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Abstract

BCL6 is a zinc finger transcriptional repressor that is over-expressed due to
chromosomal translocations, or other abnormalities, in ~30-40% of the aggressive
disease diffuse large B-cell lymphoma. BCL6 accomplishes its effects through the
recruitment of co-repressors to the BTB-POZ domain of BCL6, which is a critical
interaction for both a normal immune response and lymphomagenesis. Peptides or
small molecule inhibitors, which prevent the association of the SMRT co-repressor with
BCLS6, abolish BCL6 function by attenuating its transcriptional repression. However,
these agents are not yet suitable for clinical practice and there is a need to develop high-

affinity and cell permeable BCLS6 inhibitors.

In order to discover compounds, which have the potential to be developed into BCL6
inhibitors, a natural product library was screened, and it was found that the ansamycin
antibiotic, rifamycin SV, had the ability to inhibit BCL6 transcriptional repression.
NMR spectroscopy confirmed a direct interaction between rifamycin SV and the BTB-
POZ domain of BCL6. In addition to rifamycin SV, NMR was used to screen other
members of the ansamycin family for potential binding to BCL6. The rifamycin SV

derivative, rifabutin, was also shown to interact with the BCL6 BTB-POZ domain.

A 2.3A X-ray crystal structure of the BCL6-rifabutin complex revealed that rifabutin
occupies a shallow pocket within the lateral groove, which is similar to that occupied by
the SMRT binding peptide and 79-6, the previously described small molecule inhibitor.
Further work employing artificial peptides showed the importance of interactions
between specific residues of SMRT and the BCL6 BTB-POZ domain. The data
presented in this thesis demonstrates a potentially druggable site on the BCL6 BTB-
POZ domain and a unique approach to developing a structure activity relationship for a

compound that will form the basis of a therapeutically useful BCL6 inhibitor



Acknowledgements

First of all, I wish to thank to my supervisors Dr Simon Wagner and Professor John
Schwabe for giving me this opportunity. | must also thank Dr Don Jones and Professor
Karen Brown for their time as part of my Thesis committee. | would also like to extend
my thanks to Louise Fairall and Ben Goult, who both went above and beyond during
my PhD. From believing that an entire plate of crystals were actually protein, and not
salt, for being a shoulder to cry on when things got tough, and for being the enthusiastic
driving force behind my first, first author paper, I could not be prouder. | would also
like to express my appreciation to Gregg Hudson and Peter Watson for their advice and
support, and who were always happy to help. | would also like to thank all members of
Professor John Schwabe’s, and Dr Simon Wagner’s laboratory and Cyril Dominguez

for their support over the past few years.

I would especially like to thank Kath Clark and Christine Pullar for their invaluable
support throughout my MSc and PhD. The time and energy both have spent helping me

in these last few years does not go unnoticed.

The range of emotions that you endure throughout a PhD should not be underestimated.
It has been a rollercoaster of ups and downs, fuelled by Starbucks, Costa and Cadbury’s
Boosts. This is my greatest achievement in life so far, and I couldn’t have got through
to the end if it wasn’t for the amazing support and endless encouragement of the ‘library
crew’, Lara Lewis, Eva (Mendez) Jordan and Alex Geddes. | must also thank Sharon,
Kerrie and Sarah for helping me keep my head above water throughout the whole
process. I also need to thank my sister Kim and my bum chum Rach ‘Gay’ for their
love, amazing support and straight talking when things got tough, and saying things
only a sister could get away with, in addition to the random texts to check that I am still

alive!!

And finally, I would like to thank Paul, the one who has had to endure all of the
emotions that come with a PhD, without actually doing one himself. Thanks for being

there, for being the house ‘pixie’, and more importantly, thanks for not ‘divorcing’ me.



List of Contents

Abstract ii
Acknowledgements v
List of Contents %
Table of Contents %
Table of Figures viil
Table of Tables X
Abbreviations Xi
Amino acid abbreviations and one letter codes Xiv

Table of Contents

Chapter 1 - INTrodUCTION ......ooviiice e 1
1.0 - OVEIVIBW. ...ttt bbbttt b bt bbbt e e bbbt ettt 1
1.2 - Human innate and adaptive immMUNITY ..........ccooeiiiiiniieeeeeee e 1
1.3 - B-cell development and activation .............cccooeiiiiiiiin e 2
1.4 - Role of BCL6 in germinal centre fOrmation .............ccoceiriieieneinsescsesese e 2
1.5-BCL6 gene and PrOTEIN .....cviieiiiiiiitiseeste ettt 6
1.6 - An overview of transcriptional regulation ... 10
1.7 - BCL6 mechanisms of transcriptional repression and its target genes..................... 11

1.7.1 - Regulation of BCL6 expression in normal immunity ..........c.ccccoeeveiiiie i cieneenns 15
1.8 - Non-Hodgkin’s lymphoma...............ccccoiiiiiiiiiiiic e 16
1.8.1 - Risk factors for non-Hodgkin’s lymphoma.............ccccreiinininiininnsneeee 16
1.8.2 - General overview of diffuse large B-cell lymphoma...........cccccooiiiiiiii i 17
1.9 - Why target the BCL6 BTB-POZ domain?.........ccoooiiieiiiiie e 18
1.9.1 - BCL6 as @ therapeutiC targel.........cocveeereiiereseee ettt 20
110 = AAIMIS -ttt b e £ bR e bRt b ettt enas 21

Chapter 2 - Materials and Methods ...........ccooiviiie i 22
2.1 - Standard chemicals and FEAgENTS. ..o s 22
W = T 11 (-] TSSOSO 22

2.2.1 - Protein PUFTICALION ........oviiiiiiiisie e 22
2.2.2 - 2TY Growth media for bacterial cell culture ............cccooooiiiiiiiii s 23



2.2.3 - 2M9 Minimal media for USE iIN NIMR .......cooiiieeeee et 23

2.2.4 - FIUOreSCence POIAMISALION.........ccoviiriiierieeeee e 24
2.2.5-2X SDS SAMPIE DUFTEN ... 24
2.3 - EXPIeSSION VECIOIS .....cuiiiiiiitiiiet ettt bbb 25
2.3.1 - OligONUCIEOLIAES ...t 26
2.4 - MOIECUIAK BIOIOGY......coviiiiiieiiiieieeeee st 26
2.4.1 - Quantification of plasmid DNA ... e e 29
2.4.2 - Plasmid DNA SEQUENCING ....ccveiuieieiieiiesieeteesiesie e ste e e sre et sre e stesseeaesteaeesreens 29
2.4.3 - Small scale purification of plasmid DNA ... 29
2.4.4 - Ethanol precipitation 0f DNA ..o 29
2.5 - Plasmid CONSEIUCTS. .......coiiiieiiiieieieeee et sn e eenes 30
2.5.1 - BCL6 BTB-POZ OMAIN .....coviviiiiiiiiiieiiiieit e 30
2.5.2 - PEPLide @PIAMELS .. .oveeie ettt ettt sb e be et sre e e besneesreers 30
2.6 - Mammalian Cell CUITUIE ..........ocuoiiiiiicic e s 30
2.7 - Protein expression and purification of bacterial culture ...........cccccoevviviiieiicinnn, 31
2.7.1 - BaCterial CUITUIE .....oveeee e 31
2.7.2 - Bacterial transformation ..o 31
2.7.3 - Starter Cultures and groWEth ............cooeoiiiiei e 31
2.7.4 - HIS-tagged protein pUrifiCatION .........cccooveieieiiiiise e 32
2.7.5 - Final stage of purification - separation of protein and affinity tag by gel filtration 33
2.7.6 - Analysis of protein purification by SDS-PAGE gel electrophoresis ...........c.cc.c.... 33
2.7.7 - Protein QUaNTIfiCAtION ..........ccciviiiiiiie e 34
2.8 - NIMR SPECLIOSCOPY ....veveeueireiiie sttt sttt ettt sttt bbbt n b e b ebe b nne s 34
2.8.1 - SAMPIE PrEPATALION .....c.veuviiieiiiiiiieie sttt 34
2.9 - X-ray Crystallographiy .......cccococii i e 35
2.9.1 - Protein and compound Preparation ..........c.ceeceveeeeneseeseseesiesre e sre e sre e s enis 35
2.9.2 - Non-divalent ion crystallisation plate ............ccoceiiiieniiiee e 35
2.9.3 - Harvesting and cryo-cooling of Crystals ...........ccooiriiieniiieie e 35
R B . 1 W oo | L= ox 1 o] S 36
2.10 - Cell TILre GIO @SSAY -.e.vveveiteiiieieieiieie ettt sttt st e et neeseeereenaennean 36
2.11 - Fluorescence POIariSAtiON ...........ccciiieiiiieiieieseee et 36
2.11.1 - Peptide SYNTNESIS .....eoeiieeeeeeeee et 36
P A o oo [N ot 10 o] oo ST 36
2.11.3 - BODIPY labelled peptide purifiCation...........cccovvirenineneiesescse s 37
2.11.4 - Fluorescence polarisation reaCtion............coevviriierenienienieieeese e 37

Vi



Chapter 3 - Screening potential small molecule inhibitors of the BCL6 BTB-POZ

domain DY NIMR ... 38
L - INTFOAUCTION ..ottt b e e 38
BL2 = RESUITS ..ottt 39

3.2.1 - Initial purification of the wild-type human BCL6 BTB-POZ domain................. 39
3.2.2 - Investigating the effects of different affinity tags to improve protein purification. 39
3.2.2.1 - NON-Cleavable HIS 180 ....covoveirieiiiicrecnee e 39
3.2.2.2 - GBL SOIUDIILY 10 .vvvevverieiiiiesie st se sttt sttt sre e eneas 40
3.2.3- 2D (*H-">N) TROSY of the BCL6 BTB-POZ dOMaiN..........cccocvvvvverrrrerrierierrneenn, 47
3.3 - NMR studies of the interaction between BCL6 and peptide aptamers. .................. 49
3.4 - Rifamycin SV interacts with the BCL6 BTB-POZ domain...........ccccceeveveininennnane. 51
3.5 - Screening of rifamycin SV derivatives by NMR.........c..c.cocoiiiiiiiiiiccee 53
3.6 - Investigating which residues of the BCL6 BTB-POZ domain are involved with
rifamycin and rifabutin BiNAING. ... 57
K A B [T U 11 (o] o T SOUSOP PR P 59

Chapter 4 - Structure of BCL6 BTB-POZ domain in complex with rifabutin........ 62
o e o (oo [T 1 o o SR 62
A =T | | TSP 62

4.2.1 - Initial crystallisation eXPEriMENTS ..........corireiiiririse s 62
4.2.2 - Optimisation of crystallisation eXPeriments...........ccocvrerenereieisese e 63
4.3 - Structure determMiNAtiON ........cccocvee i ens 66
4.3.1 - Harvesting CrYStalS........cccviiiiiieiciesie ettt st sae e e 66
4.3.2 - DAta COIBCLION ...ttt 66
4.3.3 - Data PrOCESSING .. .ecveerieiteeteete st ete et et e te et e sbeeteebesae e b e s besseesresbeenaesbeeteesbesaeeneenreans 69
4.3.4 - Model building and refinemeNt.........c.coce i 70
4.4 - Structure of rifamycin SV in complex with the BCL6 BTB-POZ domain.............. 71
4.5 - Structure of rifabutin in complex with the BCL6 BTB-POZ domain..................... 75
4.6 - Rifabutin binds to the BTB-POZ domain in the same location as the co-repressor
SMRT and the small molecule INhIDITOr, 79-6. ......c..vvveiieeeee et 79
O I 1Yo L1 T o RS R 84

Chapter 5 - Are there specific effects of rifabutin on cellular function or co-

FEPIESSOr DINAINGT ...ttt bbbt 86
5.1 - INTFOAUCTION ...t 86
5.2 = RESUITS.....ceeie e 87

5.2.1 - Investigating the effects of rifabutin and rifamycin SV on cell viability................. 87

vii



5.2.2 - Development of a fluorescence polarisation assays to explore the ability of

rifamycin SV and rifabutin to compete with SMRT for binding to BCLG..............ccco...... 89
5.2.3 - Development of a substituted SMRT-BBD Peptide..........cccccoeieiveienieninininennenes 93

5.3 = DISCUSSION ...tttk b b ettt b b b n e 98
Chapter 6 - Discussion and fULUIe WOFK...........cccooiiiiiiiiiiicc e, 102
Appendices 1: — PUBIICAIONS .........cccociiiiiic et 108
RETEIENCES ... ettt bbbt 117

Table of Fiqures

Figure 1.1: A schematic of the germinal CENtre..........ccovviiiiciiicne e, 5
Figure 1.2: Schematic of the BCLG Protein. .......cccccvveieriiininiiiieiesesie e 6
Figure 1.3: Surface representation of the BCL6 BTB-POZ domain in complex with the
CO-TEPIESSOI SIMRT . ...t 7
Figure 1.4: Sequence alignment of SMRT/NCoR2 and BCoR BCL6-binding domains
(BBD)...tt etttk b bbbttt 8
Figure 1.5: Crystal structure of the BCL6 BTB-POZ domain in complex with the co-
FEPIESSOI SIMRT . ..ottt n e ne e 12
Figure 1.6: BCL6 mediates transcriptional repression through distinct pathways. ....... 14

Figure 1.7: Potential ways to target BCL6 and abolish its transcriptional repression

ACTIVITY. 1.ttt bbbttt bbbt 20
Figure 2.1: Vector maps based on the pET 30a+ backbone for bacterial protein

expression provided by PROTEX at the University of Leicester...........cccovvvveieiiennnn, 25
Figure 2.2: Site directed MULAgENESIS........ccviiiieiriiesei e 27

Figure 3.1: Purification of the wild-type BCL6 BTB-POZ domain expressed with a

non-cleavable 6XHIS affinity tag. .....ccoooiiiiiiiiiee s 41
Figure 3.2: Purification of the wild-type BCL6 BTB-POZ domain expressed with the
GBL SOIUBIILY taQ. ..eeveeiiicie st 42
Figure 3.3: 2D (*H-"N) HSQC of the BCL6 BTB-POZ domain plus GBL.................. 43
Figure 3.4: A chromatogram showing the A280nm protein trace of the BCL6 BTB-
POZ domain produced by the de-salting column (Sephadex G-25 Fine)...........c.cc....... 45
Figure 3.5: Protein purification and gel filtration of the BCL6 BTB-POZ domain. ..... 46

viii



Figure 3.6: 2D (*H-">N) TROSY of the BCL6 BTB-POZ domain (residues 7-128). ... 48
Figure 3.7: 2D (*H-">N) TROSY spectra of BCLS6 in the presence of peptide aptamers

[ I T o I OSSR 50
Figure 3.8: Rifamycin SV binds to the BCL6 BTB-POZ domain............c.ccceevevvinennen. 52
Figure 3.9: 2D (*H-">N) TROSY spectra for rifamycin SV derivatives (1). ................. 54
Figure 3.10: 2D (*H-""N) TROSY-HSQC spectra for rifamycin SV derivatives (2). ... 55
Figure 3.11: Rifabutin binds directly to the BCL6 BTB-POZ domain. ............cc.co..... 56
Figure 3.12: Analysing the interaction between rifabutin and the BCL6 BTB-POZ

(0 [0 3 0= U] o USSR 58

Figure 4.1: Examples of crystal forms for the BCL6 BTB-POZ domain grown in the

presence of (A) rifabutin and (B) rifamyCin SV. ..o, 64
Figure 4.2: Image of a BCL6 BTB-POZ domain crystal grown in the presence of

rifamycin SV and the diffraction pattern produced. ...........ccocovoeiieiiieniieniseeeees 67
Figure 4.3: Image of a BCL6 BTB-POZ domain crystal grown in the presence of

rifabutin and the diffraction pattern produced. ............ccoveiieii i 68
Figure 4.4: Electron density of the BCL6 BTB-POZ domain crystallised in the presence
OF FITAMYCIN SV, oot 73
Figure 4.5: BCL6 BTB-POZ domain crystallised in the presence of rifamycin SV. .... 74
Figure 4.6: Interaction of BCL6 with rifabutin. ............ccooiiiiiiiiiice, 77

Figure 4.7: Crystal packing of rifabutin in complex with the BCL6 BTB-POZ domain.

Figure 4.8: A comparison between SMRT, BCoR, 79-6 and rifabutin to the BCL6
BTB-POZ UOMEIN. ......iiiiiiiiiieiieieiiesie ettt sttt ane s e e neens 81
Figure 4.9: Schematic diagrams of protein-ligand interactions generated from the 3D
co-ordinates located within their respective PDB files..........ccccooveviiiiieiiiiiic e 82
Figure 4.10: A comparison between the binding locations of rifabutin, SMRT and 79-6
0N the BCL6 BTB-POZ dOMAIN. .....cviiieiiieieiiesecie et 83
Figure 5.1: Investigating the effects of rifamycin SV and rifabutin on cell viability.... 88

Figure 5.2: Fluorescence polarisation assays used to investigate the ability of rifabutin

and rifamycin SV to displace SMRT from the BCL6 BTB-POZ domain...................... 92
Figure 5.3: Overlay of H1426 of SMRT and W509 of BCoR binding to the BTB-POZ

AOMAIN OF BCLG. ..cveiiiiiiee ettt nb e nneas 95
Figure 5.4: SMRT-BBD peptides replacing H1426 for an artificial amino acid........... 96



Figure 5.5: SMRT peptide containing artificial amino acids in place of H1426 to

explore binding to the BCLE BTB-POZ dOMaIN. ........ccccooviiiiiieicicie e 97
Table of Tables

Table 2.1: Buffers used for the purification of recombinant protein fused with a Ni-

AN N U 11 U PR 22
Table 2.2: 2TY culture media and agar plate reCipe. ..........covveveieieneieniseeeeeee 23
Table 2.3: 2M9 Minimal media for *°N-labelled culture growth...............cccoevvrvrneee.. 23
Table 2.4: Fluorescence polarisation peptide coupling and reaction buffer. ................. 24
Table 2.5: 2XSDS Sample BUFFEr........ccooiiiiece e 24
Table 2.6: A list of primers designed to produce various BCL6 BTB-POZ domain
constructs including the triple surface cysteine mutant (C8Q, C67R and C84N). ......... 28
Table 2.7: Primers designed to produce peptide aptamers .........ccccocevveveeiieieenesinennn, 28
Table 4.1: Crystallisation hit CONAItIONS. ........c.ccceeiiiieiiece e 65

Table 4.2: Data collection and refinement statistics of the BCL6 BTB-POZ domain
crystallised in the presence of rifamycCin SV. ... 72
Table 4.3: Data collection and refinement statistics of the BCL6 BTB-POZ domain
crystallised in the presence of rifabutin. ..........c.cccoooi i 76
Table 5.1: Comparisons between the bindings of different lengths of the BBD peptides
LCo 31 =10 OSSOSO SRPSTPTPRST 91



Abbreviations

aa
AID
APC
Apt-48
ATR
BACH?2
BBD
BCL6
BCoR
BCR

BL
BLIMP-1
BPI

BSA
BTB/POZ
CB

CC
CDKNI1A
CHEK 1
CSR
CtBP
D,0O
DLBCL
DMSO
DMSOg
DOX
DTT
EtOH
FDC

FL

FP

Amino acid

Activation induced deaminase
Antigen-presenting cell

Aptamer 48

Ataxia telangiectasia and RAD3 related
BTB and CNC homology 2

BCL6 binding domain

B-cell lymphoma 6

BCL6-interacting co-repressor

B-cell receptor

Burkitt’s lymphoma

B-lymphocyte induced maturation protein 1
BCL6 Peptide Inhibitor

Bovine serum albumin

Bric-a-brac, Tram track, Broad complex/Pox virus Zinc finger
Centroblast

Centrocytes

Cyclin dependent kinase inhibitor 1A
Checkpoint kinase 1

Class switch recombination

C terminal binding protein 1
Deuterium oxide

Diffuse large B-cell lymphoma
Dimethyl sulfoxide

Dimethyl sulfoxide-ds

Doxycycline

Dithiothreitol

Ethanol

Follicular dendritic cell

Follicular lymphoma

Fluorescence polarisation

Xi



GAS Gamma activated sites

GC Germinal centre

GEP Gene expression profile

GPS2 G Protein Pathway Suppressor 2

HAT Histone acetyl transferases

HDAC Histone deacetylases

HDACI Histone deacetylase inhibitor

IL-4 Interleukin-4

IL-12 Interleukin-12

Ig Immunoglobulin

LRF Leukemia/lymphoma-related factor
NCoR Nuclear hormone receptor co-repressor
NMR Nuclear magnetic resonance

NuRD Nucleosome Remodelling Deacetylase
MAD Multiple anomalous dispersion

MHC 11 Major histocompatibility complex
MIR Multiple isomorphous replacement
MIZ-1 Myc-interacting zinc finger protein 1
MPD 2-Methyl-2, 4-pentanediol

MR Molecular replacement

MTA3 Metastasis associated 3

ODsoo Optical density at 600nm

PBS Phosphate buffered saline

PEG Poly-ethylene glycol

PEST Proline, glutamic acid, serine and threonine
PLZF Promyelocytic leukaemia zinc finger protein
PRDM1 PR Domain zinc finger protein 1
RAG-1 Recombination Activating Gene-1
RAG-2 Recombination Activating Gene-2
RBT Rifabutin

R-CHOP Rutiximab, Cyclophosphamide, Doxorubicin, Vincristine & Prednisone.
RD2 Repression domain 2

RIF SV Rifamycin SV

SDS Sodium Dodecyl Sulphate

Xii



SHM
STAT
SQT
SMRT
TBL1
TBLR1
TCEP
TE
TEV
TROSY
V(D)J
ZF

Somatic Hypermutation

Signal Transduction and Activators of Transcription
Stefin-A Quadruple Mutant-Tracey

Silencing Mediator of Retinoic acid and Thyroid hormone receptor
Transducin B-like Protein 1

TBL1-related protein
Tris(2-Carboxyethyl)Phosphine)

Tris, EDTA

Tobacco etch virus

Transverse relaxation-optimised spectroscopy
Variable (Diversity) Joining

Zinc finger

Xiii



Amino acid abbreviations and one letter codes

Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamine
Glutamic acid
Glycine
Histidine

Isoleucine

I omoO O o0 2 310 >

Ala
Arg
Asn
Asp
Cys
Gln
Glu
Gly
His

lle

Leucine
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine

Valine

Leu
Lys
Met
Phe
Pro

Ser

Thr
Trp
Tyr
Val

Xiv



Chapter 1 - Introduction

1.1 - Overview

Lymphomas are malignant proliferations of mature lymphocytes, which are cells of the
immune system responsible for adaptive immunity. Some proteins regulating the
normal immune response are, therefore, important in lymphomagenesis. B-cell
lymphoma 6 (BCL6) is a key oncogene involved in the normal immune system and in
the development of diffuse-large B-cell lymphoma (DLBCL). The main goal of cancer
therapy is to specifically target and kill cancer cells, whilst leaving normal cells
unharmed. Conventional chemotherapy regimens are often associated with significant
toxicities therefore; there is a need to develop targeted treatments and therapies. In this
section, the function of BCL6 within the immune system, its role in the development of
DLBCL and ways in which BCL6 can be targeted will be explored.

1.2 - Human innate and adaptive immunity

The human immune system is a multi-layered defence mechanism, responsible for
protection against infections. The first layer of defence is the innate immune system,
also known as the non-specific immune system (Chaplin 2010). The skin or mucous
membranes e.g. in the lungs or intestine, provide a physical barrier component of
protection to prevent micro-organisms from entering the human body. Within the
human body, macrophages and neutrophils are responsible for the removal and
destruction of antigens, including micro-organisms, by phagocytosis. Complement
proteins are also an important component of innate immunity and help to protect against
circulating micro-organisms (Markiewski et al. 2007; Sjéberg et al. 2009). Complex
organisms can develop specific immunity to micro-organisms throughout life, and these
immune responses are activated, upon re-exposure to the same antigen i.e. there is
immune memory. These features of specificity and memory are characteristic of
acquired immunity and require B- and T-cells. Macrophages and follicular dendritic
cells (FDC), which are the professional antigen presenting cells, (APC), display antigen
derived from the micro-organisms at the cell surface, in association with the major
histocompatibility complex Il (MHC II), to activate T-cells (Abbas et al. 2012). Naive



T-cells recognising antigen in the context of MHC and responding to interleukin 4 (IL-
4) and 12 (IL-12) released from the APC, differentiate to effector T-cells e.g. T-helper 1
and T-helper 2 cells. T-helper 2 cells secrete IL-4 and IL-5 leading to the activation of
antigen specific B-cells within secondary lymphoid organs, such as lymph nodes. B-
cells are responsible for antibody production, which is a crucial factor in neutralising
circulating or extracellular micro-organisms. The transcription factor BCL6 plays a key

role in B-cell development, and is crucial to the production of high affinity antibodies.

1.3 - B-cell development and activation

Early B-cell development occurs in the bone marrow and is complete once a B-cell
precursor (an immature B-cell) has productive rearrangements of the immunoglobulin
(lg) heavy and light chains, to produce a functional antibody molecule, which when
associated with the B-cell surface is known as a B-cell receptor. An antibody molecule
consists of two heavy and two light chains and rearrangement requires the
recombination activating genes 1 and 2 (RAG-1 and RAG-2). B-cells are then selected
on the basis of a functional B-cell receptor (BCR) and a lack of affinity for self. B-cells
that possess a functional BCR become a mature naive B-cell and leave the bone
marrow, whereas B-cells that react with self or fail to produce a BCR undergo apoptosis
(Goodnow et al. 1988). Mature B-cells traffic to the secondary lymphoid organs where
they encounter T-cells (as described in section 1.2) and on activation, move to the
primary B-cell follicles where they undergo intense proliferation to form a germinal
centre (GC) (MacLennan 1994).

