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I Abstract

Epigenetic signals include chemical modifications on DNA and post-translational modifications to
amino acids in histone proteins. One of the most common sites of modification are lysine residues:
addition of acetyl or methyl groups are recognised by “reader” domains including bromodomains
and plant homeodomains (PHDs). These domains mediate protein-protein interactions, affecting
downstream events including gene transcription. PHDs and bromodomains are found in close

proximity within some proteins, raising the possibility of combinatorial signalling eliciting a range
recognition of
acetylation

of responses. Tripartite motif-containing proteins 24 and 33 :g;ﬁyﬂﬂd
(TRIM24 and TRIM33) contain an adjacent PHD and

bromodomain which recognise methylation and acetylation states
of lysine residues, respectively (Figure 1). These interact with
histone-mimicking peptides that display a specific combination of

unmodified, trimethylated and acetylated lysine residues. Work has vy P
plant / bromodomain

i inhibiti 1 1 homeodomain
been carried out towards inhibition of these epigenetic readers, REmeedOmAN histone recognition by

the tandem PHD bromodomain cassette
(PDB: 3034 & 3037). Recognition of
multiple modification sites on a H3
histone tail — lysine residues 4, 9, and 23.

through target analysis, assay development, and screening of
putative binding partners. Refinement of expression systems for
TRIM24 and TRIM33 enabled structural investigations, and development of biophysical assays to
provide screening capacity. These assays were used to further characterise interactions through
profiling varyingly modified histone-like peptides. Based on structural information and
computational modelling, an in silico screen was performed to identify putative binding partners,
and generate a chemical pharmacophore. /n vitro screening of a bespoke collection of compounds
based on these results, was supplemented with a broad screen targeting protein-protein interactions.
Subsequent rounds of validation identified four compounds which bind to either TRIM24 or
TRIM33 (Figure 2). Prompted by the reliance of competition based assays on knowledge of a high

affinity interaction with a ligand or peptide, a dimethylisoxazole unit was used as an acetyl lysine
c04
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III Abbreviations

21A 2-iodoacetamide

2-TY 2xtyptone-yeast extract growth media

a.u arbitrary units

Azgo absorbance at 280 nm

Ac acetyl

AlphaScreen amplified luminescent proximity homogeneous assay screen
AML acute myeloid leukemia

APS ammonium persulfate

BAZ1B bromodomain adjacent to zinc finger domain 1B
BCP bromodomain containing protein

B-ME [B-mercaptoethanol

BPTF bromodomain PHD finger transcription factor
BRD bromodomain-containing protein

BSA bovine serum albumin

CBP CREB binding protein

CD circular dichroism

CH-Cl; dichloromethane

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
CHCA a-cyano-4-hydroxycinnamic acid

CHCl; chloroform

cHLM calculated human liver microsomal stability
CID collision-induced dissociation

CI-DMI 5-(chloromethyl)-3-methylisoxazole

CM5 carboxymethylated dextran

CNS central nervous system

CREB c-AMP-response element binding protein

Da dalton(s): unit of mass

DMI 3,5-dimethylisoxazole

DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dNTP deoxynucleoside 5’-phopshate

DSF differential scanning fluorimetry

DTT dithiothreol

E. coli Escherichia coli bacteria

EDTA ethylenediaminetetraacetic acid

EP300 histone acetyltransferase p300

EPL expressed protein ligation

ESI electrospray ionization
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€250 molar absorption coefficient at 280 (M~ cm™)
FAC final assay concentration

FIH factor inhibiting hypoxia-inducible factor
FPLC fast protein liquid chromatography

FRAP fluorescence recovery after photobleaching
FT-ICR-MS Fourier Transform Ion Cyclotron Resonance Mass spectrometer
GFP green fluorescent protein

GST glutatione S-transferase

H histone polypeptide

h hour(s)

HAT histone acetyltransferase

HDAC histone deacetylase

HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
HPLC high-performance liquid chromatography
hv microwave irradiation

IBiD interferon response binding domain

ICso half maximal inhibitory concentration

ICM Internal Coordinate Mechanics

IMAC immobilised metal affinity chromatography
IPTG isopropyl p-D-1-thiogalactopyranoside
KAc actylated lysine

KIX kinase-inducible domain interacting
KMe; mono-, di-, trimethylated lysine

L litre

LC liquid chromatography

LE ligand efficiency

LIC ligation independent cloning

LIFT

LLE lipophilic ligand efficiency

MCS multiple cloning site

MDCK Madin-Darby canine kidney

Me methyl

MeOH methanol

min minute(s)

MLL1 mixed lineage leukemia 1

MS mass spectrometry

MS/MS tandem mass spectrometry

MW molecular weight

NCL native chemical ligation

NCS N-chlorosuccinimide
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NEt;
NMM
NTA
o/n
OH
PAGE
PCR
PDB
PFI
PHD
PHEFS
PPI(s)
PTM
r.t.
RID
RING
RNA
s.d.
s.e.m.
SDF
SDS
SDS-PAGE
sec
SLIC
SMILES
SPR
SUMO
t

TAF1
TEV
THF
TIC
TLC
T
TPSA
TRIM
Tris
Water-LOGSY
WT

triethylamine

N-methylmaleimide

nitrilotriacetic acid

overnight

hydroxyl

polyacrylamide gel electrophoresis
polymerase chain reaction

Protein Data Bank

property forecast index

plant homeodomain

PHD finger protein 8

protein-protein interaction(s)
post-translational modification

room temperature

receptor interaction domain

really interesting new gene

ribonucleic acid

standard deviation

standard error of the mean

structure-data file

sodium dodecyl sulfate

sodium dodecyl sulfate polyacrylamide gel electrophoresis
second(s)

sequence and ligation independent cloning
simplified molecular-input line-entry system
surface plasmon resonance

small ubiquitin-like modifier

time

TATA box binding protein-associated factor
tobacco etch virus

tetrahydrofuran

total ion count

thin layer chromatography

denaturation ('melting") temperature
topological polar surface area

tripartite motif-containing

trisaminomethane

water-ligand observed via gradient spectroscopy
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Chapter 1: Introduction

Chapter 1: Introduction

Epigenetic regulation of gene transcription is affected by chemical modifications on DNA and post-
translational modifications (PTMs) of amino acids in histone proteins' — the central unit of a
chromosome’s dynamic storage structure. It is proposed that a certain pattern of epigenetic
modifications can result in a defined downstream phenotype, leading to the concept of the “histone
code”.? Recent work has shown that modulation of proteins that add (‘write”), bind (‘read’), or
remove (‘erase’) the histone code is a viable therapeutic strategy,® notably for certain types of
cancer.* Lysine residues are susceptible to PTMs, and addition of an acetyl or methyl group(s) can
be recognised by bromodomains and plant homeodomains (PHDs) respectively, affecting
downstream events. A sub-family of bromodomain-containing proteins, including tripartite motif
family members TRIM24 and TRIM33, contain an adjacent bromodomain and PHD finger, raising
the possibility of combinatorial signalling eliciting a range of responses.” We aim to investigate
multi-domain epigenetic readers to gain insights into subtle mechanisms of transcriptional

modulation afforded by multiple reader domains in one protein.®

1.1  Epigenetics

The term ‘epigenetics’, literally meaning ‘above genetics’, was first introduced by
C. H. Waddington in 1942 and defined as “the causal interactions between genes and their
products, which bring the phenotype into being”.” Historically epigenetics has implied memory of
a cellular signal, and the broader use of this word as shorthand for various regulatory systems
involving DNA or histone modifications, nucleosome location, or noncoding RNA can be debated.®
This terminology has been particularly contentious for histone modifications,” since mechanisms
for inheritance of these modifications through cellular division are as yet unclear.'® However, the
fact that histone PTMs provide a mechanism for environmental factors to affect gene transcription,
and the fact that at least some PTMs survive through cell division, has linked histone PTMs with a

potential molecular mechanism for epigenetic memory.
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After a chromatin-based epigenetics meeting, with the intention of creating a consensus definition
of ‘epigenetics’, Berger et al. concluded that “an epigenetic trait is a stably heritable phenotype
resulting from changes in a chromosome without alterations in the DNA sequence”.!! Under this,
histone modifications were considered ‘epigenetic maintainers’, which do not possess absolute
DNA sequence specificity, and are insufficient for initiation of an epigenetic state. More recently,
Arrowsmith et al. define epigenetics as “‘heritable changes in gene expression or phenotype that
are stable between cell divisions, and sometimes between generations, but do not involve changes
in the underlying DNA sequence of the organism”.? In an effort to characterise heritability, two
separate yeast studies demonstrated that H3K9Me defines a transcriptionally silent state that can be
epigenetically inherited, independently of DNA sequence or other positive-feedback loops.
Maintenance of this state through many mitotic divisions, and transgenerationally through meiosis,
was determined by the persistence of the H3K9Me modification: a result of the activity of the Clr4
methyltransferase and Epel demethylase, and dilution of histones during DNA replication.!?!?

These data validate the consideration of histone PTMs as bona fide epigenetic modifications.

1.2 Chromatin structure and histone modifications

In eukaryotic cells, chromatin is the dynamic protruding histone ‘tails’
storage structure of genetic information, formed
from multiple nucleosome units linked by flexible
strands of DNA. These nucleosomes comprise two
sets of the histone polypeptides H2A, H2B, H3 and
H4, with ~146 DNA base pairs wrapped in ~1.7

super-helical turns around this globular octomer

(Figure 1.1)." This essential feature of packing

forms a template which is decorated with various Figure 1.1 Structure of a chromatin unit, displaying
internal H3-H4 tetramer complex with accompanying

.. ) . H2A and H2B dimers, as well as protruding histone
PTMs containing a wealth of information about the  ailg' accessible to interaction with epigenetic

modulator proteins (PDB: 1AOI).
activity state of the gene.
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The depth of the information accessible through chromatin modifications is multifaceted
(Figure 1.2). Histone ‘tails’ are susceptible to at least eight distinct modifications, including
methylation, phosphorylation, glycosylation and ubiquitination, meaning different groups with a
variety of chemical properties can be appended.'*'® Additionally, these modifications can occur at
multiple positions along a histone tail, including within the histone core, and to several degrees.
Lysine residues, for example, can be found unmodified, acetylated (KAc), or in mono-, di- or
trimethylated states (KMe;3). Histone modifications are commonly referred to by the histone
subunit, followed by the identity and position of the modified residue e.g. H3K9Mej is histone H3

with a trimethylated lysine in the ninth position. This nomenclature will be used throughout.

Lysine acetylation, a ubiquitous PTM, was first applied directly to histone proteins and linked to
transcriptional activity in 1988,!7 prompted by chemical studies on acetylation of calf thymus
chromatin.'® The effects of these PTMs were initially thought to be purely electrostatic: lysine
acetylation neutralises the charge of the e-nitrogen atom, reducing the interactions with negatively
charged DNA phosphate groups. This reduction in charge gives rise to the less tightly packaged
form of chromatin, euchromatin, which is associated with active gene transcription. Conversely,
lysine bearing an alternative PTM of trimethylation is positively charged, and promotes the tightly
packed heterochromatin structure, which is less accessible to transcription factors and hence is
associated with gene silencing. Subsequent research has shown that these PTMs have further
function, beyond a passive structural role, that also affects gene transcription through direct protein-
protein interactions (PPIs). Genomic distributions of these modifications combine to form a

complex, context-dependant language,'® which can manifest phenotypically.

The proposal that a ‘histone code’ exists that regulates activities associated with chromatin, was
first presented in 2000.%° It was suggested that a landscape of distinct modifications constitute a
‘map’ which defines spatial and temporal access to the genetic region. Since then the model has
developed to describe the storage, interpretation and organisation of genetic information being
achieved by the complementary action of 'writers', 'readers', and 'erasers': proteins which add,

recognise and remove PTMs, respectively (Figure 1.3).
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A Acetylation
¢ 1 2 Histone acetyltransferases Bromodomains Histone deacetylates
Writer enzymes place covalent (HATs) 6.9. CBP e.g. BRD2 (HDACs) e.g. HDAC1
modifications on unstructured N-terminal J Ve,
; READER X
&,
§ N

histone  ‘tails’, which protrude from

»
Histone methyltransferases Plant homeodomain Histone demethylase

nucleosomal DNA through grooves between ~ (HMTs)eq.DOTIL {FHE G, PR S KEMIA

@  Methylation

super-helical segments. Distinctive patterns Figure .1.3 The model for thfe proposed ‘histone codg’ for t.he
regulation of gene expression from PTMs. Proteins which

. . . . add, recognise, or remove modifications are referred to as
can relay epigenetic information to ‘writers’, ‘readers’, and “erasers’, respectively.

modulators or ‘readers’ which, amongst other functions, control transcription; chromatin markers
have been associated with both repression and activation of genes. This in turn can result in the

action of ‘erasers’ removing units of modification to adapt to new requirements of the system.

The understanding of enzymes responsible for actively maintaining this dynamic equilibria has
advanced, in both breadth of modifications and depth of knowledge in their functionality.
Accumulating evidence suggests epigenetic readers may serve to initiate specific downstream
events, including transcriptional regulation and DNA repair.2! However, the tractability of
inhibiting enzymes ‘reading’ the code has only recently come to the forefront, particularly in terms
of disease pathology.?? This concept is attractive from a medicinal chemistry perspective as it
should, in principle, be possible to interfere with these proteins as an alternative to targeting the

proteins whose expression they control.??

1.3  Epigenetic reader modules

Several protein folds are able to recognise PTMs of chromatin, making them fundamental to
transcriptional regulation. These reader domains take part in highly specific interactions with small,
chemical modifications to accessible portions of the nucleosomal units, and mistranslated
epigenetic signals have been implicated in disease. Complex spatial arrangements strike a fine
balance between structural imposition required for specificity and flexibility necessary for diverse

readership across the histone code.




Chapter 1:

Introduction

1.3.1 Bromodomains

" BRD2(2) BRD3{(2)

GCN5L2

CREBBP
WDRS(2)
PHIP(2)

PCAF

PB1(1) PB1(3)

BRWD3(2) PB1(5)SMARCA2A
BAZ1B

BRDS

v
BRD7

BRPF3
BRPF1B
BRPF1A

SMARCA2B
SMARCA4

BRWD3(1)

RDA PHIP(1)

KIAA1240 ATAD2

WDRS(1)
PRKCBP1
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TRIMES TAF1(1)

BAZZA

TRIM32B ZMYND11

TAFIL(1)

TRIM33A  TiFta SP110C
¢ 7 spiioa

V SP100

SP140
Figure 1.4 Human bromodomain phylogenetic tree
constructed from structure based alignments including 61
bromodomains found within 46 proteins. Subdivision into
‘families’ indicated numerically. Reprinted with permission
from Hewings et. al, J. Med. Chem.'®> Copyright 2012
American Chemical Society.

TAFiLE) TAF1)

LOCS3349

Bromodomains are an important and well
characterised protein domain of ~110 amino
acids which bind to KAc modifications on
histone tails, and other proteins, acting as
readers of lysine acetylation states. Named
after the Drosophila gene brahma where they
were first identified,?* there are 61 human
bromodomains known within 46 proteins in
the human proteome, with some proteins
containing more than one distinct

bromodomain (Figure 1.4).252° These have

been allocated into eight families based on

three-dimensional structure-based alignments, followed by manual curation of the aligned

sequences.”’” The most widely studied of these is the bromodomain and extra-terminal domain

(BET) family, including the dual bromodomain containing proteins BRD2-4 and BRDT.

A left-handed, antiparallel four-helical bundle (0 A, aB, aC, and 0.Z) dominates the tertiary structure

of bromodomains?® and is highly conserved across the family, despite low sequence identity (Figure

1.5: A).?° Specificity for certain acetylated lysine residues is thought to arise, at least in part, from

the variable length loops between helices, termed the ZA and BC loops, at the opening to the KAc

binding site, which can interact with adjacent residues to observe contextual sequence.?’

The acetylated lysine residue binds in a pocket found in bromodomains that is predominantly

hydrophobic, and contains four structurally-conserved water molecules which form the base of the

pocket (Figure 1.5: B).There are often two additional conserved water molecules that reside in the

ZA loop region. KAc donates a hydrogen bond from the &-NH to one of the ZA channel water

molecules and accepts a hydrogen bond from a conserved asparagine residue ((Figure 1.5: B —
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BRD2(2) N156), that is replaced by a tyrosine or threonine in some bromodomains.?” The KAc also
forms a water-mediated hydrogen bond to a conserved tyrosine residue within the pocket (Figure
1.5: B — BRD2(2) Y113). Although these hydrogen-bonding interactions are key for KAc
recognition, the inherent affinity a bromodomain for an KAc amino acid is low. In the case of

histones, additional affinity comes from binding of the peptide tail at the entrance to the KAc-

binding pocket.

\_BRD2(2) bromodomain )\\KAC recognition site y

Figure 1.5 A. X-Ray crystal structure of a typical bromodomain (second bromodomain of BRD2) in complex with
KAc (carbon = purple, PDB code 2DVQ). The bromodomain structural motif is formed of four helices aZ (blue), aA
(yellow), aB (orange), and aC (red) and two loop regions known as the ZA loop (green) and the BC loop (light green).
B. Interactions of a KAc residue in a well-defined hydrophobic pocket. A highly conserved asparagine residue and
several tightly bound water molecules (red spheres), which form the base of the pocket, take part in hydrogen bonding
interactions. In BRD2 hydrogen bonding occurs from the carbonyl oxygen to N156 and via water to Y113. The
hydrophobic entrance to the pocket, W97-P98-F99, is common to BET bromodomains and termed the ‘WPF shelf’.
Reprinted with permission from Jennings et. al, Future Medicinal Chemistry.>® Copyright 2014 Future Science Group.
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1.3.2 Plant homeodomain fingers

Methylation of lysine residues comprise an important category of modification, which forms a
prevalent ‘ON’ mark at start sites, as well as effecting gene repression in other contexts. Plant
homeodomain (PHD) fingers are zinc finger-containing proteins that recognise lysine methylation
states,?!32 and have demonstrated greater diversity in residue composition than other epigenetic
reader domains. Since identification as a potential domain involved in chromatin-mediated
transcriptional regulation in 1995.3* PHD fingers have been the subject of various investigations
into function and biological affinities. Mutations within this motif have been linked to
immunological, neurological and developmental disorders.?? There are 90 annotated PHD fingers
in the human genome, which can be grouped into ‘kinships’ based on sequence alignments,

groupings which are likely to translate into similar biological activity (Figure 1.6).

Zinc finger-containing proteins are responsible for a range of biological functions, including
epigenetic regulation, apoptosis, protein folding and lipid binding, with structures as diverse as their
functionality. The classical zinc finger unit is composed of a Cys,His, motif coordinating a Zn?>*
ion.>* The first natural known variant on this sequence was the friend of GATA (FOG) family
CCHC zinc fingers,*> which presented the apparent ability for this robust unit to tolerate chelating
sequence variations without gross structural distortions. The PHD motif expands on this evidence,
demonstrating that multiple cysteine or histidine substitutions can be made without loss of structural

integrity.

Despite low sequence identity and frequent insertion or deletion events, PHD domains retain a
consistent structural fold, which is spatially distinct from other similar zinc-binding regions
associated with gene regulatory action, such as the Cys;HisCyss RING finger and the Cys;HisCyss
LIM domain. The highly conserved coordination of zinc ions (Zn?>*) by a characteristic CyssHisCyss
motif* is required for conformational stability in these small, 50-80 residue long domains. There
are notable exceptions to the typical architecture of a PHD finger, with several widely accepted

domains featuring an alternative arrangement of metal binding residues. For example the
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transcriptional ~ regulator ATRX with a Cysg A X,
-1
coordination pattern is also frequently referred to as a

PHD domain.?’

