance at 450 nm is
consistent with the SMRT protein being competed off from the lateral groove.

2.5.4.5

Analytical SEC assay

To further evaluate the disruption of the BTB homodimer by cyclo-CIYYCV,
analytical SEC was used. It was hypothesised that incubation of the BTB
homodimer in the presence of cyclic peptide would cause an increase in the
elution volume of the protein, resulting in a decrease in the molecular weight, thus
shifting it more towards a monomeric species. Firstly, the concentration of cycloCIYYCV was investigated. It was necessary to have excess peptide for this assay,
the minimum volume of peptide (in appropriate buffer) required to equilibrate the
Superdex 200 SEC column was 50 mL and thus required a significant amount.
Therefore a concentration of 500 µM was selected, and considered a compromise
between using excess peptide whilst limiting peptide consumption and ensuring
solubility in 10% DMSO. The 3CysMut BTB protein was initially injected onto the
column at a concentration of 5 mg/mL (140 µM) in the presence of 10% DMSO.
The mutant protein was found to have an elution volume of 2.18 mL and correlates
to a protein mass of 73 kDa close to the theoretical molecular weight of the
homodimer (70 kDa), confirming that 10% DMSO was not proving detrimental to
115

In vitro testing of cyclo-CIYYCV
the BTB structure (Figure 86). 3CysMut BTB (5 mg/mL) was then incubated with
cyclo-CIYYCV (500 µM) for 1 hour prior to injection onto the SEC column. A shift
in the elution volume to 2.22 mL was observed and correlates to a mass of 61 kDa
(Figure 86). A notable increase in UV absorption was also observed in the
presence of cyclo-CIYYCV and later confirmed to be the intrinsic fluorescence of
the two-tyrosine residues absorbing at 280 nm (peptide only trace not shown). The
appearance of a small peak at approximately 3 mL (one column volume) indicated
peptide elution.
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Figure 86: Analytical chromatograms of Trx-His6-3CysMut BTB with and without cycloCIYYCV. (A) Trx-His6-3CysMut BTB (5 mg/mL) analysed on a Superdex 200 SEC
equilibrated and run in PBS with 10% DMSO exhibiting an elution volume of 2.18 mL. (B)
3CysMut BTB (5 mg/mL) incubated with cyclo-CIYYCV (500 µM) for 1 hour with an elution
volume of 2.22 mL observed. The chromatogram also shows peptide elution at 3 mL. (C)
Overlay of 3CysMut BTB chromatograms showing a loss of 12 kDa and thus a shift
towards monomer in the presence of cyclic peptide. (D) SEC calibration curve, the dotted
horizontal line highlights where the Trx-His6-BTB mutant protein was eluted in comparison
to proteins of known mass and was also used to determine the molecular weight of the
protein in the presence of peptide.

The shift in elution volumes (from 2.18 mL to 2.22 mL) in the presence of peptide
accounts for a loss of 12 kDa. Whilst the presence of BTB monomer could not be
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observed during this assay, a shift in the molecular weight of BTB was observed,
consistent with the data obtained from MST and ELISA. It was hypothesised that
cyclo-CIYYCV could be perturbing or disrupting the BTB homodimer and thus
affecting the way the protein runs on an analytical SEC column. However, due to
the significant amount of cyclic peptide required, the conditions were not fully
optimised. It is possible that repeating the assay with less protein (1 mg/mL) or
greater concentrations of cyclic peptide would cause a further shift towards the
monomeric species. Furthermore, with knowledge of the obligate intertwined
nature of the BTB homodimer, it is unsurprising that a complete transition to
monomer was not observed. It was hypothesised that cyclo-CIYYCV would have
to be present as BTB is being expressed to completely disrupt the PPI and to
mimic the conditions used during SICLOPPS screening. To achieve this, future
experiments could involve the unfolding of the BTB homodimer with urea and then
ensuring the inhibitor is present during the refolding procedure. Alternatively
another approach could encompass cyclo-CIYYCV being co-expressed with BTB
through utilisation of a pETDuet vector or the combined use of the SICLOPPS
plasmid pARCBD with an expression plasmid and then analysed by SEC to
determine what species are present.

2.6
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BCL6 is the master regulator of B-cell maturation and differentiation within the
germinal centre, and thus plays a crucial role in normal immunological function.265
Point mutations within the BCL6 gene or chromosomal translocations on the 3q27
band can result in the continued activation of the BCL6 protein which can lead to
the mass proliferation and survival of B-cells and the onset of DLBCL. Of the three
domains that comprise the BCL6 protein, the N-terminal BTB domain is
considered to be the most physiologically relevant and is directly involved in the
repression of DNA damage response genes. This N-terminal domain has the
propensity to form a tight intertwined butterfly-like obligate homodimer to mediate
these repressive capabilities and has thus been highlighted as a target for
therapeutic intervention. Chapter 2 describes the construction of a BTB bacterial
RTHS and details its application with SICLOPPS to screen for potential cyclic
peptide inhibitors targeting BTB homodimerisation. Firstly, the BTB RTHS was
constructed by integration of the recombinant 434-BTB gene into the modified E.
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coli chromosomal strain SNS118.117 To achieve integration the protocol outlined
by Haldimann et al164 was used with a slight modification in the overnight
incubation temperatures. The main issue following a number of integration
attempts was the identification of multiple integration. An issue that was
circumvented by using lower concentrations of the pAH68 BTB construct. It was
also found that elevating the overnight incubation temperature from 37°C to 42°C
resulted in a significantly greater number of positive single copy integrants. This
greater integration efficiency is likely due to more efficient ejection of the helper
plasmid under control of the cI857 repressor and therefore reduced the number of
false positive colonies. Positive single copy integrants were confirmed by cPCR.
Verification of a functional BTB RTHS was carried out by drop-spotting onto a
selective minimal media that exhibited bacterial retardation in an increasingly IPTG
dose-dependent manner. This was consistent with the hypothesis that increasing
the IPTG concentration would result in increased dimerisation of the recombinant
434-BTB proteins and greater binding in the chromosome. This would in turn block
RNA polymerase from binding and thus preventing expression of the reporter
cassette. This system thus demonstrates how the survival of a bacterium can be
linked to BTB homodimerisation. Strong bacterial retardation was observed at
IPTG concentrations as low as 2.5 µM; this was notably lower than other PPIs that
have been published and investigated using this method113, 114, 115, 116 and was
likely due to the obligate homodimeric nature of BTB. To ensure that the bacterial
retardation observed was due to the BTB PPI and not BTB toxicity, a drop-spotting
assay was also carried out at increasing concentrations of IPTG where no
bacterial retardation was observed.
In addition to qualitative analysis, the functionality of the BTB RTHS was also
quantified using an ONPG assay. It was hypothesised that increasing
concentrations of IPTG would form greater levels of BTB dimerisation and
subsequent inhibition of the lacZ gene resulting in reduced levels of βgalactosidase. As a result less ONPG would be cleaved into the colourimetric
ONP substrate and reduced activity would be observed. Consistent with this
hypothesis, the positive control (CtBP1) and the BTB PPI gave reduced miller
activities of 45% and 55% respectively, whilst the negative control remained
constant with minor fluctuations regardless of IPTG concentration. The minor
fluctuation from the negative control was likely an artefact of background
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expression levels of the 434-repressor protein.266 A reduction in activity of 55%
observed for the BTB PPI is consistent with previously published systems and is in
accordance with the limit Di Lallo et al158 had observed for PPIs. Due to the fact
that bacterial retardation could be observed during the drop-spotting assay at 2.5
µM IPTG, suggest that a 55% reduction in the ONPG from 0-250 µM IPTG is
relatively weak. A possible reason for this discrepancy could be attributed to the
fact that the lacZ reporter gene is the final reporter gene of the cassette (HIS3KanR-lacZ) and transcriptional read through may not be as efficient. The results
obtained from the drop-spotting and ONPG assays highlighted suitable conditions
to carry out SICLOPPS screening, which were deemed to be 5 µM IPTG, 2.5 mM
3-AT and 25 µg/mL kanamycin. These conditions are notably milder than those of
previously constructed RTHS, such as the homodimeric CtBP1 (50 µM IPTG, 25
µg/mL kanamycin, 2.5 mM 3-AT), ATIC (50 µM IPTG, 25 µg/mL kanamycin, 2.5
mM 3-AT) and heterodimeric HIF-1α/β (25 µM IPTG, 50 µg/mL kanamycin, 7.5
mM 3-AT) PPI.115, 113, 116 The mild conditions required for BTB homodimerisation is
consistent with previous studies where BTB is classed as obligate in nature, likely
due to the fact that BTB homodimerisation is critical for the correct folding of the
BTB domain.80
Having successfully constructed and verified the BTB RTHS and identified suitable
screening conditions, the system was coupled with SICLOPPS methodology to
screen large libraries of cyclic peptides. The large and complex hydrophobic
interface of BTB, where approximately a quarter of the monomer surface is buried
upon dimer formation, prompted the design of diverse libraries.49 The four libraries
constructed (CX5, CX11, SGWX5, SGWX6) varied in ring size from 6-12 members
and a SICLOPPS protocol was published as a result of this work.190 All libraries
contained greater than 3.2 million unique cyclic peptide sequences and required
highly specialised and optimised protocols for preparation of electro competent
cells to achieve this number of transformants within an E. coli host. Initially 25
primary inhibitors were identified across the four libraries. However, it was found
that all of these hits contained mutations and further sequencing data confirmed
that the arabinose promoter and intein regions had significant deletions and
mutations. This issue only occurred against certain protein targets as the same
library used with a completely unrelated protein provided peptide sequences. It is
possible that these mutations were a consequence of the tight immeasurable
affinity of the BTB homodimer or the stress of the mammalian BTB protein
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production in E. coli. There have been other instances where SICLOPPS has not
occurred as expected. For example one situation involved the screening of a
bacterial PPI that resulted in the inclusion of in frame amber stop codons within
the randomised region of the library and led to the identification of linear
peptides.220 Mutations similar to those described here have also been identified
during screening of the heterodimeric HIF-1α/β PPI (unpublished data). Despite
these problems additional screening was carried out using 3.25 µM L-arabinose in
an attempt to reduce the toxicity of the processed inteins. Halving the
concentration of L-arabinose did not eliminate the deletions and mutations but did
provide a single non-mutated primary hit sequence from a CX5 library screen.
Secondary screening of this inhibitor confirmed its specificity towards the BTB PPI.
The identification of one cyclic peptide inhibitor throughout the entire screening
process highlights the significant challenges associated with disrupting obligate
PPI’s.
Deconvolution of the potential inhibitor resulted in the identification of the lead
peptide cyclo-CIYYCV. Interestingly this peptide contains two polar nucleophilic,
two hydrophobic and two polar aromatic residues and could therefore be involved
in multiple different types of contacts with the BTB protein. As only a single peptide
had been identified, no consensus sequence could be determined. The
hydrophobic content of this peptide is 33% and differs to the low micromolar lead
peptides identified from the CtBP1 (cyclo-SGWTVVRMY) and HIF-1α/β (cycloCLLFVY) PPI found to be 50% and 67%, respectively, and could therefore be
attributed to a different mode of binding.115, 116 One similarity between these three
peptides is the inclusion of two aromatic residues that could be involved in both
hydrogen bonding and pi-stacking interactions. Despite the large contact surfaces
of PPIs (~1200-3000 Å), the identification of ‘hotspot’ residues at, or close to, the
dimer interface have been shown to provide the majority of free binding energy
that drives PPIs.99, 101 It was found that amino acid residues tryptophan, tyrosine
and arginine are particularly prevalent, likely due to their propensity to form
hydrogen bonding and/or pi-stacking interactions.101 Interestingly, cyclo-CIYYCV
contains two consecutive tyrosine residues and it was therefore hypothesised that
this peptide could be binding to ‘hotspot’ regions within BTB largely driven by
these aforementioned interactions.
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Prior to validating the activity of cyclo-CIYYCV, the BTB protein had to be
expressed and purified. There has only been one reported instance of WT BTB
expression to date and the majority of reported expressions of BTB have involved
the use of a triple cysteine (C8Q, C67R and C84N) mutant.57, 58 This 3CysMut
BTB protein has been reported to be significantly more soluble and stable and
therefore less prone to aggregation. However, expression of the BTB WT protein
fused to a GST tag was achieved despite significant aggregation by following the
protocol devised by Stead et al.241 All attempts to cleave off this GST tag were met
with almost complete aggregation and the protein that could be isolated was not at
a suitable concentration to be used for in vitro testing. Therefore the GST-BTB
protein was used in in vitro assays with an intact GST tag. To complement the WT
protein and to ensure that the GST tag would not prove to be detrimental to
testing, the 3CysMut BTB protein was also expressed and purified and used in
parallel to the WT protein. In addition to this, cyclo-CIYYCV was also synthesised
using general Fmoc SPPS.
Having identified and synthesised cyclo-CIYYCV, in vitro assays were developed
to validate activity against both the WT and 3CysMut BTB proteins. Firstly a TS
assay was carried with a ∆Tm from +0.7°C to +1.7°C and +1.5°C to +3.5°C for the
WT and mutant proteins, respectively. The ∆Tm between the WT and mutant
proteins differs from +0.8°C to +1.8°C in the presence of peptide and this was
deemed to be a consequence of the different affinity tags. Despite this difference,
the overall trend for both proteins in the presence of cyclo-CIYYCV suggest that
the peptide is binding to the BTB protein and exhibiting a stabilising effect. Having
confirmed binding, the affinity for the interaction was determined. MST showed
that binding of cyclo-CIYYCV to GST-BTB exhibited a KD of 142 ± 25 µM and these
data were fitted to a hill model curve with a coefficient of 2.2, suggesting the possibility
of positive cooperativity. The linear-CIYYCV resulted in no binding. This suggested
that the cyclic peptide was binding with enhanced specificity into a pocket not
accessible by the linear counterpart. Interestingly, incubation in the presence of 2.5
mM DTT abrogated all previous activity observed with cyclo-CIYYCV. This was
deemed significant and likely confirmed the presence of a critical disulfide interaction
as part of the binding mode. Three hypotheses were therefore devised as to why DTT
might be abrogating activity.
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Hypothesis 1 was shown to be unlikely by carrying out additional MST assays with
GST-BTB and SMRT to confirm that DTT had little-to-no effect on the stability of the
BTB protein. Confirmed with KD values of 1 ± 0.03 µM and 0.3 ± 0.08 µM in the
absence and presence of DTT, respectively. Hypothesis 2 was unlikely to be occuring
by analysis of cyclo-CIYYCV with HR-MS and probed further using an Ellman’s assay
that confirmed both cysteine thiol groups remain in their reduced states under
experimental conditions. To probe the final hypothesis additional MST assays were
carried out with the 3CysMut BTB protein and found to exhibit a KD of 50 ± 11 µM
whilst, in the presence of DTT, binding was abrogated. The improved affinity to the
mutant protein over the WT is likely a consequence of the fused affinity tag. This
confirmed that cysteine residues Cys8, Cys67 and Cys87 were not involved in binding
due to their absence from the mutant protein. Upon closer inspection of the BTB
crystal structure and the data obtained from the MST assays, it was hypothesised that
Y58 and C53 residues, present in a distinct pocket on both faces of the BTB
monomer, were potentially critical for binding of cyclo-CIYYCV. To further support the
MST assay, an SPR assay was also carried out and kinetic and affinity data obtained.
Interestingly the results of this assay suggested that cyclo-CIYYCV could be binding
twice. The kinetic values for the first binding event (ka1, kd1) were found to be 3.3 x
101 M-1 s-1 and 4.11 x 10-3 s-1 respectively, yielding a KD1 of 125 µM. In
comparison, the values for the second binding interaction (ka2, kd2) were
determined to be 1.58 x 103 M-1 s-1 and 7.93 x 10-2 s-1 and yielded a 2.5 fold
stronger KD2 of 50.1 µM. This affinity data is consistent with that of MST and also
supports the hypothesis of positive cooperativity whereby the binding of one cycloCIYYCV peptide enhances the affinity for a second binding site.
Having confirmed direct binding of cyclo-CIYYCV to BTB in vitro assays were
carried out to show potential disruption of dimerisation. MST was utilised to show
that incubating the 3CysMut BTB protein in the absence and presence of cycloCIYYCV resulted in an approximate 3-fold weaker affinity with a KD shift from 25 ±
10 µM to 81 ± 11 µM suggesting that the peptide could be disrupting the BTB
homodimer and preventing SMRT from binding to the lateral groove. An ELISA assay
was also developed and cyclo-CIYYCV was found to compete off SMRT from the
lateral groove and exhibit an IC50 value of 76 ± 6 µM. In an attempt to observe the
presence of BTB monomer a SEC assay was developed and the 3CysMut BTB
protein incubated in the absence and presence of cyclo-CIYYCV. A shift in the elution
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volume towards the monomeric species was observed In the presence of peptide that
shows a loss in molecular weight of 12 kDa. This suggests that the peptide is likely
perturbing or disrupting the homodimer. The BTB monomer could not be directly
observed, due to limitations in the assay used to detect small peptides.
Overall the research in this chapter has resulted in the generation of a novel strain of
E. coli that links BTB homodimerisation to the survival of the bacteria. This strain has
then been coupled to SICLOPPS methodology to identify a single cyclic peptide
(cyclo-CIYYCV) with potential inhibitory activity against BTB homodimerisation. Direct
binding of this peptide to the BTB WT and mutant proteins has been established with
TS, MST and SPR with affinities determined to be in the mid-micromolar range.
Disruption of dimerisation has been attempted with MST, ELISA and SEC but thus far
has not provided enough data to definitively determine whether disruption of BTB
homodimerisation is being observed. It has been hypothesised that cyclo-CIYYCV
could have three potential modes of activity and additional assays would be required
to prove or disprove each hypothesis.
1. Disruption of BTB homodimerisation
2. Direct binding to BTB
3. Multiple non-specific binding sites
No conclusive evidence has been obtained for how or where cyclo-CIYYCV binds,
but the data obtained is consistent with two of three hypotheses being unlikely thus
far. It is believed that the peptide binds to a pocket present on the BTB monomers
close to the dimer interface and forms important contacts with Cys53 and Tyr58 with
evidence of cooperativity.
Due to the promising candidate for BTB homodimerisation using a combination of
RTHS and SICLOPPS methodology, this genetic screening platform was also
considered for additional BCL6 PPIs. The focus of chapter 3 was BTB
heterodimerisation, principally the heterodimeric interaction between the BTB
homodimer and the endogenous corepressor proteins SMRT and BCoR, which can
bind in a mutually exclusive manner to the lateral groove.

123

Construction of a BTB-SMRT/BCoR heterodimeric RTHS

Chapter 3: Screening for Cyclic Peptide Inhibitors
of BTB Heterodimerisation
3.1

Construction of a BTB-SMRT/BCoR heterodimeric RTHS

Chapter 2 describes the use of a genetic screening platform that utilises a
bacterial reverse two-hybrid system (RTHS) and split intein circular ligation of
peptides and protein (SICLOPPS) methodology to screen for potential cyclic
peptide inhibitors of Bric-a-brac tramtrack broad-complex (BTB) homodimerisation.
As a direct result of this, a cyclic peptide inhibitor was identified and its activity
successfully verified by in vitro testing. The current chapter focuses primarily on
targeting BTB heterodimerisation, principally the heterodimeric interaction between
the BTB obligate homodimer and the endogenous corepressor proteins, silencing
mediator of retinoic acid and thyroid receptor (SMRT) and BCL6 corepressor
(BCoR). These corepressor proteins bind in a mutually exclusive manner to the
lateral groove known as the BCL6 BTB binding domain (BBD) formed at the
interface of the homodimer. Due to the requirement for BTB homodimerisation, a
novel three component RTHS was designed and subsequently constructed.
3.1.1

Selection of the BTB, SMRT and BCoR domains

The initial aim of this part of the project was to construct and verify a bacterial
three component RTHS, coupling the formation of BTB-SMRT/BCoR
heterodimerisation to E. coli cell survival. The selection of the N-terminal BTB
domain that mediates homodimerisation with residues 5-129 has been discussed
previously (2.1.1) and the next consideration was the corepressor proteins SMRT
and BCoR. The SMRT corepressor protein was previously identified as an
activating cofactor for HDAC3 and has since also been shown to bind to the lateral
groove of the BTB homodimer to mediate repressive capabilities. Analysis of the
full-length human SMRT corepressor protein revealed it is approximately 274 kDa
and too large to be utilised within a RTHS56, 267, 268. However, large segments of
this protein, were predicted to be intrinsically disordered and work carried out by
Melnick et al. (2002) revealed that a portion of SMRT (residues 1414-1498) was
able to bind to the BBD269. Further work by Ahmad et al. (2003) showed that a
shorter fragment (residues 1414-1441) was capable of binding the BBD and
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ultimately discovered that the minimal binding motif was comprised of a 17-residue
fragment (1414-1430) containing residues LVATVKEAGRSIHEIPR (Figure 87).57
Hence this 17-residue fragment was used in the construction of the RTHS to
minimise the size of the construct required for integration.