1.4 - Role of BCL6 in germinal centre formation

GCs are transient structures that form in secondary lymphoid organs. The biological
functions of GCs are to provide an environment where B-cells undergo genetic
alterations within the 1g genes by a process known as somatic hypermutation (SHM), in
order to produce high affinity antibodies. By light microscopy, GCs consist of two
main compartments, a dark zone and a light zone. The dark zone comprises rapidly
proliferating B-cells known as centroblasts (CB). SHM, which requires the activation

induced deaminase (AID) enzyme to introduce base pair mutations into the antibody



genes, within the hyper-variable regions, takes place at this stage (Kuppers et al. 1993).
CBs are then believed to migrate into the light zone where they become centrocytes
(CC) (Liu et al. 1996). CCs then undergo selection through interactions with follicular
dendritic cells (FDC)s and T-cells in the light zone. Those that produce a self-
interacting or a low-affinity BCR for the antigen undergo apoptosis, but cells that have
acquired high-affinity for the presenting antigen will differentiate into either a plasma
cell or a memory B-cell and exit the GC (Liu et al. 1996; Epstein et al. 1999). Class
switch recombination (CSR), a somatic recombination mechanism also requiring AID,
which mediates isotype switching from IgM to 1gG, IgA or IgE, thereby changing
antibody effector function, also occurs at this stage (Klein & Dalla-Favera 2008).

B-cell lymphoma 6 (BCL6), a gene originally cloned from a chromosomal translocation
in the human disease diffuse-large B-cell lymphoma (DLBCL), was found to be
expressed in GC B-cells, but not in naive B-cells or terminally differentiated plasma
cells (Ye, Rao et al. 1993b; Ye, Lista et al. 1993a; Baron et al. 1993; Kerckaert et al.
1993; Bunting et al. 2013). The pivotal role of BCL6 in GC formation was
demonstrated in transgenic and knockout mice. Mice bearing homozygous disruptions
of the BCL6 locus were unable to form GCs, produce high-affinity antibodies and
proceeded to develop an inflammatory response in multiple organs characterised by the
infiltration of eosinophils (Fukuda et al. 1997; Dent et al. 1997; Ye et al. 1997). By
contrast, mice that were engineered to constitutively express BCL6 had enlarged GCs
and progressed to develop a disease similar to human DLBCL (Cattoretti et al. 2005).

The function of BCL6 has been investigated in vitro. Constitutive expression in a
mouse cell line model of B-cell differentiation showed that BCL6 allowed proliferation
and repressed differentiation (Reljic et al. 2000) probably by repressing expression of
B-lymphocyte induced maturation protein 1, (BLIMP-1), which is required for terminal
B-cell differentiation (Tunyaplin et al. 2004). BCL6 also attenuates the expression of
genes involved in the DNA damage response, inhibits cell cycle arrest and cell death.
For example, BCL6 represses p53 (Phan et al. 2004), cyclin dependent kinase inhibitor
1A (CDKN1A) (Phan et al. 2005), ataxia telangiectasia and RAD3 related (ATR)
(Ranuncolo et al. 2007), and checkpoint kinase 1 (CHEK 1) (Ranuncolo et al. 2008),
providing an environment which allows the rapid proliferation of B-cells whilst

simultaneously attenuating DNA damage sensing proteins. This combination of
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features may be important to allow the GC B-cells to tolerate genomic instability
generated from SHM and CSR occurring during the production of high-affinity
antibodies (Figure 1.1).

The expression of BCL6 is down regulated at the end of the GC reaction, to allow the
expression of BLIMP-1, for terminal differentiation of B-cells into either an antibody
secreting plasma cell or a memory B-cell. Malignant transformation of B-cells can be
associated with both early and later stages of B-cell development. Constitutive
expression of BCL6 within GC B-cells allows uncontrolled proliferation and prevents
terminal differentiation, due to the continued repression of BLIMP-1. The continuous
proliferation caused by BCL6 is believed to be a major reason for its importance in

lymphomagenesis.
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Figure 1.1: A schematic of the germinal centre.

Mature naive B-cells move to primary B-cell follicles in secondary lymphoid organs
such as the lymph nodes, where upon activation by T-cells undergo intense proliferation
to form a germinal centre (GC). Naive B-cells are replaced by rapidly proliferating B-
cells and are displaced to the outside of the follicle where they form the mantle zone.
The GC comprises of two main compartments, the dark zone and the light zone. The
dark zone contains B-cells termed centroblasts (CB), which simultaneously undergo
somatic hypermutation (SHM) and rapid proliferation. CBs then migrate to the light
zone where they become centrocytes (CC). CCs then undergo selection through the
interaction of follicular dendritic cells (FDC) and T-cells in addition to enduring class
switch recombination (CSR). B-cells that have acquired affinity for the presenting
antigen further differentiate into plasma cells or memory B-cells and exit the GC, those
B-cells that have lack affinity or have acquired affinity for self undergo apoptosis. Red
boxes illustrate examples of disease, which can arise from different stages of the GC
reaction. Adapted from Kippers et al. 2005.



1.5 - BCL6 gene and protein

The BCL6 gene, also known as BCL5 and LAZ3, was originally cloned in 1993, from a
t(3;14) chromosomal translocation affecting band 3927 associated with DLBCL (Offit
et al. 1989; Bastard et al. 1992; Baron et al. 1993; Ye, Rao, et al. 1993b; Ye, Lista, et
al. 1993a; Kerckaert et al. 1993). BCL6 was subsequently found to be involved in
chromosomal translocations in ~30-40% of DLBCL and 5-10% of follicular lymphoma
(FL) (Coco et al. 1994; Ye et al. 1995; Butler et al. 2002). In DLBCL, BCLS6 is found
to be constitutively expressed either due to chromosomal translocations fusing the
BCL6 coding region with heterologous promoters, or point mutations within the

negative auto-regulatory circuit (Cattoretti et al. 2005).

BCL6 is a 706 amino acid zinc finger transcription factor with a molecular weight of 95
kDa (Chang et al. 1996). It is a sequence specific transcriptional repressor encoding
three distinct functional domains; an N-terminal BTB-POZ domain, a less well-defined
central repression domain (RD2) and six Krippel-like C,H; zinc fingers at the C-
terminal (Figure 1.2).
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Figure 1.2: Schematic of the BCL6 protein.

BCL6 encodes an N-terminal BTB-POZ domain (red) (1-130aa) known to mediate
homodimerisation and heterodimerisation with other BTB-POZ domain containing
proteins in addition to protein-protein interactions with co-repressors such as SMRT,
NCoR and BCoR). A region known as the repression domain 2 (RD2) located at the
centre of BCL6 (green) (191-386aa), which also encodes a KKYK (K-lysine, Y-
tyrosine) motif (375-379aa), overlapped with a PEST domain (blue) (300-417aa) to
regulate BCLG6 protein stability and six Kruppel-like C,H; zinc fingers at the C-terminus
(yellow) (518-541, 546-568, 574-596, 602-624, 630-652 and 658-681aa) for sequence
specific DNA binding.



The BTB-POZ domain is a highly evolutionary conserved protein-protein interaction
motif, consisting of around 130 amino acids, and is present in viruses and throughout
eukaryotes (Bardwell & Treisman 1994; Albagli et al. 1995; Stogios et al. 2005; Perez-
Torrado et al. 2006). The BTB-POZ domain was named after the Drosophilia zinc
finger transcription factors: Bric-a-brac, Tramtrack, and Broad Complex/Pox Virus Zinc
Finger (Bardwell & Treisman 1994) and is present in 5-10% of all zinc finger proteins
(Zollman et al. 1994; Ahmad et al. 1998). BCL6 forms a homodimer through
interactions mediated by the BTB-POZ domain, but can also heterodimerise to other
BTB-POZ containing proteins such as promyelocytic leukaemia zinc finger (PLZF)
(Dhordain et al. 2000) and Myc-interacting zinc finger protein-1 (Miz-1) (Phan et al.
2005). Upon dimerisation, two symmetrical extended lateral grooves are produced,
creating docking sites for the co-repressor proteins Silencing Mediator of Retinoic acid
and Thyroid hormone receptor (SMRT), Nuclear hormone receptor Co-Repressor 1
(NCoR1) (Dhordain et al. 1997; Dhordain et al. 1998; Huynh & Bardwell 1998; Ahmad
et al. 2003) and BCL6-interacting Co-Repressor (BCoR) (Huynh et al. 2000; Ghetu et
al. 2008) (Figure 1.3).

Charged pocket

Lateral groove

Figure 1.3: Surface representation of the BCL6 BTB-POZ domain in complex
with the co-repressor SMRT.

BCL6 has the ability to homodimerise with itself and heterodimerise with other BTB-
POZ domain containing proteins, such as PLZF, for transcriptional repression of its
target genes via the BTB-POZ domain. Each dimer comprises of two monomers,
coloured cyan and green. (A) An extensive hydrophobic groove is formed by two
monomers upon dimerisation. Two SMRT peptides bind within the lateral groove as
shown by the magenta surface representation (Ahmad et al. 2003). (B) Rotation by 90°
from (A) exposes a charged pocket at the top of the dimer, formed by two a3/B4 loops.
This has previously been the target of peptide aptamer interaction to antagonise BCL6
(Chattopadhyay et al. 2006).



SMRT and NCoR are large homologous proteins with an overall sequence identity of
40% (Chen et al. 1995; Horlein et al. 1995). SMRT (also known as NCoR2), NCoR
(also known as NCoR1) and BCoR bind to the BCL6 BTB-POZ domain in a mutually
exclusive manner. All three co-repressor proteins bind to a common exposed surface,
known as the lateral groove, by means of a 17 amino acid sequence termed the BCL6
binding domain (BBD) (Ahmad et al. 2003; Ghetu et al. 2008). The BBD of SMRT
and NCoR share an almost identical sequence, whereas the BBD of BCoR possesses a
completely different primary sequence (Figure 1.4), yet all three proteins bind to the
lateral groove through both common interactions and different specific interactions with
the BCL6 BTB-POZ domain (Ahmad et al. 2003; Ghetu et al. 2008). The residues that
line the surface of the BCL6 lateral groove and mediate the interactions with the co-
repressors are not conserved within the BTB family, and are therefore unique to BCL6
(Ahmad et al. 2003). In addition, SMRT and NCoR BBDs do not interact with other
BTB-ZF repressors such as PLZF or leukemia/lymphoma-related factor (LRF) (Stogios
et al. 2006).
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Figure 1.4: Sequence alignment of SMRT/NCoR2 and BCoR BCLG6-binding
domains (BBD).

The BCL6-binding domains (BBD) of SMRT and NCoR2 each utilise an almost
identical sequence for binding to the lateral groove of the BTB-POZ domain of BCL6.
In comparison, BCoR lacks sequence similarity within its BBD motif. Grey shading
indicates the five residues that form similar side chain contacts with the BCL6 BTB-
POZ domain in relation to sequence similarity (I/V, W/H) or identity (P, S) between
SMRT/NCoR2 and BCoR. (.) Indicates conservation between groups of weakly similar
properties. Amino acid residues are coloured according to their physiochemical
properties: Red (Small, hydrophobic), Blue (Acidic), Magenta (Basic), Green
(Hydroxyl, Sulphydryl and amine). Sequence alignment was produced using Clustal
Omega.



The central region of BCL6 is thought to be largely unstructured and contains a second
repression domain, termed repression domain 2 (RD2), (residues 191-386). Recent
work has suggested that the RD2 domain spans a 45 amino acid region (350-395)
characteristic of the minimal region required to exhibit the same repressive effect as full
length RD2 (Huang et al. 2014). It has been reported that the RD2 domain interacts
with histone deacetylase 1l (HDAC Il), metastasis associated 3/Nucleosome
Remodelling Deacetylase (MTA3/NuRD) complex and C terminal binding protein 1
(CtBP) (Bereshchenko et al. 2002; Fujita et al. 2004; Mendez et al. 2008; Huang et al.
2014).

Within the RD2 domain lays a PEST domain, encompassing a functionally important
KKYK motif susceptible to acetylation. The KKYK motif resembles a site on p53
which is acetylated by p300 (Gu & Roeder 1997), and p300 is also responsible for the
acetylation of the KKYK motif of BCL6 (Bereshchenko et al. 2002). HDAC Il and
MTA3, which forms part of the Mi2/NuRD complex, (Mendez et al. 2008), binds to
RD2 in an acetylation-dependent manner, and becomes dissociated from BCL6 when
the KKYK motif becomes acetylated (Bereshchenko et al. 2002; Fujita et al. 2004).
The recruitment of MTAS3 to the RD2 domain is essential for the ability of BCL6 to
inhibit plasma differentiation (Parekh et al. 2007). Both the RD2 and PEST domains are
thought to play a role in BCL6 transcriptional repression and regulation of protein

stability.

The C-terminal domain of BCL6 consists of six Krlppel-like C,H; zinc fingers (ZF)
(residues 518-681) enabling BCL6 to target DNA in a sequence specific manner in
addition to interacting with several proteins for nuclear targeting (Mascle et al. 2002).
The site that seems to have the highest affinity for BCL6 binding is a 9 bp core
sequence (TTCCTA/CGGA). Point mutation studies have shown that the roles of each
of the six ZFs of BCL6 are not equal in function in regards to DNA-binding activity, for
example; removal of the last two ZF domains abolished DNA binding and ZFs 3-6 are
found to be required for the repressive activity of BCL6, whereas ZF1 and ZF2 do not
participate in this activity (Mascle et al. 2002). The BCL6 DNA binding sequence has
specific homology to a binding site at the promoter region of signal transduction and
activators of transcription (STAT) transcription factors, which mediate cytokine

signalling (Dent et al. 1997). STAT transcription factors recognise the gamma
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activated sites (GAS) motif, (Schindler et al. 1995) which bears a resemblance to the
BCL6 DNA binding site (Dent et al. 2002). BCL6 also interacts with the mid-region of
the co-repressor eight-twenty-one (ETO), (residues 217-379) through its C-terminal ZFs
and is believed to enhance HDAC activity during BCL6 transcriptional repression
(Chevallier et al. 2004).

1.6 - An overview of transcriptional regulation

The regulation of gene expression is a tightly controlled process orchestrated by many
signalling processes and protein complexes. The nucleosome, a crucial component of
chromatin, consists of two H2A/H2B dimers and a H3/H4 tetramer, surrounded by 146
bp of DNA, which tightly wraps around the histone octamer approximately 1.67 times
(Beato & Eisfeld 1997). The packaging of the DNA around the nucleosomes represents
an important factor in regulating gene expression. The regulation of gene activation and
repression are mostly controlled by protein-protein interactions and post-translational
modifications, leading to changes in chromatin structure induced by DNA methylation,
chromatin remodelling and histone modifications of the amino-terminal tails, of which,
lysine acetylation is the best characterised. In general, transcriptional repression is
associated with low levels of histone acetylation, due to the removal of acetyl groups
from lysine residues on histone tails by histone deacetylases (HDACS), therefore
maintaining the DNA in a compact and inaccessible conformation, resulting in the
prevention of transcription factors binding to their recognition sites (Wolffe 1994). In
contrast, transcriptional activation is associated with high levels of acetylation, due to
the transfer of acetyl groups onto the exposed lysine residues present on the histone tails
by histone acetyl transferases (HATS), as a result, neutralising the positive charge of the
lysine and reducing the interaction with DNA, leading to a relaxed chromatin
conformation for the accessibility of transcription factors for gene transcription (Legube
et al. 2003; De Ruijter et al. 2003; Villagra et al. 2010).
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1.7 - BCL6 mechanisms of transcriptional repression and its target

genes

HATs and HDACs exist within multi-subunit protein complexes to control
transcriptional regulation. Many HDACs that aid BCL6 mediated transcriptional
repression are either recruited directly to BCL6 (Lemercier et al. 2002) or indirectly
through interactions with co-repressor complexes (Wong & Privalsky 1998; Huynh et
al. 2000). Core components of the SMRT/NCoR repression complex consists of
HDAC3, transducing B-like 1/ TBL related 1 (TBL1/TBLR1) and G-protein pathway
suppressor 2 (GPS2) (Li et al. 2000; Jinsong Zhang et al. 2002; Oberoi et al. 2011;
Watson et al. 2012). Transcriptional repression mediated by the interaction between
SMRT and the BTB-POZ domain of BCL6 has been investigated in detail. The crystal
structure of the BCL6 BTB-POZ domain in complex with SMRT has been solved
(Ahmad et al. 2003). The main body of the BCL6 BTB-POZ domain dimer is made up
of a cluster of a-helices flanked by B-sheets at both the top and the bottom of the
molecule (Figure 1.5). The N-terminus of one monomer makes an anti-parallel 3-sheet
with the 5 strand of the other monomer. There are substantial contacts made between
the two BCL6 BTB-POZ domain monomers upon dimerisation, these include 1, al,
a2, BS and a6. There are two main obvious features of the BCL6 BTB-POZ domain,
the first is a charged pocket at the top of the dimer formed by the two-a3/p4 loops, and
secondly, an extensive hydrophobic groove formed at the dimer interface by
B1/a6°/B1/a6 (‘denotes second monomer) at the “bottom” of the dimer. Two SMRT
peptides (residues 1414-1430) bind to the BCL6 BTB-POZ domain in an extended
conformation along a shallow groove, known as the lateral groove, formed at the dimer
interface. Each SMRT peptide makes extensive contacts with both chains of the BTB-
POZ domain. The N-terminal amino acids of the SMRT peptide introduce an additional
parallel strand to the B1/B5 sheet (Ahmad et al. 2003; Ghetu et al. 2008; Watson et al.
2012).
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Figure 1.5: Crystal structure of the BCL6 BTB-POZ domain in complex with the
co-repressor SMRT.

Cartoon representation of the BCL6 BTB-POZ domain dimer (cyan and green) co-
crystallised with SMRT peptides (1414-1430) (magenta). Two SMRT peptides bind
within the lateral groove, with the N-terminal amino acids of the SMRT peptide
introducing an additional parallel strand to the B1/B5 sheet (PDB ID: 1R2B) (Ahmad et
al. 2003).

Repression through the BTB-POZ domain has been shown to regulate genes involved in
survival and proliferation such as ATR (Ranuncolo et al. 2007), p53 (Phan et al. 2004),
CDKN1A (Phan et al. 2005) and CHEK1 (Ranuncolo et al. 2008). Several groups have
shown that perturbing the BTB-POZ/SMRT interaction with peptides or small molecule
inhibitors leads to the re-expression of these genes and ultimately cell death. The first
peptide inhibitor designed to perturb the BTB-POZ/SMRT interaction was based upon
the SMRT BBD motif and termed BCL6 peptide inhibitor (BPI). The BPI also included
an N-terminal pTAT sequence which enabled membrane permeability, a hemagglutinin
tag for immunodetection and (HIS)e tag for use in purification. Although the BPI was
specifically able to block BCL6-mediated recruitment of SMRT, and as a result,

reactivate BCL6 target genes in addition to preventing the formation of GC in vivo, it
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was highly unstable and required frequent re-administration (Polo et al. 2004; Privé et
al. 2006). Following on from the BPI design, a 9 residue SMRT peptide (GRSIHEIPR)
was synthesised in the retroinverso (RI) configuration. Retroinverso peptides are
peptides whose amino acid sequence is reversed; in this case for example, the RI
sequence is RPIEHISRG. In addition, they are generally composed of amino acids in
the D-configuration to enable increased resistance to proteolytic degradation leading to
a peptide with increased stability. It was reported that RI-BP1 had greater potency when
compared to the original BPI (Cerchietti et al. 2009).

A slightly different approach taken to inhibit BCL6 function came in the form of
peptide aptamers. Peptide aptamers are proteins that have their amino and carboxy
terminus anchored in a specific conformation, producing a protein scaffold. The
advantage of a protein scaffold is that it can reduce the range of conformations of a
particular sequence of amino acids, therefore increasing specificity of binding. Aptamer
48 (Apt-48) binds to the BCL6 BTB-POZ domain in a manner distinctly different to
that used by SMRT. Apt-48 binds to a small charged pocket formed upon dimerisation
and was shown to relieve BCL6 mediated repression (Figure 1.3) (Chattopadhyay et al.
2006).

The most recent attempt at designing a BCL6 inhibitor comes in the form of a small
molecule, 79-6. Computer aided drug design (CADD) was used to search in silico
chemical databases of commercially available drug-like compounds based upon the
crystal structures of BCL6 in complex with the SMRT BBD and BCoR BBD (Cerchietti
et al. 2010a). The crystal structures indicated specific regions of SMRT and BCoR,
residues 1423-1428 and 506-511 respectively, that were involved in key molecular
interactions with the residues that line the BCL6 lateral groove. Alanine scanning
mutagenesis of this region revealed that these residues are required for the stability of
the BCL6-SMRT complex (Ahmad et al. 2003; Ghetu et al. 2008), and therefore, this
region was chosen for the use of CADD to identify compounds with the potential to
bind to BCL6 (Cerchietti et al. 2010a). Like the peptides and the peptide aptamer
preceding it, 79-6 was able to reactivate critical BCL6 target genes in BCL6 dependent
DLBCL cell lines with almost no effect on BCL6 independent cell lines, and more
importantly, it was specific to the BTB-POZ domain of BCL6 and so does not inhibit
other BTB-POZ transcriptional repressors (Cerchietti et al. 2010a).

13



1 130 191 300 386 417 518 681 706

BCL6 [ |Repressio ”lT 271 fzrafzrs 77 zes||zFs |
Co- SMRT/NCoR MTA3 ETO1
o-repressor BCoR NURD Class Il HDACs
Target genes ATR, TP53 PRDM1
CDKN1A
Survival Differentiation
Pathways
way Proliferation Blockade
BI:fIf(:gtcsal GC licencing Inhibits GC exit

N '

EEE
2N

BPIi MTA3 i
79-6
79-61085

Figure 1.6: BCL6 mediates transcriptional repression through distinct pathways.
BCL6 mediates its transcriptional repression through two repression domains, the BTB-
POZ domain and the RD2 domain. Co-repressors SMRT, NCoR and BCoR are
recruited to BCL6 through the BTB-POZ domain and mediate the repression of ATR,
TP53 and CDKNI1A, which are involved in cellular proliferation and survival.
Recruitment of MTA3/NuURD complex to the RD2 domain mediates the repression of
PRDM1 and blocks differentiation of B-cells to plasma cells or memory B-cells and
exit from the GC, therefore contributing to lymphomagenesis. The ETO co-repressor
and class Il HDAC:s interact with the C-terminal ZFs. Inhibitors of each pathway are
indicated by BPI-i, 79-6, 79-61085 and MTAS3-i. Adapted from Parekh et al. 2007.

The BCL6 DNA binding sequence (TTCCTA/CGGA) resembles the motif recognised
by the STAT-family of transcription factors (Seyfert et al. 1996; Dent et al. 1997,
Shaffer et al. 2000), suggesting that some cytokine response genes may be targets of
BCLG6 repression (Dent et al. 1997; Gupta et al. 1999; Harris et al. 1999). Due to the
similarity in DNA binding sequence between BCL6 and STATS, studies have shown
that they can have opposing effects on gene regulation. The activity of STAT6 can be
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repressed by BCL6 through binding to GAS within the promoter of CD23b and repress
STAT mediated function (Dent et al. 1997; Gupta et al. 1999). In contrast, STAT5 has
been shown to regulate the expression of BCL6 by binding to its first exon, which
contains a negative auto-regulatory site, leading to the down-regulation of BCL6

expression, resulting in the re-expression of BCL6 target genes (Walker et al. 2007).

BCL6 has also been implicated in a range of other important processes and is estimated

to regulate ~485 target genes (Polo et al. 2007) such as:

e B-cell activation (involving CD69 and CD44) (Lépez-Cabrera et al. 1995; Camp
et al 1991)

o B-cell differentiation (Blimp-1) and inflammation (MIP-1a and IP-10) (Krzysiek
et al. 1999)

e Cell cycle regulation (involving p27kipl and cyclin D2) (Solvason et al. 1996;
Shaffer et al 2000).

1.7.1 - Regulation of BCL6 expression in normal immunity

As anticipated for a key regulatory gene there are both transcriptional and post-
transcriptional mechanisms to tightly control the expression of BCL6 during GC
development. The first exon of BCL6 contains a negative auto-regulatory BCL6
binding site (Pasqualucci et al. 2003; Wang et al. 2002). When BCL6 levels rise above
a threshold occupancy for this binding site it represses transcription possibly through a
mechanism involving CtBP (Mendez et al. 2008; Papadopoulou et al. 2010). BCL6
down-regulation is key for normal plasma cell differentiation and antibody responses.
IRF4 is activated by CD40 signalling to down-regulate BCL6 in an NF-kB dependent
manner (Saito et al. 2007) and this may be a critical step in allowing plasma cell
differentiation at the end of the germinal centre response when a high affinity antibody

has been produced.