PHD finger topology is dominated by a single super-
secondary structural motif of two interlaced zinc fingers

in a cross braced arrangement with a core of two

antiparallel (-strands (Figure 1.7: A). The lack of an

I\;o_%% histone binding
a-helical peptide binding surface is typical of this \* surface
. . . . . loop 1
domain, as is the incorporation of large sections of - Eﬂ\(?:‘
-\ /
disorder. The first solution structure of a PHD motif . _;‘ \f
Ly W
from bromodomain adjacent to zinc finger domain 1B “E’ B -
a Ja e 3
(BAZ1B)* asserted the domain's reliance on Zn** ions \ ( &/

for expression and organisation, with removal resulting
Figure 1.7 A: Metal ligation pattern for
general PHD finger; complexation of two Zn?*
ions in a cross braced fashion. Arrows represent
) ) ) likely secondary structural regions: red — o-
folded proteins (Figure 1.7: B). This structure revealed helices, green — B-strands. B: Solution structure
of BAZ1B (WHSF) PHD finger (PDB: 1F62)
two loops from R7-I116 and R31-Q43 which presented as demonstrates typical topology. Chains coloured
according to secondary structure; histone binding

. ) . ) . surface coloured by residue hydrophobicity; stick
likely candidates for PHD-ligand interactions. These tWo o — metal bindi}rllg residuez. P Y

in loss of chemical shift dispersions characteristic of

highly variable loops imbue the protein with a diverse set of readership abilities, demonstrating
specificity across a range of substrates.>® PHD fingers have exhibited target interactions with lysine
residues bearing a specific level of methylation, from un-methylated (KMeg) to mono-, di-, and tri-

methylated (KMe;.3).

PHD fingers commonly bind methylated lysine residues in a pocket defined by three residues
forming an aromatic cage. The diverse composition of this region includes many combinations of
phenylalanine, tryptophan, histidine, and tyrosine residues. Positional specificity is achieved via an
extended recognition surface, including an acidic or polar pocket for the nearby arginine sidechain,
which can either be found adjacent (as in the ‘RK’ sequence beside H3K9/H3K27) or separated by

one amino acid (as in the ‘RXK’ sequence formed from H3R2 preceding H3K4). The N-terminus

10
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of a histone chain is cradled in one of the variable loop regions of the PHD finger, encouraging
hydrogen bonding and disfavouring elongation of the chain. These features give each specific PHD

finger exquisite selectivity of readership, while allowing breadth of recognition across the family.

1.3.3 Combinatorial modifications |
WD40r

Epigenetic reader domains are found in the context
of complex protein architectures, and are predicted
to work in combination with various other effector PWWF _ 6 Bromo
N /22 \

SANT PHD . 2 | MBD

local organisation of multiple reader domains.*’ \ / \
. . . 1

I d affinit f reader d fi tid
ncreased affinities of reader domains for peptides oy Tudor

domains. Of increasing scientific interest is the

with multiple modification sites imply a Figure 1.8 Network analysns of human epigenetic
reader domain associations in the human proteome.
The number of coincidences for any two domains are

cooperative action in substrate recognition.® It has . S
indicated on connecting lines.

also been suggested that intermediate modification profiles of histones exist as 'ready' states, to
facilitate rapid responses to changing environmental conditions.>#! According to the histone code
hypothesis, multiple recognition domains are frequent in reader proteins to produce the diversity
required for action across the breadth of the epigenome (Figure 1.8), with combinatorial marks that
tether a protein partner to a specific nucleosomal region also enabling combined ‘read/write’ or
‘read/erase’ actions.’'** The dominance of phenotypic responses from inhibition of proteins
containing multiple bromodomains, could also imply that multiple reader domains may be
necessary to initiate full phenotypical responses from combinations of modifications. For example
use of bromodomain probes without high levels of selectivity over the first or second

bromodomains of proteins in the BET family still demonstrate a ‘BET-inhibition-like’ phenotype.

Positioning of a PHD domain within a gene product is contextually varied. Many appear in close
proximity to other histone ‘reader’ modules including bromodomains, chromodomains and further
PHD domains, where cooperative interactions are necessary for functionality (Figure 1.9).

Although few links have been made between a PHD finger's wider environment and resulting

11
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function, the high incidence of multiple reader domains suggests an influence of compound or
sequential modifications. In the case of DPF3b, tandem PHD domains are necessary for acetylation
signal recognition,*? although many cases exist where a lone PHD finger is sufficient to recruit other

complementary nuclear signalling proteins.

In a large-scale structural analysis of the

bromodomain family?’” a subclass of

domains was characterised as containing

tandem PHD and bromodomain units
K14ac

H3
(Figure 1.10). Members of this class ﬁ

exhibit differential recognition depending DPF3b

on spatial constraints and the relative Figure 1.9 Examples of multivalent recognition of histone post
translational modifications, by adjacent epigenetic reader
domains:'* A. The TAF1 double bromodomain reads two
acetylated lysines on the histone 4 tail; B. Specificity of
. ) modification sites may arise from spatial constraints and inter-site
can dictate cis- or (frans- histone distances;'¢ C. Combinations of modules can provide alternative

functionality;!” D. Anti-parallel arrangement of binding sites in
recognition: the PHD and bromodomain BPTF, caused by a short rigid linker, forces #rans-histone

recognition. Reprinted with permission from Wang and Patel, J Biol

p : . . . .
in BPTF are linked by a rigid 15 amino Chem. Copyrlght 2011 American Society for Biochemistry and
Molecular Biology.

orientation of recognition sites. The later

acid long a-helix, which enables recognition of methylation and acetylation on different core
histone peptides H3K4Me; and H4K Ac;* TRIM24, with domains linked by a hydrophobic core of
the az helix, recognises modifications on the same histone H3K4Me, and H3K23Ac. Additionally,
alignment of peptide orientation affects combined readouts: modifications in positions H3K4 and
H3K23 are spatially aligned, whereas lysines H3K4 and H3K27 are presented on opposite sides of

the peptide.

With progress in the epigenetic field from inhibition of enzymatic effectors, towards inhibition of
reader domains,® inhibition of multivalent modifications presents itself as a challenging future
direction. Since two HDAC inhibitors (romidepsin and vorinostat) have been approved for use in
refractory cutaneous and peripheral T cell lymphoma,* five bromodomain inhibiting compounds
have been registered for clinical trials. Concurrent inhibition of several reader domains could result

in a novel mode of action, with the possibility of discovery of therapeutic benefits.

12
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1.4 TRIM24 and TRIM33

Tripartite motif-containing (TRIM) TRIM24
o | - —
proteins contain an  N-terminal TRIM33

o ] o — - —
tripartite motif (RBCC), consisting of  RING B-box disorder ~ PHD bromodomain
finger zinc fingers finger

a RING finger domain involved in

Figure 1.12 Pfam domain architecture of TRIM24 and TRIM33.
ubiquitination,“s"‘é one or two B-box N-terminal tripartite motif (RBCC): RING finger domain, two B-box
zinc finger domains, and a coiled coil region. Proximal PHD fingers

. . . and bromodomains are found at the C-terminus.
zinc finger domains which are often

found in transcription factors, and a coiled coil region (Figure 1.12). In addition to these domains,
TRIM proteins also contain a conserved 25 amino acid-long, tryptophan- and phenylalanine-rich
sequence downstream of the coiled coil motif. Associated PHD and bromodomains are a feature
often found in the C-terminus. TRIM24, TRIM28, TRIM33 and TRIM66 form regulatory
complexes which respond to non-canonical histone signatures.” These proteins also form part of
the transcription intermediary factor 1 family and are otherwise known as TIFla, B, v, and &
respectively. Members of this family have been related to transcriptional activation necessary for
embryonic development, tissue homeostasis, and wound repair.*84%3° TRIM33 was first identified
as a novel member of the human TIF1 gene family,! with 48% overall identity with respect to
TRIM24. The longer a isoform of this protein contains a 17 amino acid insertion, with the shorter
B isoform bearing more similarity to other bromodomain containing members of the TRIM family

(Figure 1.11).

ZA loop BC loop

aC

Yol

30 amino %,
acid linker *ea,,.*"

Figure 1.11 Schematic representation of topology of the tandem PHD bromodomain module in TRIM33a, as
observed in the single crystal x-ray structure (PDB: 3U50). Residues responsible for zinc ligation are highlighted.
Notably, when compared to other members of the TRIM family, this a-isoform has a 17 amino acid insertion which
extends the BC loop, but many of these residues could not be located due to disorder. a-Helices and B-sheets are
represented as red cylinders and green arrows respectively.

14



Chapter 1: Introduction

The tandem PHD-bromodomain cassettes of TRIM24 and TRIM33 have been shown to interact
with histone-like peptides displaying a specific combination of unmodified, trimethylated and
acetylated lysines (Figure 1.13: B).> PHD binding of N-terminal H3 residues is optimal for affinity,
with key interactions formed to lysines in positions 4 and 9 (Figure 1.13: C). Recognition of the
K4Me, position, through coordination in an acidic pocket formed of glutamate and aspartate
residues and the formation of an antiparallel B-sheet with a segment of the PHD finger, is common
to members of the TIFla-like family.*® Rather than the usual aromatic cage found in PHD fingers
for KMe; recognition,'® a highly conserved tryptophan is involved in a cation- interaction with the
charged amine of a modified K9Mes. Binding of KAc residues to TRIM bromodomains occurs in
a typical fashion (Figure 1.13: D): the KAc residue binds in a well-defined hydrophobic pocket,
forming water mediated hydrogen bonding interactions with a tyrosine residue (Y935 in TRIM24;
Y993 in TRIM33). A direct hydrogen bond is formed to a highly conserved asparagine in TRIM24
(N980), but this interaction is not apparent for TRIM33 (N1039). Sequence recognition specificity
of TRIM33 for H3K18Ac is contributed to by interactions between a glutamate (E981) found on
the ZA loop at the entrance to the pocket and the nitrogen in the adjacent arginine residue in the
cognate histone peptide (H3R17).

Histone (¢
multimer

A Tripartite motif
e — |

RING: Bt B TRIM24

(4 H3K4K9 recognition . D H3K23Ac recognition

Figure 1.13 TRIM24 histone recognition pose (PDB: 3034, 3037). A: Domain architecture, represented by Pfam
prediction of domains. B: Recognition of multiple modification sites on a H3 histone tail — lysine residues 4, 9, and 23.
C: Surface of interaction with PHD domain, key interactions with K4 and K9 indicated. Potential for a cation-r interaction
between trimethylated K9 and W828. D: Stabilising hydrogen-bonding recognition of acetylated K23 in the bromodomain
binding pocket, including bridging water molecules.
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1.5 Small molecule inhibition of reader domains

Given the dynamic plasticity of the epigenetic landscape, studying mechanisms by molecular
biology techniques alone is insufficient. Small molecule probes are important tools in providing a
more comprehensive understanding of epigenetic control. The recent development of many ligands
for epigenetic reader domains have demonstrated the existence of defined surfaces which make

them more ‘druggable’ than many classical PPIs.

1.5.1 Bromodomains

Some of the earliest work in this field focused on the p300/CBP-associated factor (PCAF)/Tat-
K50Ac interaction which had been implicated in HIV,%? including the first assay used to quantify
binding affinities to a bromodomain: an ELISA after NMR based chemical screening.> Since then,
work has been carried out towards inhibition of a wide range of bromodomains, mostly focused on

the BET family,* although recently an increasing number of ligands have targeted non-BET

bromodomains including CREBBP, 3¢ TRIM24,378 and BRD7/9.5%-%

An investigation was conducted on the tractability of developing small molecule inhibitors of 33
non-BET bromodomain KAc-binding sites by Vidler et al. using available structural information
from 105 PDB entries.®! This used SiteMap, software that combines binding site identification with
druggability assessment, based on physicochemical properties: size, degree of enclosure by the
protein, hydrophilicity and hydrophobicity. ®> Grouping according to common binding site features
suggested possibilities for developing compounds that are selective for one bromodomain over
another. Rather than any quantitative measure, the resultant druggability score (Dscore) was able
to rank bromodomains in order of their relative druggability. Although, as pointed out by Zhang et
al., this approach is heavily dependent on the extent of our current knowledge of a bromodomain
including prior ligand-bound structural availability,®® and also discards the flexibility of
bromodomains.®* However, the only bromodomain which demonstrated a significant change in
predicted druggability between the apo and ligand bound form was CREBBP: a result of the

induced fit pocket highlighted by the structure of a dihydroquinazolinone bound to CREBBP.>
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In comparison to common PPIs with less well defined binding pockets (surface area >1000 A2), all
bromodomains were classed as more druggable: 13 bromodomains, including the BET family, were
classified as druggable (Dscore >0.85); five additional bromodomains were viewed as being
intermediate in their druggability — BRD1, BRD9, CREBBP and two bromodomains of PB1; the
remaining bromodomains, including TRIM24, were classified as being difficult (Dscore <0.75).
Since there would be no reason to assume the therapeutic potential of a bromodomain would relate
to druggability, rather than to disregard certain members, the intention of the study was to form
realistic expectations of hit rates before any screening effort is undertaken. This may affect the

diversity of a screening library, screening concentrations, or acceptable binding thresholds.

1.5.2 PHD fingers

With PHD fingers implicated in various human diseases, including cancer, immunological, and
neurological disorders,® it is likely that specific inhibition of these domains will provide insight
into disease mechanisms, presenting itself as a potential new therapeutic strategy.®® However, there

are currently many fewer ligands for these domains than for bromodomains.

A structural analysis of readers of methyl-lysine modifications, also used SiteMap to calculate
Dscores for 42 different domains, covering 10 classes of structural fold.®” The predicted
druggability of these domains was more variable than that of the BET bromodomains (included as

a reference) and was also affected by greater conformational changes for ligand bound structures.

‘Q For example the third PHD finger of MLL
- o )]
S b 4 Vf ; was undetectable by SiteMap in the apo

Tty £2 M) domain form, but a loop formed upon methyl-lysine

binding creates a highly druggable pocket

¥ H3 methyl-lysine peptide
=

e d

r l - ‘\.J PHD finger (Dscore 0.97). Another PHD finger which
.z stood out in this analysis of peptide bound

Figure 1.14 ‘Druggable’ site in peptide bound conformation conformations was that of the demethylase

of PHF8 (PDB: 3KV4). PHD finger (yellow) recognises a ) )
H3K4MesK9Me: peptide (purple) in a cleft formed with the PHD finger protein 8 (PHF8) with an
adjacent JMJ domain (grey). SiteMap Dscore = 1.05.
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enclosed cleft formed between the PHD finger and adjacent JMJ domain possessing a Dscore of
1.05 (Figure 1.14). This demonstrates that interactions between structural modules can have a

significant impact on the calculated druggability of a binding site.

The third PHD finger of lysine-specific demethylase SA (KDMS5A aka JARID1A) has been
implicated in acute myeloid leukemia (AML).%® Analogues of the anti-arrhythmia drug amiodarone
were shown to inhibit the KDMSA PHD3- H3K4Me;s interaction with ICso values of 25-40 uM, and

also demonstrated selectivity over several other PHD containing proteins (Figure 1.15: A).®

Many interactions of small molecule ligands with PHD fingers were characterised during the
development of ligands for L3MBTLI1, a member of the malignant brain tumor (MBT) family
containing methyl-lysine readers. Nicotinamide UNC280 was also shown to inhibit the recognition
of a H3K9Me, peptide by PHD finger protein 13 (PHF13) with an ICso of 48+4 uM (Figure 1.15).7
Optimisation of this ligand for LAMBTLI selectivity appeared to remove affinity towards PHD

fingers (represented by PHF23 and KDM5A).”!

A: KDM5SA PHD3-H3K4Mej; inhibitors B: PHF13-H3K9Me, inhibitors
' cl

N
0 : | oy N
Ces NS G
fo) n
© | o)

~ Y Br | N N/\/\/\NQ
di-N-desethylamiodarone WAG-003 (n=2) IC5, 3014 uM nicotinamide UNC280 ICs, 48+4 uM
ICs0 26+15 pM WAG-005 (n=3) IC5, 41£16 uM (L3MBTL1-H3K9Me; : IC5, 46120 uM)

Figure 1.15 Molecules identified as inhibitors of PHD finger recognition of methylated lysines in histone
peptides.’®’! ICso values given for protein-peptide recognition partners above, unless stated otherwise.

1.6  Utility of assays towards epigenetic reader inhibition

Validation of assays for proteins without enzymatic ability is challenging, particularly when binding
partners are not well established. However, combinations of biophysical assays have successfully
enabled identification and characterisation of lead molecules for epigenetic reader targets, leading

to improvements in affinity and selectivity.
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The elucidation of bromodomain function in KAc recognition, including the use of pull down assays
to introduce histone selectivity to recognition by bromodomains in transcriptional co-activators,’?
led to several assays based on displacement of a known binding partner, often a modified peptide
based on the endogenous protein binding partner. These require use of a competitor peptide with
sufficient affinity to enable signal detection, and subsequent studies have shown decreases in signal
noise and increased accuracy of quantification after optimisation of competitor peptides,’® or choice

of buffer.”

The availability of a range of assays to identify bromodomain inhibitors has been crucial to the
rapid progress in this area. Most successful campaigns have been characterised by tiered
complementary screening methods, to enable fast identification and validation of hits. Even within
techniques, assay protocols may vary significantly due to differences in protein and detection
parameters, hence SAR analysis is often best performed within a single comparative set which is

subjected to the same conditions.”

1.7  Assays used in the discovery of bromodomain inhibitors

Label free methods enable characterisation of ligands for targets without known native binding
partners: the first small molecule inhibitors of bromodomains were discovered through nuclear
magnetic resonance (NMR)-based chemical screening monitoring 2D N HSQC spectra.’®
Operationally simple differential scanning fluorimetry (DSF) assays allow rapid progression to
screening platforms and have been used throughout ligand identification campaigns;’’ Surface

plasmon resonance (SPR) has primarily been used as a secondary assay for hit validation.”®”’

Amplified Luminescent Proximity Homogeneous Assay Screen (AlphaScreen) is an indirect
proximity based fluorescence assay with the ability to detect large protein interactions at distances
of up to 200 nm. It can measure a broad range of affinities between pico- to millimolar. With the
advantage of high-throughput and low resource requirements, AlphaScreen is frequently used as a

primary screening method, despite a high rate of artefacts.®°
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A fluorescence anisotropy (FA) assay developed for BET bromodomains by GSK provided a
robust, low-resource and sensitive platform able to identify weak fragment hits,®! and to
characterise naphthyridines as BET bromodomain inhibitors.®> Subsequently, FA has been used for
identification and evaluation of inhibitors of the PCAF bromodomain, with ICsy values that
correlate to in vitro anti-HIV-1 activity.”* Isothermal titration calorimetry (ITC) is still considered
the ‘gold standard’ for quantifying binding affinity,’® directly measuring thermodynamic
contributions to affinity, and has frequently been used to characterise affinities of both peptides*’

and novel ligands®* and determine the selectivity of ligands between bromodomains.