Figure 87: Fragment of the SMRT corepressor protein from residues 1381-1500.
Residues 1414-1430 (red) comprise the minimal 17-residue amino acid binding motif and
was chosen for RTHS design.56

Having chosen the SMRT fragment for RTHS construction, the BCoR corepressor
protein was considered. BCoR is a ubiquitous corepressor and that has an
essential role in embryonic development. Furthermore, it is an important corepressor and can function by binding to the BBD in a similar manner to SMRT53,
270

. The full-length human BCoR corepressor protein is approximately 192 kDa,

and as with SMRT, deemed too large to be utilised within a RTHS. The work
carried out by Ghetu et al. (2008) showed that by overlapping BCoR fragments
(i.e. residues 317-547) that the minimal binding motif is a 17-residue fragment that
contains the sequence RSEIISTAPSSWVVPGP (Figure 88)58. This BCoR minimal
binding motif was shown to bind to the BBD with low micromolar affinity (10 µM)
and was therefore selected for the design of the RTHS.

Figure 88: Fragment of the BCoR corepressor protein (residues 360-540). Residues 498514 (red) comprise the minimal 17-residue amino acid binding motif and was chosen for
RTHS design.53
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3.1.2

Design of a three component RTHS

Having selected the three domains critical for the BTB-SMRT and BTB-BCoR
interactions (BTB5-129, SMRT1414-1430 and BCoR 498-514), the other elements of these
RTHS were designed. Due to the requirement for BTB to exist as a homodimer in
order to present the lateral groove BBD for binding of SMRT and BCoR, the RTHS
could be designed in one of two ways. Firstly, one BTB gene could be cloned as
an N-terminal fusion complex with the 434 DNA binding domain and utilised within
the system as described in Chapter 2. However, despite construction being
quicker with this method, it was thought that BTB might not only form homodimeric
complexes, but could also create a number of different species once expressed
due to the non-homogeneity of this system. To circumvent this, a more robust
method was identified that involved cloning the BTB gene as an N-terminal fusion
with 434 and joined via a short flexible linker to a second BTB gene. Creating the
system in this way would restrict the number of species that could be formed upon
expression and was deemed a more robust and efficient method. The SMRT and
BCoR gene fragments could then be cloned as N-terminal fusions with the
Salmonella P22 repressor protein (Figure 89).157, 158, 118
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Figure 89: Graphical representation of the design of the three-component bacterial RTHS.
Two BTB genes are joined via a small flexible linker fused to the 434-repressor protein,
whilst the corepressor proteins (X= SMRT/BCoR) are fused to the P22 repressor protein.
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3.1.3

Construction of pTHCP14 BTB

Initial attempts to construct the three-component heterodimeric RTHS entailed
cloning the first BTB gene in the pTHCP14 plasmid, thereby generating an Nterminal fusion complex with the 434 DNA binding domain (1-102).118 The
pTHCP14 plasmid is analogous to the pTHCP16 plasmid discussed previously
(see section 2.1.2) and only differs in the inclusion of the P22 repressor domain
with an additional MCS for heterodimeric targets117, 158. Insertion of the first BTB
gene downstream of the 434-repressor was achieved by cloning between the SalI
and SacI restriction sites present at the MCS. Careful primer design was required
to incorporate a BamHI restriction site directly following this first BTB fragment to
be used for cloning of the second BTB gene. In addition, the BTB-1-R primer (see
primer table 5.1) was used to incorporate half of the flexible linker (comprised of
residues GGGS). The BTB gene was amplified by PCR incorporating the SalI,
BamHI and SacI restriction sites, and cloned into the pTHCP14 plasmid
generating the new pTHCP14 BTB1 construct (Figure 90). Cloning was confirmed
by PCR followed by analysis on a 1% agarose gel and ultimately by DNA
sequencing to ensure that no mutations had occurred.
Having confirmed the successful insertion of the first BTB gene, the second BTB
gene was inserted between the newly incorporated BamHI site and the previously
utilised SacI restriction site. The design of the primers for this cloning step
incorporated the second half of the flexible linker (comprised of residues GGG).
The second BTB gene was amplified by PCR and successfully cloned into the
pTHCP14 plasmid to generate the new pTHCP14 BTB- flexible linker-BTB
construct. Confirmation of successful cloning was determined by DNA sequencing
to ensure that no mutations had occurred. The flexible linker GGGSGGG was
deemed necessary to separate the two BTB genes to ensure that there was a
certain degree of movement between the domains for dimerisation. It has
previously been reported that a flexible linker should contain mainly glycine
residues, as they are small and non-polar, but a serine residue was also included
to ensure that the linker remained stable in an aqueous environment (i.e. by
forming hydrogen bonds with water molecules)271, 272. An overview of BTB cloning
construction has been detailed in Figure 90
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Figure 90: Construction of pTHCP14 BTB. (A) Linear representation of the PTAC and 434
domain of the pTHCP14 plasmid that contains a MCS. (B) Cloning of the first BTB gene
between the SalI and SacI restriction sites. (C) Cloning of the second BTB gene between
the BamHI and SacI restriction sites, separated from the first BTB gene by a GGGSGGG
flexible linker.118

3.1.4

Construction of pTHCP14 BTB-SMRT/BCoR

The pTHCP14 plasmid contains a second MCS downstream of the P22 DNAbinding domain (residues 1-102) where the SMRT and BCoR gene fragments
were inserted; generating N-terminal fusion complexes.118 The pTHCP14 BTBSMRT and pTHCP14 BTB-BCoR fusions were constructed in parallel using unique
primers carefully designed for each construct. Both corepressor genes were
amplified by PCR to incorporate XhoI and KpnI restriction endonucleases and
subsequently cloned into pTHCP14 (Figure 91). Due to the small size of the SMRT
and BCoR genes (~80 bp) into a ~6000 bp plasmid it was assumed that such a
sensitive ligation would be quite inefficient. Special considerations were therefore
taken into account and 1:23, 1:30 and 1:36 vector:insert ratios were used to
ensure a vast excess of insert over vector. In addition to this, following incubation
after transformation, the recovery culture was pelleted and resuspended in a
smaller volume allowing 100% of the cells present to be plated onto LB agar. A
combination of high vector:insert and plating 100% of cells resulted in a successful
ligation. Cloning was confirmed by PCR followed by analysis on a 1% agarose gel
and ultimately by DNA sequencing to ensure that no mutations had occurred.
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Figure 91: Construction of pTHCP14 BTB-SMRT/BCoR. (A) Overview of the final
pTHCP14 BTB plasmid highlighting significant promoters and operon regions and where
X = SMRT or BCoR. (B) Linear representation of the PTAC and P22 domain of the
pTHCP14 plasmid that contains a MCS. (C) Cloning of the SMRT/BCoR genes between
the XhoI and KpnI restriction sites.

3.1.5

Construction of pAH68 BTB-SMRT/BCoR and integration

The next step in construction of the three-component heterodimeric BTBSMRT/BCoR RTHS required insertion of the P22-SMRT/BCoR-434-BTB-linkerBTB construct into the CRIM plasmid pAH68. This was achieved in an identical
manner to that described in chapter 2 (2.1.3) using NdeI and SacI restriction
endonucleases and then transformed into pir cells due to the presence of the R6K
γ origin of replication, which is dependent upon the trans-acting π protein encoded
by pir cells198. To generate a single copy of these constructs, they were integrated
into the bacterial chromosome as described previously (2.1.4)164. The only
difference between the SNS118 chromosomal strain used previously and the
SNS126 strain used here, was the inclusion of chimeric 434/P22 recognition sites
for heterodimeric targets instead of two 434 half sites in SNS118. Integration was
carried out as previously described and the LB agar plates incubated overnight at
42 °C to ensure a greater number of positive integrants.
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3.1.6

Identification of positive BTB-SMRT/BCoR integrants

Single copy integration of BTB-SMRT and BTB-BCoR into the chromosome of
SNS126 was verified by PCR and utilised the four primers (P1, P2, P3 and P4) as
detailed previously (2.1.5). Colonies were picked from LB agar plates and
subjected to colony PCR alongside the previously constructed BTB homodimeric
RTHS to act as a positive control. The identification of positive Integrants was
observed by the identification of two new bands at 289 bp and 824 bp,
corresponding to the attL (P1-P2) and attR (P3-P4) junctions respectively (Figure
92).
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Figure 92: Visualisation of cPCR BTB-SMRT and BTB-BCoR integrants by agarose gel
electrophoresis. Lane 1: BTB homodimeric RTHS (positive control), Lanes 2-6: Positive
integrants of the BTB-SMRT RTHS exhibiting bands at 289 bp and 824 bp, Lanes 7-10:
positive integrants of the BTB-BCoR RTHS exhibiting bands at 289 bp and 824 bp, Lane
11: failed cPCR of BTB-SMRT integrants, Lanes 12-13: failed integrants of the BTB-BCoR
RTHS exhibiting a single band at 740 bp.

To further verify that successful integration had occurred, an additional PCR
experiment (Figure 93) was carried out with different primer pairs P1/P2, P2/P3
and P3/P4 as previously detailed (2.1.5). Carrying out this additional PCR provides
additional clarity by confirming single copy integration over multiple copy. As
previously detailed P1/P2 primer pairs should give rise to an amplicon at 289 bp;
P2/P3 should not give an amplicon unless pAH68 plasmid is present or multiple
integration had occurred and P3/P4 should give rise to a band at 824 bp. The
presence of these bands was confirmed for BTB-SMRT and BTB-BCoR as shown
by Figure 93 compared to the BTB homodimeric RTHS to act as a positive control.
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Figure 93: Primer pair cPCR and analysis on a 1% agarose gel to further confirm BTBSMRT and BTB-BCoR integration. Primers P1/P2 should produce an amplicon at 289 bp;
primers P2/P3 produce an amplicon at 373 bp if there is pAH68 or multiple integration
present; primers P3/P4 should produce an amplicon at 824 bp confirming integration has
occurred. For all three images, Lane 1: dH2O negative control, Lane 2: blank pAH68
control, Lane 3: BTB homodimeric RTHS positive control, Lanes 4-5: BTB-SMRT
integrants and Lanes 6-7: BTB-BCoR integrants.

3.2

Verification of the BTB-SMRT and BTB-BCoR RTHS

Following the successful construction of the BTB-SMRT and BTB-BCoR RTHS, it
was then necessary to determine where a functional PPI between the BTB
homodimer and corepressor proteins was being formed following induction with
IPTG. Similar to the homodimeric RTHS described in chapter 2 (2.2), it was
hypothesised that formation of the heterodimeric complex would form a functional
repressor capable of preventing transcription of the HIS3, Kanamycin and lacZ
reporter genes resulting in bacterial retardation on a selective minimal media118,
207

. In order to verify the activity of these novel systems, both were qualitatively

analysed by minimal media-based bacterial drop-spotting as detailed for the
homodimeric system (2.2.1). If bacterial retardation was observed, then toxicity
tests would also need to be carried out to ensure that this was a result of a
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functional PPI and not toxicity of the expressed protein complex towards the E.
coli.
3.2.1

Minimal media drop-spotting of the BTB-SMRT and BTB-BCoR
RTHS

To determine the functionality, the BTB-SMRT and BTB-BCoR RTHS were dropspotted onto a histidine deficient minimal media to determine the extent of
bacterial retardation as previously described for the homodimeric BTB RTHS
(2.2.1). It was hypothesised that as the concentration of IPTG was increased,
greater bacterial retardation would be observed in both systems in a dosedependent manner. The BTB-SMRT and BTB-BCoR RTHS were drop spotted
onto selective minimal media agar plates supplemented with IPTG (0-250 µM),
carbenicillin, spectinomycin and two distinct concentrations of 3-AT (2.5 or 5 mM)
and kanamycin (25 or 50 µg/mL) referred to as mild and harsh conditions as
detailed in chapter 2. Ten-fold serial dilution drop-spotting on to agar plates
against a previously constructed CtBP2 and homodimeric BTB RTHS (positive
controls) and a blank SNS118 (negative control) was carried out with a 72 hour
incubation at 37 °C. Significant retardation was observed firstly for the BTB-SMRT
RTHS. Under mild conditions bacterial retardation was observed in a dosedependent manner from 0-25 µM IPTG. In addition to this, under harsh conditions,
significant bacterial retardation was observed at just 10 µM IPTG (Figure 94).
Interestingly this result not only confirmed and verified the functionality of the novel
three-component RTHS, it also identified screening conditions that could be used
in combination with SICLOPPS. The conditions required for growth retardation (i.e.
2.5 mM 3-AT, 25 µg/mL kanamycin and 25 µM IPTG) are notably higher than that
required for retardation in the homodimeric BTB RTHS and this was believed to be
due to the low micromolar non-obligate nature of the BTB-SMRT PPI and thus
required greater levels of IPTG to observe significant dimerisation.
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Figure 94: Drop-spotting of the BTB-SMRT RTHS with ten fold serial dilutions (109-104) on
selective minimal media.(A) Plates supplemented with 25 µg/mL kanamycin and 2.5 mM
3-AT. 1: cTBP2 RTHS (positive control), 2: BTB RTHS (positive control), 3-7: BTB-SMRT
integrants. (B) Plates supplemented with 50 µg/mL kanamycin and 5 mM 3-AT. Dose
dependent bacterial retardation is observed at increasing concentrations of IPTG on both
mild and harsh conditions.

Having verified the BTB-SMRT RTHS, the BTB-BCoR system was then drop
spotted. Significant bacterial retardation was also observed in a dose-dependent
manner under mild conditions from 0-25 µM IPTG. Interestingly by qualitative
analysis, at 10 µM IPTG the BTB-SMRT RTHS is repressed slightly more than the
BCoR RTHS, but both systems were strongly repressed at 25 µM IPTG. In
addition to this, under harsh conditions, significant bacterial retardation was
observed at 10 µM IPTG (Figure 95), similar to the SMRT system.
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Figure 95: Drop-spotting of the BTB-BCoR RTHS with ten fold serial dilutions (109-104) on
selective minimal media. (A) Plates supplemented with 25 µg/mL kanamycin and 2.5 mM
3-AT. 1-4: positive BTB-BCoR integrants, 5: SMRT-BTB RTHS (positive control), 6:
SNS126 blank chromosomal strain (negative control). (B) Plates supplemented with 50
µg/mL kanamycin and 5 mM 3-AT. Dose dependent bacterial retardation is observed at
increasing concentrations of IPTG on both mild and harsh conditions.

3.2.2

Drop-spotting to assess toxicity

Having now confirmed bacterial retardation with IPTG in a dose-dependent
manner, it was then necessary to determine whether this was due to the BTBSMRT and BTB-BCoR PPIs or non-specific toxicity towards the E. coli. The assay
was carried out as previously described for the homodimeric BTB RTHS in chapter
2 (2.2.2). Briefly, both RTHS were drop spotted onto LB agar supplemented with
increasing concentrations of IPTG (0-250 µM). It was hypothesised that if the
systems were exhibiting toxic characteristics towards E. coli, then bacterial
retardation would be observed as the IPTG levels are increased. No significant
growth retardation was observed even at high concentrations (250 µM) of IPTG.
This suggested that the drop-spotting carried out previously was a result of the
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BTB-SMRT/BCoR PPIs and not a result of toxicity. The toxicity drop-spotting for
both systems is shown in Figure 96 from 0-50 µM IPTG.
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Figure 96: Serial dilution toxicity drop-spotting of the BTB-SMRT and BTB-BCor RTHS on
LB agar supplemented with appropriate antibiotics and increasing concentrations of IPTG
(0-250 µM). (A) BTB-SMRT drop-spotting. 1: CtBP2 RTHS (positive control), 2: BTB
RTHS (positive control), 3-7: BTB-SMRT integrants. (B) BTB-BCoR drop-spotting. 1-4:
positive BTB-BCoR integrants, 5: SMRT-BTB RTHS (positive control), 6: SNS126 blank
chromosomal strain (negative control). The assay shows that as IPTG concentration was
increased there was no toxicity observed towards E.coli.

3.3

Screening of SICLOPPS libraries

Following the successful construction and verification of the BTB-SMRT and BTBBCoR RTHS, both were used to identify cyclic peptide inhibitors targeting BTB
heterodimerisation via SICLOPPS, as detailed in section 2.3. Library design was
an important consideration. The linear 17 residue SMRT and BCoR peptides make
multiple contacts with the lateral groove of the BTB homodimer and for this reason
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three libraries of varying ring size were chosen (CX5, SGWX5 and CX11) to probe a
diverse chemical space.
3.3.1

Primary screening of SICLOPPS libraries

Following construction, all three SICLOPPS libraries were transformed by
electroporation into cells of the BTB-SMRT and BTB-BCoR RTHS and plated onto
selective minimal media agar plates containing minimal media salts, MgSO4 and
glycerol as detailed in Table 4 chapter 2.4.1. Though the minimal bacterial
retardation conditions were determined previously (i.e. 25 µg/mL kanamycin, 2.5
mM 3-AT and 25 µM IPTG), conditions used for screening were doubled (i.e. 50
µg/mL kanamycin, 5 mM 3-AT and 25 µM IPTG). This was deemed necessary due
to time restraints, which would have prohibited full optimisation if milder conditions
were used. Furthermore, increasing the harshness of the conditions would in
theory reduce the number of false positives on the SICLOPPS selection plates,
thereby increasing the likelihood of obtaining hit sequences. The selection plates
were also supplemented with 6.5 µM L-arabinose. Any colonies that grew on these
selection plates were thus potentially capable of disrupting the BTB-SMRT/BCoR
heterodimeric PPIs and should therefore infer a growth advantage. The minimal
media selection plates were incubated at 37 °C for 72 hours. As summarised in
Table 7, 288 colonies from the SMRT and BCoR systems were screened with the
CX11 library (as previously described in 2.4.1) and resulted in no potential
inhibitors being identified. Interestingly however, screening of the CX5 (576
colonies) library resulted in the identification of 18 primary colonies within the
BCoR system, while the SGWX5 (384 colonies) library identified 9 primary hit
sequences colonies within the SMRT system. The CX5 and SGWX5 screens
identified 27 colonies where a growth advantage was observed in the presence of
L-arabinose and IPTG (see Appendix 1, Figure 118). Screening was carried out in
an identical manner to that described in 2.4.1
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Library and

Library

Colonies

Number of

System

efficiency

screened

Inhibitors
identified

CX11 (BCoR)

4.0 X 10

6

288

0

CX5 (BCoR)

8.0 X 106

576

24

SGWX5 (BCoR)

1.0 X 10

7

384

0

CX11 (SMRT)

1.0 X 106

288

0

CX5 (SMRT)

3.0 X 10

6

576

0

SGWX5 (SMRT)

3.0 X 10

6

384

9

Table 7: Table outlining the different libraries used, efficiencies obtained, colonies
screened and number primary hits that were identified for the BCoR and SMRT RTHS.