At the protein level, interactions between antigen and the B-cell receptor (on completion
of the germinal centre response) trigger the MAP kinase-mediated phosphorylation of
BCL6, which in turn, leads to the degradation of BCL6 by the ubiquitin proteasome
pathway (Niu et al. 1998; Saito et al. 2007). In addition, BCL6 is also targeted for
ubiquitylation and degradation by FBXO11 (Duan et al. 2012).
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Post-translational modifications such as acetylation, methylation and phosphorylation
have been shown to regulate BCL6 expression. The KKYK motif located within the
PEST/RD2 domains of BCL6 is the main site of acetylation by p300 (Bereshchenko et
al. 2002). Acetylation of BCL6 abolishes BCL6-mediated transcriptional repression by
interfering with the association of HDAC repression complexes

1.8 - Non-Hodgkin’s lymphoma

B-cell lymphomas are malignant cellular proliferations that can arise from various
stages of normal B-cell development. Around 90% of lymphomas are of B-cell origin
with the remaining 10% being T-cell malignancies. Around 15 types of B-cell
lymphoma are defined in the WHO 2001 (Kuppers 2005). NHL (all subtypes) is the
sixth most common cancer in the UK, the fifth most common cancer in males and the
seventh in females. Around 12,800 new cases of NHL were registered in the UK in
2011, with 4,646 deaths. Lymphomas can be grouped into those, which are clinically
aggressive, and those that follow a more indolent course. The most common of the
clinically aggressive NHL subtypes is diffuse large B-cell lymphoma (DLBCL), which
accounts for around 48% of cases. Marginal zone lymphomas and follicular
lymphomas make up 20% and 19% respectively of NHL but are indolent diseases
(HMRN, 2014). The more clinically aggressive subtypes are treated with combination
chemotherapy. With modern treatments, around 60% of patients are alive at 5 years
following diagnosis, with the remainder dying either because disease resists treatment

or because of the severe toxicities of chemotherapy i.e. neutropaenic sepsis.

1.8.1 - Risk factors for non-Hodgkin’s lymphoma

The incidence of NHL has risen steadily for several decades, and the reason behind this
is unclear. Nevertheless, survival has improved over the last four decades due to the
introduction of new combinations of chemotherapy and the addition of the anti-CD20
monoclonal antibody, rituximab, with 50.8% of patients expected to survive longer than
10 years, compared with only 27.8% of those diagnosed in the early 1970’s (Shankland
et al. 2012). One known risk factor for the development of NHL is suppression of the
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immune system. It is known that patients with HIV have an increased risk of
developing high-grade non-Hodgkin lymphoma. Other contributing factors are organ-
transplant recipients and those with autoimmune disease especially if they are on long
term immunosuppressive treatments (Shankland et al. 2012). An association between
viral infections other than HIV and the development of NHL has been observed,
primarily because of the involvement of the immune system. The Epstein-Barr virus is
associated with Burkitt lymphoma and some types of T-cell lymphoma, and infections
by bacteria such as Helicobacter pylori have been shown to be a risk factor for gastric

mucosa-associated lymphoid tissue lymphoma (Craig et al. 2010).

1.8.2 - General overview of diffuse large B-cell lymphoma

Although DLBCL is an aggressive form of lymphoma, remission can be achieved with
the standard treatment of chemotherapy and immunotherapy, known as R-CHOP
(Rituximab, Cyclophosphamide, Doxorubicin, Vincristine and Prednisolone), however,
around 30% of patients are likely to die of their disease. One obstacle to successful
treatment of DLBCL lies in the clinical heterogeneity, revealed by gene expression
profiling (GEP). DLBCL comprises of at least three distinct subtypes, each having a
different gene expression signature (Alizadeh et al. 2000). Germinal centre B-cell like
(GCB) DLBCL is derived from GC B-cells, defined by the high expression levels of a
number of GC markers including BCL6 and CD10. Activated B-cell (ABC) DLBCL is
believed to derive from cells involved in the later stages of the GC reaction, such as
plasma cell differentiation and is associated with the expression of MUM1 and IRF4.
The third type, which is much less common, is primary mediastinal large B-cell
lymphoma (PMBCL) (Alizadeh et al. 2000; Savage et al. 2003).

The t(3;14) chromosomal translocation involving BCL6 is the most common in DLBCL
and involves a reciprocal exchange of genetic material between 3927 (the region
containing the BCL6 locus) and the immunoglobulin heavy chain locus on chromosome
14. This results in BCL6 being brought under the regulation of the immunoglobulin
heavy chain enhancer to cause constitutive expression. A variety of other genetic
mechanisms leading to BCL6 over-expression have subsequently been discovered e.g.

mutations in the exon 1 auto-regulatory region of the BCL6 promoter (Pasqualucci et al.
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2003; Wang et al. 2002), mutations in acetyl transferases (Cerchietti et al. 2010b;
Pasqualucci et al. 2011) and failure of BCL6 degradation (Duan et al. 2012).
Collectively the numerous mechanisms resulting in BCL6 over-expression show that
this critical regulator of normal immunity also has an essential role in

lymphomagenesis.

1.9 - Why target the BCL6 BTB-POZ domain?

The regulation of many complex biological processes is essentially driven by DNA-
protein and protein-protein interactions. Transcription factors are attractive therapeutic
targets since their aberrant expression has been implicated in numerous malignancies.
Nonetheless, it has been widely considered that targeting transcription factors can prove
challenging as they mediate their functions through protein:protein/DNA interactions
rather than enzymatic activities. This is thought to limit the effectiveness of current
screening technologies in identifying small compounds suitable for targeting protein-
protein interactions such as AML1-ETO (Darnell 2002; Majmudar et al. 2005; Koehler
2010). However, this obstacle can be overcome by use of techniques such as X-ray
crystallography and NMR as they can provide information regarding the modes of
binding and potential binding sites for small molecule inhibitors. STAT3 is an example
of a transcription factor currently targeted by a small platinum containing compound,
CPAT (Turkson et al. 2004; Kortylewski et al. 2005; Redell et al. 2006).

Transcription factors such as BCL6 elicit their effects through the recruitment of HDAC
containing repression complexes. HDACs can also be therapeutically targeted, and
there are many HDAC inhibitors currently available within the clinic such as
Trichostatin A (TSA) for the treatment of acute promyelocytic leukaemia (APL),
characterised by the presence of fusion proteins PML-RARa and PLZF-RARa (Lin et
al. 1998; Villa et al. 2006; Zhang et al. 2014). There is also particular interest in
employing these compounds for the treatment of T-cell lymphomas. Suberoyl anilide
hydroxamic acid (SAHA) is both a class | and class Il HDAC inhibitor, and is used for
the treatment of cutaneous T-cell lymphoma (CTCL) (Marks et al. 2007; Duvic et al.
2007). However, targeting HDAC’s will produce off-target effects owing to their

association with many transcription factors.
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The structure of the BCL6 BTB-POZ domain has been analysed in great detail,
especially when in complex with SMRT and BCoR. Early work first demonstrated the
importance of this domain due to its association with HDACS via an interaction with co-
repressors (Dhordain et al. 1997; Dhordain et al. 1998).

The lateral groove formed upon homodimerisation provides a unique docking site for
the co-repressors SMRT and BCoR. Work leading to the solution of the X-ray co-
crystal structure of the SMRT binding peptide and the BCL6 BTB-POZ domain
(Ahmad et al. 2003) demonstrated that a relatively short peptide was responsible for
binding. This suggested that the peptide could be utilised as a tool to study BCL6
function by competing for binding to the BCL6 BTB-POZ domain with SMRT. Such a
peptide proved to be highly effective in causing apoptosis of BCL6 dependent B-cell
lines, appeared not to interfere with function of other BTB-POZ domain containing
proteins and also abrogated normal antibody responses to immunisation in mice (Polo et
al. 2004). Targeting the co-repressor binding site appears to be a half-way house with
more specific effects being observed than when targeting HDACs, in addition, this
would be more manageable than targeting other portions of the protein such as the

dimerisation interface (Figure 1.7).

Research by others has shown that BCL6 is able to mediate repression by utilising two
distinct biological pathways through; 1) BTB-POZ and 2) the RD2 domain. The BTB-
POZ domain is known to repress genes associated with proliferation and survival,
whereas, the RD2 domain, via the recruitment of MTAS3, a component of the Mi-
2/NuRD repression complex, is known to control terminal differentiation within the
GC. Blockade of RD2 induced targets of differentiation, such as BLIMP-1, but did not
decrease viability of DLBCL cells (Parekh et al. 2007). Therefore, targeting the co-
repressor binding site may be favourable if the indications for inhibiting BCL6 are

malignancies characterised by a high proliferation rate.

BCLS6 is required for the development of some subsets of T-helper cells (Nurieva et al.
2009) suggesting that complete disruption of BCL6 may abolish T-cell as well as B-cell
function and would therefore cause major impairment of immunity and consequently

induce risk of infection. Recent work (Huang et al. 2013) employing mice bearing
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knock-in mutations of the BCL6 BTB-POZ domains to abrogate function, demonstrated
that BTB-POZ domain function was not required for T-cells, but was for B-cells. This,
therefore, increases the potential usefulness of inhibiting co-repressor binding to treat

B-cell lymphomas.

X m HDACI

Figure 1.7: Potential ways to target BCL6 and abolish its transcriptional
repression activity.

BCL6 has the ability to regulate two distinct biological pathways; therefore, inhibitors
aimed at the two main repression domains (BTB-POZ and RD2) have been designed to
down-regulate BCL6 transcriptional repression activity. Peptides based upon the
SMRT BBD bind within the lateral groove of the BTB-POZ domain. Computer
assisted drug design has been used to develop a small molecule inhibitor, 79-6 to
perturb SMRT binding.

1.9.1 - BCL6 as a therapeutic target

There is a considerable amount of evidence showing that BCL6 plays a vital role in the
development of lymphoma due in part to its constitutive expression observed in ~30-
40% of DLBCL. BCLS6 is not only involved in chromosomal translocations, but is also
over expressed in DLBCL through mutation of a negative regulatory site in the
promoter region, and by failure of mechanisms to degrade the protein i.e. mutations in
acetyl transferases and a deubiquitinase.
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Preventing the interaction between the co-repressors, SMRT and BCoR with the BTB-
POZ domain of BCLS6, has been the main focal point for the design of peptide inhibitors
and small molecules, suggesting that this site may be suitable for drug discovery.
Targeting this site would appear to have some advantages; firstly, T-cell function will
not be affected as it seems that inhibiting the BTB-POZ domain only affects B-cells
(Huang et al. 2013), and secondly, residues lining the lateral groove are unique to BCL6
suggesting the possibility of developing inhibitors that will be relatively specific for
BCL6 whilst sparing other BTB-POZ domain proteins.

1.10 - Aims

The aims of the work carried out in this thesis were to screen compounds for their
potential as BCL6 BTB-POZ domain binders and to observe their effects as possible
inhibitors of the BCL6 BTB-POZ domain biological function. Firstly, in order to
accomplish this, the purification of recombinant BCL6 BTB-POZ domain will be
optimised. NMR spectroscopy will be utilised to screen compounds for their ability to
bind to the BCL6 BTB-POZ domain, and any interactions observed will then be further
explored by X-ray crystallography. Compounds found to interact with the BCL6 BTB-
POZ domain will subsequently be investigated for their potential to exert an effect on

cell viability in BCL6 dependent cell lines.
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Chapter 2 - Materials and Methods

2.1 - Standard chemicals and reagents

Unless otherwise stated all chemicals and reagents were of analytical grade and were

purchased from Sigma-Aldrich or Fisher Scientific.

2.2 - Buffers

2.2.1 - Protein purification

50mM Tris, pH 8.5
300mM NaCl
Lysis Buffer 20mM — Imld?ZOIe
5mM Dithiothreitol (DTT)
0.1% (v/v) Triton X-100
1 Roche complete protease inhibitor/50ml
50mM Tris, pH 8.5
Wash Buffer 300mM NaCl
20mM Imidazole
5mM Dithiothreitol (DTT)
50mM Tris, pH 8.5
300mM NaCl
Elution Buffer 300mM Imidazole
10mM EDTA
5mM Dithiothreitol (DTT)
50mM Sodium phosphate, pH6
NMR Buffer pH6 300mM NaCl
5mM Dithiothreitol (DTT)

Table 2.1: Buffers used for the purification of recombinant protein fused with a

Ni-NTA affinity tag.
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2.2.2 - 2TY Growth media for bacterial cell culture

169 Tryptone
2TY (1L) 10g Yeast extract
5¢ NaCl
159 Agar
2TY agar (1L) 89 NaCl
10g Tryptone
59 Yeast extract

Table 2.2: 2TY culture media and agar plate recipe.
Make each up to 1L with dH,O. Once autoclaved, 2TY agar was allowed to cool prior
to the addition of appropriate antibiotics swirled gently to mix and poured into culture

plates.

2.2.3 - 2M9 Minimal media for use in NMR

Solution A: (1L) Na;HPO, 12.59
(Made up with ddH,0) KH,PO, 759
dH,0 10ml
BME vitamins 10ml
Solution B (for 1L of solution A) Glucose 49
(Made up with ddH,0) M CaCl, 0.1m|
1M MgSO, 2ml
Kanamycin Iml Of 50mg/ml
N NH,CI 1g

Table 2.3: 2M9 Minimal media for *°N-labelled culture growth.
Solution B was prepared in an autoclaved beaker. Glucose was added ‘bit by bit’ to the

water/BME vitamin solution, stirring constantly to prevent the glucose solidifying.
Solution B was then sterilised using a 0.2um filter prior to addition to solution A.
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2.2.4 - Fluorescence polarisation

25ul 1mM peptide
0.625ul 0.05% v/v Triton X-100
Peptide coupling 12.5ul 0.4M Sodium phosphate, pH6
oul 17.78mM Bodipy
0.5ul 0.5M TCEP
205.5ul dH,O
0.01% (v/v) Triton X-100
Reaction Buffer 0.1mg/ml BSA
1x PBS

Table 2.4: Fluorescence polarisation peptide coupling and reaction buffer.

2.2.5 - 2x SDS Sample buffer

20% (v/v) Glycerol
70mM Tris pH 6.8
2x SDS Sample Buffer 0.54mg/ml Bromophenol Blue
2% SDS
200mM DTT

Table 2.5: 2xSDS Sample Buffer.



2.3 - Expression vectors

A Aval(7203)
HindIII (7188) ‘.‘t‘

EeoRI (7169) f1 origin
Hind (7081~ —

SacB Kan

Clal(6441) __ Xmal (1068)
Clal(6108) “Aval (1068)
Neol (5219) ““\\‘Smal(lo?o)
BamHI (5199 | "Clal 25
TEV site\ u‘l‘ PLEICS-071c =———"ApaLI(1828)
S-Tagk 7364 bp
His-Tag\_\_// ~
Lac operatorf " Apall (2328)
Ll promo!er_,-""'
Clal(4968) _
Apall(gaby) / -
lact
B Aval(7281) \
HindIIl (7266) |
EcoRI(7247) \|
Hindlll (7159) \ 1 origin
sacB 8
Clal (6519) _ o Kan
Clal (5182) . _ Xmal (1068)
Neol (5297) h Aval (1068)
BamHI (5269) I‘j\ \Smal (1070)
TEV site | “Clal s
His6 \ pLEICS-46

=T Apall (1828)

7442bp
GB1 Tag

Ndel (075) __ ~.
Lac ope ratorf " Apall (2308)
T7 promoter /

Clal (4968)

Apallig26y)
lac1

Figure 2.1: Vector maps based on the pET 30a+ backbone for bacterial protein
expression provided by PROTEX at the University of Leicester.

pLEICS-7 encodes a cleavable 6xHistidine residue affinity tag followed by a Tobacco
etch virus (TEV) protease cleavage site. pLEICS-46 encodes an immunoglobulin-
binding domain of streptococcal protein G (GB1 solubility tag), followed by
6xHistidine residues, and a TEV cleavage site. Both provide kanamycin resistance.
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2.3.1 - Oligonucleotides

Primers/oligonucleotides were designed using EnzymeX software (Mekentosj) for
mutagenesis and sub-cloning of the BCL6 BTB-POZ domain and peptide aptamers
(Tables 2.6 and 2.7). Oligonucleotides were purchased from Eurofins MWG Operon
with High Purity Salt Free (HPSF) purification and synthesised at the 0.01uM scale.

Oligonucleotides were re-suspended in ddH,0.

2.4 - Molecular Biology

The DNA template of the wild-type human BCL6 BTB-POZ domain (residues 7-128)
and peptide aptamers L2-1 and L12-10 was provided by Dr Simon Wagner and Dr Paul
Ko Ferrigno (Table 2.7). All cloning, including site directed mutagenesis was
performed by the PROTEX (protein expression laboratory) facility at the University of
Leicester. Vectors used within this project were also provided by PROTEX (Figure
2.1).
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Figure 2.2: Site directed mutagenesis

Site directed mutagenesis was performed by PROTEX to introduce surface cysteine
mutations into the BCL6 BTB-POZ domain. Mutagenic primers were designed using to
contain the required mutation. In the case of the BCL6 BTB-POZ domain, a construct
containing C84N already existed. This was used as a template to incorporate both the
C8Q and C67R mutation as shown above. All primers were designed using EnzymeX
software.
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Primer Sequence Function

BCL6 1 GTATTTTCAGGGCGCCAGCTGTATCCAGTTCACCCGC Wild-type N-terminus beginning at residue Ser-7 (S)

Mutant N-terminus beginning at residue Ser-7

BCL6_2 GTATTTTCAGGGCGCCAGCCAGATCCAGTTCACCCGCCATGCC . . .
- incorporating C8Q mutation

BCL6_3 GACGGAGCTCGAATTCTAACTGGCCTTAATAAACTTCCG Wild-type C-terminus ending at residue Ser-128
BCL6 4 TAGCATCTTTACAGACCAGTTGAAACGCAACCTTAGTGTG Produces the C67R substitution
BCL6 4R CACACTAAGGTTGCGTTTCAACTGGTCTGTAAAGATGCTA Produces the C67R substitution
BCL6 5 GATCAACCCTGAGGGATTCAACATCCTCCTGGACTTCATG Produces the C84N substitution
BCL6_5R CATGAAGTCCAGGAGGATGTTGAATCCCTCAGGGTTGATC Produces the C84N substitution

Table 2.6: A list of primers designed to produce various BCL6 BTB-POZ domain constructs including the triple surface cysteine
mutant (C8Q, C67R and C84N).

Aptamer | Template For_vv ng =ty Re\_/erse Primer Sequence Protein Sequence
Primer Sequence Primer
MIPRGLSEAKPATPEIQEIVDKVK
L2-1 ggégg-é;?réi L19- GACGGAGCTCGAAT | PQLEEKTNETYGKLEAVQYKTQV
(1-106 aa) L2-1 L12-3 SE 1 TACCTAGGGG 2 SE 2 TCTAAAAGCCCGTC | LASTNYYIKVRAGDNKYMHLKV
CTTATCT - - AGCTCGTCATC FKSLTWTIVLKTRSHDADRVLT
GYQVDKNKDDELTGF

MIPRGLSEAKPATPEIQEIVDKVK
L12-10 ggéggg;%gi L12- GACGGAGCTCGAAT | POQLEEKTNETYGKLEAVQYKTQV
(1-112 aa) L12-10 L12-3 SE 1 TACCTAGGGG 2 SE 2 TCTAAAAGCCCGTC | LARNSQVLSTNYYIKVRAGDNK
CTTATCT - - AGCTCGTCATC YMHLKVFKSLTRCTLSNPFLLH
ADRVLTGYQVDKNKDDELTGF

Table 2.7: Primers designed to produce peptide aptamers
Sequences in red indicate the peptide sequences inserted into the structural loops of the SQT backbone.
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2.4.1 - Quantification of plasmid DNA

DNA concentration was determined spectrophotometrically using a NanoPhotometer
(IMPLEN) according to manufacturer’s instructions.

2.4.2 - Plasmid DNA sequencing

Plasmid DNA sequencing was performed by the Protein and Nucleic Acid Chemistry
Laboratory (PNACL) at the University of Leicester. Sequencing results were analysed

using MacVector.

2.4.3 - Small scale purification of plasmid DNA

2TY media (10ml) was supplemented with the appropriate antibiotic for the construct of
interest and inoculated with a single colony from a transformation using DH5a. The
bacteria were cultured overnight in a shaking incubator at 37°C and then centrifuged at
3,202 x g for 10 minutes and the supernatant discarded. The cell pellet was either
purified for DNA immediately or stored at -20°C until required. Plasmid DNA was
extracted and purified from the bacterial pellet using a QlAprep spin mini-prep Kit
(Qiagen) according to manufacturer’s instructions. The purified plasmid was stored at -
20°C.

2.4.4 - Ethanol precipitation of DNA

The volume of the DNA sample was measured and 1/10 volume of 5M NaCl was added
and mixed. To the sample, 3 volumes of 100% ethanol was added and mixed well
before placing on ice or in liquid nitrogen for 5-10 minutes. The sample was spun in a
pre-cooled centrifuge at maximum speed (18,407 x g) for 10 minutes. The supernatant
was carefully removed and the pellet was washed with 100ul of 100% ethanol, by
mixing and spinning briefly. The supernatant was again carefully removed and the
pellet air-dried. The pellet was resuspended in the appropriate volume of filter sterilised
TE (10mM Tris pH8, 0.1mM EDTA).
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2.5 - Plasmid constructs

2.5.1 - BCL6 BTB-POZ domain

The BTB-POZ domain of BCL6 (residues 7-128) was cloned into both pLEICS-7 and
PLEICS-46 vectors based on the pET 30a+ backbone (PROTEX, University of
Leicester) (Figure 2.1). Both pLEICS-7 and pLEICS-46 produced a fusion protein
consisting of an N-terminal 6xHistidine tag and a Tobacco etch virus (TEV) protease
cleavage site. pLEICS-46 also produces a fusion protein consisting of an N-terminal
immunoglobulin-binding domain of streptococcal protein G (GB1 domain) solubility
tag.

2.5.2 - Peptide aptamers

Peptide aptamers were cloned into pLEICS-7, a vector based on the pET 30a+ backbone
(Novagen) (PROTEX, University of Leicester) (Figure 2.1). Cloning into pLEICS-7
produced a fusion protein consisting of an N-terminal 6xHistidine affinity tag and a
Tobacco etch virus (TEV) protease cleavage site (Table 2.7).

2.6 - Mammalian cell culture

All mammalian cells were grown in a humidified incubator at 37°C with 5% COa.
Sterile handling of the cells was carried out in a Class Il flow hood. DG75-AB7 cells
were grown in RPMI 1640 (GIBCO, Invitrogen) supplemented with 10% FCS and 1x
penicillin-streptomycin-glutamine.  For tetracycline (tet)-regulated gene expression,
1ug/ml doxycycline (DOX) (Sigma) was added to the culture medium. Cells were
cultured to ~80% confluence. Suspension cells were passaged by directly diluting into
fresh culture media. Frozen cell stocks were made by re-suspending 10 cells in 1ml of
freezing media (FCS containing 10% DMSO), transferred into cryovials, and then
stored at -80°C. After 24 hours, frozen stocks of cells were transferred into liquid
nitrogen. Cells were thawed in a 37°C water bath until a full cell suspension was

achieved, then transferred into culture media pre-incubated at 37°C, collected by
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centrifugation for 5 minutes at 200 x g, re-suspended in fresh culture media and seeded
at a high density to aid recovery.

2.7 - Protein expression and purification of bacterial culture

2.7.1 - Bacterial culture

The two strains of Escherichia coli (E.coli) used within this project were DHS5a
(Invitrogen) and Rosetta BL21 (DE3) (Novagen). To increase the quantity of DNA,
DHS5a were utilised. For protein expression, BL21 (DE3) was utilised due to their
ability to enhance the expression of eukaryotic proteins that contain codons rarely used

in E.coli.

2.7.2 - Bacterial transformation

BL21 (DE3) cells were transformed with the required protein expression vector.
Briefly, 1ul of the expression vector was added to 100ul of BL21 (DE3) and incubated
on ice for 30 minutes. Next, 500ul of 2TY media was added to the competent cells,
mixed gently and incubated for 30 minutes in a shaking incubator at 37°C. The cells
were then briefly pelleted, 500ul supernatant was discarded and the cell pellet was re-
suspended in the remaining 100ul. Cells were then plated out onto 2TY agar containing
the appropriate antibiotic for the vector of choice. Throughout this project 34ug/ml
Chloramphenicol (Applichem) and 50pg/ml Kanamycin (Melford) was used. The
plated cells were then incubated overnight at 37°C. The same procedure applies when
transforming DH5a, with the exception of the absence of chloramphenicol addition to

the 2TY agar (Table 2.2).

2.7.3 - Starter cultures and growth

Starter cultures containing the appropriate antibiotic for plasmid resistance (34pg/ml
Chloramphenicol and 50pg/ml Kanamycin) were inoculated with a single colony from a
transformation and incubated at 37°C in an orbital shaker for 4 hours or until the culture

became cloudy in appearance. Cultures were then transferred aseptically into 750ml of
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2TY containing the appropriate antibiotic (1x10ml starter/750ml flask). Culture flasks
were incubated at 37°C in an orbital shaking incubator at 200rpm until the ODggo had
reached 0.6. Isopropyl-p-D-Thiogalactopyranoside (IPTG) (Melford), (40uM) was
added to the culture for the induction of protein expression and the incubator
temperature reduced to 20°C and the cells incubated for 16 hours. Bacterial cells were
harvested by centrifugation at 4°C for 12 minutes at 3,501 x g (Sorvall SLC-6000).
Cell pellets were either used for protein purification immediately or stored at -20°C.
For the purpose of NMR experiments, the 2TY media was replaced with 2M9 minimal
media, and the 10ml starter culture was added to 500ml (Table 2.3).