Cellular activity has been important for both preliminary studies into natural recognition modes of
bromodomains, and demonstration of therapeutic potential for targets of probe compounds.
Importantly, these demonstrate interactions of epigenetic reader proteins, and the efficacy of their
inhibition, in an intact nucleosome environment. Visualisation of histone binding by BET proteins
in cells was first achieved by fluorescence resonance energy transfer (FRET) combined with flow
cytometry to assess selectivity.®® The ability of the BET inhibitor (+)-JQI to compete with histone
binding in a cellular environment was established through fluorescence recovery after
photobleaching (FRAP),”” an assay which has demonstrated the cellular efficacy of inhibitors of a
diverse set of bromodomain targets.3¢ Following identification by DSF, and ICs, determination by
AlphaScreen, the ability of triazolophthalazine bromodomain inhibitors to displace CREBBP from

chromatin in cells was also assessed using FRAP.%’

Overall, the field demonstrates the utility of rapid hit identification using indirect assays, which
provide information on the displacement of competitor ligands with a known binding site, followed
by the importance of confirming target protein binding early in the ligand development process
using direct assays. Further characterisation and optimisation of ligand binding can be achieved
using combinations of biophysical and cellular assays, including screening panels and more precise

direct assay techniques like ITC and NMR.
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Table 1.1 Summary of biophysical assays employed in the development of bromodomain inhibitors. For details of
the techniques, refer to Chung and Witherington 2011.%8

fluorescent
labelling

<uM range

Assay Requirements | Throughput Information Notes
15
N lalae?lled Affinity, especially weak:
nuclear protein mM-nM range Water filled
magnetic Full NMR Medium: Residue resolved map of pockets reduce
resonance assignment 100s binding P sensitivity (e.g.
(NMR) High protein . . PCAF)
. Integrity of protein
consumption
Measures protein stability:
. . proportional to
differential Few thermodynamics of Temperature
scar.ming Stability in High: 1000s interaction dependénce can
fluorimetry buffer o result in false
(DSF) conditions . Detect§ all stab111§1ng negatives
= interactions, even if not
8 inhibitory (up to low pM)
5
g Functional
& immobilised
E " protein (or
3 slur ace ligand partner Affinity and kinetics c .
plasmon when used in . ) ) ) an perform
resonance competitive High: 1000s 'Slgnatl' 1s IZTOPSYFI?lr_lal t?i) sequential runs
(SPR) format) size ratios (protein:ligan
Low protein
requirements
Direct binding observation
: Highly sensitive
isothermal Approximate Thermod'ynam{c gto }JIDMSO
titration affinity range Low: 10s p}allrallmeters: f;f.ﬁmty’ hallensd
calorimetry | for experimental : ent' alpy, stoichiometry. Challenging
(ITC) design Gibbs free energy and sample
entropy subsequentl reparation
Py q y prep
determined
Known binding
partner
| ampliﬁed Labelled protein Chemiluminescent signal | Avidity resulting
uminescent and ligand to from bead based
= proximity match donor High: Can detect .Wlf.al; technology
8 | homogeneous bead 10,000s Interactions: hig
=] acceptor beads sensitivity, low High false
;g ey oeen (e.g. Hise for back rgl,lnd ne ftive rate
= | (AlphaScreen) | pickel chelating, & &
) L
o biotin for
8 streptavidin)
=
]
E Suitable ligand
é - (without - Kinetics (binding
S| g interference in constants) Good correlation
© uorescence fluorescence) Medium: . . observed for in
anisotropy 100s ) Signal dependent on size vitro ApoAl
(FA) Knowledge of (affecting rate of tumbling) P
structure for reduction

21




Chapter 1: Introduction

1.8 Computational modelling

Fuelled by the increasing availability of high-resolution crystal structures of epigenetic reader
domains, the development of inhibitors of these targets has been greatly expedited by the increasing
use of computational techniques — molecular dynamics (MD),* docking,”® and quantum

mechanics (QM) — which allow interrogation of a structure, and any associated small molecules.

Due to the structural similarities among KAc binding sites across bromodomain families, the design

of selective inhibitors remains challenging,®

increasing the importance of using computational
approaches to analyse the key differences between these proteins. In order to facilitate the search
for new inhibitors several databases have been developed to provide information collated from
papers and public databases regarding epigenetic reader domains, including binding affinities,
protein-ligand interactions, and structures. However, curation of these resources is often
inconsistent: ChEpiMod appears to no longer be supported at its I Sllice - % (( ﬁ
SATAS
X
// o
“d

7

original domain and has poor search reliability,’' but the more

compound f
collection
U

recent EpiDBase does provide current links to many common

directories including ChEMBL and DrugBank.”?> The later also e’ 4

highlights the high proportion of research towards bromodomain 4+

o
H

ligands relative to PHD fingers, with 1393 entries across 25 Docking, ranking
and visualisation

bromodomains and only 114 entries for three PHD fingers
(redundancy not removed). A Chemical Probes Portal

(http://www.chemicalprobes.org/) has been established to

rovide community driven information on the appropriate use of ,
P vy Pprop Reduced library

chemical probes, although this currently only contains seven SGIBHENING based

on results
molecules.” =3
== H,NT @
==
Docking studies offer a much faster means to predict ligand- - © \fo
o \) OH
=

protein interactions than by MD simulation, encouraging their

. . . . . Figure 1.16 General docking
use in the creation of bespoke fragment-based libraries directed methodology for reduction of a large
compound collection to a small

selection for focussed screening.
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towards a target. Starting from a large library of more than 9000 compounds, Caflisch and co-
workers used a fragment-based high-throughput docking approach, Anchor-based Library Tailoring
(ALTA), to select 24 compounds for biological testing using DSF and identified 4 compounds
which stabilise BRD4(1).** Vidler et al. took a virtual screening approach to identify fragments
predicted to bind to BRD4(1). 143 of these compounds were assessed by AlphaScreen, and six
novel hit compounds were identifed, four of which included unprecedented KAc-mimicking
groups.”” Muvva et al. used an in silico approach to screen compounds from the NCI Diversity,
Drug Bank and Toslab databases for predicted BRD4(1) affinity.’> Although a number of predicted

ligands were identified, no experimental evidence for BRD4(1) binding was presented.

1.9 C(linical applications

While assays provide the fundamental tools for compound identification and development,
applications can only be confirmed after progression to clinical models and trials. Promising effects
of BET bromodomain ligands have been observed in a range of pathologies, inducing very strong
phenotypic responses across several indications,”® including NUT midline carcinoma (NMC),”’
osteosarcoma,’’ glioblastoma multiforme,”® and chronic inflammation.®® It has been suggested this

is due to the role of bromodomains in maintenance of cellular state, rather than activation of specific

pathways.!%
o o~ N, N, N,
o7 N N g N
0L o8 ) )
o H o o
SN SN =N >/~N' NN >*NH M >/~o
[e] A o Q (¢] )T
] &,
cﬁ OH
RVX-208 Cl I-BET762 Cl OTX015 Cl JQ1 basis of TEN-010
Resverlogix Corp GlaxoSmithKline OncoEthix Tensha Therapeutics

Figure 1.17 Several bromodomain ligands currently in clinical trials. JQ1 represents TEN-010: an optimised
analogue. In addition to these the structure of CPI-0610 (Constellation Pharmaceuticals) remains undisclosed.

Several ligands of bromodomains have progressed to clinical trials, which should help identify
benefits of this clinically-novel mode of action (Figure 1.17). Although not developed as a

bromodomain inhibitor, RVX-208 became the first BET inhibitor in clinical trials investigating the
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effect of the compound on atherosclerosis, coronary artery disease, dyslipidemia and type II
diabetes (ClinicalTrials.gov identifiers: NCT01058018, NCT01067820, NCT01423188, and
NCT01728467). I-BET762 (GSK525762) is currently undergoing two Phase 1 clinical trials, one
for NUT midline carcinoma and the other for relapsed refractory hematological malignancies
(Clinical Trials.gov identifiers: NCT01587703 and NCT01943851). OTXO015 is undergoing trials in
acute leukemia or other hematological malignancies and selected solid tumors (ClinicalTrials.gov
identifiers: NCT01713582 and NCT02259114) with further trials scheduled for patients with
recurrent glioblastoma multiform, or acute myeloid leukemia in combination with azacitidine
(ClinicalTrials.gov identifiers: NCT02296476 and NCT02303782). Another BET inhibitor CPI-
0610 (Constellation Pharmaceuticals: structure undisclosed) is recruiting for trials in patients with
progressive lymphoma, previously treated multiple myeloma, or other previously treated acute
leukemia or myelodysplacia (ClinicalTrials.gov identifiers: NCT01949883, NCT02157636, and
NCT02158858). TEN-010 (Tensha Therapeutics: structure undisclosed) is a JQ1 analogue, also
known as JQ2, in early clinical development for oncology, with effects attributed to Myc inhibition.
The compound will be administered subcutaneously in patients with advanced solid tumour

malignancies (ClinicalTrials.gov identifier: NCT01987362).

Given the relatively sparse knowledge of biological pathways involving other epigenetic reader
domains — in some cases little is known beyond a genetic prediction of a domain — and associated
difficulties in prediction of phenotypic consequence,® it seems likely that determining any further
clinical benefits of inhibition of histone readership will require deliberate attempts to generate
probes for novel targets. However, recent developments in the field suggest that the increased risk
of focusing on targets without identified therapeutic potential is mitigated by the rapid success in
developing BET bromodomain inhibitors, coupled with the emerging importance of epigenetic

reader domains in a range of biological processes.
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1.10 Aims

The aim of this study was to probe the readership mechanisms of the tandem PHD and
bromodomains of TRIM24 and TRIM33, to gain insight into mechanisms in epigenetic control. The
development of small molecule inhibitors of PHD fingers is a challenging area, due to their
extended peptide recognition surface and diverse interactions, with few currently known. However,
in combination with an adjacent bromodomain, the new binding surface between structural units
forms a cleft which could provide a more ligandable target, as has been observed for the PHF8
PHD-JMIJ cassette. The ability to inhibit each reader domain separately or concurrently could give

therapeutic candidates specificity for mode of action, rather than target.'®!

TRIM24 | TRIM33 I

Expression trials | Homology modelling | Solvation prediction |

Bromodomain | Interdomain region | PHD finger

v \/ v

Computational docking

v

Pharmacophore generation

v v
v \/ v
v v

lq_

Fragment screening

v

Probe synthesis and SAR studies i_

v

Linkage trials |

Figure 1.18 Inhibition strategy for TRIM24 and TRIM33. Concurrent screening will commence with expression and
purification, and target familiarisation, including modelling and solvation predictions. Constructs containing both the
bromodomain and PHD finger will present an additional interdomain region for inhibition. A cascade of in silico
screening, followed by in vitro screening will lead towards probe development, for each domain in isolation, or in
combination.

With an initial target of TRIM24, our convergent approach combined computational studies with
refinement of expression systems and assay development, to enable design and synthesis of ligands
(Figure 1.18). In silico screening based on available crystal structures facilitated lead identification
through focused in vitro screens, which were carried forward through validation to provide lead
molecules for structure activity relationship studies. Extension of this methodology towards the

homologous TRIM33 expedited progress for this novel target.
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Research could foreseeably extend towards tethered inhibitors, allowing binding to a bromodomain
to act as an anchor for interactions with the PHD finger. This could incorporate a higher level of
specificity for a given target reader module, and allow greater control for analysing phenotypical

results of epigenetic marks.

The work described in this thesis aimed to address the following questions, which arise from the

target proteins and the possibility of multivalent epigenetic recognition:

e Are there differential binding patterns of recognition between the homologous proteins
TRIM24 and TRIM33?

e Can a computational approach enable identification of small molecule ligands for TRIM24
or TRIM33?

e  Would ligands binding to the tandem PHD-bromodomain cassette of TRIM24 or TRIM33
inhibit both methyl- and acetyl-lysine binding?

e Are ligands of tandem domains able to capitalise on context by binding in the interdomain
region, and does this effect their inhibition potential ?

e Can we develop methodology to facilitate competition-based assays for bromodomains

whose binding partners are either unknown, or of prohibitively low affinity?
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2.1 Introduction

The aim of this work was to characterise the natural binding mode and recognition pattern for the
two homologous target proteins, TRIM24 and TRIM33, in order to gain an understanding of these
more complex, dual-domain systems prior to small molecule screening. This investigation could
identify any key points of difference between the two proteins or the two domains, which could
enable the development of selectivity for small molecule probes. At the time of commencing this
study there were no known small molecule approaches to inhibition of the tandem domains. Indeed,
to date the only reported inhibitors of this family are of the TRIM24 bromodomain,'-? with use of

the PHD finger in the assay construct purely for solubility reasons.

Previous studies into cellular recognition modes of the TRIM family have focussed predominantly
on their interactions with other signalling proteins: regulation of gene expression as transcription
cofactors,’ role as an E3-Ubiquitin Ligase,*’ and role in the cytokine TGFbeta pathway.® These
activities have also been linked to association of TRIM family proteins with chromatin.” It is
hypothesised that the involvement of two reader domains can elicit a more complex response to

epigenetic signals, through responses to recognition by each domain in isolation or combination.

2.1.1 TRIM24 and TRIM33

As discussed in the Introduction, TRIM24 and TRIM33 display distinct recognition profiles
towards histone modifications, including recognition of both methylation and acetylation state at
various positions of a Histone 3 (H3) peptide (Figure 2.1). Availability of apo-crystal structures for
TRIM24 and TRIM33 in the Protein Data Bank (PDB: 3033 and 3US50, respectively), make these
proteins tractable targets for small-molecule probe development. Towards this aim, the former
structure may be more useful, since data is of a higher resolution, including the positions of
solvating water molecules. With a sequence similarity of 87% between the tandem PHD-

bromodomain of these homologous proteins, studies will be conducted against both systems in
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parallel. Work towards the novel TRIM33 target will be facilitated by extension of procedures from

the more validated TRIM24, for which screening has been conducted at other institutions.!

bromodomain Trimethylation
4“%
PHD finger L Tﬁ&
P

A& >

i

_}fflp < Wf\cet lati
( {STGaA Acetylation
v il g

TRIM‘ protein modified H3 peptides prefe.re‘ntial binding?

Figure 2.1 Studying natural recognition mode of TRIM proteins. The tandem PHD finger (yellow) and bromodomain
(blue) cassette of TRIM proteins recognise H3 peptides bearing methylated or acetylated lysines, respectively.
Characterising differential recognition of position of modification for TRIM24 and TRIM33 will further understanding
of dual epigenetic reader domains, and may highlight potential for selective inhibitor development.

2.1.2 Aims

It has been shown that multiple modifications on a histone peptide can affect affinity towards TRIM
proteins. Although previous studies have quantified selected peptide affinities, a systematic
approach to identifying the positions of detection, and profiling the additive nature of modifications
with the inclusion of K9Mes, has not been carried out. Characterisation of the affinity of TRIM
proteins to histone-mimicking peptides, by developing quantitative biophysical assays, would

further our understanding of the complex nature of combinatorial epigenetic modifications.

The aims of this study were to:

e Express and purify the TRIM24 and TRIM33 PHD-bromodomain cassette, with an intact
affinity label suitable for indirect assay development.

e Optimise an assay to quantify peptide affinity towards TRIM24 and extend this for use with
TRIM33, for which no known screening capacity exists.

e Characterise the affinity of these tandem domains towards various H3 peptide

modifications to profile their natural binding modes.
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2.2  Domain organisational predictions

In vitro analyses of peptide affinities has been carried out more extensively for TRIM24 than
TRIM33.% Prior to assay development, a computational analysis of the predicted domain
architecture of TRIM33 was carried out, with a comparison of significant non-homologous regions,
in order to assess whether similar methodology would translate between the two systems. It was
hypothesised that comparison might also provide possible rationalisations for differing selectivity

in recognition sites between TRIM24 and TRIM33.

PSIPRED? and GlobProt!® predictions were collated for TRIM33 and linked to putative domains
(Figure 2.2). This analysis confirmed the presence of few elements of secondary structure within
the PHD finger region, which poses a significant challenge for the design of expression constructs,
since these defining features often serve as landmarks for sequence initiation and termination. As
an alternative structural element, previous biological studies on TRIM24 and TRIM33 have used
the zinc co-ordinating residues to define the extent of the PHD finger, with the expression sequences

for both proteins starting almost immediately before the first cysteine of the CyssHisCys; motif.

The canonical form of TRIM33 (GenBank Accession: NP_056990) contains a 17 amino acid
insertion, relative to TRIM24 (GenBank Accession: NP_148980), which extends the aB helix. The
effect of this is two-fold: 1) extension of the BC loop region in TRIM33 may directly affect proximal
sequence recognition and positional preferences; ii) a crucial feature of KAc recognition — the
asparagine residue involved in the primary hydrogen bond with the carbonyl of an acetyl group —
is forced into a different orientation towards the binding pocket, which may reduce the ability to
recognise this modification, and hence sensitivity in peptide-binding assays. Additionally,

difficulties in purification of TRIM33 have been attributed to cleavage in this insertion region.

The observed similarities between TRIM24 and TRIM33 support concurrent assay development.
However, low levels of secondary structure suggest that correct folding of the PHD finger topology
may be challenging. In order to validate expression of PHD fingers within the tandem constructs,

comparison of peptide recognition ability could be used to infer an active folded conformation.
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Figure 2.2 Secondary structural elements predicted and observed in TRIM33. Predictions made using PSIpred® and
GlobProt!°, Zinc ligation patterns as expected from PHD finger topology and sequence comparisons. Observed structural
features (PDB: 3U50) overlaid on target sequence: alpha helix (red) or beta strand (blue). Disordered regions not resolved
in crystal structure refinement highlighted (green hashed area).
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2.3 Expression and purification

In order to initiate biological studies of this system, it was necessary to have access to homogenous,
structurally intact proteins, which retained the ability to recognise histone modifications from the

isolated PHD finger and bromodomain.

2.3.1 Plasmids

Plasmids containing DNA for the TRIM33 gene were received from Professor Joan Massagué’s lab
in pGEX-4T1 vectors (Addgene Plasmid 15734). After rehydration from filter paper,!' direct
transformation into E. coli expression strains was unsuccessful, potentially due to low plasmid
concentrations. Successive transformation into highly competent NEB 10-beta (New England
Biolabs) and XL10 (Gold) cells allowed uptake of gene-containing plasmids into bacterial
chromosomal DNA. Amplification through cell growth and plasmid extraction, followed by

subsequent transformation into BL21 DE3 (Gold) cells provided a system for expression trials.

TRIM24 plasmids were received from the zp A{J
7~/ '

f—(, -
Structural Genomics Consortium (SGC) in g AN ) S
& I&" 1 E, '{
pNIC28-Bsa4 expression vectors.!? Sequencing of ~e - o J -
J B 3
. . . . T T,
this DNA revealed a missense mutation replacing il ( ¢ 7
£ Lv \L
an aspartic acid with a tyrosine (D872Y) in the PHD
finger domain (Figure 2.3). This residue may be 5 ******* TRIM24 D872Y
PE : 2 TRM24 WT
i | P Ci TRIM24 (NP_056989.2)

required for domain stability, by forming a :

Figure 2.3 TRIM24 D872Y mutation. Position
highlighted (black box) on structure (PDB: 3034);
sequence alignments shown after mutation to revert to
wild type (WT) compared with NCBI sequence
adjacent bromodomain. Site directed mutagenesis (NP 056989.2).

hydrogen bond between a backbone carbonyl on the

at this position was achieved to revert to the wild type sequence via PCR with primers containing

one mismatched DNA base (see Materials and Methods for primers).

Ligation independent cloning (LIC)'3 was used to transfer TRIM33 into the same pNIC28-Bsa4

vector (Hise at N-terminus).!? Protein expression would then be under the control of an inducible
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T7 promoter based system, whereby expression could be induced on addition of isopropyl B-D-1-
thiogalactopyranoside (IPTG), which removes transcriptional repression exerted by the Lacl
repressor (constitutively expressed from the pNIC28-Bsa4 plasmid). The pNIC28-Bsa4 vector was
linearised using BseR1, and cohesive ends were generated using the chew-back action of T4 DNA
polymerase. Annealing of TRIM33 gene inserts, amplified using PCR with inclusion of upper and
lower LIC sequences, was followed by direct transformation into XL 10 competent cells. In addition
to facilitating protein purification, Hise¢-labels would allow the use of nickel chelation for
development of indirect assays, for example SPR or AlphaScreen, which require immobilisation or

coupling to a secondary element.