The pARCBD Ssp plasmid was extracted from all 33 primary hits and analysed by
agarose gel electrophoresis. This was deemed necessary due to the common
incidence of mutations observed for the BTB homodimeric PPI. Interestingly, all 33
primary hits exhibited a band at the expected size when compared to a pARCBD
Ssp control plasmid (see Appendix 1, Figure 119). The failure to identify any hits
within the CX11 library is likely due to a sub-optimal ring size for inhibition of
dimerisation, or the failure to screen enough colonies within the library.
Regardless, the identification of 27 inhibitors was considered appropriate to carry
out a secondary screen.
3.3.2

Secondary screening of SICLOPPS hits

Following plasmid extraction of all 33 primary plasmids, these were taken forward
for secondary screening (see section 2.4.3). All 24 BCoR hits were re-transformed
into the BTB-BCoR RTHS and also into an unrelated heterodimeric system that
acted as a negative control (anthrax RTHS; unpublished) to confirm phenotypic
retention. As detailed previously, this was necessary to determine whether the
original phenotype observed in the primary screen had been retained and to also
establish whether the cyclic peptide was specific to the target BTB-BCoR PPI.
Following transformation of the plasmids into both the BTB-BCoR and control
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RTHS, drop-spotting was carried out on selective minimal media agar plates
supplemented with 50 µg/mL kanamycin, 5 mM 3-AT, 25 µM IPTG and 6.5 µM Larabinose and the plates incubated at 37 °C for 72 hours. Following a secondary
screen, it was clear that 18 plasmids exhibited a growth advantage in the presence
of arabinose and thus these 18 had retained the original phenotype observed (see
Appendix 1, Figure 120). In contrast, six plasmids failed to regrow, most likely
representing false positives. Interestingly, no growth advantage was observed in
the control RTHS for all hits. Thus suggesting that the hits were not disrupting any
interactions between the P22 and 434 repressor proteins or their operator
sequences and were specific to the BTB-BCoR PPI.
Prior to de-convolution of these colonies by DNA sequencing, it was desirable to
rank the putative inhibitors identified as a result of the secondary screening.
Potential inhibitors were ranked according to the potency of disruption of
dimerisation, determined by the extent of regrowth observed, relative to each
other. To achieve this, additional drop-spotting assays were carried out under two
different conditions. The first was identical to those utilised in the primary and
secondary screening processes (i.e. 50 µg/mL kanamycin, 5 mM 3-AT, 25 µM
IPTG and 6.5 µM L-arabinose). In addition a second set of conditions were used
that were more stringent, where the concentrations of kanamycin and 3-AT were
increased to 60 µg/mL and 7.5 mM, respectively, in order to elucidate which
colonies were most potent (Figure 97). Using these two sets of conditions dropspotting was carried out as previously described and plates incubated at 37 °C for
72 hours. The results of the assay revealed 11 ‘rank 1’ hits with high potency
(colonies 2, 22, 36, 37, 42, 43, 48, 62, 81 and 83), 2 rank ‘1.5 hits’ with mild
potency (colonies 35 and 38) and 5 ‘rank 2’ hits with weak potency (colonies 5, 6,
13, 66 and 75).
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Figure 97: Secondary screening drop-spotting of the 24 hits identified from the BTB-BCoR
primary CX5 library screen at two different conditions to determine a ranking of the most
potent hits. (A) Plate 2 supplemented with kanamycin (50 µg/mL), 3-AT (5.0 mM) and
IPTG (25 µM). (B) Plate 4 supplemented with kanamycin (50 µg/mL), 3-AT (5.0 mM)
IPTG (25 µM) and L-arabinose (6.5 µM). (C) Plate 2 supplemented with kanamycin (60
µg/mL), 3-AT (7.5 mM) and IPTG (25 µM). (D) Plate 4 supplemented with kanamycin (60
µg/mL), 3-AT (7.5 mM) IPTG (25 µM) and L-arabinose (6.5 µM). Colonies 2, 22, 36, 37,
42, 43, 48, 62, 81 and 83 identified as rank 1 hits from this drop-spotting assay.

Having ranked and confirmed the CX5 BTB-BCoR plasmids, the BTB-SMRT
SGWX5 hits were drop spotted and underwent secondary screening to clarify
retention of the initial phenotype (see appendix 1, Figure 121). Following this
secondary screen, growth was observed for all nine colonies and no growth
advantage was seen in the control RTHS; suggesting that the SMRT inhibitors
were also specific to the BTB-SMRT heterodimeric PPI.
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3.3.3

Deconvolution of hit sequences

With the identification of 27 hits in total across the BCoR and SMRT systems, all
extracted plasmids were sent off for DNA sequencing to deconvolute the
randomised peptide sequences as detailed in Table 8.
Colony

Rank

Codons

Motif

2

1

CGT ACC GTC ATT TTG

CRTVIL

22

1

TTG CTC ATT TTC TAT

CLLIFY

36

1

TAC CGC ATT ATT GTT

CYRIIV

37

1

ATG GTG ATT TCC TGT

CMVISC

42

1

AAG ATT GTT TTG CTC

CKIVLL

43

1

CGT TAT AAC CGT ATT

CRYNRI

48

1

GTG GTC TAC AAT TTC

CVVYNF

62

1

CAT ATT TTC GTT TTT

CHIFVF

65

1

CTT ATT ATT TAC CTT

CLIIYL

81

1

ATC GTC ATT ACG CTC

CIVITL

83

1

CGC ATG ATT ATC ATT

CRMIII

35

1.5

ATG TAC ATT ATC CTC

CMYIIL

38

1.5

CGG TTC ATC GTG ATC

CRFIVI

5

2

CAC GTG TAT TAT TTT

CHVYYF

6

2

TTC CTT CTG ATC GTT

CFLLIV

13

2

ATT TTC ATT GTT ATA

CIFIVI

66

2

GCT GTC TTG ATC GTC

CAVLIV

75

2

TTC CGT ATT TAT GTC

CFRIYV

Table 8: Deconvolution and ranking of BTB-BCoR CX5 hit sequences.

Although there are no obvious consensus sequences, there were some similarities
among the peptides. Firstly, seven of these peptides (39%) have a basic Arg, His
or Lys residue in their C+1 position (colonies 2, 42, 43, 62, 83, 38 and 5) and an
additional two have Arg in the C+2 position (colonies 36 and 75). This suggests
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that a basic residue has an important function in the binding of these peptides.
Interestingly, 15 of the peptides (83%) contain at least one Ile residue, although
this could be an artefact as a consequence of the SICLOPPS screening
platform215. Many of the top ranking peptides also contained hydrophobic and
aromatic residues. Having analysed the CX5 hits, the SGWX5 SMRT hits were also
sequenced and their motifs identified (Table 9)
Colony

Rank

Mutations

Motif

14

1

SGW ! SVW

SVWRYIIY

20

1

/

SGWFVYNF

65

1

H35N (IC)

SGWMIIVF

66

1

S73P (IN)

SGWFHFPI

70

1

/

SGWSIITI

74

1

/

SGWMYYRL

75

1

H35L (IC) and S47I (IN)

SGWTLISC

79

1

N36Y (IN)

SGWTFYRV

80

1

SGW ! NGW

NGWVTYLF

Table 9: Deconvolution and ranking of BTB-SMRT SGWX5 hit sequences, along with
mutations that were observed in the intein regions.

Of the highest ranking SMRT SGWX5 sequences identified, four contained
mutations within the intein regions, which may have interfered with splicing,
suggesting that cyclisation would not have been possible. An additional peptide
was found to have an SGW à NGW mutation and it is also unlikely that this
peptide would have been able to cyclise efficiently. One peptide was also found to
have an SGW à SVW mutation within the invariable region. The three remaining
peptides did not contain any mutations. To determine whether the mutated hits
could still cyclise, a splicing assay should have been carried out as detailed
previously (see section 2.4.5). However, due to time constraints and the
identification of a large number of BTB-BCoR hits, this was not possible and the
four non-mutated peptides were considered. Although there are no repeating
motifs within these four peptides, they all contain hydrophobic, aromatic and polar
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residues. Hits 14 and 70 also contained two consecutive Ile residues in their
sequences.
3.3.4

Back screening of BCoR hits

Prior to synthesising these peptides and testing their in vitro activity against the
BTB homodimer, the BCoR and SMRT BBD complexes were analysed. The
minimal 17 residue BBD sequences of BCoR and SMRT differ considerably with
some sequence similarity at residues I/V, W/H and V/I, respectively. The only
conserved residue is the C-terminal proline residue (red residues, Table 10). It has
also been reported that the APSS (BCoR) and GRSI (SMRT) motifs adopt
significantly different conformations and have been identified as the key
corepressor specific residues that form multiple contacts with H116 in BTB.
Interestingly due to steric hindrance effects, the SMRT corepressor cannot bind to
the BBD when the BCoR corepressor is bound and the same applies in reverse.58
BCoR498(514+

RSEIISTAPSSWVVPGP

SMRT1414(1430+

LVATVKEAGRSIHEIPR

!

Table 10: Sequence comparisons of the BCoR and SMRT BBD peptide sequences
utilised during the screening process. Red residues indicate sequence identity and green
residues highlight sequence similarity.

Despite the absence of any definitive sequence homology or binding motif
between these corepressor peptides, analyses revealed a combination of
conserved backbone interactions.58 These conserved interactions allow both
peptides to bind in a mutually exclusive manner to the lateral groove BBD domain,
despite a number of corepressor specific interactions.58 With the understanding
that BCoR and SMRT bind to the BTB BBD and make conserved contacts, it was
thus hypothesised that the BCoR cyclic peptides identified from the CX5 library
screen may also disrupt the binding of SMRT to the BBD. To test this hypothesis a
‘back screening’ drop-spotting assay was devised, whereby the top ranking BCoR
peptides (no. 2, 22, 36, 37, 42, 43, 48, 62, 65, 81 and 83) were re-transformed into
chemically competent cells of the BTB-SMRT RTHS and compared directly with
the BCoR RTHS. The back-screen drop-spotting assay was carried out on minimal
media agar plates supplemented with 50 µg/mL kanamycin, 5 mM 3-AT, 25 µM
IPTG and 6.5 µM arabinose and incubated at 37 °C for 72 hours (Figure 98). The
hypothesis was found to be true and strong restoration of growth was observed in
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all hits except for colony 48 that also exhibited weak regrowth in the BCoR system.
This back-screening assay has thus confirmed that the cyclic peptides are not
specific to BCoR and are likely binding to the lateral groove or possibly an
allosteric site on BTB, and blocking the binding of the corepressor proteins. The
top ranking peptides were subsequently synthesised by SPPS and then tested for
in vitro activity with BTB.

A"

BTB-SMRT RTHS!

BTB-BCoR RTHS!

B"

BTB-SMRT RTHS!

BTB-BCoR RTHS!

Col!2!
Col!22!
Col!36!
Col!37!
Col!42!
Col!43!
Col!48!
Col!62!
Col!65!
Col!81!
Col!83!

Figure 98: Back screening drop-spotting assay of the BCoR CX5 hit peptides in the BTBSMRT RTHS.(A) Plate 2 supplemented with kanamycin (50 µg/mL), 3-AT (5.0 mM) and
IPTG (25 µM). (B) Plate 4 supplemented with kanamycin (50 µg/mL), 3-AT (5.0 mM) IPTG
(25 µM) and L-arabinose (6.5 µM). Restoration of growth was observed in the BCoR and
SMRT RTHS confirming that the peptides are also disrupting the BTB-SMRT PPI.

3.4

In vitro testing of top ranking cyclic peptides

Having merged both the BTB-BCoR and BTB-SMRT RTHS with the SICLOPPS
platform, a number of potential cyclic peptide inhibitors had been identified that
show BTB heterodimeric inhibitory activity. In order to characterise and validate
the activity of the top ranking peptides against BTB heterodimerisation in vitro,
these cyclic peptides were synthesised using SPPS.
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3.4.1

Synthesis of top ranking peptides

The top 12 ranking peptides were chosen based on potency of regrowth and
sequence. From the ‘rank 1’ BCoR CX5 peptides, CVVYNF was not synthesised
due to the weak regrowth observed and its hydrophobic nature. CIVITL was also
not used based on its hydrophobicity, whilst CKIVLL was identified as a
problematic peptide to cyclise, due to the reactive lysine residue, and thus also
discarded. The remaining eight Rank 1 CX5 peptides were selected for synthesis
along with the four non-mutated SGWX5 peptides that were identified from the
SMRT screens. The CX5 peptides CRTVIL, CYRIIV, CHIFVF, CRMIII, CRYNRI,
CMVISC, CLLIFY and CLIIYL were all synthesised by general SPPS and utilised a
Cys(StBu) protecting group strategy as detailed for cyclo-CIYYCV (see section
2.5.1). The SGWX5 peptides SGWSIITI, SVWRYIIY, SGWFVYNF and
SGWMYYRL were also synthesised by SPPS, but did not require additional
protecting group strategies, due to the weaker nucleophilic activity of the serine
residue compared to cysteine. All synthesised peptides were purified by HPLC and
analysed by analytical HPLC, LR-MS and where possible HR-MS (see section
5.12).
3.4.2

TS assay with top ranking cyclic peptides

To validate the activity of the BCoR and SMRT peptides a thermal shift (TS) assay
(see section 2.5.4.1) was used. 10% DMSO was used when solubilising the
peptides due to the poor solubility of six of the peptides. TS assays were carried
out using 500 µM of cyclic peptide and 15 µM WT GST-BTB. Preliminary results
revealed a slight shift towards higher melting temperatures for six peptides, whilst
four peptides did not show any change in the Tm. Peptides CRYNRI, CRMIII,
CLLIFY, CLIIYL and SVWRYIIY exhibited a ∆Tm of +1.0 °C whilst SGWSIITI
exhibited a ∆Tm of +2.0 °C at 500 µM (Figure 99, n= 3). This ∆Tm suggested that
the peptides were exhibiting an increasingly stabilising effect on GST-BTB, which
was consistent with a binding event. Peptides SGWFVYNF, CRTVIL, CYRIIV and
CHIFVF did not exhibit a ∆Tm suggesting that a binding interaction was not
occurring or possibly that this assay was not ideal for these peptides. A ‘peptide
only’ control was used with each assay to monitor any background fluorescence or
interference. Whilst most of the peptides did not exhibit any background peptide
interference, problems were encountered with peptides CLLIFY, CLIIYL and
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CHIFVF. It is likely that the high hydrophobic content of these peptides and thus
poor solubility and/or a lower melting temperature was affecting the result and
giving peptide interference (the first derivative melting curves for GST-BTB at 0
and 500 µM peptide, as well as peptide only traces, are shown in appendix 2,
Figure 122). Following the acquisition of positive binding data from the TS assay, it
was desirable to determine whether the peptides could compete with the SMRT
and BCoR corepressor proteins for binding to BTB.

Figure 99: The effect of cyclic peptides (500 µM) on the Tm of WT GST-BTB (15 µM)
protein. The bar graph highlights the ∆Tm resulting in a +1 °C or +2 °C stabilising shift.

3.4.3

ELISA of top ranking peptides

Having shown by TS that some of the peptides are potentially binding to BTB,
ELISA analyses was used to ascertain whether the top ranking peptides could also
disrupt the BTB/SMRT PPIs (development and optimisation of the ELISA assay is
detailed in section 2.5.4.4). As the BTB-BCoR and BTB-SMRT RTHS were
designed around the minimal 17 residue peptides, these peptide fragments were
synthesised, with the addition of a His6 tag, for use in the ELISA assays. However,
the synthesis of HHHHHHRSEIISTAPSSWVVPGP and
HHHHHHLVATVKEAGRSIHEIPR by SPPS resulted in a mixture of products and
the inability to isolate the desired peptide. This was believed to be due to the
length of the peptide and repeating His sequence at the N-terminus. For these
reasons the previously expressed and purified Trx-His-BCoR317-547 and Trx-HisSMRT1414-1498 proteins were utilised in this assay. An ELISA assay was performed
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by titrating all 12 cyclic peptides from 1 mM to 13 nM in the presence of constant
concentrations of 0.1 µM GST-BTB and 0.1 µM Trx-His6-BCoR or 0.1 µM Trx-His6SMRT. The results from this assay revealed that as the concentration of cyclic
peptide was increased, a decrease in absorbance resulted. A range of IC50 values
were obtained for both corepressor proteins, with the most promising peptides
highlighted in Table 11 (full ELISA analyses are shown in Appendix 3 and 4, Figure
123 and Figure 124, respectively).
Cyclic&peptide& IC50&BCoR3174547&(µM)&
IC50&SMRT141441498&&(µM)&
CRTVIL'
248.4'
283.6'
CYRIIV'
128.8'
175.8'
CHIFVF'
243.0'
112.3'
CRMIII'
41.3'
225.6'
CRYNRI'
102.6'
8.8'
CMVISC'
495.2'
18.5'
CLLIFY'
92.0'
53.3'
CLIIYL'
/'
807.3'
SGWSIITI'
/'
66.2'
SVWRYIIY'
/'
22.0'
SGWFVYNF'
/'
173.4'
SGWMYYRL'
12.9''
67.1'
'
Table 11: IC50 values obtained from an ELISA assay. The assay was carried out with a

constant concentration of 0.1 µM GST-BTB, 0.1 µM Trx-His6-BCoR or 0.1 µM Trx-His6SMRT and cyclic peptide titrated from 1 mM to 13 nM. The two most promising peptides
have been highlighted in turquoise (BCoR) and red (SMRT).

The results obtained from the ELISA data showed that not only did many of the
cyclic peptides exhibit low- to mid-micromolar IC50 values, but the ELISA also led
to the identification of corepressor-specific cyclic peptides. The cyclic peptides
CYRIIV, CRMIII and SGWMYYRL exhibited IC50 values of 128.8 µM, 41.3 µM and
12.9 µM, respectively, in the BCoR ELISA, whereas the values obtained in the
SMRT ELISA were considerably lower. In contrast, the peptides CRYNRI and
CMVISC exhibited IC50 values of 8.8 µM and 18.5 µM, respectively, in the SMRT
ELISA, but again were considerably weaker in the BCoR assays. In addition to
this, three of the SGWX5 peptides identified by screening the BTB-SMRT RTHS
were identified as only having potential inhibitory activity against the SMRT
corepressor protein; this further suggests specificity. Despite having carried out
the ELISA assays in triplicate, further repeats were deemed necessary for the
most potent cyclic peptides against each corepressor to further validate this
activity. Firstly, additional ELISA assays were carried out with the BCoR peptides
CYRIIV and CRMIII titrated from 1 mM to 2 nM in triplicate, as previously detailed.
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The results from the assay revealed that CYRIIV and CRMIII exhibited IC50 values
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of 118 ± 15 µM and 50 ± 13 µM against BCoR, respectively (Figure 100).
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Figure 100: ELISA of GST-BTB and Trx-His6-BCoR with increasing concentrations of
cyclo-CYRIIV and cyclo-CRMIII. IC50 values of 118 ± 15 µM and 50 ± 13 µM were obtained,
respectively. The decrease in absorbance at 450 nm is consistent with the BCoR protein
being competed off from the lateral groove.

Both peptides have two consecutive Ile residues in the same position (C+4/5).
Interestingly, these peptides closely resemble the first six residues (498-503) of the
BCoR corepressor peptide RSEIIS that also contains two consecutive Ile residues in
the +4/+5 position. Despite being cyclic and thus likely adopting a different
conformation, it was therefore hypothesised that these peptides could be showing
specific inhibitory activity towards BCoR as they are mimicking this region of the
BCoR peptide. However, additional assays would be required to prove or disprove
this theory.
Additional ELISA assays were carried out using the most potent SMRT peptides:
CRYNRI and CMVISC. These peptides were titrated from 1 mM to 13 nM in
triplicate and ELISA assays carried out as previously detailed. The results from the
assay revealed that CRYNRI and CMVISC exhibited IC50 values of 9 ± 1 µM and
14 ± 6 µM against SMRT, respectively (Figure 101). The ELISA carried out confirmed
the cyclic peptides identified through SICLOPPS screening are active in low to midmicro molar activity against BTB-SMRT, with the potential for corepressor specific
inhibitory activity. The trx-His6-BCoR/SMRT proteins that were used for these ELISA
assays are larger protein fragments and not the minimal 17 residue peptides utilized
during SICLOPPS screening. These proteins could therefore be forming additional
contacts with the BTB protein enhancing their affinity. An interesting future experiment
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would therefore be to utilize the 17 residue peptides to determine whether the
potency of the cyclic peptides are affected.
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Figure 101: ELISA of GST-BTB and Trx-His6-SMRT with increasing concentrations of
cyclo-CRYNRI and cyclo-CMVISC.IC50 values of 9 ± 1 µM and 14 ± 6 µM were obtained,
respectively. The decrease in absorbance at 450 nm is consistent with the SMRT protein
being competed off from the lateral groove.