2.7.4 - HIS-tagged protein purification

Cell pellets were re-suspended in lysis buffer (Table 2.1), lysed by sonication using a
9.5mm probe (6x 30s ON, 30s OFF, with an amplitude of 10) (MSE, SoniPrep 150) and
the insoluble fraction removed by ultracentrifugation at 4°C for 30 minutes at 128,794 x
g (Beckman 50.1T). Cell lysate was added to Ni-NTA resin (Qiagen) (equilibrated in
wash buffer (Table 2.1) at a ratio of 1ml resin/1L of original cell culture volume and
incubated on a tube roller for 45 minutes at 4°C. The lysate and resin were separated by
centrifugation at 3,202 x g for 10 minutes at 4°C. The subsequent steps of protein
purification were carried out using an econo-column (Bio-Rad). The econo-column was
equilibrated with 1x column volume of wash buffer. Cell lysate was decanted onto the
column and allowed to drip by gravity flow and collected, followed by the addition of
Ni-NTA resin.

The Ni-NTA resin was washed with 3x10ml wash buffer, each time agitating the resin
to ensure sufficient washing before leaving the column by gravity flow and collected.
Protein was eluted from the Ni-NTA resin via the addition of 15ml of elution buffer
(Table 2.1). Ni-NTA resin and elution buffer were incubated together for 15 minutes,
with 2x agitation of the Ni-NTA resin for efficient separation between protein and Ni-
NTA resin. The Ni-NTA resin was allowed to settle before the supernatant containing

the eluted protein left the column by gravity flow and was collected.
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The eluted protein subsequently underwent buffer exchange on a desalting column
(HiTrap 26/10, GE Healthcare) into 50mM sodium phosphate pH6, 300mM NaCl and
5mM DTT. Affinity tags were cleaved by the addition of TEV protease (0.1mg of
TEV/10mg of tagged protein) to the protein solution and incubated overnight at 4°C

2.7.5 - Final stage of purification - separation of protein and affinity

tag by gel filtration

Following TEV cleavage overnight at 4°C, a further purification step was carried out to
separate the affinity tag from the protein. Size exclusion chromatography on a
Superdex S200 (26/60) column (GE Healthcare) was employed. The column was first
equilibrated in the appropriate buffer; in this case NMR buffer (Table 2.1). Protein
samples were filtered using a 0.2uM filter (Acrodisc, Life Sciences) prior to loading
onto the column. Eluted fractions were collected in a volume of 2.5ml. Samples of the
eluted fractions were analysed by SDS-PAGE and those containing only purified
protein were pooled together and stored at 4°C until required. Proteins were
concentrated by centrifugation at 4,000rpm at a temperature of 20°C, using an Amicon
ultra-4 centrifugal unit with the appropriate molecular weight cut off. Protein solution
was re-suspended in the centrifugal unit at 5-minute intervals until the desired

concentration was achieved.

2.7.6 - Analysis of protein purification by SDS-PAGE gel
electrophoresis

The efficiency of the protein purification and TEV cleavage was analysed by SDS-Page
electrophoresis. Protein samples were prepared with 2x SDS sample buffer (Table 2.5)
and heated to 95°C for 5 minutes prior to loading on the gel. Samples were run on a 4-
12% polyacrylamide gel (NuPage® 4-12% Bis-Tris Gel, Invitrogen) using the
manufacturer recommended buffer at 230V for 40 minutes, or until the Bromophenol
blue dye front reached the bottom of the gel. To approximate protein size, a SeeBlue2
protein marker (Invitrogen) was included on the gel. Gels were then stained using

Instant Blue Coomassie stain (Expedeon) for 1 hour before de-staining with water.
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2.7.7 - Protein Quantification

Protein concentration was determined by either the use of a Bio-Rad protein assay,
which measures a shift in absorbance of the Coomassie dye from 465nm to 595nm
when bound to arginine and hydrophobic residues present in protein, or by ultraviolet
absorption, which is dependent on the presence of aromatic residues such as tyrosine
and tryptophan, which absorb at approximately 280nm. The Bio-Rad assay was
performed according to manufacturer’s guidelines. A 1ml solution containing 20% Bio-
Rad reagent diluted in ddH,O water was prepared. 2ul of protein was added, mixed,
and the absorbance measured at 595nm, against a reagent blank. The protein
concentration in mg/ml was then calculated using a factor which had been previously
determined from a BSA standard curve. Protein concentration using absorbance at
280nm was calculated using the Beer-Lambert equation.

2.8 - NMR Spectroscopy

2.8.1 - Sample preparation

Protein samples were prepared in a final volume of 280ul, in 3mm glass tubes (GPE
Scientific Limited). Each sample included 5% v/v D,O. Nuclear magnetic resonance
(NMR) titration experiments were performed on a Bruker AVANCE DRX 600 or
AVANCE AVII 800 spectrometer, both equipped with cryoprobes. Titrations were
carried out in 3mm NMR tubes using 280uM BCL6 BTB-POZ in 50mM sodium
phosphate pH6, 300mM NaCl, 5mM DTT, 5% v/v D,O. Rifabutin, rifamycin SV,
rifapentine, Rifaximin, 3-formyl rifamycin and rifampicin were re-suspended in
deuterated DMSO (DMSO-d6). 2D *H™N heteronuclear single-quantum correlation
(HSQC) spectra were acquired with transverse relaxation optimisation (TROSY)
(Pervushin et al. 1997) using 32 scans and 92 increments. (*H-">N) TROSY spectra
were collected on BCL6 BTB-POZ alone then with increasing amount of compound.
Data were analysed using The Collaborative Computing Project for NMR (CCPN)
Analysis (Vranken et al. 2005).
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2.9 - X-ray crystallography

2.9.1 - Protein and compound preparation

Following size exclusion chromatography, purified BCL6 BTB-POZ domain protein
was concentrated to ~3.8mg/ml. For co-crystallisation trials, BCL6 BTB-POZ protein
was mixed with compound (rifamycin SV or rifabutin) at a molar ratio 1:8 and

maintained at room temperature.

2.9.2 - Non-divalent ion crystallisation plate

Commercially available JCSG+ and PACT crystallisation screens (Molecular
Dimensions) were specifically modified from their original conditions within Professor
John Schwabe’s laboratory to ensure that they were absent of divalent metal ions, such
as calcium and magnesium. The JCSG screen is based on a combination of classic and
modern conditions previously used in successful crystallisation trials, and PACT is a
comprehensive screen containing conditions which can test the effects of pH, anions
and cations using PEG as a precipitant. The modifications of these screens were
important due to the presence of phosphate in the protein buffer as many divalent ions
are particularly insoluble and as a result can lead to the presence of phosphate rather
than protein crystals. The BCL6 BTB-POZ domain protein was concentrated to
~3.8mg/ml, and mixed with rifamycin SV or rifabutin at a molar ratio of 1:8.
Crystallisation experiments were set up by hand into a 96-well plate sitting drop format
(MRC, Molecular Dimensions), using Iul protein complex (BCL6 + rifamycin

SV/rifabutin) plus 1l precipitant at room temperature. Crystals grew within five days.

2.9.3 - Harvesting and cryo-cooling of crystals

For data collection, crystals are harvested and routinely cooled to 100K by immersion
into liquid nitrogen. This requires specifically designed cryo-protectants based upon the
initial buffer condition in which the crystal grew. Preliminary screening of each cryo-
protectant analysed on an ‘in-house’ X-ray set displayed a clear covering around the

crystal, absent of ice formation and ice rings in the diffraction images.
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2.9.4 - Data collection

Crystallographic data were collected at the Diamond Light Source Synchrotron on the
124 microfocus beamline, Didcot, Oxford.

2.10 - Cell Titre Glo assay

On day 0, the tet-inducible cell line, DG75-AB7 was seeded at a density of 1x10°
cells/ml in a 96-well plate, in a final volume of 100ul/well. DG75-AB7 cells were
treated =+ DOX (1pg/ml) for four days, followed by treatment with rifabutin or
rifamycin SV at a range of concentrations (0, 1, 5, 10, 25 and 50uM) for 24 hours. Cell
viability was measured using the Cell Titre-Glo (CTG) (Promega) luminescence assay.
100ul of CTG reagent was added to each well, the plate contents were mixed for 10
minutes at room temperature and the luminescence immediately measured using an X5

plate reader (Perkin Elmer).

2.11 - Fluorescence polarisation

2.11.1 - Peptide synthesis

Peptides within this project for use in fluorescence polarisation (FP) were purchased
from Biomatik at the 95% purity scale or synthesised within the Chemistry department

at the University of Leicester by Dr Andrew Jamieson.

2.11.2 - Peptide coupling

Peptides for use in FP were coupled to BODIPY-TMR Cs-malemide (Invitrogen) via a
cysteine residue fused at the N-terminal of the peptide during synthesis. 25ul of 1mM
peptide was incubated with 6yl BODIPY-TMR at a concentration of 17.78mM in a final
reaction volume of 250ul, with constant stirring for 2 hours in darkness at room

temperature (Table 2.4).
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2.11.3 - BODIPY labelled peptide purification

A PD-10 column (GE Healthcare) was equilibrated with 25ml reaction buffer, and
allowed to drip by gravity flow. Labelled peptide was purified away from free dye and

the eluted fractions containing labelled peptide were collected (Table 2.4).

2.11.4 - Fluorescence polarisation reaction

Fluorescence polarisation assays were performed using a black 96-well plate (Corning)
and a reaction volume of 100ul. The BCL6 BTB-POZ domain protein was serial
diluted across the plate, and BODIPY-labelled peptides were added at a fixed
concentration of 1uM and a binding curve produced. From the binding curve, BCL6
concentration with 50% occupancy was determined. For competition experiments, 1uM
Bodipy labelled peptide and 3uM BCL6 BTB-POZ domain protein were kept constant,
and competing compounds were titrated. Plates were immediately read using an X5
plate reader (Perkin Elmer). All samples were mixed on the in-built shaker before
measurements were taken with excitation wavelength of 531nm and the emission

wavelength of 595nm.
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Chapter 3 - Screening potential small molecule inhibitors of
the BCL6 BTB-POZ domain by NMR

3.1 - Introduction

A peptide aptamer is a protein that has its amino and carboxy-terminus anchored in a
specific conformation, producing a protein scaffold. The advantage of a protein
scaffold is that it can reduce the range of conformations of a particular sequence of
amino acids, therefore increasing the specificity of binding (Chattopadhyay et al. 2006).
Several aptamers were designed within Dr Paul Ko Ferrigno’s group at the University
of Leeds to target the BTB-POZ domain of BCLG6, and from their initial screening, two
were chosen for further investigation by NMR.

Prior to the work described in this chapter, a commercial natural product library
consisting of 480 compounds (TIMTEC) was screened by Dr Paul Ko Ferrigno’s
laboratory for their ability to reduce BCL6 mediated transcriptional repression in DG75,
a BCL6 expressing Burkitt’s lymphoma cell line. Nine compounds were found that
altered transcriptional activity in the initial screen. However, due to the similarities
shared between BCL6 and STAT DNA binding sequences, the results may have been
due to the repression of transcription factors other than BCL6. To elucidate whether it
was indeed BCL6 transcription that was inhibited, HEK293T cells, which do not
express endogenous BCL6, were co-transfected with a luciferase reporter and a BCL6
expression construct. BCL6 was able to successfully repress luciferase expression, and
this was relieved by the addition of rifamycin SV (Robert J. Ford, MSc Thesis 2008).

This chapter describes the steps taken to purify the BCL6 BTB-POZ domain for use in
NMR, and the approaches taken to improve the sample further based upon initial NMR
experiments. Then NMR experiments were used to (1) screen peptide aptamers as
potential binders of the BCL6 BTB-POZ domain, (2) further validate the interaction
observed between BCL6 and rifamycin SV in the luciferase assay, and (3) screen
derivatives of rifamycin SV for binding to the BCL6 BTB-POZ domain.
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3.2 - Results

3.2.1 - Initial purification of the wild-type human BCL6 BTB-POZ

domain.

The wild-type BTB-POZ domain of BCL6 (residues 7-128) was sub-cloned into the
pLEICS-7 vector supplied by PROTEX at the University of Leicester, producing a
fusion protein encoding an N-terminal 6xhistidine affinity tag and a Tobacco Etch Virus
(TEV) protease cleavage site (Figure 2.1A). Preliminary attempts to purify the wild-
type human BCL6 BTB-POZ domain protein were based upon previously published
buffer conditions (20mM TRIS-HCI, 75mM NaCl, 5mM DTT at pH7.5), which were
used for the crystallisation and structure determination of the wild-type BTB-POZ
domain (Stead et al. 2008a). These conditions were then used as a base of manipulation
for the NMR conditions of wild type BCL6 POZ.

Following purification using Ni-NTA, cleavage of the histidine affinity tag by TEV
proteases occurred during buffer exchange by dialysis at 4°C. At this stage, the elution
buffer (50mM Tris-HCL, pH8.5, 300mM NaCl, 300mM imidazole, 5mM DTT and
10mM EDTA) was exchanged for a buffer more suited for NMR experiments (50mM
sodium phosphate, pH6, 300mM NaCl and 5mM DTT) (Kelly et al. 2002). This
method proved unsuccessful as the protein had a tendency to precipitate somewhat
throughout the purification, but at a much greater extent during dialysis/TEV cleavage

stage.

3.2.2 - Investigating the effects of different affinity tags to improve

protein purification.

3.2.2.1 - Non-cleavable HIS tag

In order to elucidate if indeed TEV cleavage of the affinity tag was the cause of protein
precipitation, an N-terminal non-cleavable histidine tag was employed (based on
pLEICS7) (Figure 2.1). This short sequence of 6xHis residues remains fused to the
wild-type BCL6 BTB-POZ domain, eliminating precipitation potentially caused by
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TEV cleavage, and has the added advantage of being small enough to prevent
interference during NMR experiments. However, in spite of this, protein precipitation
still occurred as shown by the lack of protein present in the elution when compared to
the larger sized band representing the BCL6 BTB-POZ domain bound to Ni-NTA resin
(Figure 3.1).

3.2.2.2 - GB1 solubility tag

To improve the solubility of the wild-type BCL6 BTB-POZ domain throughout
purification, residues 7-128 were sub-cloned into the pLEICS-46 vector supplied by
PROTEX at the University of Leicester. The pLEICS-46 vector generates a fusion
protein encoding an N-terminal immunoglobulin-binding domain of streptococcal
protein G (GB1 domain) solubility tag (Gronenborn et al. 1991; Huth et al. 1997),
6xHistidine residues and a TEV protease cleavage site (Figure 2.1B).

The expression of the GB1-BCL6 BTB-POZ domain fusion protein greatly improved
the solubility and stability of the BCL6 BTB-POZ domain throughout purification
(Figure 3.2). In addition, the HSQC spectrum of the GB1 solubility tag has been
previously assigned by NMR (Huth et al. 1997; Sommer et al. 2012), and for these
reasons it seem logical for the GB1 tag to remain fused to the BCL6 BTB-POZ domain
protein in NMR experiments to improve solubility, as these assignments would make it
possible to distinguish the signals produced by both GB1 and the BCL6 BTB-POZ
domain. However, despite GB1 improving protein solubility, it became evident that the
presence of the GB1 tag caused great interference with the HSQC signal of the BCL6
BTB-POZ domain during NMR experiments. A series of intense peaks were observed
in the 2D (*H-"N) heteronuclear single-quantum correlation (HSQC) spectrum of the
GB1-BCL6 fusion protein. A 2D (*H-°N) HSQC of GB1 alone (provided by Ben
Goult) was overlaid with the spectrum of GB1 fused to BCL6. It became clear that the
intense peaks observed were in fact due to GB1 (Figure 3.3A). Due to the interference
caused by the GB1 tag it was necessary to cleave it from the BCL6 BTB-POZ domain.
Once cleaved, a sample containing a mixed population of cleaved BCL6 and the GB1
tag revealed many more peaks within the spectrum, which could clearly be associated to
BCL6 only (Figure 3.3B). However, soon after cleavage, the BCL6 protein began to

precipitate.
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- <—BCL6 + N/C-HIS tag

Figure 3.1: Purification of the wild-type BCL6 BTB-POZ domain expressed with a
non-cleavable 6xHis affinity tag.

Samples were taken at each stage of the purification (2ul of sample and 13ul 2xSDS
sample buffer) and ran on a 4-12% polyacrylamide gel. SeeBlue2 (Life Technologies)
protein marker was loaded for size comparison. Eluted samples were centrifuged prior
to loading for the removal of protein precipitation (Elution 1 and 2).
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Figure 3.2: Purification of the wild-type BCL6 BTB-POZ domain expressed with
the GB1 solubility tag.
Samples were taken at each stage of the purification (2ul of sample and 13ul 2xSDS
sample buffer) and ran on a 4-12% polyacrylamide gel. SeeBlue2 protein marker was
loaded for size comparison. BCL6-GBL1 protein was purified using Ni-NTA resin and
eluted (Elution 1 and 2).
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Figure 3.3: 2D (*H-"*N) HSQC of the BCL6 BTB-POZ domain plus GB1.

(A) 2D (*H-">N) HSQC of the GB1 solubility tag fused to the N-terminus of the BCL6
BTB-POZ domain (green), overlaid with a 2D (*H-""N) HSQC of GB1 only (blue)
(provided by Ben Goult). (B) The GBL1 tag has been cleaved from the BTB-POZ
domain. The NMR sample contains a mixed population of cleaved BCL6 and GB1
(green). A 2D (*H-""N) HSQC of GB1 only is overlaid (blue).
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The original idea was to work with the wild-type BCL6 BTB-POZ domain protein,
however other groups found it necessary to mutate three non-conserved surface
cysteines (C8Q, C67R and C84N) to prevent protein aggregation and obtain soluble
protein (Ahmad et al. 2003). These mutations did not affect the function of the BCL6
BTB-POZ domain when compared to wild-type (Ahmad et al. 2003). Another group,
also mutated the same non-conserved surface cysteines for structural studies (Cerchietti
et al. 2010a), two years after the wild-type crystal structure had been determined (Stead
et al. 2008b), suggesting that the 3xCys mutant provides more stability for biochemical
studies than the wild-type. Based on this information, a triple mutant construct was
designed comprising the C8Q, C67R and C84N mutations with the addition of the N-
terminal GB1 solubility tag. The construct was produced by site-directed mutagenesis
within the PROTEX facility at the University of Leicester. From this point the 3xCys
mutant construct will be used throughout this work, and is termed the BCL6 BTB-POZ

domain.

Together with the surface cysteine mutations, further modifications to the purification
protocol were made. It was suggested that the presence of imidazole in a protein
sample could encourage protein precipitation. Imidazole is present in the elution buffer
and acts by competing with the tagged protein for binding to the Ni-NTA resin, leading
to displacement of protein from the resin. It was also noted that irrespective of TEV
cleavage, precipitation still occurred during dialysis. It was speculated that the slow
rates of (1) buffer exchange during dialysis, (2) pH change (from pH8.5 to pH6), (3)
imidazole removal and (4) constant agitation of the protein solution during dialysis, all

contributed to protein precipitation.

To address all potential contributing factors, the purification protocol was modified.
This included the immediate removal of imidazole post-elution with the use of a de-
salting column (Sephadex G-25 Fine). This technique enables the rapid removal of
imidazole from the eluted protein, whilst simultaneously carrying out buffer exchange,
placing the BCL6 BTB-POZ protein in a buffer suitable for use in the NMR
experiments (50mM sodium phosphate, pH6, 300mM NaCl and 5mM DTT) (Figure
3.4).
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Figure 3.4: A chromatogram showing the A280nm protein trace of the BCL6 BTB-
POZ domain produced by the de-salting column (Sephadex G-25 Fine).

Eluted BCL6 BTB-POZ domain protein was loaded onto a desalting column.
Collection of the protein sample begins once protein absorbance at A280nm is detected
(X2). Collection ends when the absorbance value (mAU) returns to just above zero
(X3).

Cleavage of the GB1 solubility tag was carried out immediately following the desalting
column. Protein concentration was estimated using the Bio-Rad assay at A595nm and
by the absorbance at A280nm. Concentration of BCL6-GB1 protein was needed in
order to calculate the amount of TEV protease required for cleavage of the GB1
solubility tag. Post-desalting, a yield of 15mg/ml in a volume of 15ml, was routinely
achieved from 3L of cell culture. TEV protease was added to the sample and incubated
overnight at 4°C. Desalting, followed by TEV cleavage resulted in an absence of
visible protein precipitation using this method. The final step of protein purification
involved separation of the GB1 solubility tag and BCL6 by gel filtration. The eluted
protein sample containing a mixed population of cleaved BCL6 and GB1 was separated
on an S200 gel filtration column, producing two distinct peaks. BCL6 forms a dimer in
solution with a total molecular weight of ~ 26kDa. The GBL1 solubility tag has a
molecular weight of ~ 8kDa. The S200 separates by size, with the largest products
eluting first. Therefore the BCL6 BTB-POZ domain eluted first, followed by the GB1
solubility tag. Finally, the purity of the protein sample was analysed by SDS PAGE gel
electrophoresis (Figure 3.5).
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Figure 3.5: Protein purification and gel filtration of the BCL6 BTB-POZ domain.
Samples of the purification and gel filtration were analysed by SDS PAGE gel
electrophoresis. (A) Coomassie stained SDS PAGE gel showing the progress of the
purification at each stage. (B) A chromatogram was obtained based on the absorbance
of protein at A280nm. The fractions were analysed by SDS PAGE electrophoresis.
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3.2.3 - 2D (*H-"N) TROSY of the BCL6 BTB-POZ domain.

The BCL6 BTB-POZ domain (residues 7-128) was expressed and purified as described
in detail in materials and methods. NMR titrations were carried out using 280uM BCL6
BTB-POZ protein in 50mM sodium phosphate pH6, 300mM NaCl, 5mM DTT and 5%
v/v D,0.

BCL6 forms a dimer at the BTB-POZ domain resulting in a total molecular mass of
~26kDa. Initial 2D (*H->N) HSQC experiments of the BCL6 BTB-POZ domain
produced broad peaks and poor signal. Proteins and protein complexes with a
molecular mass above 25kDa generally produce poor quality spectra due to a high
transverse relaxation rate of the NMR signal, known as T, (Wider 2005). The width of
resonance lines in the spectrum is inversely proportional to T, which is dependent on
the size of the molecule. The NMR signal for small molecules in solution relaxes
slowly and therefore has a long (T2), producing narrow line widths. In contrast, NMR
signals for large molecules relax faster, (T, is smaller), resulting in a weak signal due to
line broadening (Pervushin et al. 1997; Wider 2005). Employing the transverse
relaxation-optimised spectroscopy (TROSY) experimental technique can reduce the
transverse relaxation rate, T, resulting in increased spectral resolution and sensitivity
for large molecules with molecular weights up to 1000kDa (Pervushin et al. 1997;
Fernandez & Wider 2003).

The 2D (*H-""N) TROSY NMR spectrum of the BCL6 BTB-POZ homodimer showed
good dispersion and uniform line widths indicative of a stable well-folded protein
(Figure 3.6). It was clear that optimisation of the BCL6 BTB-POZ domain protein
purification had been successful in yielding a sample of sufficient concentration, for use

in NMR studies to explore potential binding partners to the BTB-POZ domain.
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Figure 3.6: 2D (*H-"N) TROSY of the BCL6 BTB-POZ domain (residues 7-128).

NMR experiments were carried out using 280uM BCL6 BTB-POZ protein in 50mM
sodium phosphate pH6, 300mM NaCl, 5mM DTT and 5% v/v D,O. Spectrum was

acquired using Bruker AVANCE DRX 800 spectrometer equipped with a CryoProbe.

48



3.3-NMR studies of the interaction between BCL6 and peptide

aptamers.

NMR spectroscopy is a valuable tool for screening protein-protein and protein-ligand
interactions, especially weak affinity interactions. A shift in peak position within the
2D (*H-N) TROSY of protein alone compared to protein in the presence of ligand, is
an indication of binding, as the position is dependent on the chemical environment of
the atom, which will undergo change in the presence of a ligand, this is known as a

chemical shift perturbation.

Peptide aptamers, L2-1 and L12-10, are based on the Stefin-A Quadruple Mutant-
Tracey (SQT) backbone. The Stefin-A scaffold can interact with its target using three
distinct features; the amino terminus and two loop structures termed loop 1 and loop 2.
The SQT is able to tolerate insertions of peptide sequences within these loops to
increase specificity and stability of binding to its target (Stadler et al. 2011; Stadler et
al. 2014). L2-1 and L12-10 were expressed and purified by the same method used for
the BCL6-GBL1 fusion protein. The BCL6 BTB-POZ domain was used throughout
NMR titration experiments at a concentration of 280uM, in the presence of L2-1 or
L12-10 at a molar ratio of 1:2.

Despite the validation of binding observed between the peptide aptamers and the BTB-
POZ domain of BCL6 by various assays such as Yeast Two-Hybrid carried out within
Dr Paul Ko Ferrigno’s laboratory, no changes were observed in the 2D (1H-15N)
TROSY spectra of BCL6 BTB-POZ domain upon the addition of either aptamer, L2-1
or L12-10 (Figure 3.7). This observation suggests that these aptamers do not interact
with the BTB-POZ domain of BCL6. The peptide aptamers were not investigated
further.
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Figure 3.7: 2D (*H-N) TROSY spectra of BCL6 in the presence of peptide
aptamers L2-1 and L12-10.