2.3.2 Expression trials

Trials were conducted at varying temperatures (18 or 28 °C), and concentrations of IPTG induction
(0.1 to 0.5 mM), to achieve good overexpression of the protein of interest. A high ratio of induced
protein expression, relative to background, would enable facile purification with a good yield. Cells
were grown at 37 °C to an ODggo of 0.8-1.0 before induction; for the structural Zn>* ions in the PHD
finger fold to be ubiquitously incorporated, ZnCl, was also added at this point (final concentration
0.1 mM). Whole cell samples (after one cycle of freeze-thaw lysis) were analysed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to visualise expression levels.
Optimal conditions for induction consisted of 0.25 mM IPTG at 18 °C overnight and were used

thereafter for expression of all plasmid vectors generated.
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Figure 2.4 SDS-PAGE gels from expression trials for TRIM proteins in pNIC28-Bsa4 vector. Bands from
overexpression highlighted: TRIM24 expected mass 23.92 kDa; TRIM33 expected mass 30.50 kDa. 100 mL cultures
were incubated at 37 °C to an ODeoo of 1.0, before equilibration to 18 °C or 28 °C, and induction with 0.1 mM ZnCl» and
IPTG at the concentrations indicated below.
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2.3.3 Purification

Purification by immobilised metal affinity chromatography (IMAC; HisTrap HP, GE Healthcare),
and size exclusion chromatography (Sephadex gel S75, GE Healthcare) yielded high quantities of
20-30 mg protein per litre of growth culture at >95 % purity (Figure 2.6). Analysis by SDS-PAGE
after the first IMAC purification step suggested the protein of interest was the dominant species.
However, both TRIM24 and TRIM33 eluted as two distinct species in size exclusion
chromatography. Bands corresponding to higher molecular weight species, eluting soon after the
void volume of the gel filtration column, were thought to be oligomeric species which were
observed at the interface of the stacking and resolving sections of SDS-PAGE gels, and there was
some indication of dimeric protein in the intermediary fraction (MW 48 kDa and 61 kDa, for

TRIM24 and TRIM33, respectively).

Preliminary assay trials resulted in an unexpected inverse sensitivity of TRIM33 to DMSO: rather
than its usual effect as an inhibitor of peptide recognition, titration increased the signal observed
from interaction in assays. Comparison with dimeric FIH via analytical S200 column
(Figure 2.5:B), native gel analysis of fractions from gel filtration (Figure 2.5:C), and
characterisation by size-exclusion chromatography multiple angle light scattering (SEC-MALS)
highlighted large oligomeric forms obtained during purification. It was thought that disruption of
interaction between these monomers by DMSO liberates more protein resulting in the
counterintuitive increase in signal. Further purifications isolated only the final eluting fractions of

from gel filtration columns to minimise oligomer content in samples.

A His,-TRIM33 B c . 3
multimer FIH dimer == TRIM33 multimer
81,132 Da
His,-TRIM33

- - multimer
3 &
a s
= Z FIH dimer (81,132 Da)
g % TRIM33 dimer (61,004 Da)
£ s, TRIM33 = ‘ |
Z monomer = s, TRIM33  His,-TRIM33

30,502 Da mer monomer

30,502 Da
-— TRIM33 monomer (30,502 Da)
~ S200analytical elute hT33C1_UV *SZ‘OGanalynCa\ elute hT33C1 FIH_UV
S200analytical elute hT33C1_Fractions S5200analytical elute hT33C1 FIH_Fractions

Figure 2.5: Analysis of multimeric forms of TRIM33. A: UV trace from elution of first collection fractions of TRIM33
from Sephadex 200 analytical column. B: UV trace from elution of first collection fractions of TRIM33 column doped
with FIH, for size comparison, from Sephadex 200 analytical. C: Native gel analysis of isolated fractions from gel
filtration of Hise-TRIM33 show monomeric form, and species eluting later containing dimer and multimers, with FIH for
comparison.
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2.3.4 Anion-exchange purification

The necessity for separation of oligomeric forms led to an investigation of alternative purification
methods. Any presence of incompetent oligomers in isolated protein could result in low recognition
ability, and require high protein concentrations to generate signal in assays dependent on protein-
peptide association. Anion-exchange purification separates molecules by overall surface charge,
rather than size, and could result in better oligomeric separation, purity and hence recognition
activity. UV traces from size exclusion chromatography suggested a higher oligomeric content for
TRIM33 than TRIM24, and the former protein was selected for trials. Initial data demonstrated that
TRIM33 bound well to a quaternary amine (QA) strong anion exchange (SAX) column, and eluted
at relatively low salt concentrations, however, multiple oligomeric forms were observed across all
fractions by non-denaturing PAGE. It was hypothesised that prolonged exposure to low salt

conditions after separation increases oligomerisation — 500 mM NaCl was used in size exclusion

purifications to stabilise the monomeric form.

A e ———— B =

\ \

E B2081 - hT33WT QA native
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aligcmer

188 kDa
~80 kDa
==

62 kDa
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AR kDA - monomer
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14 kDa = - .
MLFTW1 23 45 6 78 MLFT1 6 91316 182023

L

T @ 2o o ©v I
o

Figure 2.7 Summary of purification by strong anion exchange. A UV trace from his-affinity column. B UV trace of
elution from QA-column. Buffer composition (Buffer A: 20 mM HEPES, 50 mM NaCl, 1 mM B-ME; Buffer B: 20 mM
HEPES, 1 M NaCl, 1 uM B-ME) shown as green trace. Combined fractions highlighted in red boxes. C SDS-PAGE gel
of fractions from his-affinity column. D SDS-PAGE gel of fractions from QA-column show primary eluting species
corresponds to MW of TRIM33 throughout. E Regular spaced bands on native PAGE gel of combined fractions from
QA-elution show multiple oligomeric forms. Major species transitions from monomer to high order oligomers across

elution (a-d).
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Subsequently, a two-step gradient elution in HEPES buffer was performed, with a long elution of
the monomer at low salt concentrations, followed by elution of higher order oligomers (Figure 2.8).
Optimisation of the elution gradient enabled greater peak separation, as analysed by UV, with SDS-
PAGE analysis suggesting the first eluting species was primarily monomer. Non-denaturing
analysis was unsuccessful, however, oligomer could be observed on standard gels at the boundary

between stacking and resolving gel sections (e.g. QA gradient C fractions 17-18).

— v Conductance — Fractions

188 b _— ) —— = = 188
49 &= ! et 49
38 bt e & 38
28 b - — - - b 28
15 b 18
11400 M M2 14

i1
M Lys FT W E 16 17 18 19 20 22 7 8 10 15 18 20 7 9 13 14 17 18 M
IMAC Fractions: QA gradient A Fractions: QA gradient B Fractions: QA gradient C

Figure 2.8 Top: FPLC UV traces (blue) from QA purification of Hise-TRIM33. Monomeric species elutes separately
from oligomeric species. Conductivity (cyan) tracks well with buffer composition (green) from Buffer A (20 mM HEPES,
50 mM NaCl, 1 mM B-ME) to Buffer B (20 mM HEPES, 1 M NaCl, 1 mM $-ME). Gradient A: 0% B, 5 mL; 0-10% B,
10 mL; 10-50% B, 20 mL; 100% B, 10 mL. Gradient B: 0-18% B, 10 mL; 18-22% B, 10 mL; 22-32% B, 10 mL; 32-
60% B, 10 mL; 100% B, 10 mL. Gradient C: 0-20% B, 10 mL; 20-30% B, 20 mL; 30-60% B, 10 mL; 100% B, 10 mL.
Bottom: SDS-PAGE gels from IMAC purification, and selected fractions from QA purification trials. Oligomeric forms
were observed at the boundary between stacking and resolving gel sections (=100 kDa).

Although the trials conducted demonstrated that anion-exchange methods could be used as a
‘polishing step’ in purification after IMAC columns, there was no significant improvement in purity
compared to size exclusion chromatography. Multiple injections were required to avoid break-
through of sample during the load step on a 1 mL column, and the longer duration of purification

carried the risk of protein degradation, so this method was not pursued further.
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2.4 Assay development

The SGC provided a probe compound for the TRIM24 bromodomain, which was in development
at the time this work was undertaken (SGC-TIF1a53: structure undisclosed). This was utilised as a
positive control for assay development, and was compared with signals generated from exposure to

modified peptides bearing acetylated or methylated lysine residues.

2.4.1 Tryptophan fluorescence

Proteins contain three aromatic amino acid residues — tryptophan, tyrosine, and phenylalanine —
which contribute to their intrinsic fluorescence. Of these, tryptophan has by far the strongest
fluorescence and highest quantum yield. Monitoring tryptophan fluorescence is a valuable tool
which can be used to make inferences regarding local structure and dynamics. ' This technique has
previously been used to characterise binding of small molecules to bromodomains, !> and is very
sensitive to changes in electrostatic interactions. TRIM-KMes recognition occurs through a cation-n
interaction with a solvent exposed tryptophan residue, one of only two tryptophans in the protein.
These residues present a potential novel method for differentiation of binding across the tandem

domain, to enable focussed targeting of the PHD finger and interdomain regions.

To test the hypothesis that TRIM-KMe; recognition would affect intrinsic tryptophan fluorescence,
and enable an assay based on this technique to detect inhibition of this interaction, fluorescence
spectra for TRIM24 were obtained under various conditions. Signal specifically generated from
aromatic residues within TRIM24 should increase in a protein-concentration dependent manner,

and was indeed observed for broad signals resulting from excitation at 280 or 295 nm (Figure 2.9).

Titration of a trimethylated peptide binding partner (H3K9Mes) into a protein sample resulted in
slight dose-dependent increases in emission (~60% increase in emission after addition of 40 pM
H3K9Mes to 2 uM TRIM24), and a ~10 nm shift in peak emission wavelength (maximum emission
from excitation of 2 uM TRIM24 at 295 nm: in the absence of peptide Amax = 341.5, 287 a.u.; in the

presence of 40 uM H3K9Me3 Amax = 351.5, 455 a.u.). Similar variations of 10-20 nm were seen for
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the shift in tryptophan fluorescence when its environment changes from one on a protein surface,
to being shielded in a hydrophobic core.!* Although this technique was promising for the detection
of TRIM-KMejs recognition, sensitivity of tryptophan fluorescence was low, with poor resolution
for increases in fluorescence at low concentrations of peptide (only ~15% increase in fluorescence
for 1:1 mixture of TRIM24 and H3K9Me;). Additionally, relatively high sample volumes were
required (600 pL) so this low-throughput method was deemed unsuitable for peptide affinity
characterisation or small-molecule screening. Utility for quantification of inhibition values for

ligands that interfere with KMes; recognition could be established once they are identified.
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Figure 2.9 Tryptophan fluorescence of TRIM24 shows concentration dependence in isolation and upon titration
with peptide binding partner (H3K9Me3). Variations in emission measured after excitation at both 280 nm (tryptophan
and tyrosine excitation) and 295 nm (tryptophan excitation), with a slight Stokes shift to longer wavelengths, demonstrate
its potential utility in monitoring tryptophan environment. Signal from excitation at 280 nm reached saturation after 8 pM.

2.4.2 Differential scanning fluorimetry

Differential scanning fluorimetry (DSF) is a rapid and inexpensive screening method to identify
low-molecular-weight ligands which stabilise purified proteins with respect to thermal
denaturation.!® Validation of this technique for TRIM24 and TRIM33, with either the provided
control compound or acetylated peptides, might provide a useful platform for novel binding partner

1dentification.
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Data were obtained for melting temperatures
(Tm) of TRIM24 and TRIM33 in the presence
of varying concentrations of the positive
control provided by the SGC (SGC-
TIF1a53). Melting curves were well formed
(Figure 2.10), with very low standard
deviations between Ty, of replicates (average

SD 0.2 °C), and protein samples tolerated 1%

increasing probe
concentration

o
®

S

increasing protein T,

=]
@

=}
=

—— TRIM24 buffer reference

—— TRIM24 + 0.125 mM SGC-TIF1a53
—— TRIM24 +0.256 mM SGC-TIF1a53
—— TRIM24 + 0.50 mM SGC-TIF1a53

Relative fluorescence

o
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Figure 2.10 Representative melting curves of TRIM24 with
varying concentrations of a bromodomain probe (SGC-
TIF1053). Curves are well formed and show probe-
concentration dependent increase in protein stabilisation (Tm).

final assay concentration of DMSO without any artifactual signal. T, shift values showed good

concentration dependence for the control compound against TRIM24, but no significant shifts were

observed with TRIM33, for either the control or the H3K14Ac peptide (Table 2.1). It could not be

determined whether the absence of stabilisation of TRIM33 was due to a lack of sensitivity in this

assay, or the selectivity of recognition, because no positive controls for TRIM33 were available at

the time. These results suggested that DSF could be used to identify ligands for TRIM24, however,

relatively low shifts suggest ligands would have to have high affinity to be observed, and sensitivity

for ligands binding to TRIM33 was unknown.

Table 2.1 Tw shift data from control compound against TRIM24 and TRIM33 measured from 20-80 °C in 1 °C
intervals with a hold of 1.5 min. Concentration dependent shifts in Tr, were observed for TRIM24, but no significant
shifts were observed with TRIM33, either due to low sensitivity, or selectivity of recognition.

Average Average Standard
Sample Tm values (°C)
Tm(°C) | Twmshift (°C) | deviation of T
Hiss-TRIM24
50.4 51.9 50.9 51.1 - 0.7
buffer reference
Hise-TRIM24
54.6 54.5 54.3 54.5 34 0.2
+ 100 uM SGC-TIF1a53
Hiss-TRIM24
53.8 53.5 53.6 53.6 2.6 0.2
+ 50 uM SGC-TIF1a53
Hiss-TRIM24
52.9 52.9 53.1 52.9 1.9 0.1
+ 25 uM SGC-TIF1a53
Hiss-TRIM24
51.7 51.5 51.6 51.6 0.6 0.1
+ 100 uM H3K14Ac
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Average Average Standard
Sample Tm values (°C)
Tm(°C) | Tmshift (°C) | deviation of Tm
Hise-TRIM24
- 51.3 51.0 51.1 0.1 0.2
+ 1% DMSO
Hiss-TRIM33
54.5 54.1 54.0 54.2 - 0.2
buffer reference
Hise-TRIM33
54.4 54.0 54.2 54.2 0.0 0.2
+ 100 uM SGC-TIF1a53
Hiss-TRIM33
54.2 54.0 54.0 54.1 -0.1 0.1
+ 50 uM SGC-TIF1a53
Hise-TRIM33
54.2 54.0 54.1 54.1 -0.1 0.1
+ 25 uM SGC-TIF1a53
Hiss-TRIM33
- 54.0 54.0 54.0 -0.2 0.0
+ 100 uM H3K14Ac
Hise-TRIM33
54.5 54.2 54.1 54.2 0.1 0.2
+ 1% DMSO

2.4.3 AlphaScreen

Amplified luminescent proximity homogeneous assay screen (AlphaScreen) is a competition assay

that detects interactions in a proximity dependent fashion using singlet oxygen transfer between

beads (Figure 2.11). Developed from a diagnostic assay technology known as luminescent oxygen

channelling assay (LOCI),!” it uses
simple ‘mix and read’ protocols, but
requires a suitable affinity binding
partner, and optimisation of signal for
each system. This technique can be
used for screening or characterising
binding partners through titration

curves.

Emission Ni* chelate

520-620 nm\ \ ! / ; acceptor bead
. il \ ~

(

a—

His-tagged
. protein
RETSRA

: T e
Streptavidin 7 Biotinylate

coated donor bead peptide

Figure 2.11 Principles of AlphaScreen assay. Streptavidin-coated
donor beads associate with biotinylated peptides. Nickel chelating
acceptor beads associate with polyhistidine tagged proteins. Singlet
oxygen transfer from donor to acceptor bead leads to emission when
beads are in close proximity (<200 nm).
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2.4.3.1 Assay conditions

Assay protocols were based on those developed by the SGC for use in bromodomain screening. '3
Use of a streptavidin-biotin system was advantageous due to the very high affinity of this binding
interaction. As a result, most of the biotinylated component will be associated with the bead, rather
than being free in solution, and the ICs for the corresponding peptide will be less affected by this
equilibrium. The commercial recommendation for final assay concentrations of AlphaScreen donor
and acceptor beads is 20 ug/mL. However, it was observed that an initial dilution of 1:400 or 1:300,

to a final assay concentration of 5.0-6.7 ug/mL, was sufficient for the required levels of signal.

Assay buffer contained additives to prevent aggregation, ensure solubility and stability of
components, and to reduce non-specific signal. These were within the limits reported for their use
in AlphaScreen: CHAPS (detergent) <0.02%, bovine serum albumin (BSA) <0.5%. Correct
handling of assay plates proved vital for reliable signal. Trials in which the plate was continuously
mixed during incubation resulted in very low signals. Subdued laboratory lighting of less than
100 lux is recommended, and beads had to be protected from exposure to excessive ambient light
at all times. Final protocol for incubation was to seal the plates with foil (Aluminium StarSeal,
Starlab), mix briefly on an orbital shaker (10 sec, 600 rpm), and then incubate in the dark at room

temperature.

AlphaScreen signals were always corrected for crosstalk before analysis. ProxiPlate-384 Plus
microplates (Perkin Elmer) have white well walls for maximum reflection of light, which results in
higher signal for luminescent assays, but medium levels of cross-talk, depending on the
concentration of titanium dioxide used as whitener. The software crosstalk correction tool measures
the contributions from glow and afterglow of adjacent samples and reduction in signal from

bleaching, in order to correct for these effects in the calculation of the final results.
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2.4.3.2 Signal response curves for biotinylated peptides

The dominant hypotheses for selectivity of TRIM PHD-bromodomain-peptide recognition include
acetylation at the K18 and K23 positions.'® There is currently no systematic approach to analysing
binding partner preferences between TRIM24 and TRIM33 with the inclusion of K9Mes. It was
sought to identify the highest affinity endogenous partners of these two homologous proteins by
measuring the affinity of various H3-like peptides bearing combinations of acetylation at positions

14, 18 and 23, and methylation at position 9.

: K S : ;
 CQTARKSTGod P e e . .
caxKal oo Chyp.4 b aw-biotin Peptide sequences were designed to
H3 N- PR : pﬁ"\'QLATKP‘P‘?‘ 1Y q g
K4 K9 Ki4 Ki8 K23 incorporate the K4Me, residue, which
H3, ,,K9Me, : + : : :
HS(??KTBAC i H 5 ‘ i . .
H3,.,K23Ac : : : : 2hr— is recognised by the B-sheet surface of
H3,,,K9Me,K18Ac — & —
H3,.,,K9Me,K23A ’ . y e . .
! H3EiK14Ag : ‘ —— : the PHD finger (Figure 2.12). It was
H3,,K14Ac —— : e

Competitor peptides @ Methylation A Acetylation hoped that inclusion of this residue

Figure 2.12 Peptide sequences of biotinylated competitor peptides could facilitate extension of
used for development of AlphaScreen assays with TRIM33 and
TRIM24. Seven peptides bearing various combinations of methylation
(red diamond) at K9, and acetylation (green triangle) at K14, K18 or AlphaScreen procedures to TRIM33,
K23. Comparison of the different length peptides bearing the K14Ac
modification demonstrated the effect of inclusion of K4Mey. since the literature suggested that the

eight N-terminal residues of the H3 peptide interact with the PHD finger and control affinity.?
Comparison of signal generated with the truncated H3 peptide (lacking four N-terminal residues),
which has been used in an AlphaScreen for TRIM24, would confirm the contribution of this portion
of the peptide to affinity for TRIM33. It had been well established that methylation of the K4
position reduces affinity to the PHD finger: affinities for TRIM24 have been measured by ITC as
8.6 uM for H3,.;sK4Mey, 41 uM for H3,.1sK4Me;, 198 uM for H3,.;sK4Me,, and >400 uM for H3;.
1sK4Me;.® This residue was exclusively incorporated in an un-methylated state (K4Mey), to avoid
affinities falling below detection limits. Biotin groups were incorporated into peptides through the
side chain of a C-terminal lysine, either the naturally occurring K27 or an additional A25K

substitution.
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Generation of an AlphaScreen signal is most efficient when a high affinity binding partner is used
as the competitor peptide. Screening has been carried out on TRIM24 using H3K14Ac,? however,
this position of acetylation is not preferentially recognised. Most recently, hit identification has

been performed for TRIM24 using the biotinylated H31.33K23Ac peptide.!