3.5

Chapter 3 summary

Chapter 3 describes the design and construction of two novel BTB-SMRT/BCoR
three component RTHS and details its application with SICLOPPS methodology to
screen for potential cyclic peptide inhibitors of BTB heterodimerisation. The fulllength SMRT and BCoR corepressor proteins were 274 kDa and 192 kDa,
respectively, and deemed too large to be utilised within a RTHS. It had previously
been shown that both of these corepressor proteins have a 17 residue minimal
binding motif for association with the BTB lateral groove. These motifs were
utilised in construction of their respective RTHS and cloned downstream of the
bacteriophage repressor protein P22. BTB exists as an obligate homodimer; there
were concerns that if one BTB domain was included within the system, then upon
dimerisation a number of different BTB species might be formed. To bypass this,
two BTB domains were fused together by means of a short seven residue flexible
linker: GGGSGGG. The two domains were cloned in such a way that the first BTB
domain generated a BamHI restriction site that was used for the cloning of the
second BTB domain. Following successful cloning, construction of the three
component systems was completed by integration of the recombinant P22SMRT/BCoR/434-BTB-BTB gene constructs into the modified E. coli chromosomal
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strain SNS126.117 To achieve integration the protocol outlined by Haldimann et
al.164 was utilised as previously detailed.
Verification of functional BTB-BCoR/SMRT RTHS was carried out by drop-spotting
onto a selective minimal media that exhibited bacterial retardation in an
increasingly IPTG dose-dependent manner. This was consistent with the
hypothesis that increasing the IPTG concentration would result in increased
dimerisation of the recombinant P22-BCoR/SMRT/434-BTB-BTB proteins and
greater binding in the chromosome. Strong bacterial retardation was observed
under both ‘mild’ and ‘harsh’ conditions at IPTG concentrations of 25 µM; notably
higher than the conditions required to form the obligate BTB homodimer. To
ensure that the bacterial retardation observed was due to the BTB-BCoR/SMRT
PPI, and not protein toxicity, a drop-spotting assay was also carried out on LB
agar at increasing concentrations of IPTG where no bacterial retardation was
observed. These drop-spotting assays have thus verified the functionality of these
two novel three-component systems. The results obtained from the drop-spotting
assays identified suitable conditions to carry out SICLOPPS screening and were
deemed in both systems to be adequate at 25 µM IPTG, 2.5 mM 3-AT and 25
µg/mL kanamycin. However, the concentrations of 3-AT and kanamycin were
increased to 5 mM and 50 µg/mL, respectively, for SICLOPPS screening to lower
the possibility of false positive hits.
Having successfully constructed and verified the BTB-BCoR and BTB-SMRT
RTHS and identified suitable screening conditions, the systems were coupled with
SICLOPPS to screen large libraries of cyclic peptides. The 17 residue BCoR and
SMRT peptides make multiple polar and hydrophobic contacts with the lateral
groove of the BTB homodimer. Three libraries of varying ring size were therefore
constructed (CX5, SGWX5 and CX11), all of which contained greater than 3.2
million unique cyclic peptide sequences. Following screening of 2500 potential
cyclic peptide inhibitors, 24 primary hits were identified from the CX5 BCoR
screens and nine primary hits identified from the SGWX5 SMRT screens. Plasmid
extraction and analysis by agarose gel electrophoresis revealed that the hits had
not been mutated (as previously observed in chapter 2). Secondary screening of
all 33 hits in their respective BCoR and SMRT systems against a positive control
RTHS, revealed that 18 hits had retained their initial phenotype whilst six had been
identified as false positives. In addition, all nine of the SMRT hits had retained their
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initial phenotype and were specific towards the BTB-BCoR/SMRT heterodimeric
PPI. Due to the number of hits identified from this screening, further drop-spotting
was carried out to rank the most potent hits (i.e. those exhibiting the strongest
regrowth in the presence of IPTG and arabinose). Following ranking,
deconvolution of the sequences was achieved via DNA sequence analysis. Whilst
no repeating sequences were identified among the potential BCoR inhibitors, a
number of peptides contained a basic lys, arg or his residue in the C+1 position,
as well as consecutive Ile residues. Several of the SGWX5 hits identified contained
mutations that could potentially affect the splicing capability of the peptides and
the inability to cyclise. For this reason, four non-mutated, rank 1 hits from the
SMRT screen were progressed.
It has been established that the SMRT and BCoR peptides make a multitude of
conserved interactions across the lateral groove and it was therefore hypothesised
that the BCoR peptides might also be active against the BTB-SMRT PPI. To test
this hypothesis, back-screening was carried out by re-transforming the top ranking
BCoR hits into the BTB-SMRT RTHS and carrying out a drop-spotting assay. The
entirety of the top ranking BcoR peptides exhibited potent restoration of growth in
the SMRT system. This back-screening assay thus confirmed that the cyclic
peptides are not specific to BCoR and are likely binding to the lateral groove or
possibly an allosteric site on BTB and blocking the binding of the corepressor
proteins. The top ranking CX5 peptides (CRTVIL, CYRIIV, CHIFVF, CRMIII,
CRYNRI, CMVISC, CLLIFY and CLIIYL) and best SGWX5 peptides (SGWSIITI,
SVWRYIIY, SGWFVYNF and SGWMYYRL) were synthesised by SPPS and then
tested for in vitro activity with BTB.
Firstly a TS assay was carried out whereby the peptides CRYNRI, CRMIII,
CLLIFY, CLIIYL and SVWRYIIY exhibited a ∆Tm of +1.0 °C, whilst SGWSIITI
exhibited a ∆Tm of +2.0 °C. These results suggested that the peptides were
binding to the BTB protein and exhibiting a stabilising effect. Having confirmed
binding, it was then desirable to determine the ability for the top ranking cyclic
peptides to compete with both the BCoR and SMRT corepressor proteins for
binding to the lateral groove. An ELISA assay was carried out and many of the
peptides exhibited low- to mid-micromolar IC50 values, as well as potential
corepressor-specific interactions. The two most potent and specific peptides from
each corepressor were selected and tested in a further ELISA. Additional ELISA
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were carried out with the two most potent BCoR peptides CYRIIV and CRMIII and
found to exhibit IC50 values of 118 ± 15 µM and 50 ± 13 µM, respectively. It was
hypothesised that the two consecutive Ile residues (C+4/5) were potentially an
important part of the pharmacophore. The ELISA with SMRT revealed that the
peptides CRYNRI and CMVISC exhibited potent IC50 values of 9 ± 1 µM and 14 ± 6
µM. This chapter thus describes the identification of potent cyclic peptides against two
BTB heterodimeric PPIs with evidence to suggest specificity despite a common
binding site.
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Chapter 4: Final conclusions and further work
Aberrant expression of the BCL6 oncoprotein is associated with diffuse large Bcell lymphoma (DLBCL), the most common subset of NHL. DLBCL is an
aggressive B-cell malignancy that is becoming increasingly prevalent, with an
annual incidence rate of more than 25,000 cases per year.71 Treating
malignancies of this type are highly dependent upon combination therapy involving
R-CHOP chemotherapy. Whilst R-CHOP chemotherapy has shown some early
promise, less than half of patients treated with this cytotoxic treatment enter a
long-lasting remission.273, 274 For these reasons there is a great need to find more
bioavailable and less cytotoxic treatment options than the current ‘gold standard’
therapy. The disruption of specific BCL6 PPIs with cyclic peptide inhibitors has
been considered as one such approach.
The aim of this project was to screen, identify and develop novel cyclic peptide
inhibitors of homo- and heterodimerisation targeting the N-terminal BTB domain of
BCL6. BTB homodimerisation is a physiologically relevant PPI that has the
propensity to repress a plethora of critical genes, including the DNA damage
response pathway.265 However, due to the obligate nature of this PPI, therapeutic
exploitation has been underexplored and as a consequence there are currently no
known inhibitors for disruption of the obligate BTB homodimerisation. In contrast, it
is well established that BTB homodimerisation creates an exposed docking site
known as the lateral groove. The lateral groove allows the BTB homodimer to
undergo heterodimerisation with the corepressor proteins SMRT and BCoR to
mediate the protein’s repressive capabilities. Heterodimerisation has been
previously explored and there are a number of experimental inhibitors that will
require significantly further optimisation before they can become therapeutically
useful.57, 83, 58, 81, 85, 86, 87 To identify novel inhibitors of these PPIs a genetic
screening tool was utilised that combines a bacterial RTHS with the SICLOPPS
platform. This bacterial in vivo screening approach has been used successfully to
identify cyclic peptide inhibitors of ATIC and CTBP1 homodimerisation113, 115 as
well as HIF1α/β and p6-UEV heterodimerisation.116, 114

153

Final conclusions and further work
In the present study screening was utilised to identify inhibitors of BTB
homodimerisation (chapter 2) and also for BTB heterodimerisation (chapter 3).
Throughout the homodimeric project significant limitations and challenges were
encountered. The construction and verification of the BTB RTHS revealed that
IPTG levels as low as 5 µM was sufficient to observe bacterial retardation. No
other RTHS has shown bacterial retardation at such a low IPTG concentration,
which was believed to be due to the obligate nature of the BTB homodimer. Over
6720 cyclic peptides were assessed across four libraries, and the majority of the
hits that were identified were shown to have severe deletions and mutations within
the intein regions. An unrelated RTHS was screened alongside BTB and
successfully identified lead peptide sequences. This suggests that the plasmid
mutations only occur against certain protein targets and was hypothesised to be a
result of the tight affinity of the BTB homodimer or the stress of BTB production in
E. coli. To assess this further, future SICLOPPS screens are required where lower
concentrations of IPTG and L-arabinose are used.
Despite the problems encountered with mutations, one non-mutated cyclic
peptide, cyclo-CIYYCV, was identified from a CX5 library screen and found to
exhibit potent restoration of growth within the BTB RTHS. The low hit rate
observed throughout the screening process was likely due to the extremely
challenging obligate nature of this immeasurable PPI. Despite these challenges, it
is possible that the four libraries selected CX5, CX11, SGWX5 and SGWX6 were not
optimal for disruption of BTB homodimerisation and therefore additional libraries
with varying ring size should also be considered in future. In addition, although
SICLOPPS libraries can have in excess of 3.2 million unique peptide sequences,
these sequences are restricted to the 20-proteinogenic amino acids thus limiting
the functional group diversity. One future consideration would be to use rational
design to incorporate unnatural amino acids into SICLOPPS peptide libraries.275
This would expand the chemical diversity of the libraries and could potentially
result in the identification of cyclic peptides with enhanced properties that are more
suited for disrupting the BTB homodimer. This has been demonstrated previously
in mRNA display libraries by exploiting the ribosomal machinery and amber stop
codon suppression, and could be translated to the SICLOPPS platform.276
The single peptide identified for the disruption of BTB homodimerisation (cycloCIYYCV) has been extensively investigated in vitro, against both wild-type (WT)
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and 3CysMut BTB proteins and in future work optimisation of the protein affinity
tag cleavage conditions should be investigated. TS, MST and SPR have been
used to confirm binding of cyclo-CIYYCV, with evidence to suggest mid-micro
molar activity with the possibility of cooperativity. If possible, ITC should be
employed as an additional biophysical assay to validate CIYYCV and the
stoichiometry of the interaction closely monitored. From the binding data obtained,
three hypotheses were considered and two are unlikely based on the data
obtained leading to the conclusion that CIYYCV could be binding to a distinct subpocket close to the BTB interface. Docking studies have revealed that Y58 and
C53 are potentially forming critical interactions with CIYYCV. To test this
hypothesis further, future work should incorporate mutation-based studies
whereby two new BTB proteins containing Y58A and C53A mutations are
expressed and purified. These proteins should then be tested in vitro with cycloCIYYCV to determine activity. In addition to this heteronuclear single quantum
coherence spectroscopy could also be carried out to monitor the binding event.
MST, ELISA and SEC have been used to demonstrate disruption of BTB
homodimerisation. However with cyclo-CIYYCV, a potential first-in-class inhibitor
of this PPI, further development and optimisation will be required, especially for
the SEC assay to observe a monomeric species. One potential starting point
would be to reduce the concentration of BTB and potentially increase that of
peptide. An alternative approach to observe disruption of dimerisation could
encompass cyclo-CIYYCV being co-expressed with BTB. This could be achieved
by utilisation of a pETDuet vector or the combined use of the SICLOPPS plasmid
with an expression plasmid and then analysed by SEC to determine what species
are present. Ultimately cellular based studies of cyclo-CIYYCV would be required
to confirm that the peptide is in fact capable of disrupting BCL6 transcriptional
complexes and has the ability to reactivate BCL6 target genes. To complement
this, the peptide should also be assessed in vivo for its ability to specifically kill
human DLBCL malignant cells. To achieve this the solubility of cyclo-CIYYCV
needs be improved by the inclusion of a solubility tag such as TAT or by alanine
scanning to distinguish the critical residues from those that can be replaced.
With the KD of cyclo-CIYYCV in this study found to be between 50-150 µM, a
number of peptide modifications could be used to further improve its activity.
Future strategies could involve:
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1. Alanine scanning: alanine scanning of cyclo-CIYYCV to determine the
active residues and isolate the residues that do not contribute to the activity
of the peptide. The residues not critical for binding could be removed,
leaning towards a small molecule, or changed to residues such as Arg or
Lys that may improve the solubility and permeability properties of the
peptide, respectively. Alanine scanning has been shown to be successful
with the AICAR PPI.165, 277
2. Unnatural amino acid substitution: these unnatural amino acids are nonproteinogenic and could include for example ring-substituted tyrosine
derivatives, homo, N-methylated or β amino acids. These amino acids will
potentially increase the structural and functional group diversity of the
peptide and enhance its activity.
3. N–methylation of the cyclic peptide backbone: this has been previously
reported to not only increase membrane permeability and enhance oral
bioavailability, but has also shown improved bioactivity and selectivity.
Cyclo-CIYYCV could thus be N-methylated at a number of different
positions along the backbone of the peptide and then the in vitro activity
tested.278, 279, 280
RTHS / SICLOPPS screening was also utilised to identify a range of cyclic peptide
inhibitors of BTB heterodimerisation, which exhibited low to high micromolar
affinity against the corepressors BCoR and SMRT (as detailed in chapter 3). A
significantly greater number of potential cyclic peptide inhibitors have been
identified from these heterodimeric PPIs compared to BTB homodimerisation. This
could be an indication that BTB heterodimerisation is a more druggable target and
thus should be fully exploited by carrying out additional SICLOPPS screens with
libraries of varying ring size to try to elucidate a common motif. Thus far the
potential inhibitors identified for the BTB-SMRT/BCoR heterodimeric interactions
have only been characterised in vitro by thermal shift (TS) and enzyme-linked
immunosorbent assays (ELISA). To further assess the activity of these peptides
additional biophysical assays such as MST, ITC or FP are needed. The ELISA
experiment has potentially identified corepressor specific cyclic peptides. These
peptides should be assessed in the first instance, as specificity (despite a
conserved binding motif for BCoR and SMRT) would be first-in-class and highly
significant. The BCoR specific peptides cyclo-CYRIIV and cyclo-CRMIII both
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contain two consecutive Ile residues in their C+4/5 position, as does the BCoR
motif RSEIIS. To determine whether these Ile residues are important, the peptides
should be subjected to alanine scanning to identify the residues critical for binding
(as discussed previously for cyclo-CIYYCV). All the peptides identified from these
SICLOPPS screens should be assessed further with both in vitro and in vivo
assays.
Overall the present study has led to the identification of promising candidates
against BTB homo- and heterodimerisation through the use of a bacterial RTHS, in
combination with SICLOPPS methodology. Despite the significant challenges
encountered with the BTB obligate homodimer, a potential first-in-class inhibitor,
cyclo-CIYYCV was identified and has shown early promise in a range of in vitro
assays. Whilst direct binding has been determined, additional assay optimisation,
particularly with analytical SEC and MST is required to monitor a monomeric
species and confirm that cyclo-CIYYCV is disrupting the BTB homodimer. Three
potential binding modes have been hypothesised for cyclo-CIYYCV:
1. Disruption of BTB homodimerisation
2. Direct binding to BTB
3. Multiple non-specific binding sites on BTB
Additional assays will be required to ascertain which of the three binding modes is the
most feasible for cyclo-CIYYCV. In addition, the cyclic peptide inhibitors identified
against the BTB/SMRT and BTB/BCoR heterodimerisation interaction, has
potentially identified corepressor-specific peptides. There remains a need to
characterise these peptides further, with the ultimate goal to develop an inhibitor
that can be translated for therapeutic use. To this end, the novel work described
here provides a strong foundation for the future development of more potent and
selective cyclic peptide inhibitors of BTB homo- and heterodimerisation. These
inhibitors may then contribute towards the search for effective treatments against
the aggressive malignancy DLBCL.
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Chapter 5: Experimental
All molecular biology reagents were purchased from Fisher scientific (UK) or
Sigma-Aldrich (UK), restriction endonucleases from New England Biolabs (NEB,
UK) and enzymes required for PCR and ligation from Promega (UK) unless
otherwise stated. Synthesis of primers was carried out by Eurofins MWG operon
(Germany) or Integrated DNA technologies (IDT, UK). DNA sequencing data was
obtained from Eurofins MWG operon (Germany). PCR was carried out using either
a BIO-RAD T100TM thermal cycler or BIO-RAD C1000 thermal cycler, and enzyme
denaturation with an eppendorf mastercycler personal. Plasmid extraction and
purification was carried out using a GeneJET plasmid miniprep kit (Thermo
Scientific, UK) and DNA purification using a GeneJET PCR purification kit (Thermo
scientific, UK). DNA concentrations were obtained using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, USA) and optical density (OD)
readings of bacterial cultures were obtained using a Cary 100 bio UV-Visible
spectrophotometer (Agilent Technologies, UK).
Enzyme X, NEB double digest finder, pDRAW and SnapGene Viewer programs
were used for selecting the appropriate restriction enzymes, determining the
optimal restriction digest conditions, calculating annealing temperatures and
analysing plasmid maps respectively. Agarose gels were run on a BIO-RAD subcell and BIO-RAD PowerPac Basic system and resulting gels analysed using a
BIO-RAD Universal Hood II Gel Doc XR system with quantity one software
supplied (BioRad, UK). SDS-PAGE gels were run using a BIO-RAD MiniPROTEAN tetra cell system. Transformation by electroporation was carried out on
a BIO-RAD MicroPulser electroporator (Ec1 setting at 1.8 kV). Protein purification
by affinity chromatography was carried out with 1 mL GSTrap FF and HisTrap
columns using a ÄKTAprime plus FPLC (GE Healthcare, UK). Sonication of
bacterial pellets was carried out on a Soniprep 150 plus system (Measuring and
Scientific Equipment, UK). RP-HPLC was carried out on a Waters system using
column 1, Atlantis prep OBD T3 C18, 5 µM, 19 x 100 mm column (Waters, UK) or
column 2, XSelect CSH Prep C18, 5 µM, OBD 19x250 mm column. Analytical RPHPLC was carried out using an Xselect CSH C18, 5 µM, 4.6x250 mm column.
Thermal shift assays were carried out on a BIO-RAD CFX Connect Real Time
System.
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5.1