BCL6 BTB-POZ domain protein alone at a concentration of 280uM (black) overlaid
with the addition of peptide aptamers (A) L2-1 (red) and (B) L12-10 (green) at a final
concentration of 560uM.
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3.4 - Rifamycin SV interacts with the BCL6 BTB-POZ domain.

The ansamycin antibiotic rifamycin SV, previously shown to relieve BCL6 mediated
transcriptional repression, was investigated by NMR spectroscopy. Rifamycin B, the
natural fermentation product of Streptomyces mediterranei was the first member of the
rifamycin family identified in 1957. Although rifamycin B lacks intrinsic antibacterial
properties, when degraded, it produces highly active derivatives, such as rifamycin S.
Low concentrations of the derivative rifamycin S have been shown to inhibit growth of
gram-positive bacteria. The rifamycin family of antibiotics have demonstrated clinical
relevance especially in the treatment of tuberculosis. The major disadvantage of this
agent is its lack of oral bioavailability/activity. Determination of the chemical structure
in the early 60’s, enabled the synthesis of both orally active and semi-synthetic
derivatives of this family, such as rifampin and rifabutin (Wehrli et al. 1971;

Spanogiannopoulos et al. 2014).

2D (*H-"N) TROSY NMR titration experiments were carried out using the BCL6 BTB-
POZ domain protein in the presence of increasing concentrations of rifamycin SV at
molar ratios of 1:0, 1:4, 1:8 and 1:16. Rifamycin SV was dissolved in DMSO, a solvent
known to cause chemical shift perturbations of spectral peaks (Jones et al. 2005). To
ensure that any effects observed were due to an interaction with BCL6 only, the same
amount of DMSO was included in each sample. Small shifts were observed upon the
addition of rifamycin SV, with a subset of peaks shifting in a concentration dependent
manner. This data supports the results generated from the initial luciferase assay, that

rifamycin SV does indeed interact directly with BCL6 (Figure 3.8).
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Figure 3.8: Rifamycin SV binds to the BCL6 BTB-POZ domain.

A 2D (*H-N) TROSY spectrum of the BCL6 BTB-POZ domain in complex with
rifamycin SV. The BTB-POZ domain at a concentration of 280uM is shown in the
absence (green) and presence (purple) of rifamycin SV at a molar ratio of 1:16. Small
shifts are observed across the spectrum, with a subset shifted in a concentration
dependent manner with molar ratios of 1:4 (blue), 1:8 (orange) and 1:16 (purple) (inset
image). A schematic showing the chemical structure of rifamycin SV is shown (top
left).
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3.5 - Screening of rifamycin SV derivatives by NMR

Rifamycin SV belongs to a family of ansamycin antibiotics, comprising of a
chromophoric napthoquinone ring bridged by a long aliphatic chain (Figure 3.8 inset)
(Wehrli & Staehelin 1971). The observation of rifamycin SV binding to the BCL6
BTB-POZ domain by NMR, led to speculation over whether other members of the
rifamycin SV family could also bind to the BTB-POZ domain, due to the structural
similarity conserved throughout the derivatives.

The commercially available derivatives, 3-formyl rifamycin, rifampicin, rifapentine,
rifaximin and rifabutin were analysed by 2D (*H->N) TROSY NMR titration
experiments. Each derivative caused spectral changes of varying magnitudes (Figures
3.9 and 3.10), with the greatest chemical shift perturbations caused by rifabutin (Figure
3.11).

The estimated order of binding from weakest to strongest based on the subset of peaks

which had shifted in the presence of rifamycin SV, were rifaximin, rifapentine, 3-formyl

rifamycin, rifampicin, rifamycin VS and rifabutin.
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Figure 3.9: 2D (*H-"N) TROSY spectra for rifamycin SV derivatives (1).
2D TROSY spectra of the BCL6 BTB-POZ domain at a concentration of 280uM is
shown in the absence (blue) and presence of (A) 3-formyl rifamycin or (B) rifampicin
(red) at a molar ratio of 1:16. The family of rifamycins differ primarily in their tails,
found at position C-3 and C-4. A schematic of each tail corresponding to the derivative

is also shown.
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Figure 3.10: 2D (*H-">N) TROSY-HSQC spectra for rifamycin SV derivatives (2).

2D TROSY spectra of the BCL6 BTB-POZ domain at a concentration of 280uM is
shown in the absence (blue) and presence of (C) rifapentine or (D) rifaximin (red) at a
molar ratio of 1:16. The family of rifamycins differ primarily in their tails, found at
position C-3 and C-4. A schematic of each tail corresponding to the derivative is also
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Figure 3.11: Rifabutin binds directly to the BCL6 BTB-POZ domain.

A 2D (*H-N) TROSY spectrum of rifabutin in complex with the BCL6 BTB-POZ
domain. The BTB-POZ domain at a concentration of 280uM is shown in the absence
(green) and presence (purple) of rifabutin at a molar ratio of 1:16. As seen with
rifamycin SV, small shifts are also observed across the spectrum, but with a subset of
peaks shifting a slightly greater distance and in a concentration dependent manner with
molar ratios of 1:4 (blue), 1:8 (pink) and 1:16 (purple) (inset image). A schematic
showing the chemical structure of rifabutin is shown (top left).
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3.6 - Investigating which residues of the BCL6 BTB-POZ domain are

involved with rifamycin and rifabutin binding.

To elucidate the residues involved in the interaction between rifamycin SV or rifabutin
and the BCL6 BTB-POZ domain by NMR, backbone assignments of the protein needed
to be determined. Within the 2D (*H-°N) TROSY spectrum, each peak represents an
amide proton bound to a nitrogen atom (NH), and a signal is then observed for each
residue within the protein, with the exception of proline and the N-terminal amino acid.
In order to assign a spectral peak to a residue in the protein sequence, triple resonance

experiments are required.

Partial NMR assignment of the BTB-POZ domain has previously been published.
Cerchietti et al, 2010a were able to assign 82 out of 121 observed peaks. These
assignments were supplied by Cerchietti et al, and immediately overlaid with the
TROSY spectrum of the BCL6 BTB-POZ domain, to identify which amino acids were
affected by the presence of rifamycin SV or rifabutin. However, the assignments did
not directly overlap with our spectrum, therefore it was not possible to definitively

determine the residues involved in the interaction by this method (Figure 3.12A).

It was however, possible to estimate a binding affinity for rifabutin. By plotting the
chemical shift change (8A) of the most shifted peak, as a function of rifabutin
concentration, it was possible to estimate the Kd of the interaction as being in the order
of ~ImM (Figure 3.12B). In order to acquire a very rough estimation of which peaks
shifted in the presence of rifabutin or rifamycin SV, chemical shift perturbations that
were in close proximity to an assignment were tentatively mapped onto the surface of
the BCL6 BTB-POZ domain structure in complex with SMRT. It appeared that the
potential binding site of rifabutin or rifamycin SV could overlay with the binding site of
SMRT (Figure 3.12C).
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Figure 3.12: Analysing the interaction between rifabutin and the BCL6 BTB-POZ
domain

Partial NMR assignments of the BTB-POZ domain are overlaid with the 2D (*H-°N)
TROSY spectrum of the BTB-POZ domain of BCL6. An estimation of binding affinity
of rifabutin for BCL6, and the potential residues involved in the interaction are shown.
(A) BTB-POZ domain in the absence (green) and presence (purple) of rifabutin at a
ratio of 1:16. Numbers represent amino acid residue within the BTB-POZ domain
protein sequence. The peak with the greatest chemical shift perturbed in a
concentration dependent manner (molar ratios of 1:4 (blue), 1:8 (pink) and 1:16
(purple)) is shown inset. (B) Chemical shift changes are plotted against rifabutin
concentration for both residues residing at the position of the shifted peak. (C) Chemical
shift perturbations that are in close proximity to an assignment (magenta) are tentatively
mapped onto the surface of the co-crystal structure of BCL6 BTB-POZ in complex with
SMRT (shown is green, in stick representation) to estimate the binding region.
Residues highlighted in cyan also represent a peak shift, with slightly less confidence in
which assignment it correlates to. (PDB ID 1R2B) (Ahmad et al. 2003).
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3.7 - Discussion

This chapter describes the steps taken to optimise the purification of the BCL6 BTB-
POZ domain protein for use in NMR studies. NMR spectroscopy was employed as a
tool to explore potential BCL6 binding partners in the form of peptide aptamers, and to
further investigate the interaction observed from the natural compound screen between
rifamycin SV and BCLS.

In order to produce a stable, soluble protein it was necessary to mutate three non-
conserved surface cysteines, C8Q, C67R and C84N to prevent aggregation of the
recombinant protein (Ahmad et al. 2003). The addition of the GB1 tag greatly
enhanced solubility throughout purification (Figure 3.2), however it became evident that
the presence of GB1 would cause interference of the BCL6 signal during NMR
experiments. As mentioned previously, BCL6 forms a dimer at the BTB-POZ domain,
and therefore, each dimer will possess 2x GB1 solubility tags, one fused to each
monomer at the amino terminus. Furthermore, there is a long linker region between the
BCL6 BTB-POZ domain and the GBL1 tag. This allows free rotation of GB1 resulting
in greater movement and the production of a much stronger signal within NMR
experiments than BCL6. Therefore, the signals arising from GB1 masked the spectral
peaks of BCL6. However, once GB1 was cleaved, many more peaks were observed
which could be identified as BCL6 (Figure 3.3). Together, the surface cysteine
mutations, GB1 and the optimisation of the purification, led to the production of a

stable, soluble protein suitable for NMR studies.

Peptide aptamers were designed within Dr Paul Ko Ferrigno’s laboratory and screened
by yeast two-hybrid for potential binding ability to the BCL6 BTB-POZ domain.
Within their laboratory, each aptamer was validated as a potential BCL6 binding
partner, and from those, two were chosen for further investigation by NMR
spectroscopy. No chemical shift perturbations were observed in the TROSY spectrum
upon addition of the aptamer, suggesting that L2-1 and L12-10 do not bind to the BTB-
POZ domain. However, L2-1 and L12-10 were titrated at a maximum concentration of
~560uM, whereas, rifamycin SV and rifabutin were titrated at 1.12 (1:4), 2.24 (1:8) and
4.48mM (1:16). The concentrations of both BCL6 and aptamers were the limiting
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factors during these titration experiments. Both rifamycin SV and rifabutin were
prepared at a stock concentration of 100mM, therefore, only a very small volume of
compound was needed to titrate with BCL6 to achieve the concentration required, in
addition to minimally affecting the concentration of BCL6 at 280uM. In contrast, the
aptamers were at a much lower stock concentration, therefore requiring a much larger
volume for the same concentrations achieved for rifamycin SV and rifabutin.
Increasing the volume of aptamers to BCL6 would lead to the dilution of BCL6 and

poor quality spectrum.

Rifamycin SV has been shown to relieve transcriptional repression induced by BCLS6,
and as a result has been further investigated by NMR. Rifamycin SV belongs to a
family of ansamycin antibiotics (Latin ansa = handle) (Floss & Yu 2005), so called
because of their basket like structure, consisting of chromophoric napthoquinone rings
bridged by a long aliphatic chain. Structural similarity is demonstrated throughout the
derivatives, with the main differences observed in the side chain tails at position C-3
and C-4 (Sensi et al. 1974). The difference in binding affinity observed between
rifamycin SV, rifabutin, rifaximin, rifapentine, rifampicin and 3-formyl rifamycin,
might be due in part to this structural difference.

In the NMR titration, rifabutin induced the largest chemical shift perturbation, and
interestingly, perturbed the same peaks as rifamycin SV. In order to determine the
residues involved in the interactions between rifamycin SV/rifabutin and BCLS6, partial
NMR assignments of the BCL6 BTB-POZ domain, supplied by Cerchietti et al, were
overlaid with our 2D (*H-"N) TROSY spectrum. The assignments did not directly
overlay, but nevertheless, it was still possible to tentatively estimate the residues
involved in the interaction. Chemical shift perturbations that were in close proximity to
an assignment were tentatively mapped onto the surface of the BCL6 BTB-POZ domain
structure in complex with SMRT (PDB ID 1R2B) (Ahmad et al. 2003)(Figure 3.12C).

Interestingly, it seemed that the residues of BCL6 involved in the interaction were
located within the lateral groove of the BTB-POZ domain. The lateral groove is an
important feature of the BCL6 BTB-POZ domain, due to the binding of co-repressors
SMRT, NCoR and BCoR to this region, enabling BCL6 to induce transcriptional
repression of its target genes (Ahmad et al. 2003; Huynh et al. 2000; Ghetu et al. 2008).
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The chemical shift perturbations observed, in addition to mapping of potential residues
involved in the interaction onto the crystal structure of the BTB-POZ domain, has
supported the initial observation from the natural compound screen that the ansamycin
antibiotic, rifamycin SV, and its derivative, rifabutin do indeed bind to the BTB-POZ
domain of BCL6. Co-crystallisation experiments for BCL6 in the presence of rifamycin
SV or rifabutin were carried out simultaneously to NMR titrations. Small crystals were
obtained for both compounds. To precisely determine which residues of the BTB-POZ
domain are involved in the interaction with both rifamycin SV and rifabutin, X-ray

crystallography was employed, therefore further NMR experiments were not pursued.
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Chapter 4 - Structure of BCL6 BTB-POZ domain in complex

with rifabutin.
4.1 - Introduction

As described in Chapter 3, the BCL6 BTB-POZ domain construct (residues 7-128)
bearing an N-terminal GB1 solubility tag and three non-conserved surface cysteine
(C8Q, C67R and C84N) mutations yielded a stable protein sample suitable for structural
studies. NMR experiments showed that both rifamycin SV and rifabutin bind to the N-
terminal BTB-POZ domain of BCL6. However, due to the incomplete assignment of
the BTB-POZ domain spectra, it was not possible to determine the residues involved
with ligand binding. Since the BCL6 BTB-POZ domain protein was stable throughout
the NMR experiments, it seemed likely that it would also be suitable for crystallisation
trials. This chapter describes the use of X-ray crystallography to determine the binding
location of rifamycin SV and rifabutin on the BCL6 BTB-POZ domain.

4.2 - Results

4.2.1 - Initial crystallisation experiments

The buffer conditions of the initial crystallisation experiments carried out to investigate
the binding location of rifamycin SV and rifabutin on the BCL6 BTB-POZ domain,
were based upon the buffer conditions previously published that yielded the crystal
structure of the wild-type BCL6 BTB-POZ domain. To replicate these conditions, it
was necessary to carry out a buffer exchange of the BCL6 BTB-POZ domain after the
final stage of protein purification using a disposable PD-10 desalting column to
exchange the purification buffer: 50mM sodium phosphate pH 6, 300mM NaCl, 5mM
DTT (buffer A), for the buffer conditions that were used to crystallise the structure of
the wild-type BCL6 BTB-POZ domain: 20mM Tris-HCI, 250mM NaCl, 5mM DTT,
5% glycerol pH 8.5 (buffer B) (Stead et al. 2008b).

However, when concentrating the BCL6 BTB-POZ domain protein using these

conditions it became evident that the protein had a tendency to precipitate when
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concentrated beyond 1mg/ml using ‘buffer B’, and as a result, crystallisation

experiments failed to yield any crystals.

Nevertheless, since the BCL6 BTB-POZ domain protein was stable in a buffer
consisting of 50mM sodium phosphate pH6, 300mM NaCl and 5mM DTT as
demonstrated throughout the NMR experiments in Chapter 3, it seemed logical to revert
back to the phosphate buffer. This required tailoring the crystallisation screens to
accommodate the presence of phosphate. Most commercially available screens contain
divalent ions, many of which are salts such as calcium, magnesium and zinc and are all
particularly insoluble, it is therefore, a common occurrence to find salt crystals during
crystallisation trials when using screens containing divalent ions in combination with
phosphate buffers (Raghunathan et al. 2010)

4.2.2 - Optimisation of crystallisation experiments

Crystallisation screens were derived from the commercially available JCSG+ and PACT
(Molecular Dimensions) screens by Jacquie Greenwood in Professor John Schwabe’s
group. These screens did not contain divalent ions in order to accommodate the

presence of phosphate within the protein buffer.

The BCL6 BTB-POZ domain protein was concentrated to 3.8mg/ml. Rifamycin SV
and rifabutin were added to the BCL6 BTB-POZ domain protein at a molar ratio of 1:8.
Crystallisation experiments were set up by hand into a 96-well sitting drop
crystallisation plate (MRC, Molecular Dimensions), using 1pl protein complex + 1ul

precipitant at room temperature. Crystals grew within five days.

Examples of crystal forms for both rifamycin SV and rifabutin are shown (Figure 4.1).
Due to the colour of each compound, crystals exhibited a yellow colour and a slight
purple colour (for rifamycin SV and rifabutin respectively). More conditions yielded
crystals of rifamycin SV in complex with the BCL6 BTB-POZ domain than crystals of
rifabutin in complex with the BCL6 BTB-POZ domain. A list of crystallisation

conditions yielding crystal formation can be found (Table 4.1).
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200 ym

Figure 4.1: Examples of crystal forms for the BCL6 BTB-POZ domain grown in
the presence of (A) rifabutin and (B) rifamycin SV.
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. Buffer Crystal
(100mM) Salt (200mM)
Compound | Well | Precipitant 100mM pH | Salt (200mM form
20% PEG CHES/
A5 8000 NaOH 9.5 - Sheets
20% PEG Ammonium
Ab 3350 i i Formate Sheets
2M Di- .
F6 | ammonium B'S(_'TCRIIS' 5.5 - Needles
Rifamycin sulphate
SV 25% PEG Bis/TRIS- )
F9 3350 HCl 55 Sheets
G12 20% PEG MES/ 6.5 Sodium Swords/
2000 MME NaOH ' Chloride Plates
s | 10%PEG i?t‘:;tjer;‘ . Sodium Swords/
4000 - ) ' Acetate Plates
Citric acid
20% PEG Sodium
Al2 3350 i " | Isothiocyanate Sheets
Rifabutin 209 pEG | Sodium Needles/
B6 citrate/ 5 -
6000 - ) 3D rods
Citric acid

Table 4.1: Crystallisation hit conditions.

Crystallisation hits from the screens based upon JCSG+ for the BCL6 BTB-POZ
domain in complex with rifamycin SV and rifabutin.
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4.3 - Structure determination

4.3.1 - Harvesting crystals

To shield the crystals from radiation damage received from the X-ray beam during data
collection, crystals were routinely cooled to 100K. This requires specifically designed
cryo-protectants (based upon the initial hit condition in which each crystal grew) to be
prepared. Preliminary screening of each cryo-protectant analysed on an ‘in house” X-
ray set displayed a clear ‘glass appearance’ covering around the crystal, absent of visual
ice formation and ice rings in the diffraction images. In all cases, the inclusion of 20%
2-Methyl-2, 4-pentanediol (MPD) was found to be a sufficient addition to the
precipitant in order to cryo-protect the crystal. Crystals were then harvested using
appropriately sized cryo loops in the appropriate cryo-protectant and immediately

cooled to 100K by immersion into liquid nitrogen (Figures 4.2A and 4.3A).

4.3.2 - Data collection

Crystallographic data was collected at the Diamond Synchrotron 124 microfocus
beamline, Didcot, Oxford. Crystals containing rifamycin SV in complex with the BCL6
BTB-POZ domain produced a 1.5A diffraction data set in the space group C 1 2 1
(Figure 4.2B). A single crystal was sufficient to produce a complete data set. Crystals
containing rifabutin in complex with the BCL6 BTB-POZ domain produced a 2.3A
diffraction data set in the space group P1 21 1 (Figure 4.3B). Data from three crystals
were merged into one file to produce a complete data set. Crystallographic statistics are
described in Table 4.2 and Table 4.3 for the rifamycin SV and rifabutin crystals

respectively.
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Figure 4.2: Image of a BCL6 BTB-POZ domain crystal grown in the presence of
rifamycin SV and the diffraction pattern produced.

(A) An image of the BCL6 BTB-POZ domain crystal mounted in a loop at the Diamond
Synchrotron, beamline 124. (Red box represents 25.9 * 25.9 um). (B) Diffraction image
of the crystal diffracting to a resolution of 1.5A as indicated a by the outer blue line.
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Figure 4.3: Image of a BCL6 BTB-POZ domain crystal grown in the presence of
rifabutin and the diffraction pattern produced.

(A) An image of the BCL6 BTB-POZ domain crystal mounted in a loop at the Diamond
Synchrotron, beamline 124. (Red box represents 25.9 * 25.9 um). (B) Diffraction image
of the crystal diffracting to a resolution of 2.3A as indicated a by the outer blue line.
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4.3.3 - Data processing

The diffraction data were indexed, integrated and scaled using XDS (X-ray Detector
Software) automatically at the Synchrotron. The data were also processed in house
using iMosflm, Pointless and Aimless (Leslie 2006; Evans et al. 2013). Pointless and
Aimless are part of the CCP4 (Collaborative Computational Project, Number 4 1994)
Software Suite. The CCP4 Software Suite is comprised of numerous crystallographic
software programs which can be used to determine macromolecular structures by X-ray

crystallography.

Data processing can essentially be divided into distinct stages known as indexing,
integration and data reduction. Both the indexing and integration steps were performed
using iMosflm.  Indexing is primarily based upon spot (reflection)
positioning. Initially, two diffraction images are chosen, this is generally the first
image, with the second image rotated away from the first image by approximately
90°. A spot search is then carried out on both images. The spots found are highlighted
based on their intensity when compared to the default intensity setting within iMosflm,
which is usually 20, but this can be reduced for weak images (using iMosflm: red
indicates the intensity is above the threshold and yellow indicates an intensity below the
threshold).

Spots found above the minimum threshold are then used for indexing. Indexing
provides an approximation of unit cell dimensions (which gives an indication to the
likely Laue group of the crystal), the orientation of the crystal within the x-ray beam (in
addition to parameters such as the wavelength of radiation and the distance between the
crystal and the detector), and an initial estimate of the Bravais lattice. These
components enable the prediction of the position of each spot on the image. Based on
this information, a list of solutions is made, arranged in order of increasing penalty
score. The preferred solution is generally the one with the highest symmetry and the
lowest penalty score. Following indexing, cell parameters are further refined before

integration using the method known as post-refinement.

Following post-refinement, the next stage of data processing is known as
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integration. Integration involves determining the intensity of each reflection (I) and
their uncertainties (ol), as well as deducting background noise. This step is extremely
important because any background noise integrated at this stage can negatively affect
the data. Other corrections are also applied at this stage. At the end of integration, an

MTZ file is generated, which contains the information produced from the steps above.

Following the integration of the observed diffraction spots (reflections), the process of
data reduction initially aims to determine the true Laue symmetry and to determine the
likely space group. The space group provides information about the symmetry of a
crystal and the complete group of crystal symmetry operations that generate the three-

dimensional lattice and defines its symmetry. This step is performed by Pointless.

The data is then scaled using the program Aimless. During scaling, the average
intensity for equivalent reflections in addition to merging partially recorded reflections
across a number of adjacent images is determined. This places all reflections and
allows estimates of the structure amplitudes to be derived from the intensities on a
common scale, this produces a data set that is internally consistent (Evans 2006; Evans
et al. 2013). This produces statistics that provide the first important measures of data

quality.

4.3.4 - Model building and refinement

In order to determine a structure from the diffraction data, both the amplitudes and the
phases of the reflections are required. However, only the intensity of the waves can be
detected during data collection. A method used to overcome this problem is Molecular
Replacement (MR). Molecular Replacement is a computational technique used to
calculate the phases of an unknown structure based on the phases calculated from a
homologous molecule (which should possess >30% sequence identity to the target
protein). By combining these calculated phases with the amplitudes experimentally
determined an electron density map is created into which a model can be built. The
process involves computationally rotating on translating the model structure and

comparing the calculated amplitudes and with those observed. .
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Crystal structures of the BCL6 BTB-POZ domain in complex with co-repressors, small
molecules and in its apo form have previously been solved (PDB ID 1R2B (Ahmad et
al. 2003), PDB ID 3BIM (Ghetu et al. 2008), PDB ID 3LBZ (Cerchietti, Ghetu, et al.
2010a), PDB ID 3E4U (Stead et al. 2008b)). This enabled the structures of rifamycin
SV and rifabutin in complex with the BCL6 BTB-POZ domain to be solved by
Molecular Replacement. Molecular Replacement was carried out using Phaser (McCoy
et al. 2007) and the BCL6 BTB-POZ domain in complex with SMRT (1R2B). A clear

electron density map was produced for each complex.

Model building into the electron density map and structural refinement performed using
the programs Coot (Emsley et al. 2010) and Refmac5 (Murshudov et al. 2011)
respectively. Rifabutin was built into the extra density observed after the initial round of
refinement. Iterative rounds of model building and refinement followed, and with each
round the map improved. Water molecules were added at the later stages. There was

no extra density visible for rifamycin SV within its complex.

Statistics of the refinement for rifamycin SV and rifabutin in complex with the BCL6
BTB-POZ domain are shown in tables 4.2 and 4.3 respectively.