Optimisation for final assay concentrations of protein and peptide was performed for a range of
biotinylated competitor peptides with each batch of protein or beads used, by obtaining signal
response curves for varying peptide concentrations (Figure 2.13). These enabled identification of
which peptides produced sufficient signal, and the potential for assays responsive to inhibition at
either the bromodomain or PHD finger. Final assay parameters were selected on the basis of
minimising protein concentration, to avoid shifting the apparent K;, and using a corresponding
peptide concentration to provide a suitable signal to noise ratio. Lowering the protein and peptide

concentration would also result in a more sensitive assay.

protein peptide concentration (nM) competitor
°°"°;:‘:;;"“°“ 000 024 049 098 195 391 781 1563 3125 6250 125 250 Peptide
50 26042 42868 48862| 48416 46849 49693 H3:27K9Me;
10 15265 38498| 54207 53443 42766 H3:27K18AC
& 10 24437 29855| 28199| 21984 18616 H3,27K23A¢
= g 21783 47745 468 61006 54050 H312:K9Me:K 18Ac
E 10 35858 44132| 36844| 31478 22336 561 H3;27K9MesK23Ac
50 7519 17825 1so3a| 18152 17597 15051 15547| H3s24K14Ac
30 15859 33375| 51096| 53318 55920 53334 50041 44628| H3:27K14Ac
500 1626 5687 12487 26921 | H3:27K9Mes
250 6980 10641 ‘ 8161 H317K18AC
Q500 859 1517 1801 1653| H3:2/K23Ac
= 50 917 6802 31545 84246 84813 74087 H3:2/K9MesK18Ac
o 500 2315 5308 7816 14114 25678 24663 20182| H3:127K9MesK23Ac
— 400 ! 30 380 H3s522K14Ac
400 1164 2223 1785 1625 1915| H3:K14Ac

AlphaScreen emission (a.u.)
Figure 2.13 AlphaScreen signal response for biotinylated peptides bearing various modifications. Protein final assay
concentration indicated on left; competitor peptide identity indicated on right. Colour scale from low emission (red) to
high emission (green) showing emission after incubation with peptide in a 1:2 serial dilution series from 250 uM. Black
squares highlight optimised conditions for each protein and peptide pair; rows without selection did not yield sufficient
signal for use in assay.

As expected, the signal from H35..4K14Ac was much lower than that from H3,.2;K14Ac. In the case
of TRIM24 these both required higher protein concentrations of 50 pM and 30 uM, respectively,

and in the case of TRIM33, neither of these concentrations reached sufficient levels of signal for
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use as a competitor peptide. TRIM33’s preferential recognition of the K18 Ac modification, as
reported in the literature, was immediately evident from the fact this was the only position of
acetylation which resulted in sufficient signal from a singly modified peptide: maximum emission

from K14Ac and K23Ac was 2223 a.u. and 2179 a.u., respectively.

Theoretical binding capacities of streptavidin coated donor and nickel (Ni*") chelate coated acceptor
beads are 30 nM and 0.3-1 pM, respectively. If the capacity of the system is exceeded the beads
become saturated and a ‘hook effect’ is observed i.e. reduction of signal with increasing
concentrations of binding partners. This bead capacity is influenced by size of the protein and the
affinity of its association with the bead. Although the theoretical maximum capacity of a Ni-NTA
bead for a polyhistidine protein is ~ 30 nM, because the His-Ni-NTA interaction is relatively weak,
and more protein is dissociated at equilibrium, there is a higher operational limit. This was observed
for optimised protein concentrations of TRIM33, which were in the much higher range of 50-
500 nM. Optimised peptide concentration were always <30 nM, and the ‘hook effect’ was clearly
observed when low protein concentrations were used in combination with higher affinity competitor
peptides, e.g. 10 uM TRIM24 with H3:,7K23Ac (emission 822 a.u. with 250 uM peptide) or

H31.57K9Me3K23 Ac (emission 1434 a.u. with 250 uM peptide).

2.4.3.3 ICso value determination for modified peptides

®_
4
. » KQTARAKSTGGK
Optimised  conditions  for  the H3 N- ,,3 . R}?QLAT&P‘P s
K39 Ki4 Ki8 K23
AlphaScreen assay format were used : : :

H31-27 - .

o N H3,..K14Ac : " :

to probe modification recognition H3,.,K9Me, r— ;

H3,,,K1 BACK23Ac . ﬁ r

H3,,,K18A e

preferences for TRIM24 and TRIM33, H31,2,K23Ag ; 5 =

H3,.,,K9Me,K18Ac . 4 ; ‘—

tifving th ility of H3-lik H3,.,,K9Me,K23Ac $ ; . &

by quantifying the ability of H3-like H31_2,K9M<;;K18A8K23Ac D4 3
peptides, bearing single or multiple Modified peptides @ Methylation A Acétylation

Figure 2.14 Peptides under investigation to probe recognition
modificaﬁonsj to displace Competitor modes of TRIM33 and TRIM24. Nine peptides bearing various
combinations of methylation (red diamond) at K9, and acetylation
. . (green triangle) at K14, K18 or K23, including an unmodified H3
peptides (Figure 2.14). The ICsy value peptide.

was defined as the concentration of peptide required to reduce the AlphaScreen emission signal to
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half that of its maximum, after subtraction of base signal. Data fitting was performed according to
a full 4-parameter equation, where the x axis represents the (logarithmically scaled) concentration

of analyte, range is the maximum y range (response minus background), and s is a slope factor:

range

y= < + background

1+ (ﬁ)
Since it was known that the affinity of the competition peptide can have a large effect on measured
ICso values, we used a range of protein-peptide pairs to perform titration experiments and obtain
dose response curves. In the case of TRIM24 it was possible to conduct the assay with all seven
biotinylated peptides which had been designed, however, the lower response of TRIM33 meant that
only three (H3:27K18Ac, H31.7K9Me3K18Ac, and H3:,7K9Me3K23Ac) produced sufficient

signal to be used in a displacement assay.

40000 —=— K18AcK23Ac L : .
| KiaAe The majority of the titration curves spanned
& KSMe K18AcK23Ac
- —*— KoMeKZAc the range of inhibition well (Figure 2.16),
= K9Me,K18Ac
% 0000 with the exception of unmodified H3i2;
E
w
- which had a very low affinity to both proteins.
0 3 i—i—a=—. Curve fitting to approximate an ICso for H3
1e-9 1e-8 1e-7 1e-6
[peptide] (M)

was not possible for TRIM33, since there was
Figure 2.16 Representative AlphaScreen dose response

curves for peptide titrations with TRIM24 PHD- e .
bromodomain. Modified peptides (legend) titrated against only ~52% inhibition at the maximum
TRIM24 with H3127K23Ac competitor peptide. Curves span

ICso well and plateau at maximum and minimum. Concentration concentration evaluated of 50 uM (Figure
ranges were modified for weaker binding peptides to ensure
coverage.

2.15).
Bk 80000
Ka Ki4 Ki8 K_QS =
H3,. : - . = 60000 —
H3,.,K14Ac - A = s
H3,,,K9Me, =g : E it
H3,.,K18ACK23Ac - . e —
H3,,,K18Ac % _—*‘ £ 3 §
H3,,,K23Ac - —_— H 50000
H3,,.K9Me,K18Ac % i
H3,.,,K9Me, K23Ac ¢ = A A
H3,,,K9Me,K18AcK23Ac 4 A A 0
Modified peptides € Methylation A Acetylation LA T T \ T
1e-9 1e-8 1e-7 1e-6 1e-5

[peptide] (M)

Figure 2.15 Dose response curves for modified peptides displacing H3127K9Me3K23Ac from TRIM33 in
AlphaScreen assay. Titration curves span range well, but H3 peptide did not result in full inhibition. Error bars show
standard deviation of results in triplicate; curve fitting was performed according to a 4-parameter fit in GraFit 7.0.%3
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Affinities to each of the modified peptides could be clearly grouped into weak, medium, and tight
binders (Figure 2.17). This correlated to the number of recognised modifications, with K9Me; only
having a small affect in isolation, but a substantial cumulative effect in addition to K18/23Ac.
Peptide displacement data seem to suggest the possibility of a switch in preferential recognition
site, in conjunction with trimethylation. Although assay sensitivity might be limiting, TRIM24
demonstrated a higher affinity towards the K23 Ac position in isolation (TRIM24 ICsy of 13 nM for
K23Ac vs 26 nM for K18Ac), but towards the K18 position when in combination with K9Me;

(TRIM24 ICso of 2 nM for H3,.27;K9MesK18Ac vs 5 nM for H3,.57K9MesK23Ac).

TRIM24 with H3, ., K9Me3 competitor peptide
TARKSTG =
H3 N-Mw g

. 4 LA}A_"‘P‘

K9 K4 K18 K23 g 127 \
H3.. ; = - " ! 2 1 ™
H3,,.K14Ac y—t : 5 o5 3 :
H3,,,K9Me, =@ T weak T ol
H3,,.K18ACK23AC B2 06— LN
H3,,,K18Ac s o '
H3,..K9Me,K18Ac Z o2
H3,..K9Me,K23Ac ‘ . = = A
H3,,,K9Me,K18AcK23Ac y : _ tight Wm_a s | \m‘g‘!_s ™ “1‘2-5 T
Modified peptides 9 Methylation A Acetylation [peptide] (M)

Figure 2.17 Categorisation of histone peptides as weak, medium, or tight binders. Correlated well with number of
modifications the histone peptide contained. Normalised AlphaScreen dose respone curves (right) from titration into
TRIM24, displacing biotinylated H3127K9Mes peptide

A screening window coefficient has been defined as a statistical characteristic parameter for the
quality of assays.?? Termed the Z-factor (Z”), this takes into account variations associated with
sample measurement (cs, the standard deviation for the samples), reference measurements (G, the

standard deviation for controls), and the dynamic signal range (us-.c , the assay window or average

. . .. . 305+30,
maximum minus average minimum signal): Z' = —ﬁ. A value between 0.5 and 1.0
s~ Hc

indicates that the separation band is large and it is classified as an excellent assay. For peptide ICsg
curve assay formats, these were ~0.5 and with the exclusion of peptides which did not result in
100% inhibition over the concentration range observed, (e.g. unmodified H3 peptide) was up to
~0.6. Geometric means of the affinities of each peptide were calculated, based on dose response

curves with each competitor peptide used (Table 2.2).
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Table 2.2 Summary of affinities of modified H3 peptides to TRIM24 and TRIM33. Calculated as geometric means
from AlphaScreen dose response curves with various competitor peptides. Curve fitting was performed using four
parameter fit in Grafit 7.0.2

Peptide TRIM24 ICso (uM) TRIM33 ICsy (nM)
H3;27K14Ac 0.531 6.654

H3,2,K18Ac 0.026 1.163

H3;27K23Ac¢ 0.013 2.881

H3,.27K9Mes 0.222 1.840
H3,27K9Me:K18Ac 0.002 0.234
H3,.,7K9Me;K23Ac 0.005 1.070
H3;27K18AcK23Ac 0.014 0.709
H3127K9MesK18AcK23Ac 0.005 1.070

H3127 0.501 n.d.

2.4.4 Inactivating mutations

Generation of constructs containing inactive mutations in either the bromodomain or PHD finger,
as well as the cross mutations designed to be inactive across both domains, was carried out for both
TRIM24 and TRIM33. These mutants could be used to confirm specific recognition by each
domain, through loss of affinity to either the inactivated PHD or bromodomains. After mutagenesis
by PCR (see Materials and Methods for experimental procedures and primers used), plasmids
containing modified protein constructs were expressed and purified with the same protocol as the

wild-type (WT), with comparable yields and purity.

WT QSMNEDWCAVCQ- - -NCAEFNEPDSE

& N9B0OF QSMNEDWCAVCQ- - -NCAEFFEPDSE
E N980A QSMNEDWCAVCQ- - -NCAEFAEPDSE
— WB28A QSMNEDACAVCQ- - -NCAEFNEPDSE
o AxF QSMNEDACAVYCQ- - -NCAEFFEPDSE
— AxA QSMNEDACAVCQ- - -NCAEFAEPDSE
on WT QASMDWCAVCANGG - - -RFNEMMKVVQ
) N1039F QSMDWCAVCQNGG:- - -RFFEMMKYVQ
= N1039A QSMDWCAVCQNGG: - -RFAEMMKVVQ
E waggA QSMDACAVCQNGG: - -RFNEMMKVVQ
= AxF QSMDACAVCQNGG: - -RFFEMMKVYVVQ
Axh QSMDACAVCQAONGG - - -RFAEMMKWVVQ
PHD Bromodomain

Figure 2.18 Inactivating mutations for PHD and bromodomains in
TRIM24 and TRIMB33. Left: position of mutations shown for TRIM24 (PDB

3034,3037), mutated residues in box shown as grey sticks. Right: sequence
alignments of plasmids generated through mutagenesis resulting in single, and
double inactive mutations (highlighted in red).
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Secondary structures of purified proteins bearing the various mutations were compared by circular
dichroism (CD). The typical bromodomain structure appeared to dominate spectra, with all
constructs displaying a high proportion of a-helical content (Figure 2.19). Spectra for proteins with
inactivating mutations in the bromodomain (TRIM24 — N980A, N98OF; TRIM33 — N1039F,
W889A) were highly similar, suggesting these mutations do not have a structural effect: average
standard deviations 0.7 millidegrees and 0.4 millidegrees for TRIM24 and TRIM33 bromodomain
mutations, respectively. Mutations of the PHD finger seemed to show a greater deviation of
secondary structure from the WT than those of the bromodomain, particularly at lower wavelengths.
This would suggest that substitution of this residue results in some change in structure of the PHD
finger, although the relative forms of these curves were still similar, and slight differences could

have been due to variations in sample concentration during data collection.

TRIM24 mutants TRIM33 mutants

Circular Dichroism (millidegrees)

Circular Dichroism (millidegrees)

Wavelength (nm)

Wavelength (nm)
TRIM24 WT  TRIM24 N980A  TRIM24 N980F  TRIM24 W828A TRIM33 WT  TRIM33 N1039F TRIM33 W889A

Figure 2.19 Circular Dichroism spectra from TRIM24 (left) and TRIM33 (right) proteins bearing bromodomain
or PHD inactivating mutations. Smoothed average of results in triplicate with 0.2 nm step size, 0.5 sec/step, 10 mm
path length, 0.2 mg/mL protein in NaF buffered phosphate buffer (pH 7.8).

Signal response curves for inactive mutants with biotinylated peptides in the AlphaScreen assay
provided interesting insight into contributions of each domain to recognition. Mutation of the
cation-nt-forming tryptophan residue completely abolished PHD mediated recognition of KMes, and
generated no signal in the AlphaScreen assay when incubated with up to 250 nM of a peptide
bearing this modification (H3,..7K9Me;). The maximum AlphaScreen emissions with biotinylated

H3,.,;K9Mes were 675 a.u. and 3191 a.u. for TRIM24 W828A and TRIM33 W889A, respectively.

An alanine mutation of the conserved asparagine which forms a hydrogen bond to KAc residues

(TRIM24 N980A) seemed insufficient to block TRIM24 association to peptides bearing this
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modification, suggesting broader interactions within the KAc pocket contribute highly to affinity.
However, a phenylalanine mutation (TRIM24 N980F) did hinder isolated KAc recognition,
presumably by restricting access to the KAc recognition pocket of the bromodomain, while still
allowing recognition of KMe;. Surprisingly, a corresponding N1039F mutation did not hinder the
ability of TRIM33 to recognise KAc-containing peptides to the same degree. This result supports
the idea that the aB helical extension in this isoform does indeed shift the asparagine orientation
away from the binding pocket, allowing mutations to bulkier residues to be better tolerated.
Furthermore, the reduced effect of bromodomain inactivation, compared to PHD finger
inactivation, also suggests that peptide affinity to this a-isoform of TRIM33 is dominated by
interactions with the N-terminus of the H3 tail, and PHD recognition of KMe3; modifications may

exert a larger influence than affinity of a bromodomain to KAc.

peptide concentration (nM) Competitor
0.00 024 049 098 195 391 7.81 1563 31.25 6250 125 250 peptide

2604 PHD
Sl 5643 23712 38399 3390' ¢ 3964 1E+05 99031 89102 8361 bromo
35558 59604 79339 1E40S 87506 74513 47485| dual
PHD
g ggiﬁﬁ k49 1464 7247 bromo
= 91 13678 36544 dual
. 25488 26725 29033 30182 31310 26633 PHD
- N98OF , Kt
(30 M)
34199 37924 39264 38415 38671 36798 dual
oson 15087 24219 38131 38914 41543 41864 41564 32172 29848 PHD
(30 M) ‘ 39653 45785 44298 43127 43443 37562 bromo
6175 325 : dual
9278 25587 65256 € 1E+05 1E- PHD
530 ol 1781 5702 19035 43951 80850 1E: : E+( bromo
@ 4705 14414 33420 61048 . : dual
2 W889A . PHE
E (500 nM) bromo
dual
= 33601 PHD
il 3095 74414 101316 1 ' bromo
56992 82612 101285 dual

AlphaScreen emission (a.u.)

Figure 2.20 AlphaScreen signal response for biotinylated peptides with proteins bearing inactive mutations. Protein
mutations indicated on left with final assay concentration. Competitor peptides indicated on right: PHD — H31.27K9Mes3;
bromo — H3127K18Ac; dual — H3127K9Me3;K18Ac. Colour scale from low emission (red) to high emission (green)
showing emission after incubation with varying peptide in a 1:2 serial dilution series from 250 nM. Red bars across the
titration indicates lack of association i.e. TRIM24 W828A with PHD peptide, TRIM24 N98OF with bromo peptide,
TRIM33 W889A with PHD peptide.
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2.4.5 Surface plasmon resonance

Surface plasmon resonance (SPR) is a highly informative technique, which was attractive for
profiling interactions between TRIM proteins and modified H3-like peptides, because kinetic
information could be obtained as well as affinities of interactions. Additionally, relatively low

volumes of samples are typically employed, hence it could make efficient use of material.

It was preferable to maintain an assay format as similar as possible to the AlphaScreen, to obtain
comparable results. The setup deemed most suitable, involved the use of a CMS chip
(carboxymethylated dextran coating on a gold surface), with attachment of a biotinylated peptide
(via streptavidin) as the surface bound ligand, and various concentrations of TRIM24 as the analyte

flowing over the cell in solution.

All four cells of the chip were coated with streptavidin following standard procedures, and

immobilisation resulted in a signal of ~4000 response units (RU). Given the maximum response for

MWanalyte

X R; X N (where N = stoichiometry, Ry = response for ligand,
M Wligand

an interaction R,q, =

MW = molecular weight), this would give an expected response from biotinylated peptide binding

3000
13000

of X 4000 X 1 = 920 RU. Indeed, subsequent addition of biotin-H3,.,7JK9Mes; peptide

generated a stable surface (subject to weak acid washes of Glycine pH 3.0) with an increase in

baseline signal of ~400 RU.

Comparison of signal generated from protein analyte (120 sec injection, 30 uL/min), revealed
higher levels of non-specific binding to the streptavidin coated reference cell than the flow cell
containing the peptide, resulting in a negative signal in the sensogram. Moreover, a 30 sec Glycine
wash (pH 3.0) was insufficient to remove all bound species, and starting baseline signal increased

for each cycle (data not shown).

In an attempt to increase the signal to noise ratio, a higher affinity peptide was employed
(biotin-H31.,7K9Me3K 18 Ac) along with supplementing running buffer with 0.05% BSA to reduce

background non-specific binding. Additionally, it was hoped that two cycles of a stronger acid wash
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(Glycine pH 2.0) might more efficiently recondition the surface. Although there was still a high
level of binding to the reference cell, and an increasing baseline over the course of the experiment
due to incomplete surface reconditioning, the traces were more informative (Figure 2.21).
Maximum binding equilibrium was reached within the injection period at high concentrations
(>6.4 uM), and demonstrated good Ko, kinetics. However, a sharp drop in response immediately
after injection, followed by a persistently high response which was stable for the entire dissociation
period, suggested two independent binding events, with a low Ko and very high Ko, respectively.
Fitting of a single site binding mode to the data yielded a K, of 4.83 uM: since the drift in baseline

was uncorrected, we would expect this value to be higher than that of the true constant.