Primers

Primer
General
M13-49
M13-43
T7-F
T7-R
P1
P2
P3
P4
BTB RTHS
BTB-F
BTB-R
BTB SMRT
RTHS
BTB 1-F
BTB 1-R
BTB 2-F
BTB 2-R
SMRT-F
SMRT-R
BTB BCoR
RTHS
BCoR – F
BCoR - R
SICLOPPS
Npu
CX5-F
Zipper-F
CBD-R
SICLOPPS
Ssp
CX5-F
CX11-F
SGWX5-F
SGWX6-F
Zipper-F
CBD-R
Protein
expression
BTB(BamHI

Sequence
GAG CGG ATA ACA ATT TCA CAC AGG
AGG GTT TTC CCA GTC ACG ACG TT
TAATACGACTCACTATAGGG
GCTAGTTATTGCTCAGCGG
GGA ATC AAT GCC TGA GTG
ACT TAA CGG CTG ACA TGG
ACG AGT ATC GAG ATG GCA
GGC ATC AAC AGC ACA TTC
GTT GTT GTC GAC GCT GAC AGC TGT ATC
GTT GTT GAG CTC TTA TTC ACT GGC CTT AAT AAA C

GTTGTTGTCGACGCTGACAGCTGTATC
AACAACGAGCTCAACAACGGATCCACCGCCTTCACTGGCCTTAATAAA
CTTCCG
GTTGTTGGATCCGGCGGTGGCGCTGACAGCTGTATCCAG
GTTGTTGAGCTCTTATTCACTGGCCTTAATAAAC
GTTGTTCTCGAGCTGGTGGCTACGGTCAA
GTTGTTGGTACCTTAGCGCGGAATCTCATGGA

GTTGTTCTCGAGCGCTCGGAAATCATTAGCACCGCG
GTTGTTGGTACCTTAGGGGCCTGGCACCACCC

AAT GGC TTC ATT GCT AGC AAC TGC NNB NNB NNB NNB NNB TGC
CTG TCG TAT GAT
GGC TTC ATT GCT AGC AAC
GGA ATT CAA GCT TTC ATT GAA GCT GCC ACA AGG

GGA ATT CGC CAA TGG GGC GAT CGC CCA CAA TTG CNN SNN SNN
SNN SNN STG CTT AAG TTT TGG C
GGA ATT CGC CAA TGG GGC GAT CGC CCA CAA TTG CNN SNN SNN
SNN SNN SNN SNN SNN SNN SNN SNN STG CTT AAG TTT TGG C
GGA ATT CGC CAA TGG GGC GAT CGC CCA CAA TAG CGG CTG
GNN SNN SNN SNN SNN STG CTT AAG TTT TGG C
GGA ATT CGC CAA TGG GGC GAT CGC CCA CAA TAG CGG CTG
GNN SNN SNN SNN SNN SNN STG CTT AAG TTT TGG C
GGA ATT CGC CAA TGG GGC GAT CGC C
GGA ATT CAA GCT TTC ATT GAA GCT GCC ACA AGG

GTTGTTGGATCCGCTGACAGCTGTATCCAG
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)-F (pGEX)
BTB-R
(pGEX)
BTB-F
(pET28a)
BTB-R
(pET28a)
SMRT-F
SMRT-R
BCoR-F
BCoR-R

AACAACGAATTCTTATTCACTGGCCTTAATAAACTT
GTTGTTGGATCCGCTGACAGCTGTATC
GTTGTTGAGCTCTTATTCACTGGCCTTAATAAAC
GTTGTTGGATCCAAGCTGAAACCTGCTCACGAAGGT
GTTGTTGAGCTCCAGGGGGTGGACCGG
GTTGTTGGATCCAGTGCCAAGGCAGTT
GTTGTTGAGCTCCATTCTAGGACATGACGA

Table 12: List of primers utilised throughout this study.

5.2
5.2.1

Preparation of materials
Luria broth (LB) medium

6.25 g of LB powder (Fisher Scientific, UK) was added to 250 mL of deionised
water and autoclaved at 121°C for 20 minutes on a media ballast cycle. The
medium was left to cool to room temperature before use.
5.2.2

LB Agar Plates

8.8 g of LB agar powder (Fluka analytical, UK) was added to 250 mL of deionised
water and autoclaved at 121°C for 20 minutes on a media ballast cycle. The
medium was allowed to cool to around 50°C before relevant antibiotics were
added or melted in a microwave if the agar was left to solidify at room
temperature. Approximately 25 mL of LB agar was used for each plate.
5.2.3

Super Optimal Culture (SOC)

500 µL of 2 M MgSO4, 500 µL of 1 M MgCl2 and 500 µL 20% glucose solution
(w/v) were added to 50 mL of sterile LB broth. The resulting solution was filtered
with a 0.22 µM sterile filter (Millipore, UK) and stored in 15 mL falcon tubes at 4°C
until required.
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5.2.4

Antibiotic preparation and working concentrations

All antibiotics were made using freshly autoclaved deionised water and filtered
through a 0.22 µM sterile filter (Millipore, UK). For antibiotic resistance on the
chromosome, the working concentration is halved. All antibiotics were stored at
4°C between uses.
Antibiotics

Amount (g)

Solution

Carbenicillin

0.4

Water (20 mL)

Chloramphenicol

0.2

Ethanol (20 mL)

Spectinomycin

0.2

Water (20 mL)

Kanamycin

0.2

Water (20 mL)

Stock Concentration

Working concentration

(mg/mL)

plasmid (µg/mL)

Carbenicillin

20

100

Chloramphenicol

10

35

Spectinomycin

10

50

Kanamycin

10

50

Table 13: Antibiotic preparation.

Antibiotic

Table 14: Antibiotic stock and working concentrations.

5.2.5

Agarose gels

A 1% Agarose gel was prepared by dissolving 1 g of Agarose powder (Fisher
Scientific) in 100 mL of Tris-Acetate EDTA (TAE) buffer by heating in a microwave
for 2 minutes. The solution was allowed to cool and two drops of ethidium bromide
were added. The solution was mixed by gentle swirling and then poured into a gel
mould and allowed to set for ~20-30 minutes.
Reagent

Amount

Concentration

Final
concentration

Tris base

242 g

/

2M

Glacial acetic

57.1 mL

/

1M

EDTA

100 mL

0.5 M

50 nM

Deionised water

Made to 1 L

/

/

acid
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Table 15: Preparation of TAE buffer (50X).

Once dissolved, the solution was adjusted to pH 8.0 with sodium hydroxide
solution. A 1x solution was prepared by dissolving 20 mL of 50x TAE in 1 L of
autoclaved deionised water.
5.2.6

Preparation of minimal media agar plates

3.75 g agar powder (Fisher Scientific, UK) was added to 200 mL of deionised
water and autoclaved at 121°C for 20 minutes on a media ballast cycle. The agar
was supplemented with the reagents in Table 16, and with varying concentrations
of IPTG (0-25 µM), Kanamycin (2.5 µg/mL to 25 µg/mL) and 3-aminotriazole (2.5
mM to 5 mM) dependent on the conditions required.

Reagent

Amount (mL)

Final concentration

Agar

200

/

10 x Minimal media salts

25

10 x solution

1 M MgSO4

0.25

1 mM

50% Glycerol

10

2%

Spectinomycin

0.625

25 µg/mL

Deionised water

Up to 250 mL

/

Table 16: Composition of minimal media agar plates.

Reagent

Amount (g)

Final concentration

Ammonium Sulfate

10

76 mM

Potassium phosphate

105

603 mM

45

330 mM

Sodium citrate

5

17 mM

Deionised water

Up to 1 L

/

dibasic
Potassium phosphate
monobasic

Table 17: Composition of 10X minimal media salts.
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5.2.7

Preparation of SDS-page gels

The resolving gel was prepared by mixing the reagents listed in Table 18. Upon
addition of the TEMED the solution was mixed thoroughly. The solution was
poured between the glass plates followed by 1 mL of isopropanol and left to set for
~20 minutes. The isopropanol was then removed and the gel washed with
deionised water. The stacking gel was prepared as described below and then
poured into the mould on top of the resolving gel. The desired comb was then
added and allowed to set for ~20 minutes prior to use. Excess SDS-page gels
were stored at 4°C wrapped in a damp paper towel until required.

15% gel

12% gel

10% gel

Reagents

mL

mL

mL

1.5 M Tris-base (pH 8.8)

7.5

7.5

7.5

20% SDS (w/v)/dH2O

0.15

0.15

0.15

Acrylamide (40%/0.8%)

11.25

9

7.5

10% APS (w/v)/dH2O

0.15

0.15

0.15

TEMED

0.02

0.02

0.02

dH2O

10.75

13

14.5

Table 18: Composition of SDS-PAGE resolving gel.

Reagents

Volume
(mL)

0.5 M Tris-base (pH 6.8)

7.5

20% SDS (w/v)/dH2O

0.15

Acrylamide

11.25

10% APS (w/v)/dH2O

0.15

TEMED

0.02

dH2O

10.75

Table 19: Composition of SDS-PAGE stacking gel.
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5.3
5.3.1

General molecular biology procedures
E. coli Culture Preparation

The relevant E. coli strain was recovered from frozen stock (-80°C) or picked from
an agar plate by using an autoclaved pipette tip and incubated overnight at 37°C
in 10 mL of sterile LB broth with the appropriate antibiotic. Stocks of each strain
were made by adding 100 µL of DMSO to 900 µL of overnight culture. The stocks
were then stored at -80°C until required.
5.3.2

Plasmid extraction

The relevant E. coli strain was taken from a frozen stock (-80°C) or chosen from
an agar plate by using an autoclaved pipette tip and incubated overnight at 37°C
in 10 mL of sterile LB broth with the appropriate antibiotics. The resulting culture
was centrifuged (3100 rpm, 15 minutes, 4°C) and purified using the GeneJET
plasmid miniprep kit (Thermo Scientific, UK).
5.3.3

Preparation and transformation of chemically competent cells

A frozen stock of the E. coli strain was added to 10 mL of LB broth and incubated
overnight at 37°C with shaking (200 rpm). A 1% subculture was made by adding
250 µL of overnight culture to 25 mL of freshly autoclaved LB broth and incubated
at 37°C until the cells reached an OD600 of 0.5-0.7. The culture tubes were then
centrifuged at 3100 rpm for 15 minutes at 4°C. The supernatant was discarded
and the pellet re-suspended in 5 mL transformation buffer I (TBF-I, Table 20) and
the centrifugation repeated. The supernatant was discarded and the pellet resuspended in 1 mL transformation buffer II (TBF-II, Table 21) buffer. The resulting
solution was divided into 100 µL aliquots in PCR tubes on dry ice to snap freeze.
The chemically competent cells were then stored at -80°C.
Once needed, the 100 µL aliquots were allowed to thaw on ice for 10 minutes. 5
µL of plasmid was then added and the cells were left on ice for a further 30
minutes before heat shocking at 42°C for 30 seconds using a water bath. The cells
were immediately placed back on ice for 2 minutes and then transferred to 895 µL
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of 37°C SOC media in aerated culture tubes. The cells were incubated at 37°C for
1 hour. 100 µL of each culture was then plated on to LB agar containing the
appropriate antibiotic and the plates incubated at 37°C overnight (without shaking).

Reagent

Amount

Final concentration

Rubidium chloride

2.42 g

100 mM

Manganese chloride

2.00 g

50 mM

Potassium acetate

0.59 g

30 mM

Calcium chloride

0.29 g

10 mM

Glycerol

30 mL

15 % v/v

Table 20: Composition of TBF-I used for preparation of chemically competent cells.

Once dissolved the solution was adjusted to pH 6.5 with a solution of sodium
hydroxide and made up to 100 mL with autoclaved deionised water. 1 mL aliquots
were prepared and stored at -80°C.

Reagent

Amount

Final concentration

Calcium chloride

1.10 g

10 mM

4-Morpholinepropanesulfonic acid

0.21 g

10 mM

Rubidium chloride

0.12 g

75 mM

Glycerol

30 mL

15 % v/v

(MOPS)

Table 21: Composition of TBF-II used for preparation of chemically competent cells.

Once dissolved the solution was adjusted to pH 5.8 through the addition of acetic
acid and made up to 200 mL with autoclaved deionised water.
5.3.4

Preparation and transformation of electrocompetent cells

A small amount of frozen -80°C stock was transferred to 10 mL of LB broth
supplemented with the appropriate antibiotic and incubated with shaking (200 rpm)
at 37°C overnight. A 1 % subculture was made by adding 2.5 mL of overnight
culture to 250 mL of fresh autoclaved LB broth and incubated at 37°C until the
OD600 reached 0.5-0.7. The 250 mL culture was then divided between cold 50 mL
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culture tubes and left on ice for 15 minutes. The cultures were centrifuged at 3100
rpm for 15 minutes at 4°C, the supernatant was discarded and the resulting pellet
re-suspended in ice-cold 10 % glycerol solution and centrifuged at 4000 rpm for 15
minutes at 4°C. The centrifugation and re-suspension process was repeated with
25 mL and 10 mL of ice-cold 10 % glycerol solution. The pellets were then resuspended in 1 mL of ice-cold 10 % glycerol and divided between 100 µL aliquots
on dry ice before storing at -80°C until needed.
Once needed, the cells were allowed to thaw on ice for 10 minutes. 5 µL of
plasmid or ligation mixture was added to one 100 µL aliquot and the cells left to
mix for 10 minutes. The cells were then transferred to a cooled 0.1 cm
electroporation cuvette and placed in a Bio-Rad Micropulser electroporator. Each
cuvette was electroporated (Ec1 setting at 1.8 kV) and 895 µL of ice-cold SOC
immediately added to the cuvette. The mixture was transferred to a sterile aerated
culture tube and incubated at 37°C in a pre-warmed 50 mL culture tube for 1 hour.
100 µL of each mixture was plated on to LB agar supplemented with the relevant
antibiotic and incubated overnight at 37°C.
5.3.5

Preparation and transformation of electrocompetent cells for
integration

The cell culture was prepared as previously mentioned. The subculture was
incubated at 30°C (due to presence of the thermosensitive cI857 repressor) until
an OD600 of 0.4 was reached. The temperature was then increased to 42°C until
the OD600 reached ~0.6. The cells were made electrocompetent as detailed above.
Once needed, the cells were allowed to thaw on ice for 10 minutes. 50-100 ng of
p68 plasmid was added to one 100 µL aliquot and the cells left to mix for ~5
minutes. The cells were then transferred to a cooled 0.1 cm electroporation
cuvette and placed in a Bio-Rad Micropulser electroporator. Each cuvette was
electroporated (Ec1 setting at 1.8 kV) and 895 µL of ice-cold SOC immediately
added to the cuvette. The mixture was transferred to a sterile aerated culture tube
and incubated at 37°C for 1 hour, followed by incubation in a pre-warmed 50 mL
culture tube at 42°C for 30 minutes to eject the p69 helper plasmid. 100 µL of each
mixture was plated on to LB agar supplemented with the relevant antibiotic and
incubated overnight at 37°C and 42°C.
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5.3.6

Running DNA on a 1% agarose gel

5 µL of plasmid was mixed with 1 µL of green GoTaq buffer (Promega, UK) and
loaded onto the agarose gel alongside a 2-log DNA ladder (New England Biolabs,
USA) in a separate lane. The gel tank was filled with 1x TAE buffer to submerse
the gel and run at 100 V for 30 minutes and then imaged under UV.
5.3.7

Polymerase chain reaction (PCR)

GoTaq (Promega, UK) PCR mixtures for a 50 µL reaction were prepared
according to the general procedure in Table 22.

Reagent

Amount (µL)

Stock

Final

concentration

concentration

10

5X

1X

dNTP mix

2

8 mM

0.2 mM

Forward primer

2

10 µM

0.2 µM

Reverse primer

2

10 µM

0.2 µM

Template

1

-

-

GoTaq

0.25

5 units/ µL

1.25 units

32.75

-

-

Polymerase buffer
(5X)

polymerase
Deionised water

Table 22: Composition of a typical PCR reaction.

All reagents were allowed to thaw prior to use and the polymerase buffer and
primers were mixed with a vortex. The Bio-Rad T100 Thermal cycler was set up
for the following run:
1. 95°C for 3 minutes
2. 95°C for 30 seconds
3. Variable annealing temperature for 30 seconds dependent upon the primers.
Calculated using the NEB melting temperature calculator.
4. 72°C for 30 seconds/500bp being amplified
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5. Step 2à4 repeated 30 times
6. 72°C for 5 minutes
7. Held at 4°C until removed
The resulting PCR products were purified using the GeneJET PCR purification kit
(Thermo Scientific, UK) following the manufacturer’s instructions.
5.3.8

Colony PCR

A master mix was prepared as described in the general PCR procedure and then
separated into 10 µL aliquots in PCR strips. Autoclaved pipette tips were used to
pick colonies from agar plates and added to each PCR tube.

Reagent

Amount (µL)

Green polymerase buffer

Stock
concentration

2

5X

dNTP mix

1

8 mM

Forward primer

0.25

10 µM

Reverse primer

0.25

10 µM

Template

1

-

GoTaq polymerase

0.05

5 U/ µL

Deionised water

6.25

-

(5X)

Table 23: Composition of a typical cPCR reaction.

All 10 µL PCR reactions were carried out as previously detailed and then analysed
on an Agarose gel.
5.3.9

Restriction enzyme digest

Plasmid and PCR product digestions were performed using the appropriate buffer
(as detailed by New England Biolabs, USA) for the restriction enzymes used as
detailed in Table 24. The buffer was mixed thoroughly with a vortex and all
reagents were allowed to thaw prior to use. The reaction mixture was slowly mixed
by pipetting and then incubated in a water bath at 37°C for 2-4 hours.
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Stock

Final

Concentration

concentration

35

50-150 ng/uL

1.8-5 ng

5

10 X

1X

1

10 U/ µL

10 U

1

10 U/ µL

10 U

8

-

-

Reagent

Amount (µL)

DNA sample
Buffer
Restriction
enzyme A
Restriction
enzyme B
Deionised Water

Table 24: Typical restriction enzyme reaction mixture.

The restriction enzymes were heat inactivated as detailed by New England
Biolabs, and the DNA digest purified by gel electrophoresis or by using the
GeneJET PCR purification kit (Thermo Scientific, UK) following the manufacturer’s
instructions.
5.3.10

Dephosphorylation of DNA fragments

Following digestion of a plasmid backbone, 1 µL (0.05 U) of Thermosensitive
Alkaline Phosphatase (TSAP) was added to catalyse the removal of 5’ phosphate
groups in order to prevent re-ligation. Upon gentle mixing using a pipette, the
reaction mixture was incubated for 1 hour at 37°C. This treatment was followed by
TSAP inactivation by heating at 74°C for 15 minutes. The DNA sample was then
purified using a GeneJET PCR purification kit (Thermo Scientific, UK) following the
manufacturers instructions.
5.3.11

Gel Purification of digested DNA samples

The restriction enzyme digest was run on a 1% Agarose gel to separate the
appropriate bands. A sterile razor blade was used to excise the band of interest
from the gel whilst being imaged under UV. A GeneJET PCR purification kit
(Thermo Scientific, UK) was then used to recover the DNA from the Agarose gel
according to the manufacturers instructions with the exception of leaving water in
the spin column for an hour before eluting to obtain an optimal DNA concentration.