4.4 - Structure of rifamycin SV in complex with the BCL6 BTB-POZ

domain

Analysis of the diffraction data for rifamycin SV co-crystallised with the BCL6 BTB-
POZ domain produced a clear electron density map at a resolution of 1.5A (Data
statistics in Table 4.2). However, there did not appear to be any density within the 2Fo-
Fc map readily identifiable for rifamycin SV (Figure 4.4). The absence of rifamycin SV
in the complex seems to be due to crystal packing. The location on the BTB-POZ
domain where rifamycin SV would be expected to bind, due to the data observed for
rifabutin, suggests the binding region is in close proximity to Tyr-58. However, this

pocket was involved in crystal packing with a symmetry related molecule (Figure 4.5).
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BCL6/Rifamycin SV

Data Collection
Space Group
Cell dimensions
a,b,c (A)
apy ()
Resolution (A)
Rmerge (%)
1ol
Completeness (%)
Redundancy

Refinement
Resolution (A)
No. reflections
Rwork/Rfree
No. Atoms
Protein
Water
B-factors
Protein
Water
R.M.S. deviations
Bond lengths (A)
Bond angles (%)

Cl21

140.96, 32.75, 48.90
90, 94.64, 90
41.69-1.5 (1.53-1.5)
8.4 (59.1)

16.8 (5.8)

96.83 (97)

6.9 (6.0)

1.5
33211
18.7/22.4
2046
1927

119

14.9
20.9

0.022
2.032

*Highest resolution shell is shown in parenthesis.

Table 4.2: Data collection and refinement statistics of the BCL6 BTB-POZ domain
crystallised in the presence of rifamycin SV.
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Figure 4.4: Electron density of the BCL6 BTB-POZ domain crystallised in the
presence of rifamycin SV. Crystal diffracted to 1.5A. A section of the 2Fo-Fc density
map for the BCL6 BTB-POZ contoured at 16. The monomers within the dimer of
BCL6 are shown in purple and green. The symmetry related molecule is shown in
white. Figures (A) and (B) are shown in different orientations around Tyr-58 of BCL6.
Tyr-58 is labelled due to its involvement of binding with rifabutin (see below). (A) and
(B) clearly show that there is no available density identifiable for rifamycin SV.
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Figure 4.5: BCL6 BTB-POZ domain crystallised in the presence of rifamycin SV.
(A) A side on view of the BCL6 BTB-POZ domain dimer is shown and represented in
surface view (purple), surrounded by symmetry related molecules, which are shown in
cartoon representation (green). (B) A close up of the potential binding site of rifamycin
SV based upon the rifabutin binding pocket. The side chains of the symmetry molecule
are shown to be protruding into a shallow pocket within the lateral groove, filling the
space that could potentially accommodate rifamycin SV.
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4.5 - Structure of rifabutin in complex with the BCL6 BTB-POZ

domain

Analysis of the electron density map contoured at 1o for rifabutin in complex with the
BCL6 BTB-POZ domain showed clear density for the BCL6 BTB-POZ domain to be
modelled into. The map also provided an area of extra density that was not accounted
for in the model. The extra unoccupied electron density was clearly identifiable as
rifabutin (Figure 4.6).

The napthoquinone rings of rifabutin are parallel to the aromatic ring of Tyr-58 from
one monomer (purple), and appear to form a zm-stacking interaction (Figure 4.6A). The
ansamycin “handle” of rifabutin makes electrostatic interactions with Asn-21 and Arg-
24 from the other monomer (pink) (Figure 4.6B). Surface representation of the BCL6
BTB-POZ dimer shows the binding location of rifabutin residing in a shallow pocket
formed within the lateral groove upon dimerisation of BCL6 comprising of basic
residues (including Asn-21 and Arg-24) in blue, and acidic residues in red. Despite the
BCL6 BTB-POZ domain forming a symmetrical dimer, only one molecule of rifabutin
was present and bound across the dimer interface within the asymmetric unit (Figure
4.7A and B). The rifabutin handle is also interacting with a symmetry related dimer of
BCL6 (Figure 4.7B).
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BCLG6/Rifabutin

Data Collection

Space Group P1211
Cell dimensions
a,b,c (A) 35.17, 54.83, 58.16
apfy () 90, 95.21, 90
Resolution (A) 39.82-2.3 (2.38-2.3)
Rierge (%0) 10.8 (51.8)
1/ol 9.8 (4.1)
Completeness (%)  97.13 (97)
Redundancy 3.0(2.9)
Refinement
Resolution (A) 2.3
No. reflections 9168
Rwork/Riree 20.2/26.9
No. Atoms 2053
Protein 1969
Rifabutin 61
Water 23
B-factors
Protein 27.9
Rifabutin 48
Water 24.6
R.M.S. deviations
Bond lengths (A) 0.013
Bond angles (°)  1.885

*Highest resolution shell is shown in parenthesis.

Table 4.3: Data collection and refinement statistics of the BCL6 BTB-POZ domain
crystallised in the presence of rifabutin.
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Figure 4.6: Interaction of BCL6 with rifabutin.

The 2Fo-Fc density map contoured at 1o shows clearly that there is density readily
interpretable for rifabutin. The interaction of rifabutin can be seen with (A) Tyr-58
from one monomer of the BTB-POZ dimer (purple) and (B) Asn-21 and Arg-24 from
the other monomer (pink). The symmetry molecule is shown in white. (C) surface
representation of BCL6 BTB-POZ with basic residues (including Asn-21 and Arg-24)
in blue, and acidic residues in red.
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Figure 4.7: Crystal packing of rifabutin in complex with the BCL6 BTB-POZ
domain.

(A) A side on view of the BTB-POZ domain shown in surface view (orange) with a
symmetry related molecule (shown in cartoon, coloured light purple) within 4 A of the
main molecule, with 60% transparency. Rifabutin is shown in stick representation
(green). Rifabutin binds to the BCL6 BTB-POZ domain within the lateral groove. The
symmetry molecule is rotated 180° and packed against the surface view BTB-POZ (B)
Shows the napthoquinone rings of rifabutin lay parallel with Tyr-58 lining the top of the
pocket.
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4.6 - Rifabutin binds to the BTB-POZ domain in the same location as

the co-repressor SMRT and the small molecule inhibitor, 79-6.

A comparison between the co-repressors SMRT and BCoR, the small molecule 79-6
and rifabutin shows that all three bind within the same location of the BCL6 BTB-POZ
domain (Figures 4.8 and 4.10). SMRT and NCOR possess similar binding sequences
for interacting with the BTB-POZ domain, in comparison, BCoR binds through an

entirely different amino acid sequence (Ghetu et al. 2008).

A small molecule, 79-6, has previously been documented to bind within the shallow
pocket formed at the lateral groove upon dimerisation (Cerchietti et al. 2010a).
Rifabutin binds in a similar location to 79-6 on the BTB-POZ domain (Figure 4.8). The
published small molecule inhibitor, 79-6, possesses the ability to kill DLBCL cells in
vitro and in vivo, due to the perturbation of SMRT binding (Cerchietti et al. 2010a). An
alignment of rifabutin and 79-6 reveals the napthoquinone ring of rifabutin overlaps
with the indolazine ring of 79-6, and both molecules are observed protruding into the
same pocket, which is empty in the apo structure, and occupied by residues H1426 of
SMRT and W509 of BCoR of the co-repressor structures (Figure 4.8). The co-
repressors SMRT and BCoR (shown in stick representation, coloured pink and green,
respectively) (Figure 4.8) indicate the location of the lateral groove, overlaid with the

positions of where rifabutin and 79-6 bind in relation to the co-repressors.

A detailed comparison of the binding of rifabutin and 79-6 was obtained using
LIGPLOT (Figure 4.9). LIGPLOT is a bioinformatics computer program that generates
schematic 2D representations of protein-ligand complexes from 3D co-ordinates found
within Protein Data Bank (PDB) files (Wallace et al. 1995). The LIGPLOT diagrams
represent intermolecular interactions including hydrogen bonds (indicated by dashed
lines between the atoms involved) and hydrophobic interactions (represented by an arc
with spokes radiating towards the ligand atoms they contact). The LIGPLOT analysis of
rifabutin and 79-6 reveal strikingly similar interactions with the BCL6 BTB-POZ
domain. Comparison of the LIGPLOT schematic of rifabutin in complex with BCL6
(Figure 4.9A) (PDB ID 4CP3), and the small molecule inhibitor 79-6 in complex with
BCLS6, (Figure 4.9B) (PDB ID 3LBZ), indicates common hydrophobic interactions with
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the BTB-POZ domain such as Tyr-58, and electrostatic interactions with Asn-21 and
Arg-24 (Figure 4.9C). In addition, the comparison also shows that 79-6 forms hydrogen
bonds with Met-51 and Arg-28, whereas rifabutin forms a hydrophobic interaction with
Met-51. The binding affinity of 79-6 with the BCL6 BTB-POZ domain is 140uM
(Cerchietti et al. 2010a), this is approximately 10x higher than the 1.4mM affinity of
rifabutin for BCL6 as estimated by NMR titrations (Figure 3.12b).

Hence the X-ray crystal structure of rifabutin demonstrates that it binds in a very similar
manner to 79-6 and makes contact with the same residues of the BCL6 BTB-POZ
domain (Figure 4.9). This observation is of significant interest because it is also the
same binding site for the co-repressor SMRT. The fact that both rifabutin and 79-6 bind
in the same place as SMRT highlights an area of the BCL6 BTB-POZ domain that is
functionally important with a potential of being a druggable site for the inhibition of co-
repressor binding.
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Figure 4.8: A comparison between SMRT, BCoR, 79-6 and rifabutin to the BCL6
BTB-POZ domain.

(A) and (B) are a comparison of binding location between (A) rifabutin (shown in
yellow) and (B) 79-6 (shown in cyan). In addition (A) and (B) show the binding
location of the co-repressors SMRT and BCoR (pink and green respectively) shown in
stick representation with transparency effect. Figure (C) is an overlay of rifabutin and
79-6. Each monomer (grey and purple) is shown in surface view.
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789202

4cp3

Figure 4.9: Schematic diagrams of protein-ligand interactions generated from the
3D co-ordinates located within their respective PDB files.

LIGPLOT diagrams represent intermolecular interactions including hydrogen bonds
(indicated by dashed lines between the atoms involved) and hydrophobic interactions
(represented by an arc with spokes radiating towards the ligand atoms they contact).
(A) BCL6 in complex with rifabutin (PDB ID 4CP3). (B) BCL6 in complex with the
small molecule inhibitor, 79-6 (PDB ID 3LBZ). (C) A superimposition of common
interactions shared between rifabutin and 79-6. Images produced by the bioinformatics
program LIGPLOT.
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Figure 4.10: A comparison between the binding locations of rifabutin, SMRT and
79-6 on the BCL6 BTB-POZ domain.

Each view within the panel shows identical orientations of the BCL6 BTB-POZ domain
in complex with (A) rifabutin, (B) SMRT and (C) 79-6.
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4.7 - Discussion

This chapter describes co-crystallisation experiments for the ansamycin antibiotics
rifamycin SV and rifabutin in complex with the BCL6 BTB-POZ domain.

Crystals of the BCL6 BTB-POZ domain in the presence of rifamycin SV and in
complex with rifabutin were obtained. The 2Fo-Fc electron density map provided an
area of extra density that was clearly identifiable as rifabutin (Figure 4.6). However,
despite the structural similarity of these molecules (Chapter 3), the rifamycin SV-BCL6
complex did not produce crystals with rifamycin SV bound. As estimated by NMR
titration experiments, the affinity of rifamycin SV to the BTB-POZ domain is weaker
compared to the affinity of rifabutin. In addition, each complex was solved in a
different space group (rifamycin SV, C1 2 1 and rifabutin, P1 21 1), therefore two
different packing environments. Crystal packing of the rifamycin SV-BCL6 complex
clearly shows a loop belonging to a symmetry molecule protruding into the groove that
would be expected to accommodate rifamycin SV, based upon the location where
rifabutin binds to the BTB-POZ domain, therefore preventing rifamycin SV binding
within the crystal complex (Figure 4.5).

The crystal structure of the rifabutin-BCL6 complex shows that one molecule of
rifabutin is bound within a shallow pocket on the dimer interface in the asymmetric unit
(Figure 4.7). Interestingly, this is also the site occupied by the SMRT, NCoR and
BCoR peptides, in addition to the small molecule inhibitor, 79-6 (Ahmad et al. 2003;
Ghetu et al. 200; Cerchietti et al. 2010a) (PDB ID 1R2B, 3BIM and 3LBZ
respectively). The comparison of all four crystal structures, (SMRT, BCoR, 79-6 and
rifabutin) reveals a common binding site on the BTB-POZ domain located within the

lateral groove formed upon dimerisation (Figures 4.8 and 4.10).

Peptides based upon the minimum sequence required for SMRT binding to BCLS6,
termed the BCL6 BTB Binding Domain (BBD), are able to specifically inhibit the
transcriptional repressor activity of BCL6 by blocking the lateral groove and in
addition, kill DLBCL cells in vitro and in vivo (Polo et al. 2004; Cerchietti et al. 2009).

A small molecule, 79-6, derived from an in-silico screen, was able to disrupt the ability
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of BCL6 to recruit SMRT and NCoR to the lateral groove of the BTB-POZ domain,
leading to reactivation of BCL6 target genes in BCL6 dependent DLBCL cells, a
function that has previously been shown to be required to kill lymphoma cells
(Cerchietti et al. 2009). This common feature in binding between SMRT, BCoR and
79-6 suggests that the BCL6 BTB-POZ domain is indeed the druggable target site for
BCLS.

As shown in Figure 4.8, rifabutin and 79-6 bind to the BTB-POZ domain within the
same shallow groove. The indolazine ring of 79-6 forms a hydrophobic interaction with
Tyr-58 located on one monomer of the BTB-POZ domain, in comparison, the
napthoquinone ring of rifabutin occupies this same space, and also forms a hydrophobic
interaction with Tyr-58 (Figures 4.9 and 4.10). The binding of SMRT perturbed by the
presence of 79-6 within this specific site, and as a result, leading to the reactivation of
target genes provides information on the importance of this region. Due to the
similarity in structure and binding position of 79-6 and rifabutin, it was speculated
whether rifabutin could also prevent SMRT binding to the BCL6 BTB-POZ domain.

Residues of SMRT and BCoR involved in binding to the shallow pocket, in addition to

the structural similarity of rifabutin and 79-6 will be explored further in Chapter 5
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Chapter 5 - Are there specific effects of rifabutin on cellular

function or co-repressor binding?

5.1 - Introduction

It has been shown using NMR and X-ray crystallography that rifabutin binds to the
BCL6 BTB-POZ domain in a shallow pocket formed within the lateral groove
(Chapters 3 and 4). Interestingly, it is the same region that is occupied by SMRT,
NCoR and BCoR (Figures 4.8 and 4.10) and by the previously described BCL6 small
molecule inhibitor, 79-6 (Cerchietti et al. 2010). The residues that line the surface of
the BCLG6 lateral groove and mediate the interactions with the co-repressors are not
conserved within the BTB family, making this an attractive site to target the BCL6 co-
repressor interaction with small molecules and peptides (Ahmad et al. 2003; Stogios et
al. 2006; Ghetu et al. 2008). Indeed, peptides and 79-6, which target this site, have
already demonstrated the ability to interfere with co-repressor binding and produce
functionally important effects on survival of DLBCL cell lines thus demonstrating

potential clinical utility.

The BCL6-rifabutin structure (Chapter 4) revealed that rifabutin binds to BCL6 in the
same location as 79-6 (Figure 4.8); leading to speculation that rifabutin might also be
able to perturb the BCL6/co-repressor interaction. The aims of the work presented in
this chapter are to investigate the effects of rifamycin SV and rifabutin on a BCL6
expressing cell line, DG75-AB7, to explore whether rifamycin SV or rifabutin can
compete with SMRT for binding to the BTB-POZ domain and to produce a peptide with
higher affinity for BCL6 than the native SMRT-BBD. To achieve this, modified SMRT-
BBD peptides were designed which incorporated different artificial amino acids in place
of H1426.
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5.2 - Results

5.2.1 - Investigating the effects of rifabutin and rifamycin SV on cell

viability.

To test the effects of rifabutin and rifamycin SV on cell viability, the DG75-AB7 cell
line (produced by Dr. Simon Wagner, University of Leicester and Dr Andy Porter,
Imperial College London) was used. DG75-AB7 bears homozygous disruption of its
BCL6 alleles and harbours a tet-off system for the controlled expression of BCLG.
When cultured in doxycycline (DOX), BCL6 expression is switched off, making this an
ideal platform to investigate the effects of compounds on BCL6. DG75-AB7 cells were
initially treated £ DOX for 4 days followed by treatment with rifabutin or rifamycin SV
at a range of concentrations (0, 1, 5, 10, 25 and 50uM) for 24 hours. Cell viability was
measured using the Cell Titre Glo assay (CTG) (Section 2.10); the levels of
luminescence represent cell viability with lower values indicating reduced viability
(Figure 5.1).

DG75-AB7 has advantages as a cell line to test BCL6 inhibitors because the effects of
BCL6 deficiency on growth can be precisely determined allowing the effects of
potential inhibitors to be assessed. In addition, a targeted BCL6 inhibitor is anticipated
to have no effect on DG75-AB7 that is rendered BCL6 deficient by culture in DOX.

DG75-AB7 cells treated with rifamycin SV alone showed no change in cell viability
with increasing concentration of rifamycin SV when compared to untreated cells
(Figure 5.1A). The combined treatment of DOX and rifamycin SV again showed no
additional effect of the drug (Figure 5.1A). In comparison, cells treated with rifabutin
alone showed a decrease in cell viability, in a concentration dependent manner (Figure
5.1B) but, DOX plus rifabutin also showed a decrease in viability similar to that
observed for DOX, and also in a concentration dependent manner suggesting that the
observed effects were not mediated through inhibition of BCL6 alone.
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Figure 5.1: Investigating the effects of rifamycin SV and rifabutin on cell viability.
DG75-AB7 cells were treated with or without DOX for 4 days, followed by the addition

of (A) rifamycin SV or (B) rifabutin at a range of concentrations (0-50uM) for 24 hrs.
Cell viability was measured using the CTG assay and luminescence measured. n=1.

88



5.2.2 - Development of a fluorescence polarisation assays to explore
the ability of rifamycin SV and rifabutin to compete with
SMRT for binding to BCLS6.

To explore the abilities of rifamycin SV and rifabutin to bind to the BCL6 BTB-POZ
domain and compete with SMRT for binding, a fluorescence polarisation (FP)
competition assay was developed. Peptides based on the SMRT-BBD and BCoR-BBD
sequences, were synthesised with a N- or C-terminal cysteine to allow coupling of a

fluorophore for use in FP assays (Table 5.1) (Section 2.11).

In order to carry out an FP competition assay, the affinity of the fluorescently labelled
peptide for the protein needs to be determined. Binding curves of Bodipy labelled
SMRT and BCoR peptides binding to the BTB-POZ domain of BCL6 were obtained.
The BCL6 BTB-POZ domain protein was titrated with a fixed concentration of
fluorescently labelled ligand (1uM), resulting in similar Kd values for both SMRT and
BCoR (2.8 and 3.1uM) respectively, (Figure 5.2A) which are in line with published
figures (Ghetu et al., 2008). The binding curve was then used to determine the
concentration of the BCL6 BTB-POZ domain when 50% is occupied by ligand, which
in this case was 3uM (Figure 5.2A).

For the competition assays, the competing compound or peptide was titrated with a
fixed concentration of BCL6 BTB-POZ domain protein (3uM), and a fluorescently
labelled peptide (1uM). The small molecule inhibitor 79-6 was used as a positive
control for competition. By measurement of the chemical shifts induced by increasing
concentrations of 79-6 observed in NMR experiments, Cerchietti et al shown that 79-6
has a Kd 138+31uM (Cerchietti, Ghetu, et al. 2010a). A competitive binding curve
showing the displacement of the labelled peptide from the BCL6 BTB-POZ domain in
the presence of 79-6 was produced, showing an 1Csy value of ~140uM. (Figure 5.2B).
79-6 was found to successfully compete with SMRT for binding to the BTB-POZ
domain. Rifabutin and rifamycin were tested for their ability to compete with SMRT for
binding to the BCL6 BTB-POZ. However, it was not possible to show that rifabutin or
rifamycin SV could displace the SMRT-BBD and therefore an I1Csy could not be
determined for either compound (Figure 5.2C). The inability of Rifabutin and
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rifamycin to displace the SMRT-BBD could be due to the large difference in Kd
between the SMRT-BBD and rifabutin for BCL6.

To try to determine an accurate ICso for rifabutin by FP, peptides based upon the
SMRT-BBD was designed to bind to BCL6, but with weaker affinity than the wild-type
SMRT-BBD, potentially enabling rifabutin an opportunity to compete with SMRT. All
peptides tested included an N- or C-terminal cysteine residue for coupling of the
Bodipy-TMR (Table 5.1).

Mutations and/or deletions based upon the data published by Ahmad et al, 2003, within
the SMRT-BBD (residues 1414-1430) produced various effects on BCL6 binding
affinity.  Full length/wild-type SMRT-BBD and various peptides corresponding to
different lengths of the SMRT-BBD were tested for their abilities to bind to BCL6 using
an FP assay. Out of the six peptides designed with mutations and/or deletions, only two
showed binding to the BCL6 BTB-POZ domain, and both retained the same binding
affinity as the wild-type SMRT-BBD (Figure 5.2D and Table 5.1). In this assay, the
SMRT-BBD sequences investigated displayed ‘all or nothing’ binding to the BCL6
BTB-POZ domain. A peptide with lower binding affinity, which might have been

useful in determining ICsq of rifamycin SV or rifabutin, could not be obtained.
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Protein Peptide sequence bgﬂggirri]es Aa (;}1(13[) Bound
SMRT LVATVKEAGRSIHEIPR | 1414 - 1430 (BBD) | 17 - -
SMRT | CLVATVKEAGRSIHEIPR | 1414 -1430(BBD) | 18 | 1.8 v
SMRT | CLVATVKEAGRSVHEIPR 1414 — 1430 18 2 v
SMRT CATVKEAGRSIHEIP 1416 — 1429 15| 1.8 v
SMRT CATVKEAGRSIHEAP 1416 — 1429 15 - X
SMRT CKEAGRSIHEIPR 1419 — 1430 13 - X
SMRT KEAGRSIHEIPRC 1419 — 1430 13 - X
SMRT CGRSIHEIPR 1422 — 1430 10 - X
BCoR RSEIISTAPSSWVVPGP 498 — 514 (WT) 17 - -
BCoR | CRSEISTAPSSWVVPGP 498 — 514 (WT) 18 | 3.1 v

Table 5.1: Comparisons between the bindings of different lengths of the BBD
peptides to BCL6.
Peptides based upon the SMRT-BBD sequence were synthesised with an N- or C-

terminal cysteine to allow coupling of a fluorophore (denoted by the magenta C within

the peptide sequence).

Peptides were designed based upon the data published by

Ahmad et al, 2003, substitutions of amino acids are shown underlined in blue. Specific
residues of the SMRT-BBD were deleted and/or substituted to produce a version of
SMRT-BBD that could bind to the BTB-POZ domain with weaker affinity to allow
rifabutin the opportunity to displace the SMRT-BBD. Peptides that bound and their
respective binding affinities (Kd) are shown in the table.
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Figure 5.2: Fluorescence polarisation assays used to investigate the ability of
rifabutin and rifamycin SV to displace SMRT from the BCL6 BTB-POZ domain.
(A) Binding of SMRT and BCoR peptides to BCL6. Competition assays (B) and (C)

were performed using 3uM BCL6 BTB-POZ and 1pM SMRT. (B) Competitive
binding curve of 79-6 displacing SMRT from the BCL6 BTB-POZ domain, (C)
Rifabutin and rifamycin SV tested for the ability to displace SMRT and (D) binding
curves of peptides based on the SMRT-BBD comprising of mutations and/or deletions
to produce a weaker binding peptide for the BCL6 BTB-POZ domain. Binding curves
were fitted using one site binding based on the equation Y=Bmax*x/(Kd+x). Error bars
on (A) and (B) represent SEM calculated from 3 independent experiments. Peptides
synthesised by Biomatik.
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5.2.3 - Development of a substituted SMRT-BBD peptide

The napthoquinone ring of rifabutin occupies a small pocket formed upon dimerisation
within the lateral groove of the BCL6 BTB-POZ domain, near Tyr-58, which is empty
in the apo structure (Chapter 4). This region is also occupied by residue H1426 of
SMRT, or W509 of BCoR in the co-repressor structures (Figure 5.3) (Ahmad et al.
2003; Ghetu et al. 2008). The napthoquinone ring of rifabutin makes mn-stacking
interactions with Tyr-58 from one BCLG6 chain and the aliphatic handle of rifabutin has
electrostatic interactions with Asn-21 and Arg-24 from the other chain (Figure 4.6).
The perturbation of co-repressor binding by 79-6, which binds in this same region has
been shown by gene expression profiling to reactivate critical target genes of BCL6 and
cause apoptosis of BCL6-dependent lymphoma cell lines (Cerchietti, Ghetu, et al.
2010a).

Therefore, in order to explore the importance of H1426 of SMRT in the binding pocket
of the BTB-POZ domain, peptides were designed with various artificial amino acids
replacing H1426 to mimic the structural similarities to those of SMRT, 79-6, BCoR and
rifabutin, for the production a peptide with potentially higher affinity for BCL6 than the
native SMRT-BBD for the perturbation of native SMRT from the lateral groove (Figure
5.4). Substituted SMRT-BBD peptides were synthesised by Dr Andrew Jamieson,
University of Leicester.