Flow cell sensogram Reference cell sensogram
= " |
@ @x
3 | 3
5 L — 5 | E—— |
o 5 | o
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[n'd x o |
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Figure 2.21 Sensograms from surface plasmon resonance experiments: CMS5 gold chip; streptavidin covalently
coupled with NHS/EDC; biotin-H31.27K9Me;K18Ac ligand; Hise-TRIM24 analyte. Five start-up cycles (buffer) were
followed by two-fold increases in analyte concentration. Raw sensograms are shown above as flow cell and reference
cell: the later consisted of streptavidin coating in the absence of peptide ligand. Annotations on lower sensogram highlight
key features of analysis.
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An alternative NTA Sensor Chip (carboxymethylated dextran pre-immobilized with nitrilotriacetic
acid), which can immobilise a Hise- tagged biomolecule on a nickel chelating surface, and a CAP
Sensor Chip ( carboxymethylated dextran matrix pre-immobilized with a ssDNA oligo), which can
be more reliably regenerated through immobilisation of a biotinylated ligand via a ssDNA oligo-
streptavidin agent, were also used but suffered from similar difficulties in signal-background ratio

from high levels of non-specific binding.

2.4.6 Isothermal titration calorimetry of selected peptides

In order to confirm the affinities of the H3-mimicking peptides for TRIM24 and TRIM33 suggested
by AlphaScreen, we sought to quantify the strength of binding interactions using an orthogonal
technique. As discussed in the Introduction, isothermal titration calorimetry (ITC) is considered
highly valuable because it can detect direct binding interactions with high precision, and define
enthalpic and entropic contributions to affinity. Since this technique is highly resource intensive, it
was used to profile each of the positions of modification which had been used as competitor peptides
in AlphaScreen assays independently: K9Mes and K18 Ac. Exhaustive dialysis of both components
in the same container is ideal, however, this was not possible due to the inability to quantify the
peptide concentration after analysis. Dialysis of the protein, followed by dissolution of lyophilised
peptide in the same buffer, was able to produce a sufficient buffer match for the titration. Although
HEPES buffer has a relatively high enthalpy of ionisation (20.4 kJ/mol), protein stability had been
established in this buffer system, and attempted use of phosphate buffers resulted in higher heats of

dilution.

Titrations into cells containing TRIM24 produced good sigmoidal binding isotherms, with a clear
plateau for high concentrations of peptide (Figure 2.22). After subtraction of signal resulting from
the heat of dilution (titration of peptide into dialysed buffer), the Origin built-in curve fitting
function (one set of sites) was used to fit data and calculate constants. Binding of K9Me; was
entropically driven, demonstrated by the positive value of AS =4.62 cal/mol/deg and common for

hydrophobic interactions. Binding of K18Ac, had a higher enthalpic contribution to Gibbs free
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Figure 2.22 Isothermal titration calorimetry data for competitor peptides used in AlphaScreen against TRIM24
and TRIM33. Peptide ligand was titrated into the cell containing the protein in a series of 19x2 uL injections (first
injection 0.4 pL). Concentrations for titrations: 750 uM H3K9Me;, 50 uM TRIM24; 200 pM H3K18Ac,20 uM TRIM24;
1.67 mM H3K9Me;s, 150 uM TRIM33; 200 pM H3K18Ac, 20 uM TRIM33. Low affinities of TRIM33 to peptides
resulted in inaccurate fitting due to range of binding curve observed. Heat of dilution (from titration into buffer) was
subtracted, and the first data point excluded from analysis. Error values represent errors of the nonlinear least-squares fit.
Buffer conditions: 20 mM HEPES (pH 7.8), 150 mM NaClL.
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energy (AH = —13 kcal/mol), which is as expected from hydrogen-bonding and van der Waals
interactions. Calculated Ky values were 7.69 uM for H3,,7K9Mes; and 980 nM for H3,.,7K18Ac,

which are approximately 30-fold higher than ICs, values obtained through AlphaScreen.

Titration into cells containing TRIM33 showed a clear binding curve, but the peptide was not of
sufficient concentration to reach saturation, and the data were hard to interpret with a sigmoidal fit
(Figure 2.22). In the case of H3K18Ac, the stoichiometry was fixed to N = 1.0 for analysis in a one
site model. Nonetheless, Ky values reinforced the higher affinity for recognition of acetylation
relative to methylation, which had been previously observed: 86.2 uM for H31.,7K9Me; and

1.16 uM for H3,27K 18Ac.

2.5 Conclusions

Overall these data provide strong evidence to suggest that the PHD finger and bromodomain of
TRIM proteins operate co-operatively, with a very strong increase in affinity towards peptides
bearing multiple modifications. Both TRIM24 and TRIM33 demonstrated a significant increase in
binding interaction with peptides bearing the K9Me; modification in addition to acetylation. Since
the domains can also function independently, i.e. recognition of either acetylation or trimethylation
in isolation, this suggests that combined readout of histone modifications could result in alternative

downstream effects.

The remarkable affinity of TRIM24 for multiple modifications to H3 proteins cannot be accounted
for by dual recognition alone: TRIM33 containing a highly homologous PHD and bromodomain
has approximately 10 fold lower affinity. Either the relative strength of affinity towards modified
peptides is an inherent property of each TRIM protein, or the specific combination of histone

modifications resulting in the highest affinity towards TRIM33 has yet to be identified.
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Clearly N-terminal tail recognition has a considerable effect on affinity, and in the case of TRIM33
is absolutely necessary for a tight binding interaction to be observed by AlphaScreen. The
requirement of inclusion of both the terminal K4Mey and the K9Mes position in competitor
peptides, in order to generate signal in the AlphaScreen assay, suggest TRIM33-H3 interactions are
dominated by PHD finger recognition. However, it should be noted that contribution of affinity for
peptides to TRIM33 seems to be less dependent on the conserved asparagine residue, than for
TRIM24. This was demonstrated by the reduced effect of a bromodomain inactivating mutation in
TRIM33. Domain inactive mutants generated in this work could be used to study contributions from
each domain for affinity to multiply modified peptides, by measuring whether any decrease in ICsg

for peptides correlates to which domain is inactivated.

It is hypothesised that the less well studied B-
isoform (GenBank Accession: NP_148980) might .
be crucial in dissecting the relative contributions of
each domain in TRIM33. It seems likely that
removing the extension to the aB-helix would

allow the asparagine residue (N1039) to lie in a

more conventional orientation towards the KAc . s
‘ = f P L
Figure 2.23 Homology model of TRIM33a carried
out by Lewis Vidler (Swen Hoelder Group, ICR).
KAc modifications. This has been affirmed by Partial view of structure of TRIM33B from PDB code
3U50 (blue) overlaid with homology model of
TRIM33a (green). This suggests that removal of the
aB-helical extension would allow the key asparagine
. o . residue to face the binding pocket in a more standard
(Figure 2.23), and similar studies on TRIM33[ orientation. This could result in peptide binding
affinities closer to the range observed for TRIM24.

binding pocket, greatly increasing affinity towards

homology modelling of the alternative isoform

might result in affinities to modified peptides in the

same order of magnitude as for TRIM24.
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Chapter 3: Lead Identification

3.1 Introduction

With the intention of developing small molecule chemical probes for the tandem reader domains of
TRIM24 and TRIM33, work was carried out towards lead identification. A focussed library
compiled using structure guided computational docking, as well as a larger collection of
compounds, was screened using the assays developed in Chapter 2. Assays based on displacement
of peptides containing both acetylated and trimethylated lysines (KAc and KMes, respectively),
were developed to identify inhibition of each domain. Potential lead molecules were validated using

the AlphaScreen technique, and with orthogonal assays.

At the time of commencing of this study on TRIM proteins, there were no small molecule ligands
known to interact with these proteins in the literature.!> Furthermore, there were no known small
molecule approaches to inhibiting multiple epigenetic reader domains, or assay protocols which
could orthogonally detect binding to two reader domains. Indeed, there are still no reported

screening methods of any format for use with TRIM33.

defined KAc
binding pocket
e interdomain .
Inhibition of PHD fingers has been shown to region i S v

be challenging, through both a ‘druggability’ broad KMe,
binding
analysis’ and the limited inhibitor surface

development.* However, the wealth of

L) ‘ ) *
literature on bromodomains has PHD finger s S ot Bromodomain

demonstrated that the well-defined KAc . - L
Figure 3.1 Use of dual-domains in screening increases

surface available for potential binding partners. The
binding pocket confers this domain with an interdomain region presents itself as a novel area for potential
binding: the highly “druggable” KAc pocket could act as a
handle for inhibition across domains, the broad binding surface
of the PHD finger is adjacent to the more clearly defined
topology of the interdomain region.

exceptionally high ‘druggability’ relative to
common protein-protein interaction (PPI)
surfaces.® It was hypothesised that by attempting to inhibit the tandem PHD-bromodomain cassette
the likelihood of discovering inhibitors of the PHD finger would be greatly improved (Figure 3.1).

A dual construct results in the potential for developing ligands that bind not only to the domains
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themselves — the KAc binding pocket in the bromodomain, or the B-sheet surface of the PHD finger
— but also the new surface created at the interdomain region, which appears to form a ‘cleft’ in the
x-ray crystal structure. An extended binding surface, with a more distinct topology at the interface,
would provide additional opportunities for affinity-generating interactions in the proximity of the

PHD finger.

Identification of a lead compound depends on the ability to reliably detect interactions of putative
binding partners. This often requires a package of multiple biophysical assays, in order to test a
range of binding hypotheses. It was envisioned that the AlphaScreen assay could be adapted to
detect inhibition of binding to either, or both, domains through use of varyingly modified peptides.
Confirmation via direct biophysical assays could confirm interactions of ligands with TRIM24 or

TRIM33.

3.1.1 Aims

With the overall aim of developing small molecule chemical probes of the tandem reader domains
of TRIM24 and TRIM33, high-throughput small-molecule screening was carried out using the

assays developed in Chapter 2 for profiling recognition of modified peptides (Figure 3.2).

Primary AlphaScreen
assay to identify
inhibitors of histone
peptide recognition

D Selection of Maybridge

S Fragment collection

(O]

E Protein-protein
interaction network

compound library

novel ligand
identification

Validation through
follow up titrations and
alternative assays

)
=]
o -
<
60
=]
o)
—
<
i
<
20
<

Figure 3.2 Planned work for identification of binding partners of TRIM24 and TRIM33. Stages of work to be
undertaken, presented with the main components of each work.

It has been observed that in silico screening greatly enriches the possibility of identifying hit
compounds through subsequent screening rounds.® In order to increase the efficiency of ligand
discovery, this approach will be used to reduce the number of compounds subjected to in vitro
testing. Conducting docking studies would require: definition of TRIM protein “receptor” states,
the structure of the protein of interest and hydration states, which will remain fixed during

simulations; generation of appropriate ligand files, incorporating partial charges on atoms for
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energetic analysis in addition to shape complementarity; and definition of docking parameters,

including the region of interest.

The Maybridge portfolio (Fisher Scientific) contains compound collections tailored to the drug
discovery and biotechnology sector. A fragment screening library of ~30,000 small compounds
(MW <350) taken from the complete Maybridge collection (53,000 hit-like and lead-like
molecules) is available to accelerate identification of lead compounds. Further reduction of this
collection, through molecular docking simulations, will be used to bring forward a feasible number

of compounds for screening.

The Protein-Protein Interaction Network (PPI-Net; EPSRC funded network EP/1037210/1 and
EP/1037172/1), with support from GSK, provides a PPI-net screening collection available on
request of 1534 compounds (http://ppi-net.org/). These have been selected from an Asinex
compound library with chemical properties to favour inhibition of PPIs: a MW limit of <450 Da is
higher than the usual ‘fragment’ limit to enable broader binding surfaces; a cLogP (calculated
partition coefficient between n-octanol and water) of <4.5 would fit in the Lipinski guidelines for
drug-like molecules;’ stereogenic centres create a more complex topology for surface binding,
similar to natural products; property forecast index (PFI: cLogD74 + # of aromatic rings) <6. A
study of 240 oral drugs with >30% bioavailability, revealed that 89% of them have a PFI < 7. Since
this collection is well suited towards binding of extended surfaces, as presented by the PHD-
bromodomain cassette, the entire collection will be screened, as a complement to the more focussed

screening of the Maybridge collection.

The aims of this study were to:

e Generate a docking system for TRIM24 and TRIM33 to create an enriched screening library.

e Optimise the AlphaScreen format developed for peptide recognition profiling in Chapter 2,
to use in high-throughput compound screening.

e Screen compounds for inhibitory activity of TRIM24 and TRIM33 histone peptide

recognition, to identify potential novel ligands.
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3.2 Computational approach

For efficient identification of lead hits which bind to TRIM24 or TRIM33, the Maybridge ‘Rule-
of-three’ set of fragments, designed to cover diverse chemical space, was docked using AutoDock
Vina.® Discovery of many diverse ligands of epigenetic proteins have been initiated with
computational docking,%%!® and AutoDock Vina is an open-source program developed at The
Scripps Research Institute with a high average accuracy of binding mode predictions, based on

comparisons of docked structures with those available from ligand-bound x-ray crystal structures.

AutoDock Vina uses a rigid conformation of a protein, which can be extracted from a PDB
structure, or specified through homology modelling, and is termed the ‘receptor’. Molecules to be
docked, termed ‘ligands’, are specified in separate files which incorporate atomic connectivity, and
partial charges on atoms. After specification of the search space around the binding site, each run
consists of a number (determined heuristically based on the size and flexibility of the ligand) of
steps which randomly perturb the conformation, optimise locally (Broyden-Fletcher-Goldfarb-
Shanno algorithm!'!), and select whether to accept the step or not based on an energetic evaluation
including the weighted sum of both inter- and intramolecular contributions. Many independent runs,

starting from random conformations, aim to identify the global rather than local minimum.

Results for each ligand are merged, refined, clustered and sorted within the implementation to
produce the final results. Each potential binding mode is reported as the predicted binding affinity
(kcal/mol), along with the bound conformation (. pdbgt file) and the associated root mean square
deviation (RMSD) value (relative to the lowest energy mode calculated from only movable heavy

atoms).

69



Chapter 3: Lead Identification

3.2.1 Receptor state definition

Prior to commencing in silico screening methods, accurate configuration of receptor states is vital
for reliability, since protein flexibility is not incorporated into docking simulations. For
bromodomains, with several highly conserved waters bound in the KAc pocket, hydration can have
significant impacts on the binding modes observed in docking. Furthermore, the topology of the
shallow surface for interaction across the interdomain cleft region is greatly affected by inclusion
of water molecules. A docking model for TRIM24 was refined to incorporate an analysis of water
displaceability, as evaluated by WaterClassifier.'> The structure of TRIM24 (PDB: 3033) was
partially dehydrated to facilitate interactions with molecules that could bind in these positions

) (Appendix  8.1:  colour by

\@

e o)

displaceability). =~ The  refined
structure contained key conserved

waters in the ZA channel, upper

ridge of the cleft between the PHD
finger and bromodomain, and
Figure 3.3 A. Water molecules (sphere) in the crystal structure of
TRIM24 (PDB: 3033) coloured by displacement probability from 0 beside the KMe; region of the PHD
(red) to 1 (green). B. Hydration state of TRIM24 displaying all water

molecules included in molecular docking (red sphere), with conserved : .
water molecules in key positions highlighted (blue). finger (Figure 3.3: B).

The low resolution of the available structure of TRIM33 (PDB: 3U50), and an inability to locate
several disordered regions, meant water molecules could not be accurately resolved for the apo-
structure. Probable water locations were generated with WaterDock,!? which confirmed the typical
water-mediated hydrogen-bonding network at the base of the KAc pocket (data not shown).
However, reliability of these predictions were insufficient for subsequent use in docking studies.
For comparable methodology, the hydration state of TRIM24 was superimposed onto a water-free
apo-structure of TRIM33, using alignment of individual domains in the crystal structures with the

cealign command.
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3.2.2 Insilico screening

The receptor files defined above were utilised in an in silico docking screen conducted with the
Maybridge Fragment Collection, a database of 31,973 compounds with a molecular weight
<350 Da. Configuration files were specified to dock compounds into both the KAc pocket, and the
cleft region (Figure 3.4 — Appendix 8.1: config. txt). The former specified a 20 A search area
centred on a conserved water in the base of the KAc pocket (HOH109: TRIM24 x=18.18, y=30.80,
7z=3.30; TRIM33 x=8.56, y=31.42, z=—3.13), the later used a 20 A search area centred on a water
bound in the cleft region to avoid inclusion of the KAc pocket (HOH144: TRIM24 x=27.19,

y=42.64, z=—2.44; TRIM33 x=29.59, y=41.30, z=—1.51).

Centre of cleft
docking area

Definition of individual ligand files from the HOH144

Maybridge Fragment Collection structure- A
data file (. sdf) required processing through o 5.
internal coordinate modelling (ICM: Molsoft) Centre of KA(Cc 5 W . / v
due to poor curation of the data file.!> Both %

receptor and ligand files were converted into  Figure 3.4 Overview of configuration file definition for
docking. Water molecules (denoted in PDB files as atom type

.pdbgt files which define atomic HOH) were used as centre points for 20 A search areas in
AutoDock Vina
coordinates, partial charges and AutoDock atom types, for use with AutoDock Vina. This

conversion was achieved with the use of the prepare ligand4.py Python script in the

AutoDockTools (ADT) utility.

Capability for the screen was provided by use of the Arcus hub of the University of Oxford
Advanced Research Computing Facility. Scripts to run AutoDock Vina were submitted to a Torque
Resource Manager using a Bourne-again shell (BASH) script (Appendix 8.1:
vina screen local.sh). Large volumes of information generated were reduced through
compilation of scripts to parse results into easily visualised formats. Quantification of relative
binding affinities was used to extract initial results packages of the top 1000 docking results

(Appendix 8.1: zip results.sh, vina screen get top quant.py).
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Figure 3.5 Histograms of binding affinities as result of docking of Maybridge Fragment Collection onto
TRIM24 or TRIM33 using AutoDock Vina. Bar highlighted in red indicates the level chosen as an energetic
cut-off for further analysis, labelled with the number of molecules satisfying this criterion.

Energetic cut-offs were enforced on these results, to reduce the number of candidates in the manual
visualisation and selection process. Histograms highlight the spread of affinities, with low
frequencies of compounds at high predicted affinity, and were used to define cut-offs before further
compound selection (Figure 3.5). Reduction criteria and resultant numbers of molecules were:
TRIM24 KAc, —7.3 kcal/mol, 381 molecules; TRIM24 cleft, —6.4 kcal/mol, 430 molecules;
TRIM33 KAc, —7.5 kcal/mol, 435 molecules; TRIM33 cleft, —6.6 kcal/mol, 294 molecules. Results
with binding affinities in the lower ranges of the distribution — above the selected cut-offs — are
more likely to contain artefacts. Hence, exclusion of these would provide a more tractable selection
of molecules for manual curation, with a relatively low probability of excluding ligands for TRIM24

or TRIM33.

Visual analysis of binding modes via PyYMOL (Appendix 8.1: make pml . sh)was complemented
by two dimensional comparisons of interacting residues using LigPlot+!* (Figure 3.6), and chemical
profiles in structure-data files (Appendix 8.1: make sdf.sh). The combination of these

representations formed a handle for grouping of results by various specifications, including binding
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region and Tanimoto similarity
coefficients. Trends in binding
orientations were analysed to generate

a pharmacophore.
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Figure 3.6 Selected docking results

from  Maybridge  fragments jnterfaces referred to as the cleft
visualised with LigPlot+. Binding

regions as indicated on schematic of .