170

Experimental
5.3.12

Ligation

Ligation of digested plasmid (vector) with the digested gene (insert) was set up as
detailed in Table 25. The T4 DNA ligase buffer and DNA samples were thawed on
ice prior to use and mixed thoroughly with a vortex. The amounts of vector and
insert to be used were calculated using the equations provided by Promega, UK
as shown below. Upon addition of T4 DNA ligase (Promega, UK), the solution was
slowly mixed using a pipette. The ligation was carried out at 4°C unless otherwise
stated. The ligase was then inactivated at 70°C for 10 minutes. The mixture was
then transformed directly into competent cells (with the exception of SICLOPPS
library ligations which were dialysed prior to transformation).
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑉𝑒𝑐𝑡𝑜𝑟 (µ𝐿) =

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑢𝑠𝑒𝑑 (𝑛𝑔)
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑛𝑔/µ𝐿)

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑛𝑔)
=

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑛𝑔 𝑋 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑏𝑝) 𝑋 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓𝑖𝑛𝑠𝑒𝑟𝑡
𝑆𝑖𝑧𝑒 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑏𝑝)

The molar ratios varied from 1:1 to 1:6 (vector:insert)

Stock

Final

concentration

concentration

5-50 ng/µL

-

5-50 ng/µL

-

1

10 X

1X

T4 DNA ligase

1

3U/ µL

3U

Deionised water

Adjusted to 10 µL

-

-

Reagent
Vector

Amount (µL)
Dependent on
concentration
Dependent on

Insert

size and
concentration

T4 DNA ligase
buffer

Table 25: Composition of a typical ligation reaction.
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5.3.13

Running an SDS-PAGE gel

Protein samples were mixed with 2 X LaemmLi buffer (1:1) and denatured by
heating to 95°C for 10 minutes in a PCR machine. Samples were then run on an
SDS PAGE gel in 1 X running buffer made from a 5 X buffer on 150 V for 1 hour.

Reagent

Amount

Final concentration

1.0 M Tris HCl pH 6.8

2.5 mL

100 mM

20% SDS (w/v)

5 mL

4%

50% Glycerol

10 mL

20% (v/v)

1.0 M DTT/dH2O

1.25 mL

50 mM

Bromophenol blue

Trace

0.2%

dH2O

Up to 25 mL

Table 26: Composition of 2X LaemmLi loading buffer.

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%

Deionised water

Up to 1 L

/

Table 27: Composition of 5X running buffer.

The gels were then analysed by staining with Coomassie blue solution for 10-15
minutes and then added to a de-stain solution for 2 hours prior to imaging.

Reagent

Amount

Methanol

400 mL

Glacial acetic acid

100 mL

Coomassie blue

1g

Deionised water

500 mL

Table 28: Composition of Coomassie Blue staining solution.
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Reagent

Amount

Methanol

100 mL

Glacial acetic acid

200 mL

Deionised water

800 mL

Table 29: Composition of de-staining solution.

5.4
5.4.1

Project specific procedures
Construction of pTHCP16 BTB

The pcDNA3.1 BCL6 construct was diluted (1:20) to achieve the desired
concentration of 100 ng/µL. The construct was transformed into DH5α chemically
competent cells and plated onto LB agar plates (100 µg/mL carbenicillin) and
incubated at 37°C for 16 hours. The BCL6 BTB domain was amplified by PCR
using GoTaq polymerase (Promega, UK) with primers BTB(SalI)-F and BTB(SacI)R (see 5.1) with an annealing temperature of 55°C and extension time of 30
seconds. The PCR product was then purified and the BTB domain confirmed using
agarose gel electrophoresis. The PCR product and the pTHCP16 plasmid were
then digested with SalI and SacI using CutSmart buffer (New England Biolabs, UK)
both pTHCP16 and BTB digestions were heat killed at 65°C for 20 minutes and the
pTHCP16 vector treated with thermosensitive alkaline phosphatase (TSAP) for 1
hour at 37°C. The plasmid backbone was gel purified and ligated with the BTB
fragment overnight at 4°C at ratios of 1:3, 1:6 and 1:9 (vector:insert). The ligation
was transformed into DH5α chemically competent cells, plated onto LB agar plates
(100 µg/mL Carbenicillin) and incubated overnight at 37°C. The resulting colonies
were identified by colony PCR, using M13-49 and M13-43 primers, an annealing
temperature of 53°C and extension time of 1 minute 30 seconds, analytical
digestion using SalI and SacI and further confirmed by sequencing (Eurofins,
Germany).
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5.4.2

Construction of pAH68 BTB

pTHCP16 BTB was amplified by PCR using M13-49 and BTB(SacI)-R primers
(with an annealing temperature of 52°C and extension time of 1 minute 30
seconds). The resulting fragment was column purified and digested alongside the
pAH68 backbone using NdeI and SacI for 4 hours at 37°C. Both pTHCP16 BTB
and pAH68 were heat killed at 65°C for 20 minutes and the pAH68 vector treated
with TSAP for 1 hour at 37°C. The pTHCP16 BTB and pAH68 fragments were
column and gel purified respectively, then ligated at 1:3, 1:6 and 1:9 ratios (vector:
insert) overnight at 4°C. The ligation mixtures were chemically transformed into
DH5α-pir positive low copy competent cells and grown overnight on LB agar plates
(100 µg/mL Carbenicillin) at 37°C. Colonies were identified by colony PCR, using
M13-49 and P2 external primers (annealing temperature of 52°C and extension
time of two minutes), analytical digests (with NdeI and SacI) and DNA sequencing.
5.4.3

Integration of pAH68 BTB onto chromosome of SNS118

The competent cells were thawed on ice. 50-100 ng of pAH68 BTB (50 ng/µL)
plasmid was added and the cells transferred to 1 mm electroporation cuvettes
(Biorad, UK). The mixtures were electroporated (Ec1 setting at 1.8 kV) and 895 µL
SOC immediately added. The cultures were then incubated in pre-warmed falcon
tubes at 37°C for 1 hour followed by incubation at 42°C for 30 minutes to eject the
pAH69 helper plasmid. The cultures were plated onto LB agar plates (50 µg/mL
carbenicillin and 25µg/mL Spectinomycin) and incubated overnight at 37°C.
Integrants were confirmed by colony PCR using primers P1, P2, P3 and P4, with
an annealing temperature of 55°C and extension time of 1 minute 30 seconds.
5.4.4

Drop-spotting assay to validate BTB RTHS

BTB constructs exhibiting PCR amplicons indicative of successful integrants were
cultured in LB broth at 37°C for 16 hours in the presence of 50 µg/mL carbenicillin
and 25 µg/mL Spectinomycin. The resulting E. coli cultures were serially diluted 1
in 10 by mixing 20 µL of each BTB construct with 180 µL of sterile 10% glycerol
(v/v) to give a 10-1-10-6 dilution series. The serial dilutions were drop spotted
(2.5µL) onto selective minimal media plates supplemented with varying
concentrations of antibiotic, 3-AT (2.5-5 mM) and IPTG (0-250 µM) and incubated
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at 37°C for 48-72 hours depending upon concentrations of antibiotics. A previously
constructed CtBP RTHS and a blank SNS118 chromosomal strain were used as
the positive and negative controls respectively.
5.4.5

Ortho-nitrophenyl β-galactosidase assay

60 mL LB media was mixed with 1% (600 µL) of each overnight culture, with
relevant antibiotics and incubated at 37°C with shaking until the OD600 reached
0.4. The solution was divided into 3 mL aliquots (replicated 6 times per sample)
and subsequently incubated with varying concentrations of IPTG (Stock
concentration of 10mM and replicated 3 times per concentration) for a further 1.5
hours, the OD600 of each sample was then taken.

IPTG Concentration (µM)

3 mL samples (µL)

0

0

10

3

25

7.5

50

15

100

30

250

75

Table 30: Varying concentrations of IPTG used in the ONPG assay.

0.3 mL of this culture was then added to 0.4 mL Z buffer (Table 31), 1 drop of
chloroform and 1 drop of 0.1% SDS and mixed with a vortex for 10 seconds. Each
sample was incubated at 37°C in a heat block (filled with water) for one minute
and then 200 µL of ONPG (4 mg/mL) was added and incubated further at 37°C.
The time (in seconds) was recorded for each solution to turn yellow (compared
against an LB broth control); each solution was then quenched with 500 µL of 1 M
Na2CO3 and the OD420 recorded.
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Reagents

Amounts

Final Concentration

Na2HPO4.7H2O

0.80 g

60 mM

NaH2PO4.H20

0.28 g

40 mM

1 M KCl

0.50 mL

10 mM

1 M MgSO4

0.05 mL

1 mM

ß-Mercaptoethanol

0.14 mL

40 mM

Up to 50 mL

/

(Added in fume hood)
Sterile deionised water

Adjusted to pH 7.0
Table 31: Composition of Z-buffer used in the ONPG assay.

The following calculations were then used to determine activity:

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑂𝐷!"#
𝑡𝑖𝑚𝑒 (𝑠𝑒𝑐𝑠)

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑠𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦
𝑉𝑜𝑙𝑢𝑚𝑒

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑖𝑠𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦
𝑂𝐷!""
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5.5
5.5.1

Heterodimeric BTB-SMRT/BCoR RTHS construction
Construction of pTHCP14 BTB gene 1

The BCL6 BTB domain was amplified by PCR using GoTaq polymerase with
primers BTB 1(SalI)-F and BTB 1(SacI)-R with an annealing temperature of 54°C
and extension time of 45 seconds. The PCR product was then purified and the BTB
domain confirmed using agarose gel electrophoresis. The PCR product and the
pTHCP14 plasmid were then digested with SalI-HF and SacI-HF using CutSmart
buffer. Both pTHCP14 and BTB digests were heat killed at 65°C for 20 minutes
and the pTHCP14 vector treated with Shrimp alkaline phosphatase (rSAP, NEB,
UK) for 1 hour at 37°C. The plasmid backbone was gel purified and ligated with the
BTB fragment overnight at 4°C at molar ratios of 1:6, 1:9 and 1:12 (vector:insert).
The ligation was transformed into DH5α chemically competent cells, plated onto LB
agar plates (100 µg/mL Carbenicillin) and incubated overnight at 37°C. The
resulting colonies were identified by colony PCR, using BTB 1-F and M13-43
primers, an annealing temperature of 54°C and extension time of 45 seconds, and
further confirmed by DNA sequencing.
5.5.2

Construction of pTHCP14 BTB gene 2

The BCL6 BTB domain was amplified by PCR using GoTaq polymerase with
primers BTB 2(BamHI)-F and BTB 2(SacI)-R with an annealing temperature of
54°C and extension time of 30 seconds. The PCR product was then purified and
the BTB domain confirmed using agarose gel electrophoresis. The PCR product
and the pTHCP14 BTB 1 plasmid were then digested with BamHI-HF and SacI-HF
using CutSmart buffer. Both pTHCP14 BTB 1 and BTB were heat killed at 65°C for
20 minutes and the pTHCP14 BTB 1 vector treated with rSAP for 1 hour at 37°C.
The plasmid backbone was gel purified and ligated with the BTB fragment
overnight at 4°C at molar ratios of 1:6, 1:9 and 1:12 (vector:insert). The ligation
was transformed into DH5α chemically competent cells, plated onto LB agar plates
(100 µg/mL Carbenicillin) and incubated overnight at 37°C. The resulting colonies
were identified by colony PCR, using M13-49 and M13-43 primers, an annealing
temperature of 53°C and extension time of 1 minute and 45 seconds, and further
confirmed by DNA sequencing.
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5.5.3

Construction of pTHCP14 BTB-SMRT

SMRT was amplified by PCR off the gene block using PFU polymerase (Promega,
UK) with primers SMRT-F and SMRT-R (see 5.1) with an annealing temperature of
56°C and extension time of 30 seconds. The PCR product was then purified and
the SMRT domain confirmed using agarose gel electrophoresis. The PCR product
and the pTHCP14 BTB 2 plasmid were then digested with KpnI-HF and XhoI using
CutSmart buffer. Both pTHCP14 BTB and SMRT were heat killed at 65°C for 20
minutes and the pTHCP14 BTB vector treated with rSAP for 1 hour at 37°C. The
plasmid backbone was gel purified and ligated with the SMRT fragment overnight
at 4°C at molar ratios of 1:23, 1:30 and 1:36 (vector:insert). The ligation was
transformed into DH5α chemically competent cells, plated onto LB agar plates (100
µg/mL Carbenicillin) and incubated overnight at 37°C. The resulting colonies were
identified by colony PCR, using M13-49 and SMRT-R primers, an annealing
temperature of 53°C and extension time of 45 seconds, and further confirmed by
DNA sequencing.
5.5.4

Construction of pTHCP14 BTB-BCoR

BCoR was amplified by PCR off the gene block using PFU polymerase (Promega,
UK) with primers BCoR-F and BCoR-R (see 5.1) with an annealing temperature of
56°C and extension time of 30 seconds. The PCR product was then purified and
the BCoR domain confirmed using agarose gel electrophoresis. The PCR product
and the pTHCP14 BTB plasmid were then digested with KpnI-HF and XhoI using
CutSmart buffer. Both pTHCP14 BTB and BCoR digestions were heat killed at
65°C for 20 minutes and the pTHCP14 BTB vector treated with rSAP for 1 hour at
37°C. The plasmid backbone was gel purified and ligated with the SMRT fragment
overnight at 4°C at molar ratios of 1:27, 1:30 and 1:36 (vector:insert). The ligation
was transformed into DH5α chemically competent cells, plated onto LB agar plates
(100 µg/mL Carbenicillin) and incubated overnight at 37°C. The resulting colonies
were identified by colony PCR, using M13-49 and BCoR-R primers, an annealing
temperature of 53°C and extension time of 45 seconds, and further confirmed by
DNA sequencing.
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5.5.5

Construction of pAH68 BTB-SMRT/BCoR

pTHCP14 BTB-SMRT/BCoR plasmids was isolated and digested alongside the
pAH68 plasmid (~2500 ng) using NdeI and SacI-HF for 2.5 hours at 37°C. Both
pTHCP14 BTB-SMRT and pAH68 were heat killed at 65°C for 20 minutes and the
pAH68 vector treated with TSAP for 1 hour at 37°C. The BTB-SMRT/BCoR and
pAH68 fragments were gel purified, then ligated at molar ratios 1:1, 1:3 and 1:6
(vector:insert) overnight at 4°C. The ligation mixtures were chemically transformed
into DH5α-pir positive low copy competent cells and grown overnight on LB agar
plates (100 µg/mL Carbenicillin) at 37°C. Colonies were identified by colony PCR,
using M13-49 and P2 external primers (annealing temperature of 52°C and
extension time of two minutes and 30 seconds), analytical digests and ultimately
confirmed by DNA sequencing.
5.5.6

Integration of pAH68 BTB onto chromosome of SNS126

Integration of pAH68 BTB-SMRT/BCoR was carried out as previously detailed.
5.6
5.6.1

pARCBD SICLOPPS library construction
CX5 Npu SICLOPPS library

The pARCBD Npu plasmid containing the degenerate IC-cyclic peptide-IN region
was amplified by PCR using CX5-F and CBD-R primers using GoTaq polymerase,
the PCR was run with an annealing temperature of 55°C and extension time of 1
minute. Once purified, a second PCR was done to ensure correct alignment of
fragments using a zipper (forward) and CBD-R primer, with an annealing
temperature of 55°C and extension time of 1 minute. The PCR product was then
column purified. Both the PCR product and pARCBD plasmid were digested using
NheI and HindIII in CutSmart buffer. The digested products were ligated at a 1:6
molar ratio (vector:insert), dialysed by placing the ligation mixture on a
nitrocellulose filter (13 mm, 0.025 µM, Millipore) suspended above 250 mL sterile
deionised water for 4.5 hours, electroporated into SNS118 BTB electrocompetent
cells diluted serially and plated onto LB agar plates containing 35 µg/mL
chloramphenicol yielding an overall efficiency of 1.0 x 107. Minimal media plates
were supplemented with IPTG (2.5-25 µM), arabinose (1.6-6.5 mM),
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Spectinomycin (25 µg/mL), Chloramphenicol (35 µg/mL), Kanamycin (25 µg/mL)
and 3-AT (2.5 mM).
5.6.2

CX5 and CX11 Ssp SICLOPPS libraries

The pARCBD Ssp plasmid containing the degenerate IC-cyclic peptide-IN region
was amplified by PCR using CX5-F or CX11-F and CBD-R primers using GoTaq
polymerase, the PCR was run with an annealing temperature of 55°C and
extension time of 1 minute. Once purified, a second PCR was done to ensure
correct alignment of fragments using a zipper (forward) and CBD-R primer, with an
annealing temperature of 55°C and extension time of 1 minute. The PCR product
was then column purified. Both the PCR product and pARCBD plasmid were
digested using BglI and HindIII-HF in NEB buffer 2 for 17 hours. The digested
products were ligated at a 1:6 molar ratio (vector:insert), dialysed by placing the
ligation mixture on a nitrocellulose filter (13 mm, 0.025 µM, Millipore) suspended
above 250 mL sterile deionised water for 4.5 hours, electroporated into SNS118
BTB electrocompetent cells diluted serially and plated onto LB agar plates
containing 35 µg/mL chloramphenicol yielding an overall efficiency of 1.0 x 107
(CX5) and 3.0 x 106 (CX11). For the BTB homodimeric RTHS, minimal media plates
were supplemented with IPTG (5 µM), arabinose (3.25 mM), Spectinomycin (25
µg/mL), Chloramphenicol (35 µg/mL), Kanamycin (25 µg/mL) and 3-AT (2.5 mM).
For the BTB heterodimeric RTHS, minimal media plates were supplemented with
IPTG (25 µM), arabinose (6.25 mM), Spectinomycin (25 µg/mL), Chloramphenicol
(35 µg/mL), Kanamycin (50 µg/mL) and 3-AT (5 mM).
5.6.3

SGWX5 and SGWX6 Ssp SICLOPPS libraries

The pARCBD Ssp plasmid containing the degenerate IC-cyclic peptide-IN region
was amplified by PCR using SGWX5-F or SGWX6-F and CBD-R primers using
GoTaq polymerase, the PCR was run with an annealing temperature of 55°C and
extension time of 1 minute. Once purified, a second PCR was done to ensure
correct alignment of fragments using a zipper (forward) and CBD-R primer, with an
annealing temperature of 55°C and extension time of 1 minute. The PCR product
was then column purified. Both the PCR product and pARCBD plasmid were
digested using BglI and HindIII-HF in NEB buffer 2 for 17 hours. The digested
products were ligated at a 1:6 molar ratio (vector:insert), dialysed by placing the
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ligation mixture on a nitrocellulose filter (13 mm, 0.025 µM, Millipore) suspended
above 250 mL sterile deionised water for 4.5 hours, electroporated into SNS118
BTB electrocompetent cells diluted serially and plated onto LB agar plates
containing 35 µg/mL chloramphenicol yielding an overall efficiency of 3.0 x 106
(SGWX5) and 6.0 x 106 (SGWX6). For the BTB homodimeric RTHS, minimal media
plates were supplemented with IPTG (5 µM), arabinose (3.25 mM), Spectinomycin
(25 µg/mL), Chloramphenicol (35 µg/mL), Kanamycin (25 µg/mL) and 3-AT (2.5
mM). For the BTB heterodimeric RTHS, minimal media plates were supplemented
with IPTG (25 µM), arabinose (6.25 mM), Spectinomycin (25 µg/mL),
Chloramphenicol (35 µg/mL), Kanamycin (50 µg/mL) and 3-AT (5 mM).
5.6.4

pARCBD SICLOPPS library primary screening

Following successful construction of a SICLOPPS library, 96 colonies were
chosen at random from the minimal media selection plates and cultured in LB
broth at 37°C for 16 hours in the presence of 35 µg/mL chloramphenicol, 50 µg/mL
carbenicillin and 25 µg/mL Spectinomycin in a 96 well plate (Greiner). The
resulting E. coli cultures were serially diluted 1 in 10 by mixing 20 µL of each
construct with 180 µL of sterile 10% glycerol (v/v) to give a 10-1-10-6 dilution series.
The serial dilutions were drop spotted (2.5µL) onto 4 selective minimal media
plates under slightly different conditions. For the homodimeric BTB RTHS: Plate 1:
-IPTG -L-arabinose, plate 2: +IPTG (5 µM) -L-arabinose, plate 3: -IPTG +Larabinose (3.25-6.5 µM) and plate 4: +IPTG (5 µM) +L-arabinose (3.25-6.5 µM).
Plates were incubated at 37°C for 84-96 hours dependent upon the concentrations
of antibiotics and chemicals used. For the heterodimeric BTB-SMRT/BCoR RTHS:
Plate 1: -IPTG -L-arabinose, plate 2: +IPTG (25 µM) -L-arabinose, plate 3: -IPTG
+L-arabinose (6.5 µM) and plate 4: +IPTG (25 µM) +L-arabinose (3.25-6.5 µM).
Plates were incubated at 37°C for 72 hours.
5.6.5

pARCBD SICLOPPS library secondary screening

Plasmids were extracted from positive colonies exhibiting a growth advantage
during primary screening. The plasmids were then re-transformed directly into
chemically competent cells of the BTB RTHS and plated on LB agar plates
supplemented with 35 µg/mL chloramphenicol, 50 µg/mL carbenicillin and 25
µg/mL Spectinomycin and incubated at 37°C for 16 hours. A colony from each
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construct was picked and cultured in LB broth at 37°C for 16 hours in the presence
of 35 µg/mL chloramphenicol, 50 µg/mL carbenicillin and 25 µg/mL Spectinomycin.
The drop-spotting assay was then repeated by producing 10-1-10-6 serial dilutions
and drop spotted (2.5 µL) as previously described for primary screening to confirm
retention of the previously observed phenotype.