An FP assay was used to compare the binding affinities between the artificial amino
acid SMRT-BBD peptides and the native SMRT-BBD (1414-1430) to the BCL6 BTB-
POZ domain. The Kd of the native SMRT-BBD was measured as 5uM (Figure 5.5A).
All of the artificial amino acids used to replace H1426 of SMRT showed a reduced
binding affinity to the BTB-POZ domain compared to native SMRT-BBD (Figure
5.5A). Whilst the peptide bearing a 1-naphthyl residue had a binding affinity of 11uM,
the 2-naphthyl peptide had a much lower binding affinity of 154uM.
Homophenylalanine and styryl side chains were employed to place aromatic rings,
potentially capable of interacting with Tyr-58, within closer proximity to the BTB-POZ
domain than H1426 found in the native SMRT-BCL6 structure, and both exhibited

intermediate affinities. In silico modelling of these artificial amino acids, in the same
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orientation as H1426 shows that (Figure 5.5B-F), whilst 1-naphthyl is orientated well
within the pocket, 2-naphthyl clashes with the BCL6 BTB-POZ domain, which is likely

to prevent specific binding.
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Figure 5.3: Overlay of H1426 of SMRT and W509 of BCoR binding to the BTB-
POZ domain of BCLG6.
(A) Superimposed structures of SMRT-BBD (magenta) and BCoR-BBD (green) and

(B) a view of the BCL6 BTB-POZ domain in complex with SMRT and BCoR located
within the lateral groove with two key residues highlighted. Images produced using
MacPyMOL. Adapted from (Ghetu et al. 2008)
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Figure 5.4: SMRT-BBD peptides replacing H1426 for an artificial amino acid.
Peptides based upon the SMRT-BBD sequence were synthesised with an N-terminal

cysteine residue, which allowed coupling of a fluorophore for use in an FP assay.
H1426 was replaced with an artificial amino acid. (A) Native SMRT, (B) 1-naphthyl,
(C) 2-naphthyl, (D) homophenylalanine and (E) styryl. Peptides were synthesised by
Dr. Andrew Jamieson in the chemistry department at the University of Leicester.
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Figure 5.5: SMRT peptide containing artificial amino acids in place of H1426 to
explore binding to the BCL6 BTB-POZ domain.
(A) Binding curves determined by fluorescence polarisation for native peptide, 1-

naphthyl, 2-naphthyl, styryl and homophenylalanine substitutions of histidine 1426
(H1426) of SMRT binding to the BCL6 BTB-POZ domain. The Kd of each peptide in
uM (mean = SEM) is presented to the right of the compound name and also within the
table below. (B) to (F) represent each unnatural amino acid modelled onto the SMRT
peptide at residue H1426. (B) Native SMRT, (C) Homophenylalanine, (D) 1-napthyl,
(E) Styryl and (F) 2-napthyl. SEM calculated from n=3.
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5.3 - Discussion

This chapter described the use of a cell viability assay using Cell Titre Glo, (CTG), in
order to determine the effects of rifamycin SV and rifabutin on the cell line DG75-AB7
allowing a comparison between the effects observed in the presence and absence of
BCL6. Competition assays were used to see whether rifamycin SV or rifabutin could
compete with SMRT for the binding site on the BCL6 BTB-POZ domain. In addition,
peptides based upon the SMRT-BBD were designed to bind with weaker affinity for the
BCL6 BTB-POZ domain than the native SMRT-BBD to aid in the determination of a
Kd value for rifabutin with BCL6. Furthermore, experiments were carried out to
explore the consequences of substituting specific artificial amino acids in the SMRT-
BBD peptides in place of H1426 on the basis of structural similarities observed between
rifabutin, SMRT, 79-6 and BCoR.

After validating the interaction between rifabutin and the BTB-POZ domain of BCL6
by NMR and X-ray crystallography, the next step was to explore its potential effects on
cell viability. In addition, despite rifamycin SV failing to form a complex with the
BCL6 BTB-POZ domain during crystallisation trials, it was nevertheless observed to
interact with the BCL6 BTB-POZ domain as shown by NMR (Figure 3.8), therefore,
rifamycin SV was also investigated for its ability to possibly affect cell viability.
DG75-AB7’s provide a platform to compare cell viability when treated with rifamycin
SV and rifabutin in the presence and absence of BCL6. Although rifamycin SV and
rifabutin are both anti-microbials used in the treatment of tuberculosis, which is an
intracellular pathogen that can only be killed by cell-permeant agents, very little is
known about the effects of these compounds on mammalian cells. Kunin et al suggest
that a peak serum concentration following oral dosing is 0.5ug/ml (0.6uM) (Kunin
1996). However, the intracellular concentration is likely to be higher due to the high
lipid solubility of these compounds. At a concentration of 1uM (approximately the
therapeutic serum concentration) neither rifamycin SV nor rifabutin caused a change in
cell viability when compared to untreated cells. However, at much higher
concentrations, DG75-AB7 cells treated with rifabutin showed reduced cell viability. At
these higher concentrations the combination of rifabutin plus DOX caused further loss
of viability. As the addition of DOX to the DG75-AB7 cell line switches off BCL6
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expression, a further decrease in viability compared to DOX treatment alone suggests
that rifabutin may be interacting elsewhere causing off-target effects (Figure 5.1).

Technical difficulties arose when using rifamycin SV and rifabutin during cell culture
experiments. The first was the lack of solubility of each compound. Precipitation of the
compounds was visible upon addition to the cell suspension, which also became
extremely viscous upon treatment. Precipitation of the compounds may have provided
an inaccurate concentration between the concentration administered and the
concentration of compound available to elicit an effect on cell viability. One possibility
to establish this would have been to measure the intracellular-to-extracellular
concentration of each compound by HPLC-MS/MS to precisely determine the

intracellular concentration of each compound compared.

As described previously, the co-repressor SMRT binds to the BCL6 BTB-POZ domain
with a Kd of between 3 and 5uM (Figures 5.2A and 5.5A). The affinity of rifabutin for
BCL6 is ~1.4mM as determined by NMR (Figure 3.12). To investigate the ability of
rifabutin and rifamycin SV to displace the SMRT-BBD and to determine an 1Cs, as
well as to determine the mechanism of binding in detail, an FP competition assay was
developed. As a positive control for competition, the small molecule inhibitor, 79-6
with a binding affinity for BCL6 of 140uM was used (Cerchietti et al., 2010).
Competition was successfully achieved with 79-6 for SMRT binding to the BTB-POZ
domain with an ICsy of 140uM (Figure 5.2B). Unfortunately, it was not possible to
calculate an ICsy for either rifabutin or rifamycin SV (Figure 5.2C). Therefore,
mutations and/or deletions of the SMRT-BBD were designed to generate a SMRT
peptide with weaker affinity for BCL6 to potentially enable rifabutin to displace it.

Mutations and/or deletions were based upon Ahmad et al., 2003, and were considered
when forming a basis for designing peptides with weaker affinity for the BCL6 BTB-
POZ domain. For example, deletion of residues 1414-1416 which make minor
contributions to the strength of binding, the deletion of 1414-1420 leads to complete
abrogation of complex formation and mutations of EIPR to AAAA leads to abolished
binding (Ahmad et al., 2003). However, peptides designed with mutations and/or
deletions either maintained a Kd similar to the native SMRT-BBD or completely

abrogated complex formation, therefore rendering them unsuitable for use in
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determining an 1Cso for rifabutin and rifamycin SV (Table 5.1 and Figure 5.2D). A
possible reason as to why a Kd for rifamycin SV and rifabutin was unachievable by this
method includes; the viscosity of the solution as it can impede the workings of the FP
assay by affecting polarisation. Rifamycin SV, rifabutin and 79-6 were all solubilised
in DMSO, a known solvent that can increase viscosity, however, the stock solution of
79-6 contained 5.6% DMSO and successfully competed out SMRT, whereas rifamycin
SV and rifabutin stock solutions contained 4% DMSO and failed to show displacement
of SMRT therefore DMSO has a negligible effect in this assay.

Another possible factor contributing to the viscosity of the solution could be due to the
high concentration of compound used within the assay, as an increase in viscosity was
repeatedly observed with an increase in concentration of compound. Rifabutin has ~10-
fold less affinity for the BCL6 BTB-POZ domain than 79-6, (1.4mM compared to
140uM respectively), which could explain why 79-6 was able to displace SMRT-BBD
but rifabutin and rifamycin SV could not. Therefore, although there is structural
evidence for rifabutin binding to the co-repressor binding site of the BCL6 BTB-POZ
domain, and by implication rifamycin SV binding to the same site, the interaction is
weak and no effects on viability of a BCL6 dependent cell line could be detected at

concentrations achievable in human serum.

Both SMRT and BCoR occupy a binding pocket within the lateral groove of the BCL6
BTB-POZ domain (Chapter 4). Whilst SMRT and NCoR bind to the BTB-POZ domain
of BCL6 through an identical sequence, GRSIHEIPR, (residues 1422-1430 of SMRT
and 1348-1356 of NCoR), the sequence used by BCoR, APSSWVVPG, shows no
similarity to the SMRT-BBD. However both peptides bind in a similar manner to the
BTB-POZ domain, Trp-509 of BCoR and His-1426 of SMRT make contacts with
residues Met-51, Cys-53, Ser-54, Gly-55, Asn-21, Arg-24 and Arg-28 of BCL6 (Ghetu
et al. 2008). The small molecule inhibitor, 79-6, utilises a subset of the interactions
employed by the SMRT peptide for binding to the BTB-POZ domain. The crystal
structure of rifabutin in complex with BCL6 shows that rifabutin occupies the same
pocket as H1426 of SMRT and W509 of BCoR and 79-6 (Figures 4.8 and 5.3). The
similarities in binding location and structure between rifabutin, 79-6, H1426 and W509
led to speculation about the importance of this region. The aim was to produce a
peptide with higher affinity for BCL6 than the native SMRT-BBD in order to perturb
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native SMRT and the recruitment of the co-repressor complex. To achieve this
modified SMRT-BBD peptides were designed which incorporated different artificial
amino acids in place of H1426. Homophenylalanine and styryl side chains were used in
order to place aromatic rings in closer proximity to Tyr-58 than the native H1426,
elucidating the importance of these aromatic rings in this region in relation to their
influence on binding affinity for BCL6. However, all four substituted peptides led to a
reduced binding affinity for the BCL6 BTB-POZ domain compared to native SMRT-
BBD (Figure 5.5A). The modelling of the 2-naphthyl amino acid in place of H1426
shows a steric clash between the side chain and the BTB-POZ domain, which provides
an explanation for the reduced binding affinity (Figure 5.5F). These experiments
demonstrate the stringent requirements and key SMRT:BTB-POZ interactions that need
to be targeted by compounds acting as lead molecules for the development of

therapeutically useful BCL6 inhibitors.
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Chapter 6 - Discussion and future work

The focus of this thesis has been the detailed structural investigation of the binding of
ansamycin antibiotics to the co-repressor binding site of the BCL6 BTB-POZ domain.
BCLG6 is a target for therapy in diffuse large B-cell lymphoma (Cerchietti et al. 2009;
Cerchietti, Ghetu, et al. 2010a). BCL6 has also been shown to have a possible
therapeutic role in breast cancer and autoimmunity (Logarajah et al. 2003; Walker et al.
2014). Peptides derived from the SMRT/NCoR BBD are effective in abrogating BTB-
POZ domain functions and a small molecule inhibitor, 79-6, has similar effects. Work
described here, together with previous work from others (Cerchietti, Ghetu, et al.
2010a) helps to define the BCL6 BTB-POZ domain co-repressor binding site as a
druggable site.

BCL6 has roles in normal immunity and in lymphomagenesis. Studies in mouse models
have shown that constitutive B-cell expression of BCL6 causes lymphomas with a
similar histological appearance to human DLBCL. This supports genetic
characterisation of human lymphomas demonstrating that defects in acetylation
(Pasqualucci et al. 2011), ubiquitylation (Duan et al. 2012) and mutation of a regulatory
site in the promoter (Wang et al. 2002; Pasqualucci et al. 2003) as well as chromosomal
translocation (Ye, Rao, et al. 1993b) are all associated with DLBCL. The role of BCL6
in normal immunity is illustrated by mice bearing homozygous disruption of the
endogenous BCLG6 alleles, which are unable to form GCs and suffered from severe
inflammatory disease (Ye et al. 1997; Dent et al. 1997) (possibly due to effects in
macrophages) (Toney et al. 2000), leading to early death. Recently, BCL6 has been
shown to have an essential role in differentiation of a subset of effector CD4+ T-cells
and follicular helper T-cells (Nurieva et al. 2009; Johnston et al. 2009). However, the
mechanism of action of BCL6 in T-cells may be fundamentally different from that in B-
cells: disruption of the BTB-POZ domain by "knock-in" of mutation in mice has no
effect on T-cell development whilst abrogating germinal centre B-cell function (Huang
et al. 2013). This observation strengthens the potential of BCL6 inhibitors as
therapeutically useful compounds for the treatment of B-cell lymphomas without

suppressing T-cell mediated immunity.
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It has been demonstrated in this thesis that rifabutin, an ansamycin antibiotic, forms a
complex with the BTB-POZ domain of the oncogenic transcriptional repressor BCL6.
NMR and X-ray crystallography was used to characterise the BCL6-rifabutin complex
(Figure 4.6, 4.7 and 4.8).

The peak displaying the greatest chemical shift perturbation was employed to estimate
affinity of rifabutin for the BTB-POZ domain but the assignment of this peak remains
unknown. The partial assignments (82 out of 121 residues) provided by Cerchietti et al
were unable to aid in the identity of the peak due to the lack of alignment of the
assignments with the spectrum. Initially, when the assignments were overlaid with the
BTB-POZ domain spectrum, they appeared to reside diagonally to the right of the
spectral peaks. This shift in alignment is indicative of a TROSY experiment (Pervushin
et al. 1997). Cerchietti et al state that they used a TROSY experiment for assignment
collection, however, this was also the case throughout this work for all 2D spectra
during NMR experiments, therefore if both experiments were carried out using a

TROSY then they would be expected to align.

It would, of course, have been useful to assign the complete BTB-POZ domain of
BCL6, especially to identify the most perturbed peak, but because co-crystals of
rifabutin and the BCL6 BTB-POZ domain were obtained it was now possible to
determine, in detail, the orientation of the antibiotic and estimate the significant
molecular interactions. Crystals of the complex diffracted to 2.3A, with clear electron
density readily identifiable for rifabutin. Unfortunately, a crystal structure of BCL6 in
complex with rifamycin SV could not be obtained (Chapters 3 and 4). BCL6 was
seeded with rifamycin SV and rifabutin at a molar ratio of 1:8. Therefore, to factor in
the reduced affinity of rifamycin SV for BCL6 in comparison to rifabutin, a higher
concentration of rifamycin SV could have been used when setting up the crystal trials to
increase the chance of complex formation. The crystal structure of BCL6 has been
previously solved in the apo form and in complex with SMRT, BCoR and 79-6. The
BCL6-SMRT structure was used to solve BCL6 in complex with rifabutin by molecular
replacement, which provided a much less time-consuming method when compared to
NMR assignments. Molecular replacement proved successful in solving BCL6 in
complex with rifabutin, therefore assignments of the BTB-POZ domain were no longer

required.
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The crystal structure showed clearly, the precise binding site of rifabutin to BCL6. This
site is of extreme interest because it is also where the co-repressor SMRT binds in order
to aid in the transcriptional repression of BCL6 downstream targets. Indeed the finding
that 79-6, a compound discovered through computer assisted design binds to the same
site as rifabutin, which was identified through an assay to inhibit BCL6 transcriptional
activity strongly suggests that the co-repressor binding site is druggable.

The use of small molecules as potential inhibitors of BCL6 has been of great interest, as
these may become lead molecules for drug discovery. Both the small molecule, 79-6,
and SMRT peptide cause apoptosis of BCL6 dependent cell lines but as therapeutic
inhibitors, both are associated with problems. Peptides are not suitable for oral
administration whilst 79-6 lacks stability and is not highly membrane permeable.
Rifabutin is a broad spectrum antibiotic used mainly in the treatment of tuberculosis.
Rifabutin, as with other members of the ansamycin family are known to inhibit bacterial
DNA dependent RNA polymerase (RNAP) by sterically blocking the extension of the
RNA chain (Campbell et al. 2001). Rifabutin and other ansamycin antibiotics are also
not likely to be good starting compounds for drug discovery because the medicinal
chemistry will be very complicated. The rifamycin family of antibiotics differ
predominantly in the nature of the side chain at positions C3 or C4 (Riva & Silvestri
1972). Rifamycin SV appeared to bind in the same location as rifabutin (according to
the limited NMR data) but rifamycin SV may bind even more weakly than rifabutin.
These compounds differ because rifabutin has bulky substituents involving both C3 and
C4. Speculatively it may be that the interactions made by the side chain groups are
important in defining the binding characteristics. The difference in tail architecture
between rifamycin SV and rifabutin could also be one reason that rifabutin seems to
bind with higher affinity to BCL6 than rifamycin SV. One approach to determine the
relevance of the tails involved in the interaction with BCL6 would be to screen

rifamycin family derivatives using NMR, and compare chemical shift perturbations.

In order to determine if rifabutin could be translated into a potential drug therapy for the
treatment of lymphoma, in vitro cell-based assays and fluorescence polarisation were
employed. Measurement of the chemical shift perturbation by NMR estimates the
affinity of rifabutin for BCL6 at ~ 1.4mM, which is ~10 fold weaker than 79-6, with an
affinity of 140uM for BCL6. Cerchietti et al carried out cell-based assays using
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DLBCL lymph node biopsies, and treated with 79-6 at concentrations of 125uM and
250uM for 48 hours. The range of 79-6 concentrations tested, varied greatly between
BCL6 dependent cell lines, from 24uM to 936uM in OCI-Ly7 and FARAGE
respectively (Cerchietti et al., 2010a). DG75-AB7 cells were treated with rifabutin and
rifamycin SV at a concentration ranging between 1uM and 50uM. At 50uM both
rifabutin and rifamycin SV were clearly having "off-target" effects, and therefore, the
concentration was not increased further. However, if the affinity of rifabutin for BCL6
estimated by NMR is ~ImM then at 50uM the treatment concentration is ~20-fold
below the binding affinity expected to be needed for an interaction. Kunin et al shows
that the serum concentration of rifabutin is ~ 0.6uM after a standard single dose of
300mg. In experiments to measure cell viability, no effect was observed at 1 uM a
concentration close to an achievable serum concentration. Also, 79-6 was administered
for 48 hours, whereas DG75-AB7 cells were treated for 24 hours. However, there were
difficulties encountered in using these compounds for cell culture work. Precipitation
observed upon treatment cast doubt on the true concentration of compound in solution

able to enter the cells to elicit an effect.

Lack of data generated from the cell viability assay led to the development of a
competition assay using fluorescence polarisation in order to obtain an ICs, for
rifabutin. 79-6 was used as a control for competition and to validate the experimental
set up. Successful competition was observed between 79-6, SMRT and BCL6, with an
ICs0 of ~ 140uM, in line with published literature. However, testing rifamycin SV and
rifabutin in the same manner did not show competition between them and BCL6. One
reason that competition was unable to be observed in this assay could be due to the
large difference in affinity for BCL6 between rifabutin and 79-6. However, at 3mM,
there is a slight indication of competition (Figure 5.2C). One amendment of carrying
out this assay would have been to begin at a slightly higher concentration of rifabutin to
fully investigate this observation. The main reason for beginning the competition at
3mM was due to the estimated Kd for BCL6, at 1.4mM, at which a starting point of
3mM should be sufficient. In addition, the sample became extremely viscous in the
presence of such high concentrations of rifabutin. It is known that the viscosity of the

solution can affect the polarisation in this type of assay.
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A different approach was then taken to determine the ICs, of rifabutin. Peptides were
designed based upon the SMRT-BBD incorporating truncations and/or deletions of the
17-amno acid binding sequence, for the production of a peptide that has weaker affinity
for BCL6 than the native SMRT to potentially enable rifabutin to compete for binding.
However, these truncations and/or deletions showed an ‘all or nothing’ binding
phenotype, therefore it was not possible to determine an 1Csy for rifabutin. Both
rifabutin and 79-6 comprise of ring structures, and both are situated within a shallow
pocket in close proximity to Tyr-58 of BCL6. In the apo structure this space is empty,
but when bound to SMRT or BCoR it is occupied by H1426 and W509 respectively.
SMRT and BCoR do not share any sequence similarity, therefore the presence of
similar side chains suggested an important feature for binding. Structural features of all
four were used as a basis for designing peptides that may have higher affinity for BCL6
than native SMRT by the incorporation of an unnatural amino acid in place of H1426 in
the SMRT BBD. However, these peptides failed to achieve affinity higher than the

native peptide.

The structural analysis of rifabutin binding to the BCL6 BTB-POZ domain provides
important information about the pocket formed within the lateral groove and re-enforces
the observation that the transcription factor, BCL6, can be therapeutically targeted. In
addition, the residues lining the groove are unique to BCL6, suggesting that it might be
possible to limit "off-target"” effects, which if translated into clinical practice might limit
toxicity due to the standard R-CHOP chemotherapy. There are other theoretical
advantages to specific targeting of the BCL6 BTB-POZ domain. It has been shown that
inhibition of the BCL6 BTB-POZ domain does not have an effect on plasmacytic
differentiation, which is controlled through the RD2 domain (Huang et al. 2014), nor
does it affect the ability for BCL6 to homodimerise and bind to its consensus DNA
sequences within the promoters of its target genes. As mentioned above the BTB-POZ

domain is also dispensable for T-cell function (Huang et al. 2013).

The work described here defines a druggable pocket in BCL6. There are two
approaches to extending this work. One is to carry out structural studies employing
further derivatives of rifamycin SV. This is likely to be a laborious and uncertain
process. An alternative is to carry out large scale and systematic screens of compound

libraries. Whilst this will also be complex any small compound "hits" are likely to be
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more applicable for medicinal chemistry. The laboratory will be taking the latter route
to try to develop inhibitors of co-repressor binding to the BCL6 BTB-POZ domain.
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Abstract

BCL6 is a transcriptional repressor that is over-expressed due to chromosomal translocations, or other abnormalities, in
~40% of diffuse large B-cell lymphoma. BCL6 interacts with co-repressor, SMRT, and this is essential for its role in
lymphomas. Peptide or small molecule inhibitors, which prevent the association of SMRT with BCL6, inhibit transcriptional
repression and cause apoptosis of lymphoma cells in vitro and in vivo. In order to discover compounds, which have the
potential to be developed into BCL6 inhibitors, we screened a natural product library. The ansamycin antibiotic, rifamycin
SV, inhibited BCL6 transcriptional repression and NMR spectroscopy confirmed a direct interaction between rifamycin SV
and BCL6. To further determine the characteristics of compounds binding to BCL6-POZ we analyzed four other members of
this family and showed that rifabutin, bound most strongly. An X-ray crystal structure of the rifabutin-BCL6 complex
revealed that rifabutin occupies a partly non-polar pocket making interactions with tyrosine58, asparagine21 and arginine24
of the BCL6-POZ domain. Importantly these residues are also important for the interaction of BLC6 with SMRT. This work
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Introduction differentiation to plasma cells [12]. It has been demonstrated that

) o ) ) BCL6 promotes the proliferation of primary tonsillar B-cells [13]
BCL6 s a Franscrlptlonal repressor [1] that z.tccom.phshes 1ts and prevents terminal differentiation to plasma cells in B-cell
effects by binding to DNA through carboxy-terminal zinc fingers lines [12,14].

and recruitment of co-repressors to its mid-portion and amino-
terminus (Figure 1A). Co-repressors NCoR (NCORI1), BCoR
(BCOR) and SMRT (NCOR?2), which are components of multi-
protein complexes that include histone deacetylases, associate
with the amino-terminal POZ domain [2-4]. SMRT and NCoR
share an amino acid sequence (GRSIHEIPR) that is required for
binding to the BCL6-POZ domain and is functionally important
[5] but in contrast BCoR binding is by means of a different
primary sequence (APSSWVVPG) [6]. The binding of co-
repressor, SMRT, to the BCL6-POZ domain has been shown to
be required for BCL6 function in B-cells, although it may be
dispensable for its function in T-cells [7]. SMRT is a scaffold
protein that mediates the recruitment of the HDAC3 repression
complex to BCL6 and other repressive transcription factors [8].