Tl%lM24 crystal structure (left). (Figure 3.6). The extended
Binding interactions with amino acid

residues are highlighted. Red dash, conformations of these areas favoured
hydrophobic interaction; green dashed
lines, hydrogen bonds (distance).
Frequent interacting residues for
ligands shown are circled.

elongated polycyclic scaffolds with

polar linkages including amides
(e.g. Figure 3.6: Maybridge10687, 21519, 9790) and 5-membered heteroaromatics (e.g. Figure 3.6:
Maybridge20693, 25403, 17812). Common protein-ligand interactions highlighted potentially
significant residues: hydrophobic or polar interactions through the backbone carbonyl of L992 that
is found across the entrance to the KAc pocket were common; several cystines, other than those
involved in Zn?>" ligation, formed hydrophobic interactions with ligand docking modes and this
close proximity could be utilised in covalent interactions with ligands, or future labelling studies;
the highly conserved asparagine (N980) within the KAc pocket preferentially formed hydrogen

bonds with the ligands as expected.
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3.2.3 Compound selection

Cross-comparison of compounds identified in screening, across the two sites of both proteins,
highlighted many ligands which were consistently identified as interacting with high binding
affinities. Analysis of similarities in binding mode suggested that some of these hits may be
artefacts, driven by overall hydrophobicity of a molecule, since high affinity interactions occurred
in multiple, non-specific regions. However, other motifs were positively identified across several
screens as partaking in specific interactions that are likely to generate affinity. The collection of all
identified compounds was combined (1540), reduced to remove duplicates (1312), and manually
reduced to a collection of the top 400 putative hits based on predicted affinity, assessed reliability
of binding mode, and synthetic tractability (CD appendix:

Docking results\top400maybridge.sdf).

A script generated in PyMOL to load all lowest energy conformations for these 400 compounds,
enabled visual analysis of docking poses, which highlighted several common binding modes (CD
appendix: Docking results\top40Omaybridge.pse). The 400 putative hits were
reduced to six lead molecules, which represent groups of similar hit molecules (Table 3.1). In silico
substitution of side groups, and resubmission to docking procedures gave some insight into
functional group requirements, and pharmacophores were developed for structure activity
relationship (SAR) studies. These pharmacophores included hypotheses on side chain functional

groups, and possible scaffold variations depending on the observed docking.
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Table 3.1 Summary of lead molecules identified from in silico screening. Common docking poses observed from
results of AutoDock Vina with Maybridge screening collection: multiple molecules adopting similar conformations
suggests a more likely binding mode. Primary substitution shows variations which could be taken forward for SAR. Core

substitutions may more significantly change interactions with protein, but allow a similar binding mode.

Maybridge lead Observed docking Primary substitution | Core substitution
Isoxazole amide Rear cleft pocket. Ry O R, O
R .R
,E' Variants of side chains dock N%fL N ’ x)\JKU\ﬂ ?
o Q‘“N in similar conformation © R, X’X‘R3
N
b N Pattern of hydrophobic/ R; = Ph, Arhet, Bn, 5-het cores maintaining
o hlydropllllléc residues bind small a]kyl (e_ g. c-Pr) R; and R, with optional
along cleft.
MaybridgeF4079 s R = widest variation, | R &g tetrazole
larger groups tolerated | e.g. MaybridgeF24650
(preferred for peptide
displacement)
Benzoxazolone Polar pocket formed by R R, Re
. E826, Q833, K846 could be ‘@N " R
N~ >/® — _
L targeted by carbamate of o/g fo
)/L benoxazolone. ° X
/’L R, = 0-Me, p-X Benzoxazole
e (optional) bioisosteres
MaybridgeF24105 Ry = Arhet with n=2, | ¢.g. MaybridgeF10849
extended
Imide Imide hits dock in R o o R X X
oH 0 o homologous pose to i/ N)J\Rz i/ NJ\R2
©)J\ HJ\Q\/ benoxazolone . I ~ ] H
MaybridgeF25620 Ry = o-Me, p-X Polgr u'ns.aturqted motifs
(optional) maintaining nitrogen
. o protron donor e.g. X=N
&;g’fﬁiﬁgjﬁ?wn MaybridgeF 10951,
’ X=0 MaybridgeF16299
larger groups tolerated
(preferred for peptide
displacement)
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isoxazole (towards
KAc pocket)

Rz = Ph, Bn: 0-Me/X
(towards glutamate)

Maybridge lead Observed docking Primary substitution | Core substitution
Oxo- 1,3-substituted Ri o~ R 1,3-disubstituted
dihydropyridine heteroaromatic compounds HN | heteroaromatic cores
dock into entrance to KAc 3 Sh with optional R3
O O pocket R R
HN/ \ Ri = Ar(het) direct, D 2
I linked or fused X Rs
. R» = Arhet projected X
MaybridgeF22434 towards glutanjlate R = benzylic groups to
probe depth of KAc
pocket. Hydrogen
bonding to displace
: bound water.
Common motif of oxo-
dihydropyridine presents R
towards pocket, R, towards
external E985, and charge
complementarity to entrance
ridge
Linked Adjacent heteroaromatic N=N
heteroaromatics scaffold creates linkage N N-R
NN between KAc pocket and R\/Ii
@\N\%NO E985 -
N jN Arhet = pyrazole,
\N(HZ pyrimidine, indole,
isoxazole.
MaybridgeF4709
R = Ph, o/m-X, 0-Me
20 highly ranked
compounds
contained a 1,5-
substituted tetrazole | polar interactions with
entrance to pocket: backbone
carbonyl H-bonding to P927
Trisubstituted rings 2.,4,5-substitution on 5/6 Rz Alternative polar cores,
N membered heteroaromatic RN N capable of hydrogen
g /\© rings to target the KAc, E985 ' bonding to backbone
j and polar interactions with carbonyl
i ?}I{tI?}nce (usually involved in 1 2-substitution e.g.
step) . .
MaybridgeF15226 Ar(het): potential for MayqugeF 7759,
N solubilising group MaybridgeF28955
L\ olar region of ZA
' ﬂ/" Ic)hannelg R T
W/&N
R; = Ph, Bn, o-Me/X, N\ #

5-membered e.g.

MaybridgeF27477
Ry

Ri—Z N

HN/
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3.3  Screening cascade

AlphaScreen technology has been used to identify and optimise chemical probes in many high-
throughput screening (HTS) platforms,'> including those for both bromodomains and PHD
fingers.!®!7 Through use of liquid handling systems, the assay protocol developed for peptide ICso
determination was transferred into a high-throughput hit detection format. This was used to screen
compounds in duplicate at two concentrations, to detect any concentration-dependent inhibition of

cognate peptide binding.

B 13 It has been recorded that DMSO, commonly
2
r_g 1.2 L w B
5 : : used to solubilise compounds for aqueous assay
£ 1.04 e —— ———
= :
2 08 o conditions, can itself bind to the KAc pocket and
(2] eads
E
& 06l @—— H3,,KSMs, . . .. .
< “1 2. hakiene t w5 | inhibit peptide binding to bromodomains.'®
o £ = H3,,KeMe,K18AC PN N
G 047 N \"".‘ . . .
2, g H3,, KOMe, : t Indeed, bromodomain screening in the
= ; R
< 024 = H3,..K18Ac . )
<—% & - H3,,KoMeK18AC : e
0.0 : ; i , AlphaScreen format uses high concentrations of
1E-3 0.01 01 1 10

LSRRI e et ) DMSO to standardise assay results: 20% final

Figure 3.7 DMSO sensitivity of the AlphaScreen assay

evaluated through variation in signal with percentage assay concentration DMSO is used as a
DMSO. Signals were normalised to the maximum emission

from each competitor peptide. Emission remained at high . 0/ e .
levels up to 1% DMSO (dashed line) before a sharp drop reference for ‘100%’ inhibition. Therefore, in

when increasing to 20% DMSO. Legend: protein-peptide

pair generating signal. order to reliably screen compounds, the DMSO
sensitivity of the assay was profiled (Figure 3.7). Together with compound solubility, this would
dictate the upper limit of compound concentration possible for this assay. DMSO concentrations of
up to 1% were tolerated with little effect on signal, and 20% DMSO generated an average reduction
in signal of 60%. Addition of DMSO to wells containing beads in the absence of protein, to

determine any bead effects, showed only a slight increase in signal for high DMSO concentrations,

but this corresponded to a negligible level of ~200 a.u. compared with ~50,000 a.u. for high signal.

Maximum information on potential binders to these tandem domains would be obtained if the
localisation of binding, relative to the PHD finger and bromodomain, could also be inferred from

screening results. Using the control compound provided by the SGC (SGC-TIF1a53: structure
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) o 24 SGC-TIF1a dose response curves
undisclosed), selectivity  between 2.2 {
2
TRIM24 and TRIM33, as well as § 18] TRIM24: K9Me \
g . I 1 T
) o . E 14 s [t 1 1 1@
between domains within each protein, 2 45 i toy
§ 1 ez 7 e §
© S = L .
was compared (Figure 3.8). There was % 0.8 * TMH?*\L “'“I\Tffi“g‘?g l:,r\fAc
0.6 . g
. S TRIM24: Kmﬁx_\ N
some selectivity between the two 02 1.3£02pM e TP
B s 1
0 7] [l TTTT I TTTT R
homologous proteins, with binding to o8 a7 Tof 165 1o
[peptide] (M)

TRIM33 >10-fold weaker (green: Figure3.8 Dose response curves for SGC-TIF1e53 control
compound obtained by AlphaScreen. Compound demonstrated >10-
fold selectivity for TRIM24 (red), over TRIM33 (green). The
bromodomain binding compound was able to displace a KI18Ac
competitor peptide (red) but not a K9Mes competitor peptide (lilac).

curve fitting was at the limit of the
concentration curve) than to TRIM24.
Most notably, the control compound, which was in development as a bromodomain inhibitor, was
not able to displace a peptide bearing exclusively the K9Mes mark (lilac). This result demonstrates
that it is possible to distinguish between binding to the bromodomain and the PHD finger using this

assay.

Use of a competitor peptide bearing either the K9Mes; or KAc modification, would enable
orthogonal screening of the bromodomain and PHD finger. To ensure all potential hits were
discovered, including those which may bind in the interdomain region and prevent a peptide from
binding across both domains, the doubly modified competitor peptide (K9Mes; and KAc) was also
used in screening. For consistency between proteins, the K18Ac position will be incorporated, since
this was a requirement for generation of adequate signal from TRIM33, and produced high levels

of signal in TRIM24 as well.

In this manner, screens were conducted against both TRIM24 and TRIM33 using peptides that can
be displaced from the PHD finger, bromodomain, or spanning both domains: H3,,;K9Mes (PHD);
H31.57K18Ac (bromo); and H31.,7K9Me;K18Ac (dual). To our knowledge, this is the first example
of use of a complementary set of competitor peptides in a displacement assay to probe a tandem
domain, and gain information about binding mechanisms (Table 3.2). Reference wells containing
buffer or 20% DMSO (maximum or minimum signal, respectively) were used to determine the

sample deviations and the Z’ value for each assay plate, as a measure of assay quality.
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Table 3.2 Assay parameters for screening against TRIM24 and TRIM33 with a complementary set of peptides
targeted towards the PHD finger, bromodomain, or across both domains (dual).

Assay component Final assay concentration
AlphaScreen beads (pg/mL) 5 5 5 7 7 7
TRIM24 (nM) 50 10 10 - - -
TRIM33 (nM) - - - 500 250 50
PHD: H3,2;K9Me; (nM) 15 - - 15 - -
bromo: H31,7K18Ac (nM) - 8 - - 30 -
dual: H3,27K9Me3K18Ac (nM) - - 4 - - 15

3.3.1 Maybridge collection screening

From the results of the in silico screening described previously, the final selection of Maybridge
compounds were tested in vitro for affinity towards TRIM24 or TRIM33. Based on availability of
the 400 fragments selected, 201 compounds were ordered as solubilised stock (30 mM in DMSO)
on LabCyte 384-LDV source plates which were compatible with an Echo acoustic liquid handler
(Labcyte) to dispense volumes of 2.5-500 nL. Samples of 20 or 100 nL were transferred to assay
plates in duplicate to test at 30 or 150 uM FAC. All samples were backfilled with DMSO to a

volume of 100 nL to maintain 0.1% final assay content across compound concentrations.

volume final assay
transferred concentration
AlphaScreen 384-well ProxiPlate plus format HLL pet
20 nL 10 UM

i
[N}

3 4 5 5] 7 8 9 10 11 12 | 13 14 15 16 17 18 19 20 21 22 23 | 24

cl cl c2 c2 c3 c3 c4 c4 (53} c5 cb cb c/ c/ c8 c8 (612) c9 cl0 cl0
Gl cl c2 c2 c3 c3 c4 cd c5 c5 c6 cb c7 c7 c8 c8 (2 c9 cl0 cl0
c¢ll ¢11 |c12 12 ([c13 c¢13 |c14 «cl4 |c15 15 |cl6 «cl6 ([c17 cl7 |c18 «cl18 [c19 18 |c20 «c20
cll cll |e12 12 |c13 c13 |c14 cl4 |cd5 15 |c16 16 [c17 17 |c18 cl18 [c19 19 |c20 c20
c21 21 |c22 22 |[c23 23 |24 24 |25 25 |c26 26 ([c27 27 |c28 <28 |29 29 |c30 <30
c21 21 |c22 22 [c23 23 |c24 <24 |25 25 |c26 c26 |[c27 27 |c28 28 |c29 29 |c30 c30
c31 c31 [c32 32 [c33 ¢33 |34 34 |35 ¢35 |c36 36 [c37 37 [c38 38 [c39 39 [c40 c40
€31 31 |32 ¢32 (¢33 ¢33 |c34 ¢34 |35 35 |c36 36 |37 37 |c38 38 |39 39 |cd0  cd0
c4l c4l |c42 42 (43 43 |44 c44 |45 45 |c46 46 [c47 47 |c48 48 [c49 49 |c50 ¢S50
c4l c4l |c42 42 [c43 43 |44 44 |45 45 |c46  cd46  [c47 47 |c48 48 [c49 49 |50 50
c51 51 [c52 52 [¢53 ¢53 |c54 54 |c55 55 |¢56 ¢56 [c57 57 ([¢58 ¢58 [c59 59 [c60 ¢60
€51 ¢51 |52 ¢52 [c53 ¢53 |[c54 ¢54 ¢S5 ¢55 |c56 c¢56 |c57 ¢57 |c58 58 |59 ¢59 [c60  c60
c61 c61 |c62 <62 ([c63 63 |c64 64 |65 <65 |c66 66 ([c67 67 |c68 <68 |c69 69 |c70 c70
€6l c61 |c62 62 [c63 63 |c64 cb4 |c65 cB5 |c66 c66 [c67 c67 |68 c¢68 |c69 c6S |c70 c70
¢/l c71 €72 72 (c73 c¢73 |c74 74 |c75 75 |c76 c76 ([c77 c77 |c78 <78 [c79 79 |c80 «c80
c71 c71 |c72 72 [c73 c73 |74 74 [c75 75 |c76  c76 [c77 c77 |c78 c78 [c79 c79 |cBO c8O

Buffer
High
control

Mid

control

Mid

control

High

control
Buffer

v0ZZr R —ITOTMOUN@EE

Figure 3.9 Plate layout for Maybridge collection AlphaScreen. 80 compounds were dispensed onto each 384-well
ProxiPlate plus (c1-c80 shown here), at two concentrations (dark green and light green), in duplicate. Wells containing
only buffer (grey), or a mid/high control (modified H3 peptide at concentrations approximately equal to, or in excess of
the ICso previously determined).

Compounds were dry loaded onto ProxiPlate assay plates via inversion (Figure 3.9). Protocols were
adapted to this lower volume of sample (100 nL c.f. 5 pL for peptide samples) by a two-step

addition of protein-peptide mix, followed by AlphaScreen beads. Screens were conducted against
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both TRIM24 and TRIM33 using peptides which can be displaced from the PHD finger,

bromodomain, or spanning both domains (Table 3.2).

Results showed good differentiation between compounds, proteins, and regions. Several
compounds stood out as having high levels of inhibition, with many of these demonstrating apparent
selectivity. 24 compounds resulted in inhibition of >50% in any of the 6 assays. Inhibition was
>50% at 150 uM with all three competitor peptides for eight compounds against TRIM24 and eight
compounds against TRIM33. Compounds c¢007, c089, and c152 resulted in higher inhibition of
TRIM33 than TRIM24, with an average of 3.5, 10.7, and 4.1 fold-increase, respectively, at 150 uM.
Conversely compounds c201 seemed to how a preferential inhibition of TRIM24, with >50%

inhibition at 150 uM.

Several compounds seemed to show considerable increase in AlphaScreen emission: 3 compounds
resulted in >50% increase in signal normalised to buffer controls. Increased emission was often
observed across several competitor peptides, and was considered to be due to compound emission

in the AlphaScreen detection range of 520-620 nm, rather than ligand interactions with proteins.
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Chapter 3: Lead Identification

3.3.2 PPI-net collection screening

The PPI-net screening collection previously introduced (see page 67), was supplied as 10 mM
DMSO stocks in 96-well V-bottomed microplates (Greiner). These compounds were first
transferred to 20 LabCyte 384-LDV plates for use with the Echo acoustic liquid handler (Labcyte)
using a Bravo Automated Liquid-Handling Platform (Agilent). In a similar fashion to Maybridge
screening (Figure 3.9), samples of 20 or 100 nL were transferred to assay plates in duplicate to test
at 10 or 50 uM FAC against TRIM24 and TRIM33 with a complementary set of competitor peptides
in an AlphaScreen displacement assay: H3,,;K9Me; (PHD) and H3,.,,K9Me;K18Ac (dual).
Average inhibition was calculated as a percentage of the maximum signal obtained with buffer
reference wells (0.5% FAC DMSO), and appended to the PPI-net screening collection SDF (CD
appendix: AlphaScreen\CompoundScreening\PPInetPrimaryScreen.icb). 40

ligands resulted in >40% inhibition were collated to review (Table 3.4).
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Table 3.4 Inhibition levels observed in AlphaScreen assay for 40 compounds of interest from the PPI-net collection.
Inhibition was normalised to buffer reference wells (0.5% FAC DMSO). Compounds were identified based on their
positions on assay plates, and screened against TRIM24 and TRIM33, with two different competitor peptides: PHD =
H31.27K9Mes; dual = H3127K9Me3;K18Ac. n.d. = not determined. From 1534 compounds, these 40 were selected based
on inhibition and selectivity across the assay. Shading on cells represents inhibition levels from low (green) to high (red).