5.7

Intein splicing

Recombinant pARCBD Ssp plasmids were cultured overnight at 37°C in 10 mL
sterile LB broth containing relevant antibiotics. A 1% subculture was incubated at
37°C until an OD600 of 0.5-0.7 was reached. The culture was induced with 0.05%
(w/v) arabinose and incubated at 37°C for three hours. The culture was harvested
and centrifuged (3100 rpm, 15 min, 4°C), the supernatant was then discarded and
the cell pellets stored at -80°C until required.
The cell pellets were lysed in 4 mL of chitin buffer (20 mM Tris.HCl, 1 mM TCEP,
0.5 mM NaCl, pH 7.8) and sonicated three times (10 secs on, 10 secs off 6
cycles). The lysed samples were centrifuged (8000 rpm, 45 min, 4°C) and
supernatant filtered with a 0.22 µM sterile filter (Millipore, UK). 1 mL of filtered
protein was added to 200 µL of chitin beads that were pre-washed four times with
1 mL chitin buffer and isolated by centrifugation (2500 rpm, 5 min, acceleration 1,
4°C). The protein-bead sample was inverted and incubated on ice with shaking for
1 hour (inverted every 15 minutes). The protein-bead suspension was centrifuged
(2500 rpm, 5 min, acceleration 1, 4°C) and supernatant discarded. The beads
were washed four times as detailed above with 1 mL chitin buffer and incubated at
4°C overnight. 15 µL of the chitin beads were added to 2X LaemmLi buffer. The
samples were then denatured by heating to 95°C for 10 minutes and analysed on
a 15% SDS-page gel.
Reagents

Amounts

Final concentration

Tris HCl (pH 7.8)

1.21 g

20 mM

TCEP

125 mg

1 mM

NaCl

14.5 mg

0.5 mM

Deionised water

Up to 500 mL

/

Table 32: Composition of chitin binding buffer.
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5.8

General peptide synthesis

Reagents used for peptide synthesis were purchased from Sigma Aldrich (UK),
Novabiochem (Merck Millipore, UK) and Matrix scientific (US) and used without
any modifications. HPLC grade solvents were purchased from Fisher scientific
(UK) and used without further purification. Preloaded fmoc-amino acid Wang
resins and fmoc-amino acids were purchased from Matrix (USA)
5.8.1

Peptide synthesis on Wang resin

The pre-loaded fmoc-amino acid-wang resin (0.25-1.0 mmol) was swollen in DMF
(10 mL) for 15 minutes and the solvent removed by filtration. The fmoc-protecting
group was removed using 20% piperidine (v/v) in DMF (10 mL) for 20 minutes and
then washed with DMF, DCM and diethyl ether three times prior to coupling.
Deprotection was confirmed by the Kaiser test, which turned dark blue due to the
presence of the free amine. Fmoc-Nα protected amino acid (3 eq) was dissolved
in DMF mixed with HOBt (3 eq) and DIC (3 eq) then added to the resin with
agitation under bubbling argon for 2 hours. Equivalents were relative to 1
equivalent of resin bound peptide free amine. The resin was washed with DMF,
DCM and diethyl ether and the coupling verified using the Kaiser test. The
deprotection and coupling steps were repeated for each amino acid until the
protected linear peptide chain had been synthesised on the resin.
5.8.2

Peptide resin cleavage

The linear peptide chain was then cleaved from the Wang resin by stirring in the
presence of TFA (95%, 9.5 mL), Water (2.5%, 0.25 mL) and TIS (2.5%, 0.25 mL)
under argon for 2.5 hours. The TFA was removed in vacuo and the peptide
washed three times with DCM (10 mL). The peptide residue was triturated with
diethyl ether (~10 mL) and dried under argon. The peptide was analysed by low
resolution MS.
5.8.3

Cyclisation of the linear peptide

The linear peptide (100 mg) was cyclised under high dilution by stirring in HOBt
(10 eq), EDC (10 eq) and DMF (100 mL) under argon for 24h. The solvent was
removed in vacuo and the resulting solution purified by a waters system RP-HPLC
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(Waters, UK). Solvents were removed by lyophilisation at -50°C and analysed by
MS.
5.8.4

Cys(StBu) deprotection

All cysteine-containing peptides were synthesised using a non-acid labile
protection strategy to prevent side chain cysteine reactions to occur during the
backbone cyclisation. The cyclic Cys(StBu) protected peptide was dissolved in
DMF (1 mL) and 0.1 M (NH4)2CO3 (1 mL) was then added and the reaction stirred
under argon for 5 min to degas the solution. DTT (20 eq) in 0.1 M (NH4)2CO3 was
added to the peptide solution and left to stir under argon for 2 hours. If peptide
solubility became an issue, then additional DMF was added to the reaction to aid
dissolution. pH of the solution was adjusted with litmus paper from pH 8-9 to pH 23 using TFA and then purified directly by RP-HPLC.
5.8.5

Peptide purification by RP-HPLC

Peptides were dissolved in DMF prior to injection onto RP-HPLC. The RP-HPLC
utilised a dual solvent system consisting of solvent A (0.1% TFA in water) and
solvent B (0.1% TFA in acetonitrile). Peptides were manually injected using a
FlexInject module into a waters 1525 binary pump system joined to a 2998
photodiode array detector. Fractions were collected using a Waters fraction
collector III
Time (minutes)

Solvent A Water (%)

Solvent B Acetonitrile
(%)

0.0

95

5

1.0

95

5

25.0

10

90

35.0

10

90

40.0

95

5

45.0

95

5

Flow rate at 17 mL/min
Table 33: HPLC programme for the prep column utilised for purification of linear and cyclic
peptides. XSelect CSH Prep C18, 5 µM, OBD 19x250 mm column.
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5.8.6

Kaiser test

A small amount of resin beads were added to 10 drops of Kaiser solution A (0.4
mL, 0.001 M KCN, 20 mL pyridine) and 3 drops of Kaiser solution B (0.30 M
ninhydrin in ethanol). The beads were then heated to 130°C for 2-4 minutes. If a
deprotected primary amine was present then the beads had a colour change from
colourless to blue. Fmoc protected amines remained colourless.

5.9
5.9.1

BTB Protein purification
Construction of pGEX-2TK BTB expression plasmid

The BTB domain of BCL6 was amplified by PCR using primers BTB(BamHI)-F and
BTB(EcoRI)-R (annealing temperature of 54°C and extension time of 30 seconds).
Both the BTB fragment and pGEX-2TK plasmid were digested with BamHI-HF and
EcoRI in cutsmart buffer for 3 hours. Following purification, the digested products
were ligated at a 1:9 molar ratio ratio (vector:insert) at 4°C overnight and
transformed initially into chemically competent DH5α cells supplemented with 100
µg/mL carbenicillin. For expression were transformed into chemically competent
BL21 (DE3) rosetta cells supplemented with 100 µg/mL carbenicillin and 35 µg/mL
chloramphenicol. The resulting construct encoded an N-terminal GST tagged BTB
construct which was confirmed by cPCR using BTB(BamHI)-F and BTB(EcoRI)-R
(annealing temperature of 54°C and extension time of 30 seconds) and ultimately
by DNA sequencing.
5.9.2

GST-BTB purification from the soluble fraction

The pGEX BTB expression vector in BL21 rosetta was cultured overnight in an LB
medium supplemented with carbenicillin (50 µg/mL) and chloramphenicol (35
µg/mL). The next day, 2.5 mL of overnight culture was used to inoculate 250 mL
LB media. Cells were grown to an OD600 of 0.6, and protein expression was
induced with 0.1 mM IPTG at 16°C for 16 hours. The bacterial culture was divided
into aliquots and centrifuged (3100 rpm, 15 minutes, 4°C). Each pellet was then
resuspended in 1 mL of phosphate buffered saline (PBS) and all pellets
transferred to a pre-weighed falcon tube and centrifuged (3100 rpm, 15 minutes).
The supernatant was discarded and the final pellet weight determined. The
bacterial pellets were stored at -80°C until required. The cell pellet was lysed in
185

Experimental
buffer A (5 mL/g pellet) supplemented with protease inhibitor tablets (Thermo
Fisher Scientific) and sonicated three times (10 secs on, 10 secs off 6 cycles) with
continuous movement. The lysed samples were centrifuged (8000 rpm, 45 min,
4°C) and supernatant filtered with a 0.22 µM sterile filter (Millipore, UK). The
soluble fraction was then purified using a ÄKTAprime plus (GE Healthcare) FPLC
coupled to a GSTrap FF 1 mL column (GE Healthcare).
Upon addition of binding buffer A, all non-specific proteins were washed through
the column. Addition of elution buffer B containing reduced glutathione was then
used to specifically elute the GST-BTB protein. The BTB protein was then further
purified by Superdex-75 size exclusion chromatography in 500 mM NaCl, 20 mM
Tris.HCl, 10% glycerol and 1.0 mM TCEP (pH 8.0). The concentration of the
protein was determined by a Bradford assay or UV spectrophotometer. The
protein was divided into aliquots and snap frozen on dry ice before being stored at
-80°C until required.
Reagents

Final concentration

NaCl

500 mM

Tris.HCl

20 mM

TCEP

1 mM

Glycerol

10%

dH2O

/

Table 34: Composition of binding buffer A.

Reagents

Final concentration

NaCl

500 mM

Tris.HCl

20 mM

TCEP

1 mM

Glycerol

10%

Reduced glutathione

10 mM

dH2O

/

Table 35: Composition of elution buffer B.

Buffers A and B were adjusted to pH 8.0 with 1 M NaOH.

186

Experimental
5.9.3

Construction of pET28a BTB expression plasmid

The BTB domain of BCL6 was amplified by PCR using primers BTB(BamHI)-F and
BTB(SacI)-R (annealing temperature of 54°C and extension time of 30 seconds).
Both the BTB fragment and pET28a plasmid were digested with BamHI-HF and
SacI-HF in cutsmart buffer for 3 hours. Following purification, the digested
products were ligated at 1:6, 1:9 and 1:12 molar ratios (vector:insert) at 4°C
overnight and transformed initially into chemically competent DH5α cells
supplemented with 50 µg/mL kanamycin. For expression the plasmid was
transformed into chemically competent BL21 (DE3) rosetta cells supplemented
with 50 µg/mL kanamycin and 35 µg/mL chloramphenicol. The resulting construct
encoded an N-terminal His6 tagged BTB construct which was confirmed by cPCR
using T7-F and T7-R (annealing temperature of 51°C and extension time of 45
seconds) and ultimately by DNA sequencing.
5.9.4

His-BTB purification from the soluble fraction

The pET28a BTB expression vector in BL21 rosetta was cultured overnight in an
LB medium supplemented with kanamycin (50 µg/mL) and chloramphenicol (35
µg/mL). The next day, 5 mL of overnight culture was used to inoculate 500 mL LB
media (1% culture). Cells were grown to an OD600 of 0.6, and protein expression
was induced with 0.1 mM IPTG at 16°C for 20 hours. The bacterial culture was
divided into 50 mL aliquots and centrifuged (3100 rpm, 15 minutes). Each pellet
was then resuspended in 1 mL of phosphate buffered saline (PBS) and all pellets
transferred to a pre-weighed falcon tube and centrifuged (3100 rpm, 15 minutes).
The supernatant was discarded and the final pellet weight determined. The
bacterial pellet was stored at -80°C until required. The cell pellet was lysed (5
mL/g pellet) in binding buffer A (supplemented with protease inhibitor tablets, and
sonicated three times (10 secs on, 10 secs off 6 cycles) with continuous
movement.
The lysed samples were centrifuged (8000 rpm, 45 min, 4°C) and supernatant
filtered with a 0.22 µM sterile filter (Millipore, UK). The soluble fraction was then
purified using a ÄKTAprime plus (GE Healthcare) FPLC coupled to a His Trap FF
1 mL column (GE Healthcare). Upon addition of binding buffer A, all non-specific
proteins were washed through the column. Addition of elution buffer B (500 mM
NaCl, 20 mM Tris.HCl, 10% glycerol, 1 mM TCEP, 250 mM imidazole) was then
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used to specifically elute the His-BTB protein. Fractions of the protein were
collected and run on an SDS-PAGE gel to determine purity. The protein was then
run through a PD-10 buffer exchange column. The concentration of the protein
was determined by a Bradford assay. The protein was divided into 50 µL aliquots
and snap frozen on dry ice before being stored at -80°C until required.
5.9.5

3CysMut BTB purification from the soluble fraction

AstraZeneca kindly supplied the pET32a expression plasmid containing the
3CysMut BTB gene. Expression of 3CysMut BTB was then carried out as detailed
in 5.9.4 using identical incubation conditions and buffers.
5.9.6

Construction of pET32a SMRT1414-1498 expression plasmid

The SMRT1414-1498 domain was amplified by PCR using primers SMRT-F and
SMRT-R (annealing temperature of 56°C and extension time of 1 minute 30
seconds). Both the SMRT gene fragment and pET32a plasmid were digested
(~2500 ng) with BamHI-HF and SacI-HF in cutsmart buffer for 2.5 hours. Following
purification, the digested products were ligated at 1:6, 1:9 and 1:12 molar ratios
(vector:insert) at 4°C overnight and transformed initially into chemically competent
DH5α cells supplemented with 100 µg/mL carbenicillin. For expression
transformed into chemically competent BL21 (DE3) rosetta cells supplemented
with 100 µg/mL carbenicillin and 35 µg/mL chloramphenicol. The resulting
construct encoded an N-terminal Thioredoxin His6 tagged SMRT construct which
was confirmed by cPCR using T7-F and T7-R (annealing temperature of 51°C and
extension time of 1 minute 30 seconds) and ultimately by DNA sequencing.
5.9.7

Construction of pET32a BCoR317-547 expression plasmid

The BCoR317-547 domain was amplified by PCR using primers BCoR-F and BCoRR (annealing temperature of 56°C and extension time of 1 minute 30 seconds).
Both the BCoR gene fragment and pET32a plasmid were digested (~2500 ng) with
BamHI-HF and SacI-HF in cutsmart buffer for 2.5 hours. Following purification, the
digested products were ligated at 1:3, 1:6 and 1:9 molar ratios (vector:insert) at
4°C overnight and transformed initially into chemically competent DH5α cells
supplemented with 100 µg/mL carbenicillin. For expression transformed into
chemically competent BL21 (DE3) rosetta cells supplemented with 100 µg/mL
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carbenicillin and 35 µg/mL chloramphenicol. The resulting construct encoded an
N-terminal Thioredoxin His6 tagged BCoR construct which was confirmed by
cPCR using T7-F and T7-R (annealing temperature of 51°C and extension time of
1 minute 30 seconds) and ultimately by DNA sequencing.
5.9.8

SMRT/BCoR purification from the soluble fractions

Expression of SMRT/BCoR was carried out as detailed in 5.9.4 using identical
incubation conditions and buffers.
5.9.9

Bradford assay

The concentration of the purified BTB protein was determined using a Bradford
assay against a set of Bovine Serum Albumin (BSA) standards (1.4-0.25 mg/mL).
The BTB protein (50 µL) or standards (50 µL) were added to Bradford reagent (1.5
mL, Sigma). All samples were then mixed thoroughly and incubated at room
temperature for ~20-30 minutes. The absorbance of each sample was measured
at 595 nm using a spectrophotometer. A graph was plotted of the absorbance of
each BSA standard against concentration resulting in a linear correlation. A
straight line of best fit in the form y = mx + c was used where y = absorbance at
595 nm and x = protein concentration. This equation was used to calculate the
concentration of the BTB protein based on the measured absorbance.

5.10
5.10.1

Ellman’s assay
Reduced glutathione standard curve

A 50 mM stock of DTNB was prepared in 100% DMSO, and diluted to a working
concentration of 5 mM in 10% DMSO with 0.1 M Tris-HCl (pH 7.5). A 950 µL
aliquot of 5 mM DTNB was prepared in a 1.5 mL eppendorf tube and 50 µL of
each reduced glutathione standard was added to each eppendorf to produce final
reduced glutathione concentrations ranging from 0.5-0.03 mM. Following a brief
vortex and incubation at room temperature for ~2 minutes, the absorbance at 412
nm was measured using a spectrophotometer against a blank.
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5.10.2

Cyclo-CIYYCV

Cyclo-CIYYCV (0.5 mM) was incubated with DTNB (5 mM) in 10% DMSO 0.1 M
Tris-HCl (pH 7.5) buffer for 5 minutes at room temperature. The reaction was
transferred to a cuvette and absorbance at 412 nm was measured using a
spectrophotometer against a blank to determine the amount of inhibitor present as
free thiol.