BCLS6 is involved in chromosomal translocations in ~25% of all
cases of diffuse large B-cell lymphoma (DLBCL) [15] and is,
therefore, likely to have a major role in driving lymphomagenesis.
This is supported by the finding that mice with constitutive B-cell
expression of BCL6 develop lymphomas similar to human
DLBCL [16]. Gene expression profiling has been utilized to
subtype DLBCL into groups with differing clinical outcomes
[17,18]. The majority of cases with BCL6 translocations are
associated with poor prognosis activated B-cell (ABC) DLBCL
[19] as defined by the “cell of origin” classification [18,20]. Other
mechanisms causing constitutive expression of BCL6 have been
described; mutations disrupting a negative regulatory site in the
promoter region of the BCL6 gene occur in 10 to 15% of DLBCL

BCLS6 is expressed in normal germinal center B-cells [9] and is [21,22] and disruption of normal post-translational regulation of

essential for high affinity antibody formation [10,11]. At a
cellular level its role may be to allow proliferation and inhibit

BCL6 by various mechanisms have also been reported and are
likely to contribute to deregulated expression [23-25]. Overall
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Figure 1. A natural product screen to identify novel inhibitors of BCL6 transcriptional repression. (A) Schematic of BCL6 showing amino-
terminal POZ domain (red), carboxy terminal zinc fingers (yellow) and mid portion containing PEST domains (blue). Different proteins associate with
the three portions of BCL6. NCoR, BCoR and SMRT associate with the POZ domain, MTA3 and NuRD with the mid portion and ETO1 with the zinc
fingers. (B) lllustration of the screening strategy. BCL6 (green) is shown associating with its binding site cloned upstream of a luciferase reporter gene.
Without any compound, or with an inactive compound i.e. one that does not bind BCL6, luciferase output is repressed but in the presence of active
compound BCL6 mediated repression is prevented and output of luciferase increases. (C) Screening results for half a plate (40 compounds) from the
natural product library. The black bar (furthest left) is the mean negative control i.e. transfected cells without test compound, and the black horizontal
line the mean value across the entire screen. The red bar shows rifamycin SV. (D) The effect of rifamycin is due to inhibition of BCL6 transcriptional
repression. HEK293T cells were co-transfected with a BCL6 expression construct and a luciferase reporter. Transcriptional repression due to BCL6 was

relieved by rifamycin SV (R), but not by an agent that was ineffective in the screen (D).

doi:10.1371/journal.pone.0090889.g001

BCL6 is an important oncogene in DLBCL but it is also expressed
from an un-rearranged locus in follicular lymphoma, Burkitt’s
lymphoma and nodular lymphocyte predominant Hodgkin’s
lymphoma. Although its role has not been investigated in detail
in these diseases it is also likely to contribute to cellular
proliferation and survival.

A peptide corresponding to the region of SMRT interacting
with the BCL6-POZ domain has been demonstrated to be
functionally active i vitro and i vivo [26,27]. The peptide prevents
normal germinal center formation in mice and when administered
to BCL6 dependent cell lines or primary lymphoma cells causes
apoptosis. A combination of computer assisted drug design and
screens of small molecule libraries led to the identification of a
compound, 79-6, that binds in the SMRT binding groove in the
BCL6 POZ domain [28]. 79-6 is also functionally active in vivo
and causes apoptosis of BCL6 dependent lymphoma cell lines.
However, there are on-going efforts to carry out further small
molecule library screens for BCL6 inhibitors.

Here we report the identification of a direct interaction between
the BCL6 POZ domain and members of the ansamycin antibiotic
family: rifamycin SV and rifabutin. This represents a novel non-
bactericidal activity of the rifamycin family of antibiotics.
Rifabutin was found to cause the largest chemical shift perturba-
tions by NMR and a crystal structure of BCL6 in complex with
rifabutin reveals new insights into the structure activity relation-
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ships required for potential therapeutic agents to disrupt the
SMRT/BCL6 interaction.

Materials and Methods

Luciferase reporter screening assay

A BCL6 reporter construct as previously described [12] was
transfected into DG75 an EBV negative Burkitt’s lymphoma cell
line utilising Nucleofector program O-006 (Lonza Group Ltd,
Basel, Switzerland). A natural product library (TimTec, Newark,
DE, USA) was purchased unsolvated and solvated to a concen-
tration of 10 mM with DMSO. After each compound was
effectively solvated, 5 pl was added to the corresponding wells in
a daughter plate and diluted with 95 pl of sterile water. From the
daughter plate, 3 ul of compound was pipetted into 22 pl of
complete RPMI 1640 in quadruplicate into each different assay
plate. The compounds were diluted into each assay plate at a
concentration of 20 uM. One batch of DG-75 cells was transfected
with BCL6 reporter construct with a standard amount of a
construct expressing Renilla luciferase as a transfection control.
The transfected cells were then incubated at 37°C for 16 to
20 hours. The assay plates were centrifuged and 50 pl of the
transfected cells were pipetted into the designated wells on the
assay plate. The transfected cells were incubated for 12 hours with
the compounds before harvesting and determination of luciferase
activity.
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HEK293T cells were seeded at 2x10* cells/well in 96-well
plates and following 24 hours in culture were co-transfected with a
BCL6 reporter vector (100 ng), Renilla luciferase control vector
(100 ng) and a full-length BCL6 expression plasmid (200 ng) using
polyethylenimine (PEI) (Sigma, St. Louis, MO, USA). Compound
(5 uM) was added and cells were lysed, harvested and luciferase
activity determined after 24 hours. Each condition was carried out
in triplicate.

Protein expression and purification

DNA encoding the POZ domain (residues 7 to 128) of human
BCL6 (Figure 1A), with cysteine8 mutated to glutamine,
cysteine67 mutated to arginine and cysteine84 mutated to
asparagine, was cloned into a vector containing a 58-amino
acid GBI solubility enhancement tag, a 6X histidine affinity tag
and a TEV cleavage site (PROTEX, University of Leicester;
(http://www?2 le.ac.uk/department/biochemistry/research-
groups/protex)). Constructs were expressed in the E.coli strain
Rosetta (DE3) (Novagen, Merck Chemicals Ltd., Beeston, UK)
(Figures S1A and S1B). For preparation of '°N-labelled samples
bacteria were cultured 2M9 minimal media containing 1 g of
PN-ammonium chloride per liter. For crystallisation and
fluorescence polarisation E. coli were cultured in 2xY'T medium.
Bacteria were cultured at 37°C BCL6-POZ was purified using
Ni-NTA resin and subsequent buffer exchange into 50 mM
sodium phosphate pH 6, 300 mM NaCl, 5 mM DTT. Following
TEV cleavage overnight at 4°C the sample was further purified
by gel filtration using a Superdex S200 column (GE Healthcare,
Amersham, UK). Protein concentrations were measured using
Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA).

Peptide Synthesis and Fluorescence Polarization

Fmoc-protected amino acids were purchased from Novabio-
chem (Merck Chemicals Ltd, Nottingham, UK) or PolyPeptide
Group (Strasbourg, France) (Fmoc-homophenylalanine, Fmoc-
Styrylalanine, Fmoc-1-naphthylalanine & Fmoc-2-naphthylala-
nine) and were used as received. Peptides were synthesized on a
CEM Liberty 1 automated microwave-assisted solid-phase
peptide synthesizer (CEM Corporation, Buckingham, UK) using
a 30 mL Teflon reactor vessel on 0.05 mmol scale using Fmoc-
Arg(Pbf)-Wang resin (100-200 mesh) (substitution: 0.63 mmol/g).
Peptide solutions were made in PBS containing 1 mM tris-(2-
carboxyethylphosphine) and then coupled via the amino-terminal
cysteine to the thiol-reactive BODIPY TMR dye (Invitrogen,
Paisley, UK) in accordance with manufactures instructions.
Unreacted dye was removed by gel filtration using a PD-10
column (GE Healthcare). Fluorescence polarization experiments
were performed in a black 96 well assay plate (Corning,
Amsterdam, The Netherlands). Titrations were performed using
a fixed concentration of SMRT peptide, with increasing
concentration of the BCL6-POZ domain protein, in a final
volume of 100 pl of assay buffer (PBS, 0.05% (v/v) Triton X-
100, 0.1 mg/mL BSA). The plate was mixed by shaking for 1
min and measurements were then taken using a Victor X5 plate
reader (Perkin Elmer, Waltham, MA, USA) at room temperature
with an excitation wavelength of 531 nm and an emission
wavelength of 595 nm. Experiments were performed in triplicate
and data were analysed using GraphPad Prism (version 6.0,
GraphPad Software, Inc., San Diego, CA, USA). K4 values were
calculated by nonlinear curve fitting using a one-site binding
(hyperbola).
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NMR spectroscopy

All NMR experiments were performed at 303 K using Bruker
AVANCE DRX 600 or AVANCE AVII 800 spectrometers both
equipped with CryoProbes. Titrations were carried out using
280 uyM BCL6-POZ in 50 mM sodium phosphate pH 6,
300 mM NaCl, 5 mM DTT, 5% v/v DyO. Compounds were
resuspended in  deuterated DMSO (DMSO-d6). 2D 'H"N
heteronuclear single-quantum correlation (HSQC) spectra were
acquired with transverse relaxation optimization (TROSY) [29]
using 32 scans and 92 increments. 'H'°N HSQC spectra were
collected on BCL6-POZ alone and then with increasing amount
of compound. Data were analyzed using CCPN Analysis [30].

Crystallization and X-ray structure determination

Crystals of the BCL6-POZ domain were obtained using the
sitting drop vapor diffusion method at room temperature
(Figure S1) BCL6-POZ was concentrated to 3.8 mg/ml and
crystallised in the presence of rifabutin at a ratio of 1:8. In detail
1 pl of BCL6-POZ in 50 mM sodium phosphate pH 6, 300 mM
NaCl, 5 mM DTT (in the presence or absence of rifabutin) was
mixed with 1 pl reservoir solution (20% PEG 6000, 100 mM
sodium citrate, pH 5). Crystals grew in the space group P1 21 1.
Data were collected to 2.3 A on the microfocus beam line 124 at
the Diamond Light Source, Didcot, Oxfordshire. Data were
processed and integrated using XDS, iMosflm, Pointless and
Aimless [31,32]. The structure was solved using molecular
replacement using Phaser [33] and the BCL6-POZ domain from
the BCL6/SMRT structure (1R2B, [34]). Model fitting and
refinement were performed using Coot and Refmac [35,36].
Statistics of the refinement are presented in Table 1. The Rgee
remained higher than expected probably due to the small size of
the crystals and slightly streaky nature of the diffraction.

Accession numbers
Coordinates and structure factors for the BCL6-POZ domain

(residues 7-128) — Rifabutin complex have been deposited in the
Protein Data Bank (ID code 4CP3).

Results

Natural Product Screen for inhibitors of the BCL6-SMRT
interaction

Natural products form the basis for many drugs in clinical use.
Despite their chemical complexity, they have other properties
such as cell permeability and relatively high bioavailability that
make them attractive starting materials for screens in drug
discovery projects. We screened a commercial natural product
library consisting of 480 compounds for ability to prevent BCL6
induced transcriptional repression in the Burkitt’s lymphoma cell
line DG75 (Figure 1B). Nine compounds modified transcriptional
activity of a reporter construct bearing BCL6 binding sites in
DG75 (3 compounds repressing and 6 compounds enhancing
luciferase activity) (Figure 1C and Figures S2 and S3). However,
the BCL6 DNA binding sequence shares sequence similarities to
that of the STAT family of transcription factors [10] and our
results might reflect inhibition of transcription factors other than
BCL6. Therefore, to show directly that BCL6 transcription was
mhibited we co-transfected a BCL6 expression construct and a
luciferase reporter into HEK293T cells that do not express
endogenous BCL6. Luciferase expression was repressed by BCL6
and this was relieved by the addition of rifamycin SV (labelled R)
(Figure 1D), which was detected in the initial library screen
(Figure 1C), but not by the other eight compounds.
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Table 1. Data collection and refinement statistics (Molecular
replacement).
BCL6/Rifabutin
Data Collection
Space Group P1211
Cell dimensions
ab,c (A 35.17, 54.83, 58.16
o,By () 90, 95.21, 90
Resolution (A) 39.82-2.3 (2.38-2.3)
Rireree 10.8 (51.8)
I/l 9.8 (4.1)
Completeness (%) 97.13 (97)
Redundancy 3.0 (2.9)
Refinement
Resolution (A) 23
No. reflections 9168
Ruwork/Réree 20.2/26.9
No. Atoms 2053
Protein 1969
Ligand/ion 61
Water 23
B-factors
Protein 279
Rifabutin 48
Water 24.6
R.M.S. deviations
Bond lengths R) 0.013
Bond angles () 1.885
*Highest resolution shell is shown in parenthesis.
doi:10.1371/journal.pone.0090889.t001

Rifamycin SV directly interacts with BCL6-POZ

In order to determine whether a direct interaction with BCL6
in solution was responsible for the observed effects on
transcription, we utilized an NMR chemical shift perturbation
assay. Work by others has demonstrated that the important
interactions of BCL6 with co-repressors occur through the
amino-terminal POZ domain, which also mediates homodimer-
isation [37]. The TROSY 'H'°N TROSY-HSQC NMR
spectrum of the BCL6-POZ homodimer showed good dispersion
and uniform line widths indicative of a stable well-folded protein
(Figure S4). Addition of rifamycin SV (Figure 2A), resulted in a
subset of peaks shifting in a concentration dependent manner
(Figure 2B) supporting the hypothesis that rifamycin interacts
directly with the BCL6-POZ domain. However, even at large
excesses of rifamycin SV the chemical shift perturbations were
relatively small and chemical shift changes continued to be
detectable at high concentrations demonstrating that binding had
still not reached saturation.

Screening of rifamycin derivatives

Rifamycin SV belongs to a family of ansamycin antibiotics,
which have related structures, comprising a napthoquinone ring
bridged by an aliphatic chain (Figure 2A and 2C). In order to
determine whether other members of the family also bound to the
BCL6-POZ domain we analysed the commercially available
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compounds rifabutin, rifapentine, rifampicin and rifaximin as well
as 3-formyl rifamycin, for interaction with the BCL6-POZ
domain.

These derivatives all caused spectral changes of varying
magnitude with the greatest shifts caused by rifabutin (Figure 2C
and 2D). The estimated order of binding from weakest to strongest
was: rifaximin, rifapentine, 3-formyl rifamycin, rifampicin, rifa-
mycin SV and rifabutin. Comparison of the BCL6-POZ domain
spectra on addition of rifamycin SV and rifabutin (Figures 2B and
2D) showed small differences in the observed shifts of some peaks
suggesting minor differences in binding in solution. By plotting the
chemical shift change (3A) of the most shifted peak, as a function of
rifabutin concentration it was possible to estimate the Kd of the
interaction as being in the order of ~1 mM.

Structure of the BCL6-POZ- Rifabutin complex

To explore further the atomic details of the interaction we
crystallized the BCL6-POZ domain in complex with rifabutin.
Complex crystals were readily obtained and easily identified due
to the purple colour of rifabutin (Figure SIC). Molecular
replacement with the BCL6-POZ domain (1R2B, [34]) as search
molecule produced a clear electron density map with extra
density readily identifiable for rifabutin (Figure 3, Table 1).
Despite the BCL6-POZ domain being a symmetrical dimer [2,3]
only one molecule of rifabutin is present per dimer. The rifabutin
is located at the dimer interface and binds to the surface that
overlaps the surface bound by the SMRT and NCoR peptides
[2,34]. The napthoquinone ring of rifabutin occupies the pocket,
which is occupied by the residues histidinel426 of SMRT,
histidine1352 of NCoR, or tryptophan509 of BCOR, in the three
POZ domain co-repressor structures [6]. The most important
interaction appears to be a m-stacking interaction with the
aromatic ring of tyrosined8 of the BCL6-POZ domain. The
aliphatic “handle” or macrocycle of rifabutin makes electrostatic
interactions with asparagine2l and arginine24 (Figure 3).

A small molecule, 79-6, has been described previously and has
been observed to bind in the same pocket at the BCL6:SMRT
interface [28]. Comparison of the binding of SMRT peptide, 79-6
and rifabutin demonstrates remarkable similarities (Figure 4).
Specifically apolar interactions with tyrosine58 and electrostatic
interactions with asparagine21 and arginine24 are involved in the
binding of all three molecules.

SMRT peptide containing artificial amino acids to explore
binding to BCL6-POZ domain

In order to explore the importance of histidinel1426 of SMRT
or histidinel352 of NCoR for binding to the pocket in the BCL6-
POZ domain, which is also occupied by rifabutin and 79-6 we
synthesised SMRT/NCoR peptides with artificial amino acids
replacing the histidine (Figure S5). By fluorescence polarisation
the K4 of binding of the BCL6-POZ domain to labelled wild-type
SMRT peptide was determined to be 5 uM. All the artificial
amino acids that were employed in the study showed reduced
binding, as compared to wild-type peptide, but there were
considerable differences in affinity. Whilst the peptide bearing a
I-naphthyl residue had a binding affinity of 11 pM the 2-naphthyl
peptide had a much lower affinity of 154 uM (Figure 5A).
Homophenylalanine and styryl derivatives had intermediate
affinities. Modelling of these artificial amino acids, such that they
have the same orientation as tryptophan509 of BCOR and
histidine1426 of SMRT [6], suggested explanations for this data
(Figure 5B, 5C and 5D). Whilst 1-naphthyl is oriented within the
pocket, 2-naphthyl clashes with the BCL6-POZ domain, which is
likely to prevent significant binding. Homophenylalanine and
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Figure 2. Rifamycin SV and its derivative, rifabutin, bind directly to the BCL6-POZ domain. Schematic diagram to compare the structures
of (A) rifamycin SV and (C) rifabutin. These two compounds differ with respect to the side chains on C-3 and C-4. (B) and (D) TROSY TH,"N HSQC
spectra of 280 uM BCL6-POZ domain. (B) Chemical shift changes due to rifamycin SV. An overlay of the spectra of BCL6-POZ domain alone (green)
and in the presence of a 16:1 molar ratio of rifamycin (purple). (D) Chemical shift changes due to rifabutin with an overlay of the spectra of BCL6-POZ

domain alone (green) and in the presence of 4:1 (light blue), 8:1 (red) and 16:1 (purple) molar ratios of rifabutin.

doi:10.1371/journal.pone.0090889.9002

styryl side chains were employed to place aromatic rings,
potentially capable of interacting with tyrosine58 closer to the
BCL6-POZ domain than is histidinel426 in the wild-type
structure. Binding affinity was again reduced demonstrating the
stringent requirements for compounds that are to be lead
molecules as BCL6 inhibitors.

Discussion

There is interest in developing BCL6 inhibitors because this
transcription factor is required for proliferation and survival of
several types of non-Hodgkin’s lymphoma and nodular lympho-
cyte predominant Hodgkin’s lymphoma and proof of principle
studies have demonstrated the efficacy of inhibiting BCL6 in
diffuse large B-cell lymphoma [27,28]. The rifamycins and
especially rifabutin are attractive starting materials for producing
a clinically useful BCL6 inhibitor because of their high lipid
solubility, extensive tissue penetrance and long half-life [38].

We have demonstrated that rifamycin SV and rifabutin,
members of the ansamycin antibiotic family, that have clinical
uses in the prevention or treatment of bacterial infections due to
binding and inhibition of bacterial DNA-dependent RNA
polymerase, are able to bind the BCL6-POZ domain.

PLOS ONE | www.plosone.org 5

This result is functionally significant as demonstrated by
mhibition of BCL6 transcriptional repression by rifamycin SV.
The luciferase reporter assay we employed produced 9 “hits” of
which only rifamycin SV bound to BCL6. Three of the
compounds appeared to enhance transcriptional repression i.e.
reduced luciferase production, and for one of these compounds
(Figure S2A) the explanation may be that it is a known inhibitor of
firefly luciferase (Figure S3B) [39].

Rifamycin SV 1s derived from rifamycin B (the natural
fermentation product of Streptomyces mediterraner) by removal of
the glycolic group bound to C-4. The rifamycins are potent
inhibitors of bacterial DNA dependent RNA polymerase [40]
and are utlised in the treatment of tuberculosis. Another
property of these compounds, their high lipid solubility, may
help to penetrate the bacterial wall. Structurally, the rifamycins
consist of a naphthoquinonic chromophore, which is spanned by
an aliphatic bridge between the nitrogen on C-2 and the oxygen
on C-12 of the napthoquinone moiety (Figure 2A and 2C). The
members of the family differ primarily in the side chains on C-3
and C-4. We demonstrate that rifamycins bind with different
strengths to the BCL6 POZ domain. These agents largely differ
in the side chain attachments to C-3 and C-4, which do not
appear to make significant interactions with the protein in our
crystal structure. One possibility is that the side-chains alter the
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Figure 3. Crystal structure of rifabutin and BCL6-POZ domain.
Electron density corresponding to rifabutin, following refinement, in the
context of surrounding electron density demonstrating the proximity of
(A) tyrosine58 from one monomer of the POZ dimer and (B)
asparagine21 and arginine24 from the other monomer. (C) Surface
representation of BCL6-POZ with basic residues (including asparagine21
and arginine24) in blue and acidic residues in red. The napthoquinone
rings of rifabutin are in proximity to tyrosine58 whilst the aliphatic
bridge is adjacent to the basic surface.

doi:10.1371/journal.pone.0090889.9g003

rigidity of the molecule to alter the fit in the lateral groove of the
POZ domain dimer. Supporting the view that the C-3/C-4 side
chains are important in modulating function, others have shown
that rifamycin SV can inhibit amyloid fibril formation through
disruption of interactions between fibril aromatic rings that are
required for elongation whereas rifaximin does not have this
effect [41].

SMRT and NCoR occupy a binding pocket that is present in
the apo i.e. unliganded, form of BCL6. The co-repressor,
BCOR, associates with BCL6 through interactions with the
lateral groove as do SMRT and NCoR. Whilst SMRT and
NCoR bind to the BCL6-POZ domain through identical
sequences, GRSIHEIPR (residues 1422 to 1430 of SMRT and
residues 1348 to 1356 of NCoR), there is no similarity to the
BCL6 binding sequence of BCoR, APSSWVVPG. However,
binding of peptides derived from SMRT and BCoR have been
investigated in detail [6]. BCOR tryptophan509 and SMRT
histidine1426 make similar contacts on the BCL6-POZ domain,
namely with residues methionine51, cysteine53, serined4, gly-
cined), asparagine?l, arginine24 and arginine28 [6]. The small
molecule, 79-6, utilizes a subset of the interactions employed by
the SMRT peptide for binding to the BCL6 POZ domain. Our
X-ray crystallographic studies show that rifabutin occupies the
pocket utilised by histidine in the SMRT and NCoR sequences
and tryptophan in BCoR. The binding of rifabutin to the BCL6
POZ domain also appears very similar to that of the small
molecule, 79-6, [28]. Collectively it seems likely that rifamycin
SV and rifabutin can occupy a druggable pocket in the BCL6-
POZ domain.

Macrocyclic compounds, of which rifamycin SV and rifabutin
are examples, may have utility in perturbing protein-protein

PLOS ONE | www.plosone.org

Figure 4. BCL6-POZ domain in complex with rifabutin, 79-6
and the SMRT peptide. A section of the BCL6-POZ domain structure
is shown binding; (A) rifabutin, (B) the SMRT peptide and (C) 79-6.
doi:10.1371/journal.pone.0090889.g004

interactions and are also highly membrane permeable. We suggest
that the rifamycins will be interesting compounds from which to
develop BCL6 inhibitors.

Supporting Information

Figure S1 Protein purification and crystallisation of
BCL6. (A) Coomassie stained polyacrylamide gel showing
production of BCL6-POZ domain with a GBIl tag and TEV
cleavage of the tag. (B) BCL6-POZ domain purified away from the
GB1 tag by size exclusion gel filtration. Coomassie stained
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-e- Native SMRT : (5 +£0.3)

Fluorescence Polarisation

; -8~ SMRT Homophenylalanine : (43 + 3.3)
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¥ SMRT 1-Naphthyl : (11 +£1.2)

- SMRT Styryl : (41 +8.7)
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Figure 5. Binding requirements of the SMRT peptide explored utilising artificial amino acids to replace histidine. (A) Binding curves
obtained by fluorescence polarisation for wild-type peptide and 1-napthyl, 2-napthyl, styryl and homophenylalanine substitutions of histidine1426 of
SMRT. The K4 in uM (mean=SEM) is presented to the right of the compound name. (B) Structure of wild-type SMRT peptide bound to the BCL6-POZ
domain. Molecular modelling of (C) 1-naphthyl SMRT peptide and (D) 2-naphthyl SMRT peptide.

doi:10.1371/journal.pone.0090889.g005

polyacrylamide gel showing fractions collected. (C) BCL6-POZ
crystal mounted in a loop at the Diamond Synchrotron beamline
124 (Red box 25.9 pm?). The crystals are faintly lilac having taken
up the coloured rifabutin.

(T1F)

Figure S2 Natural product library screening. Results for
all 480 compounds are presented. Column to the left in orange is
the mean negative control i.e. transfected cells without test
compound, and the orange horizontal line the mean value across
the entire screen. Compounds considered “its”are represented as
red columns and comprise 6 that relieve BCL6 transcriptional
repression and 3, which appear to enhance repression.

(TTEF)

Figure S3 Structures of the 9 compounds that alter
BCL6 transcriptional repression. The most widely used
compound name is presented apart from one compound (A),
which has no common name and for which the IUPAC
nomenclature is stated. The chemical identifier (CID) from
PubChem 1is also presented. (A to C) Three compounds that
reduce luciferase activity. (D to I) Compounds that enhance
luciferase activity, including (I) Rifamycin SV.

(T1F)

PLOS ONE | www.plosone.org

Figure $4 TROSY 'H, >N HSQC NMR spectrum of the
BCL6-POZ domain.

(11TF)

Figure S5 Sequences of SMRT peptides. Sequences of
SMRT peptides utilised in fluorescence polarisation experiments
together with the structures of the artificial amino acids at the
position of histidinel1426 in the wild-type peptide. (A) wild-type
SMRT, (B) Il-naphthyl-SMRT, (C) 2-naphthyl-SMRT, (D)
homophenylalanine-SMRT and (E) styryl-SMRT.

(T1TE)
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