5.11
5.11.1

In vitro binding assays
Thermal shift assay

GST and 3CysMut BTB protein (15 µM) was mixed with varying concentrations of
cyclo-CIYYCV (0-3 mM dissolved in DMSO giving 10% DMSO per sample) and
SYPRO Orange dye (1µL, 300x final concentration in DMSO, Life Technologies)
and made up to 20 µL in a 96 well PCR plate (Biorad). The PCR plate was then
centrifuged gently for 30 seconds. The thermal shift assay was then carried out on
a BioRad CFX Connect Real Time System set to heat from 30°C to 95°C at a rate
of 1°C every 30 seconds with fluorescence measured at λex/ λem 470 nm/570 nm
every 30 seconds.
5.11.2

Microscale thermophoresis (MST) assay

Recombinant BTB protein was labelled with a RED-NHS labelling kit
(NanoTemper Technologies GmbH, Germany) according to manufacturers
instructions. The labelling procedure was carried out in MST optimised buffer
(NanoTemper) and protein labelled at a concentration of 5 µM in a 3:1
(dye/protein) ratio in the dark at room temperature for 30 mins. Labelled protein
was purified from unreacted dye using the dye removal column B equilibrated with
PBS buffer. The labelled BTB protein was adjusted to 60 nM in PBS buffer
supplemented with 0.1% Tween-20. Each cyclic peptide was dissolved in PBS and
DMSO (10% depending on peptide solubility) and 12 1:1 dilutions were prepared,
producing peptide concentrations ranging from 2 mM to 1 µM. The protein was
mixed in a 1:1 with each peptide dilution resulting in a 30 nM final concentration of
labeled BTB in the presence of 0.05% Tween-20 and 10-20% DMSO depending
on peptide solubility. Following 30 min incubation in the dark at room temperature,
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approximately 5 µL of each dilution was filled into Monolith NT. 115 Premium
Coated Capillaries (NanoTemper Technologies GmbH, Germany).
Thermophoresis measurements were carried out using a Monolith NT. 115
machine (NanoTemper Technologies GmbH, Germany) at a temperature of 25°C
with preset parameters of 5s laser off/30s laser on/5s laser off/25s delay. Optimal
light-emitting diode (LED) power and MST powers were found to be 20% and
60%, respectively. Unless otherwise stated all data obtained from MST
measurements are from 3 independent experiments.
5.11.3
5.11.3.1

Analytical size exclusion dimerisation assay
WT and 3CysMut proteins

Analytical size exclusion chromatography was carried out using a Superdex 200
5/150 GL column (GE Healthcare). The column was equilibrated with PBS or 10%
DMSO in PBS prior to use, to monitor protein stability. 50 µL of each protein (5
mg/mL) were injected onto the column and run at a flow rate of 0.3 mL/min.
5.11.3.2

3cysMut protein with cyclo-CIYYCV

Analytical size exclusion chromatography was carried out using a Superdex 200
5/150 GL column (GE Healthcare). The column was equilibrated with 10% DMSO
in PBS with cyclo-CIYYCV (500 µM) and 5 mM DTT prior to use. A 2X master mix
of the equilibration buffer was prepared and incubated with 2X 3cysMut protein (10
mg/mL) for 30 minutes, followed by centrifugation (13,000 rpm, 2 mins). The
sample was injected onto the column (50 µL) using the ÄKTAprime plus FPLC
(GE Healthcare, UK) previously detailed at a flow rate of 0.3 mL/min.
5.11.4

Sandwich ELISA

Glutathione-coated ELISA plates (Thermo Scientific, UK) were incubated with 25
µL of 0.1 µM GST tagged BTB5-129 protein at room temperature with gentle rocking
for 1 hour. The plate bound protein was washed three times with 200 µL of BTB
protein buffer. A 2x stock of inhibitors (2 mM-30 µM) was added to the plate and
incubated at room temperature with gentle rocking for 30 minutes. The plates were
then incubated with 25 µL of 0.2 µM (2x stock) SMRT1414-1498 or BCoR317-547 with
gentle rocking for 1 hour. The plate was then washed three times with 200 µL of
BTB protein buffer and once with 200 µL of PBS buffer. 100 µL of primary antibody
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(6x His tag antibody, Thermo Scientific, UK)) prepared by a 1/1000 dilution in a 2%
w/v powdered milk solution (0.2g in 10 mL PBST) was added to each well and the
plate incubated at room temperature with gentle rocking for 1 hour. The milk
solution was removed and the plate washed three times with 200 µL of PBS
buffer. 100 µL of secondary antibody (anti-mouse-HRP, GE Healthcare, UK)
prepared by a 1/6000 dilution in 2% w/v powdered milk in PBST was added to
each well and the plate incubated at room temperature with gentle rocking for 1
hour. The milk solution was then removed and the plate washed three times with
200 µL of PBS buffer. 100 µL of TMB-ELISA solution was added to each well and
the plate incubated at room temperature with gentle rocking for 10-15 minutes until
a colour change from colourless to blue was observed. The ELISA was quenched
with 3.8M H2SO4 with an observed colour change from blue to yellow and the
absorbance measured at 450 nm using a Tecan infinite pro.
5.11.5

Surface plasmon resonance assay

His6 tagged 3CysMut BTB protein (30 µM) was coupled to a Ni(NTA) coated
sensor chip to a density of 500 µRIU (Reichert SR7500DC system). CycloCIYYCV was serially diluted (400-100 µM) in HBS (HEPES buffered saline)
running buffer (20 mM HEPES, 150 mM NaCl, 10% DMSO, pH 5.7, 0.01% tween20) and injected at a flow rate of 25 µL/min at 25 °C. Sample injections were
comprised of 2 minutes association followed by 3 minute dissociation and
regeneration achieved with 10 mM NaOH.

5.12
5.12.1

Characterisation of peptides
Analytical RP-HPLC

Peptides (0.5 mg) were dissolved in acetonitrile (200 µL) prior to injection onto the
analytical RP-HPLC with analysis using an XSelect CSH, C18 5µm, 4.6 x 250 mm
column (waters). The RP-HPLC utilised a dual solvent system consisting of
solvent A (0.1% TFA in water) and solvent B (0.1% TFA in acetonitrile). Peptides
were run on a 5% to 90% gradient (in terms of solvent B) over 45 minutes at a flow
rate of 1 mL/min. Unless otherwise stated analytical data was monitored by elution
at 220 nm (peptide backbone) and was reported as a retention time in minutes at
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the centre of the peak. All peptides were found to be greater than 90% purity
unless otherwise stated.
5.12.2

HR-MS

Peptides were dissolved in methanol and examined using a MaXiS (Bruker
Daltonics, Bremen, Germany) mass spectrometer coupled with a Time of Flight
(TOF) module. Peptides were introduced to the MS using a Dionex Ultimate 3000
autosampler and uHPLC pump. Unless otherwise stated all peptides were
subjected to a gradient from 20% MeCN to 100% MeCN over 5 minutes at a flow
rate of 0.6 mL/min. HR-MS utilised an Acquity UPLC BEH C18 (Waters) 1.7 µm 50
x 2.1 mm column. Spectra were recorded using positive mode electrospray
ionisation (ESI)+ unless otherwise stated.
5.12.3

H2N-linear CIYYCV-CO2H
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Figure 102: Structure of the linear CIYYCV.

The linear peptide was synthesised using an Fmoc-Val-Wang resin (Merck,
8560200005, 0.6 mmol/g, 0.50 mmol, 0.83 g). Cleavage was then carried out as
previously detailed in section 5.8 and the resulting peptide purified by RP-HPLC.
The purified linear peptide was then frozen at -80°C and lyophilised for two days to
give a white powder (762 gmol-1, 360 mg, 0.38 mmol, 80%). Analytical RP-HPLC
retention time (220 nm) 18.3 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+
762.1), ([M+2H]2+ 382.5).
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5.12.4

Cyclo-CIYYCV
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Figure 103: Structure of cyclo-CIYYCV.

The final cyclic peptide was obtained by removal of the non acid labile Cys(StBu)
protecting groups under a reductive environment as described in section 5.8. The
purified cyclic peptide was then frozen at -80°C and lyophilised for one day to give
a white powder (744.3 gmol-1, 20 mg, 0.03 mmol, 63%). Analytical RP-HPLC
retention time (220 nm) 23.1 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+
745.7), ([M+Na]+ 767.4) ([M+2Na]2+ 395.2); HRMS (ESI+) for C35H49N6O8S2
calculated m/z 745.3053 found 745.3048 (-0.7 ppm error).
5.12.5
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Figure 104: Structure of the SMRT2 peptide.

The SMRT 2 peptide was synthesised using an Fmoc rink amide resin (Merck,
8550010001, 0.6 mmol/g, 0.25 mmol, 0.42 g) using standard SPPS techniques
(see 5.8). Following successful coupling, the peptide was cleaved from resin and
purified by RP-HPLC. The purified linear peptide was then frozen at -80°C and
lyophilised for two days to give a white powder (1926.5 gmol-1, 80 mg, 0.04 mmol,
17%) Analytical RP-HPLC retention time (280 nm) 12.9 min; Low resolution (LR)
MS m/z (ESI)+: ([M+2H]2+ 963.5), ([M+3H]3+ 642.7), ([M+4H]4+ 482.3).
194

Experimental
5.12.6

Carboxyfluorescein SMRT2
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Figure 105: Structure of carboxyfluorescein labelled SMRT2.

The SMRT 2 peptide was synthesised using an Fmoc rink amide resin (Merck,
8550010001, 0.6 mmol/g, 0.25 mmol, 0.42 g) using standard SPPS techniques
(see 5.8). Following completion of the linear sequence and prior to resin cleavage.
Carboxyflourescein (376.32 gmol-1, 3 eq, 0.15 mmol, 56 mg) was coupled to the
N-terminus using DIC (3 eq) and HOBt (3 eq). Following successful coupling, the
peptide was cleaved from resin and purified by RP-HPLC. The purified linear
peptide was then frozen at -80°C and lyophilised for two days to give an orange
powder. SMRT2 was wrapped in foil and stored in the dark (2282.2 gmol-1, 40 mg,
0.02 mmol, 4%) Analytical RP-HPLC retention time (280 nm) 16.2 min; Low
resolution (LR) MS m/z (ESI)+: ([M+2H]2+ 1142.1), ([M+3H]3+ 761.8), ([M+4H]4+
571.9).
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5.12.7

Cyclo-CRTVIL
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Figure 106: Structure of cyclo-CRTVIL.
The linear peptide was synthesised using an Fmoc-Leu-Wang resin (Merck,
8560120005, 0.6 mmol/g, 0.50 mmol, 0.83 g). The final cyclic peptide was
obtained by removal of the non acid labile Cys(StBu) protecting group under a
reductive environment as described in section 5.8.4. The purified cyclic peptide
was then frozen at -80°C and lyophilised for one day to give a white powder
(685.39 gmol-1, 25 mg, 0.036 mmol, 8%). Analytical RP-HPLC retention time (220
nm) 18.8 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+ 686.6), ([M+2H]2+
343.9). HRMS (ESI+) for C30H56N9O7S calculated m/z 686.4005 found 686.4018
(1.9 ppm error).
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Figure 107: Structure of cyclo-CLLIFY.
The linear peptide was synthesised using an Fmoc-Tyr(tBu)-Wang resin (Merck,
8560190005, 0.62 mmol/g, 0.50 mmol, 0.81 g). The final cyclic peptide was
obtained by removal of the non acid labile Cys(StBu) protecting group under a
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reductive environment as described in section 5.8.4. The purified cyclic peptide
was then frozen at -80°C and lyophilised for one day to give a white powder
(752.39 gmol-1, 7.4 mg, 0.0098 mmol, 3%). Analytical RP-HPLC retention time
(220 nm) 23.8 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+ 753.5). HRMS
(ESI+) for C39H56N6NaO7S calculated m/z 775.3810 found 775.3823 (1.7 ppm
error).
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Figure 108: Structure of cyclo-CYRIIV.

The linear peptide was synthesised using an Fmoc-Val-Wang resin (Merck,
8560200005, 0.6 mmol/g, 0.50 mmol, 0.83 g). The final cyclic peptide was
obtained by removal of the non acid labile Cys(StBu) protecting group under a
reductive environment as described in section 5.8.4. The purified cyclic peptide
was then frozen at -80°C and lyophilised for one day to give a white powder
(747.41 gmol-1, 18.3 mg, 0.02 mmol, 6%). Analytical RP-HPLC retention time (280
nm) 16.9 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+ 748.5), ([M+2H]2+
374.9). HRMS (ESI+) for C35H57N9O7S calculated m/z 748.4170 found 748.4174
(0.6 ppm error).
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5.12.10 Cyclo-ISCCMV
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Figure 109: Structure of cyclo-ISCCMV.

The linear peptide was synthesised using an Fmoc-Val-Wang resin (Merck,
8560200005, 0.6 mmol/g, 0.50 mmol, 0.83 g). The final cyclic peptide was
obtained by removal of the two non acid labile Cys(StBu) protecting groups under
a reductive environment as described in section 5.8.4 using. The purified cyclic
peptide was then frozen at -80°C and lyophilised for one day to give a white
powder (636.24 gmol-1, 20.5 mg, 0.03 mmol, 9%). Analytical RP-HPLC retention
time (220 nm) 16.9 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+ 637.3),
([M+2H]2+ 319.5). HRMS (ESI+) for C25H44N6NaO7S3 calculated m/z 659.2323
found 659.236 (0.4 ppm error).
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Figure 110: Structure of cyclo-CRYNRI.
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The linear peptide was synthesised using an Fmoc-Ile-Wang resin (Merck,
8560110005, 0.62 mmol/g, 0.50 mmol, 0.81 g). The final cyclic peptide was
obtained by removal of the non acid labile Cys(StBu) protecting group under a
reductive environment as described in section 5.8.4. The purified cyclic peptide
was then frozen at -80°C and lyophilised for one day to give a white powder (805.4
gmol-1, 42 mg, 0.05 mmol, 19%). Analytical RP-HPLC retention time (220 nm) 11.6
min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+ 806.9), ([M+2H]2+ 404.1).
HRMS (ESI+) for C34H55N13O8S calculated m/z 806.4071 found 806.4090 (2.4 ppm
error).
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Figure 111: Structure of cyclo-CHIFVF.

The linear peptide was synthesised using an Fmoc-Phe-Wang resin (Merck,
8560150005, 0.62 mmol/g, 0.50 mmol, 0.81 g). The final cyclic peptide was
obtained by removal of the non acid labile Cys(StBu) protecting group under a
reductive environment as described in section 5.8.4. The purified cyclic peptide
was then frozen at -80°C and lyophilised for one day to give a white powder
(746.36 gmol-1, 30 mg , 0.04 mmol, 14 %). Analytical RP-HPLC retention time (220
nm) 23.1 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+ 747.5), ([M+2H]2+
374.3). HRMS (ESI+) for C38H50N8O6S calculated m/z 746.3557 found 746.8578
(1.5 ppm error).

199

Experimental
5.12.13 Cyclo-CLIIYL
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Figure 112: Structure of cyclo-CLIIYL.

The linear peptide was synthesised using an Fmoc-Leu-Wang resin (Merck,
8560120005, 0.6 mmol/g, 0.50 mmol, 0.83 g). The final cyclic peptide was
obtained by removal of the non acid labile Cys(StBu) protecting group under a
reductive environment as described in section 5.8.4. The purified cyclic peptide
was then frozen at -80°C and lyophilised for one day to give a white powder
(718.41 gmol-1, 10 mg, 0.014 mmol, 4 %). Analytical RP-HPLC retention time (220
nm) 22.6 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+ 719.5). HRMS (ESI+)
for C36H58N6NaO7S calculated m/z 741.3977 found 741.3980 (0.4 ppm error).
5.12.14 Cyclo-ICRMII
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Figure 113: Structure of cyclo-ICRMII.

The linear peptide was synthesised using an Fmoc-Ile-Wang resin (Merck,
8560110005, 0.62 mmol/g, 0.50 mmol, 0.81 g). The final cyclic peptide was
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obtained by removal of the non acid labile Cys(StBu) protecting group under a
reductive environment as described in section 5.8.4. The purified cyclic peptide
was then frozen at -80°C and lyophilised for one day to give a white powder (729.4
gmol-1, 27 mg, 0.037 mmol, 13%). Analytical RP-HPLC retention time (220 nm)
18.3 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+ 730.4), ([M+2H]2+ 366.0).
HRMS (ESI+) for C32H59N9O6S2 calculated m/z 730.4095 found 730.4102 (1.0 ppm
error).
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Figure 114: Structure of cyclo-SVWRYIIY.

The linear peptide was synthesised using an Fmoc-Tyr(tBu)-Wang resin (Merck,
8560190005, 0.62 mmol/g, 0.50 mmol, 0.81 g). The final cyclic peptide was
obtained by cyclisation of the linear peptide as described in section 5.8.3. The
purified cyclic peptide was then frozen at -80°C and lyophilised for two days to
give a pale yellow powder (1080.59 gmol-1, 74 mg , 0.068 mmol, 31%). Analytical
RP-HPLC retention time (280 nm) 17.0 min; Low resolution (LR) MS m/z (ESI)+:
([M+H]+ 1081.8), ([M+2H]2+ 541.7).
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Figure 115: Structure of cyclo-WFVYNFSG.

The linear peptide was synthesised using an Fmoc-Gly-Wang resin (Merck,
8560090001, 0.58 mmol/g, 0.50 mmol, 0.86 g). The final cyclic peptide was
obtained by cyclisation of the linear peptide as described in section 5.8.3. The
purified cyclic peptide was then frozen at -80°C and lyophilised for two days to
give a pale orange powder (1000.44 gmol-1, 45 mg, 0.045 mmol, 17%). Analytical
RP-HPLC retention time (280 nm) 23.0 min; Low resolution (LR) MS m/z (ESI)+:
([M+H]+ 1001.9), ([M+2H]2+ 501.4).
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Figure 116: Structure of cyclo-SGWSIITI.

The linear peptide was synthesised using an Fmoc-Gly-Wang resin (Merck,
8560090001, 0.58 mmol/g, 0.50 mmol, 0.86 g). The final cyclic peptide was
obtained by cyclisation of the linear peptide as described in section 5.8.3. The
purified cyclic peptide was then frozen at -80°C and lyophilised for two days to
give a orange powder (857.46 gmol-1, 22 mg , 0.026 mmol, 9%). Analytical RP-
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HPLC retention time (280 nm) 23.2 min; Low resolution (LR) MS m/z (ESI)+:
([M+H]+ 858.7), ([M+2H]2+ 430.0).
5.12.18 Cyclo-SGWMYYRL

S

NH

O
HO

O
NH
HN
N
H

O
NH

O

O

HN

H
N

O
NH
HN

O

O
HO

HO

HN

H 2N

NH

Figure 117: Structure of cyclo-SGWMYYRL.

The linear peptide was synthesised using an Fmoc-Gly-Wang resin (Merck,
8560090001, 0.58 mmol/g, 0.50 mmol, 0.86 g). The final cyclic peptide was
obtained by cyclisation of the linear peptide as described in section 5.8.3. The
purified cyclic peptide was then frozen at -80°C and lyophilised for two days to
give a white powder (1056.49 gmol-1, 9 mg, 0.009 mmol, 3%). Analytical RP-HPLC
retention time (280 nm) 15.9 min; Low resolution (LR) MS m/z (ESI)+: ([M+H]+
1057.7), ([M+2H]2+ 529.7).
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Chapter 6: Appendices
6.1

Appendix 1

A"

B"

C"

D"

Figure 118: Primary SICLOPPS screening plates for a BTB-BCoR CX5 library screen and
a SGWX5 BTB-SMRT screen. (A) Plate 2 of a primary CX5 SICLOPPS screen
supplemented with 50 µg/mL kanamycin, 5 mM 3-AT and 25 µM IPTG, resulting in
significant bacterial retardation. (B) Plate 4 of a primary CX5 SICLOPPS screen
supplemented with 50 µg/mL kanamycin, 5 mM 3-AT, 25 µM IPTG and 6.5 µM Larabinose eighteen colonies exhibited a growth advantage upon addition of arabinose,
highlighting them as primary hits. (C) Plate 2 of a primary SGWX5 SICLOPPS screen. (D)
Plate 4 of a primary SGWX5 SICLOPPS screen, with identical conditions to (A) and (B).
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Figure 119: Analysis of the primary SMRT and BCoR hits on a 1% agarose gel. Lane 1:
pARCBD Ssp control plasmid, Lanes 2-25: primary hits exhibiting a band identical in size
to the control plasmid confirming the plasmids had not undergone significant mutations.

A"

B"

BTB-BCoR

Control

Figure 120: Secondary screening drop-spotting of the hits identified from the BTB-BCoR
primary CX5 library screen. (A) Plate 2 supplemented with IPTG (25 µM). (B) Plate 4
supplemented with IPTG (25 µM) and L-arabinose (6.5 µM).
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Figure 121: Secondary screening drop-spotting of the hits identified from the BTB-SMRT
primary CX5 library screen. (A) Plate 2 supplemented with IPTG (25 µM). (B) Plate 4
supplemented with IPTG (25 µM) and L-arabinose (6.5 µM).
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Appendix 2
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Figure 122: The first derivative of the melt curves for the TS assay. The curves exhibit a
∆Tm of 0, +1 or +2 °C shifting towards higher temperatures with 500 µM cyclic peptide.
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Figure 123: ELISA graphs for the 12 top ranking peptides identified from SICLOPPS
screening against BCoR. All peptides were titrated from 1 mM to 13 nM against a constant
concentration of 0.1 µM GST-BTB and 0.1 µM Trx-His-BCoR to obtain IC50 data. All
assays were carried out in triplicate to include error bars.
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Figure 124: ELISA graphs for the 12 top ranking peptides identified from SICLOPPS
screening against SMRT. All peptides were titrated from 1 mM to 13 nM against a
constant concentration of 0.1 µM GST-BTB and 0.1 µM Trx-His-SMRT to obtain IC50 data.
All assays were carried out in triplicate to include error bars.
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