c Assay format/ Ligand concentration (uM)
PPl-net | 2 | 2 | |\ [ TRIM24-PHD | TRIM24-dual | TRIM33-PHD | TRIM33-dual
Ligand a 3

a 50 10 50 10 50 10 50 10

C22H30N6O3 1| B0O6 | 426.52 6.9 71| 701 | 135 | 17.2 82| 212 | 23.8
Ca7H30N402 1| F10 | 44256 | 13.7| 145 | 99.7 | 18.7 | 23.5| 209 | 28.6 | 25.7
C21H29N504S 2 | B10 | 447.56 n.d. nd. | 50.8 | 47.1 6.8 -6.7 | 30.2 | 39.2
Ca4H31FN4O3 2 | GO8 | 442.53 n.d. nd. | 749 | 426 | 71.0 | 323 | 823 | 44.7
Ca4H28N60O2 4 | AO6 | 432.53 | 36.4 -1.0 | 31.8| 324 | 443 | 28.6| 46.1 | 226
Ca4H31FN4O3 5]C03 | 44253 | 483 | 24.0| 59.2 | 380 | 479 | 22.7| 46.2 | 32.7
CasH31FN2 0O, 5|C11 | 41053 | 12.8| 159 | 53.8| 60.0 | 23.1| 209 | 83.7 | 83.7
C23H32FN303 5| D11 | 41752 | 192 | 21.1| 436 | 509 | 26.7| 22.2| 859 | 864
CsH31NO3 7 | A11 | 39352 948 | 869 | 928 | 91.8 | 91.3 | 384 | 96.4 | 943
Cy7H36N40; 7| D03 | 44861 | 60.0| 333 | 609 | 489 | 483 | 304 | 55.0| 42.2
Ca5H29N50, 7 | EO5 | 43154 995 | 758 | 986 | 79.7 | 97.7| 73.1| 99.0 | 80.3
C22H22FNsO; 7 | FO6 | 488.36 | 50.8| 159 | 633 | 451 | 61.8| 396 | 70.8 | 424
C23H26N603 8 | A11 | 43450 | 53.6 63| 613 | 410| -7.0 -25| 79.5| 545
Ca5H33N50; 8 | FO6 | 435,57 | 65.6 | 31.8| 69.7 | 48.0 | -22.1 35| 76.0 | 53.3
C26H31N303 8 | HO4 | 514.46 | 45.6 16.9| 60.8 | 30.7| 186 | 30.7 | 77.7 | 47.1
Cy7H33N303 9| EO8 | 44758 | 359 | 224 | 456 | 351 | 59.0| 41.7| 60.6 | 59.2
C22H24F3N30 10 | FO5 | 40345 99.2 | 571 973 | 645 | 96.5| 493 | 98.6 | 74.7
Cy5Hy7Ns0 10 | FO9 | 413.52 | 994 | 80.1| 983 | 828 | 98.1| 753 | 99.0 | 89.8
C24H31N30, 10 | F11 | 393.53 | 40.8| 345| 60.0| 392 | 159 | 282 | 473 | 45.0
Ca6H34N40, 10 | BO9 | 43458 | 296 | 179 | 784 | 32.0| -33.8 | -19.2 | 13.2 | 16.3
C26H35N303 11| C10 | 437.58 | 20.5 164 | 445 | 37.6| -49.7 | -23.8| 189 | 14.6
C24H30N403 13 |1 B09 | 42253 | 17.0| 125 | 99.2| 429 | -345 | -154 9.8 4.9
Ca8H36N204 13 | D06 | 464.60 | 146 | 10.2 | 37.1 | 99.1 | 11.9 6.6 7.2 2.4
Ca5H26FNO3 13 | E09 | 407.48 | 13.8 | 13.6 | 46.2 | 43.0 | -44.0 | -27.8 6.3 6.1
Ca5H33N30; 14 | AO8 | 407.55 | -11.5 69| 196 | 26.0 | -92.7 | -34.0 | -11.5 6.9
CasH31FN2O4 14 | BO6 | 442.53 | 10.2 | 11.7 | 78.6 | 43.1 5.0 58| 10.2 | 11.7
C26H29N503 14 | B11 | 459.55 | 10.8 84| 831 | 27.2 -1.8 8.7 | 10.8 8.4
C27H35NO4 14 | HO7 | 437.58 | 479 | 342 | 564 | 433 | 48.8 | 33.2 | 479 | 342
C26H33N30; 14 | EO3 | 419.57 | 55.7| 29.2| 66.0 | 40.1| 20.3 75| 55.7 | 29.2
Cy6H28CINO3 151 G03 | 43796 | 991 | 65.0| 989 | 854 | 98.1 | 64.1| 99.1 | 65.0
Ca0H27N70,S 16 | DO3 | 42955 | 69.5| 209 | 709 | 52.7| 459 | 57.2| 69.5| 20.9
CigH22N403S 16 | D09 | 410.93 17.4 57| 570 | 43.8| 734 | 534 | 174 5.7
Ci9H26F2N>0, 17 | BO4 | 35243 | 876 | 549 | 83.1| 62.6 | 958 | 55.7| 87.6 | 54.9
CigH25CIN,Os 17 | B11 | 38486 | 61.1| 210 693 | 50.1| 613 | 148 | 61.1 | 21.0
Ci19H21CINg 17 | DO2 | 340.86 | 56.2 | 342 | 694 | 58.6 | 25.6 1.6 | 56.2 | 34.2
Ci5H12CIN3O3S | 17 | HO8 | 349.80 | 33.4 6.2 | 55.0( 30.7| 689 | 158 | 334 6.2
Ci9H27N;0S 19| CO8 | 401.54 | 529 | 139 655 | 49.7| 352 | 16.0| 529 | 13.9
Ci1gH18N40O4S 19 | FO7 | 386.43 | 404 | 13.6| 66.2 | 452 | 396 | 374 | 404 | 13.6
CisH14FNsO,S 20 | AO3 | 347.37 | -11.7 | -47.5| 79.4 | 53.0 6.9 8.3 | -11.7 | -47.5
C17H20N40OS 20 | CO9 | 328.44 -5.7 | -313| 69.6 | 585 | 322 | 202 | -5.7 | -313
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3.4 Hit validation

The primary disadvantage of the AlphaScreen platform for high-throughput screening is the high
false positive rate obtained, due to compound interference with chemiluminescence rather than
inhibition of binding. A commercial TruHits Kit (GE Healthcare) was used to validate specific

compounds following primary screening.

After analysis of assay interference, and removal of compounds which were likely to be false
positives, we sought a method of validating the remaining compounds as true binding partners,
through orthogonal, label-free binding studies. Based on the compound concentrations available,
DSF was used as a secondary screen for PPI-net hits, and the NMR technique WaterLOGSY was

used for Maybridge compound hits.

3.4.1 AlphaScreen TruHits Kit

After primary screening, 16 Maybridge compounds and 40 PPI-net compounds were tested for non-
inhibitory interference in the AlphaScreen format using TruHits beads (Perkin Elmer) as a control.
This includes biotinylated acceptor beads (b-A) and streptavidin coated donor beads (SA-D) to
generate a non-specific high emission signal, to observe the compound effects on emission in the

absence of protein.

The main mechanisms of compound interference in AlphaScreen are: i) quenching the singlet
oxygen, ii) competing against the interaction between biotin and streptavidin, and iii) acting as an
inner filter. Strong singlet oxygen quenchers include antioxidants such as azide and ascorbate,
compounds with structures based on thiophene (when at high concentrations of 100 uM to 10 mM),
and other groups which were not included in our screening library (transition metals used in the
micromolar range, and transition metal-containing hemes, such as hemoglobin). Competitors of the
interaction between biotin and streptavidin are biotin-like structures which may contain thiophenes
and ureas. Compounds which absorb light at 520-620 nm or 675-685 nm, the respective emission

and excitation wavelengths for AlphaScreen, are known as ‘inner filters’ which would also quench
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signal in a concentration dependent manner. Two formats can identify false positives: pre-
incubation of b-A and SA-D beads prior to addition to hit compounds in assay wells, which
determines quenchers or filters; or pre-incubation of compounds with SA-D beads before addition

of b-A beads, to additionally identify those which interfere with the streptavidin-biotin interaction.

16 Maybridge compounds were assessed the TruHits assay (Table 3.5). Compounds were obtained
from dry stores (Pfizer Neusentis), and solubilised in fresh DMSO to 50 mM. Compounds ¢07 and
c14 were limited by solubility, and lower concentration stocks of 40 and 30 mM respectively were
prepared in the same manner. The assay was performed in duplicate for both pre-incubation formats,
at comparable concentrations to in the primary screen: 31 pM with five two-fold increases in
concentration to 500 uM (final DMSO content 1%). High concentrations were used to sensitively
determine any non-specific effects of the compound in the assay. A signal deviation from the
average of reference blank wells by more than two standard deviations indicates an interfering
compound. Three compounds, which resulted in average standard deviations of 1.92+0.34,
4.9740.65 and 3.88+0.34, were shown to be interfering in the fluorescence readout. Data for four
compounds were inconclusive, as they resulted in an observable reduction in signal (1.2-1.5
standard deviations), which was none-the-less lower than inhibition observed in the screening

assay. Eight compounds were taken forwards for further validation.

Of the 40 PPI-net compounds subjected to the TruHits assay, the majority showed very strong assay
interference (Table 3.6). Four two-fold concentration dilutions from 200 to 25 uM (2% final assay
DMSO concentration) were assessed in the preincubated bead format. 22 of these compounds
resulted in a normalised standard deviation of >4, which is twice the recommended limit. For eight
compounds reductions in signal during primary screen did not seem to be caused by compound
effects, and were likely to be inhibitory. These compounds were taken forward for further

validation.

92



Chapter 3: Lead Identification

Table 3.5 AlphaScreen emission of 16 Maybridge fragments (structures left) subjected to TruHits assay. Duplicates
of values obtained from preincubation of TruHits beads (A) or preincubation of compounds with streptavidin coated
donor beads (B). STD — standard deviation normalised to the standard deviation of reference buffer wells; red background
—normalised compound standard deviations >1.5; quenching — compounds determined to be assay artifacts; block arrow
— compounds taken forward for validation.

Final assay concentration (uM) Overall STD
250 125 62.5 (normalised)
101540 110363 113876

112826

Compound 500

116286 146 1.92%034
104830 2.04 quenching
99081 1.91

102745 1.05

0.84 0.83+021

T =

5.31 4.97 £0.65

5.18 quenching

102377 107155
98579 93706 _ 91779 102111 105930 0.8 0.71+0.11
Ll 93516~ '63603 " 98616 98710 105502 063 [— >
97978 86743 94953 93281 87601 0.66
85624 88565 94090 100336 96727 0.95

bt A 83770 93193 93271 _ 88625 94959 0.75 0.82+0.12
) €05 81231 84003 87746 92112 96806 0.88
: B 86162 76142 82027 75868 77636 0.70

o 95519 91586 82030 87287 89825 0.4

05 IS SECHDZ R g B Ra e 074 0.76+0.13
g 72749 71588 70922 77500 83381 087 [ >

7 | ...69014 80052 77563 5311 83526 120 123041
g 57076 66616 62596 72803 81320 173 jnconclusive
61051 62416 65231 66841 70578 0.72
A 52983 49218 52919 61165 70093 2.18

o IR T02/CRRREEEE 73680 72369 195 145 +0.72
€ 47575  43302° 45670 50788 52504 0.98 inconclusive

P 09 A___83271 85051 87981 _ 92972 97476 0.94 1.13 %030
it L 76224 """77857" 74616 88480 88036 103 [

.o 10 ---B4976 91058 92303 96635 102205 102 1.20+0.14
&% g | 74237 83750° "Bag36 63810 97084 131 [

1y M 42a2 61384 73289 85030 93721 421 388+034
¢ 40018 ~~ 53643 63750 82698 89840 3.94 quenching

P gy N...B5022 76482 | 80943 87041 94213 2,03 198 %0.42
g B c 65515 68847 70339 89712 94059 2.12 :>

O g Mll171937 168513 146078 127944 131451 2,03 135%0.75
Whey € 143959 142501 135858 153502 150302 0.60 inconclusive

14  ---89871 90623 89867 _ 93225 97157 0.50 0.640.12
L 94837 90301 82221 94926 94567 0.75 :>

(i oqg ML..65744 70781 | 79863 83431 9336 2.04 139 +0.63
i iR 73796 79604 79942 87105 92881 1.12 jpconclusive

€16 Teon00 93017 92644 87756 104645 063 [ >

AlphaScreen emission (a.u.)
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Table 3.6 AlphaScreen emission of 40 PPI-net fragments subjected to TruHits assay. STD — standard deviation
normalised to the standard deviation of reference buffer wells. Compounds were determined to be assay artifacts if
normalised compound standard deviation >1.9 (red background). Remaining nine compounds were taken forward for
validation.

Final assay concentration (uM)

Position 200 100 50 25 STD
1.CH 49901 55608 53633 56863 1.64
1 K19 50479 52471 49538  54212| 1.18
2/¢19 19968 23904 28078 33349 6.36
2 M15 40069 45850 45633  53354| 3.44
4 Al 32114 40967 44353 51799 5.63
5 EO5 18317 28593 35511  47542| 11.03
5 E21 50077 52819 52941 1.50
5 G21 49409 53684 53269  59908| 2.35
7 A21 39343 45138 46905 50563 3.00
7 GO5 19569 23030 30171  35783| 7.81
7 109 27754 35134 39378  42562| 5.16
7 K11 49902 50531 51560 54687 1.20
8 A21 36060 45508 48165  52133| 4.39
8 K11 | 7383 14211 23086 34165 17.16
8 007 35297 46020 49459  55723| 5.36
9 115 32340 40300 43947  52863| 5.87

10 K09 27209 38189 44286 53110/ 7.81

10 K17 52760 53404 54918 56447 0.88

10 K21 25345 29105 32430 37731 4.92

10 C17 31354 36663 40753  46106| 4.71

11 E19 33374 41674 44545  48129| 4.38

13 C17 38862 45845 48174 52135 3.52

13 G11 46750 53197 53270 51613 1.75

13 117 29321 33216 39293 43746/ 5.13

14 A15 37704 43251 45374 51302 3.69

14 C11 41824 47475 49099 53450/ 2.93

14 C21 48046 51767 50000  52502| 1.15

14 013 25037 24988 26982  33314| 4.16

14 105 19114 26934 32450 38931 8.36

15 MO5 44420 45750 46868 51647 1.95

16 GOS 38240 45786 48103 50826/ 3.45

16 G17 52380 55689 51486 52311 1.03

17 €07 8555 23973 37379  53017| 18.01

17 c21 15981 21319 29571 40557 11.64

17 GO3 12579 19518 25335 33109 11.24

17 015 29680 39897 42722 49330/ 5.90

19 E15 33933 43435 46484  49864| 4.61

19 K13 28259 40129 47736  50106| 6.91

20 A0S 38793 48111 48929 50526 3.32

20 E17 44774 48121 50569 51564 1.81

AlphaScreen emission (a.u.)
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3.4.2 Differential scanning fluorimetry

In Chapter 2, a differential scanning fluorimetry (DSF) assay was described, that was able to detect
concentration dependant stabilisation of TRIM24 when exposed to a probe compound. Eight
compounds, which had been identified as possible binding partners for TRIM24 or TRIM33 from
the PPI-net compound collection, were subjected to the same assay in an attempt to validate their

interactions.

1 N 2 3
N\ X | N N
| nol NN
N N/\[( N o
. o J o S NO
4 = 5

Figure 3.10 Lead molecules from PPI-Net compound library screening assessed in differential scanning
fluorimetry. Compounds were tested from 10 mM DMSO stocks, stored in 96-well plates at —78 °C.

Compounds were tested at a final assay concentration of 20 or 10 uM, against TRIM24 and TRIM33
in the WT, and inactive domain forms (TRIM24: W828A, N98OF. TRIM33 WE889A, N1039F).
Disappointingly, none of these demonstrated any significant shift in melting temperature which
could be attributed to thermal stabilisation from compound binding (Figure 3.11). Proteins were
incubated with compound concentrations at the limit of the DMSO tolerance (20 uM compound
0.5% DMSO). Failure to positively confirm binding under these conditions was not surprising,
since these potential starting points were identified with low affinities to the target proteins.
Resynthesis of hits identified through AlphaScreen, followed by solubilisation as a more
concentrated DMSO stock (e.g. 50 mM) would allow the assay to be conducted at much higher
compound concentrations, which could help confirm any positive binding partners for TRIM24 and

TRIM33 through DSF.
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Figure 3.11 Tn shift results from PPI-net 'Hit' compounds against TRIM24 and TRIM33. Compounds were included at two concentrations (20 uM and 10 uM), measured from 20-

80 °C in 1 °C intervals with a hold of 1.5 min. Domain inactive mutants (PHD mutant WA; bromodomain mutant NF), were included to attribute any stabilisation to each domain. Error bars

are shown as standard deviations of results in triplicate. Overall the results profile was fairly flat, with no compounds demonstrating stabilisation beyond background noise.
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3.4.3 Maybridge fragment characterisation

Dose-response curves were obtained for Dose response curves - inhibition of TRIM33-H3, ,,K18Ac

seven Maybridge compounds, identified in

primary screening of ligands for TRIM24 or

TRIM33, whose AlphaScreen signal was

AlphaScreen emission (a.u.)

determined not to have been caused by

. . 0 T N —— T T T \
compound interference in the assay (Table o 1 101 1e2
Compound concentration (M)

3_7), Data could not be obtained for Figure 3.12 Representative dose response curves obtained
for seven Maybridge compounds in AlphaScreen assay
detecting TRIM33-H31.27K18Ac interaction. Each titration
was performed in duplicate, however, these did not span the full
range of inhibition. ICso values calculated from fitting to four-
Compounds were tested at the highest parameter fit using GraFit.

compound ¢02 due to solubility limitations.

concentrations possible within the known DMSO tolerance of the assay (500 uM, 1% DMSO),
however, apart from compound c06 (ICso values 2.10-9.18 pM), these titrations did not span a full
range of inhibition, and errors in curve fitting (to a four-parameter fit) in order to determine an ICsg
value were large (Figure 3.12). Despite this, these results do provide an indication of the relative

binding affinity of each compound to the target proteins.

Table 3.7 ICso value approximations for inhibition of TRIM24 and TRIM33 histone peptide recognition. Values
reported to 3 s.f. Error reported as standard error of ICso for four-parameter fitting.; n.d. — values for which error of fitting
was larger than ICso value. Geometric mean calculated where suitable. H31.27K9Mes;, H3127K18Ac, and
H31.27K9Me3K18Ac, competitor peptides report inhibition at PHD finger, bromodomain, and dual construct, respectively.

Compound Protein Peptide I1Cso (uM) Wiigg‘:i;::;‘;ee?:ﬁ)
H3127K9Mes 312+197
TRIM24 H3,27K18Ac¢ >1000 -
H3,57;K9Me;K18Ac >1000
c04
H3127K9Me; n.d.
TRIM33 H3,127K18Ac n.d. 221+£143
H31,7K9Me;K18Ac 231+45.7
H3127K9Me; 3.2240.18
TRIM24 H3127K18Ac 2.73+£0.25 2.64+0.27
H3,57K9Me;K18Ac 2.10+0.50
<06 H3127K9Me; 9.18+1.13
TRIM33 H3127K18Ac 4.71+0.21 4.64+0.40
H3127K9Me;3;K18Ac 2.31+0.28
H3127K9Me; n.d.
c09 TRIM24 H3,27K18Ac n.d. -
H3127K9Me;3;K18Ac 679+538
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Compound Protein Peptide ICso (uM) Wii?g‘:iﬁ:;‘;:?:ﬁ)
H3:27K9Mes n.d.
TRIM33 H3,,7K18Ac 1134£20.2 128+41.9
H3127K9Me3K18Ac 144486.8
H327K9Mes 3.69+7.07
TRIM24 H3,.,7K18Ac 228+76.4 -
H3 1_27K9MC3K1 8Ac n.d.
cl0
H327K9Mes n.d.
TRIM33 H3,,7K18Ac 158+45.4 -
H31,7K9Me;K18Ac 176+24.2
H3,.,7K9Mes >1000
TRIM24 H31.27K18Ac 207+41.3
H3,,7K9Mes3K18Ac 1000615
cl2 H3,2,K9Mes n.d.
TRIM33 H3,.7K18Ac 1394454 161+53.0
H3,,7K9Mes3K18Ac 186+62.0
H3127K9Mes 198+101
TRIM24 H3,,7K18Ac >1000 -
cl4 H31_27K9MC3K18AC Il.d.
H327K9Mes 260+256
TRIM33 H3,.27K18Ac n.d. 228+192
H3127K9Mes;K18Ac 220+133
H3,.,7K9Mes 163£28.2
TRIM24 H3,2/K18Ac 176+30.6 195442
16 H31.27K9MC3K18AC 257:|:847
H3127K9Mes3 190+36.3
TRIM33 H3,27K18Ac 140+60.5 146+48
H3,,7K9Mes3K18Ac 118+49.5

In addition to the apparent high affinity of compound c06, of significant interest is the behaviour of
compound c12, which demonstrated a higher level of inhibition of histone recognition for the
bromodomain than the PHD finger, for each protein. Conversely, compound c04 inhibited the
TRIM24-H3,,;K9Me; interaction with an ICsy value of 312+197 uM, whereas inhibition of the

bromodomain was beyond detection in this assay.

98



Chapter 3:

Lead Identification

Attempts were made to expand the range of
inhibition of TRIM33 peptide recognition detected.
The possibility that higher DMSO concentrations
required to achieve this would contribute to
inhibition of the bromodomain were mitigated by
performing dilutions at several DMSO percentages.
These compound
concentrations: 1 mM at 2.0% DMSO, 500 uM at
1.0% DMSO, and 250 uM at 0.5% DMSO.

limits dictated maximum

Reassuringly, normalised dose response curves
overlaid from each of these titrations suggested
DMSO concentration did not affect inhibition
(Figure 3.13). Titrations were performed against
each TRIM33 competitor peptide, and collated as

geometric means (Table 3.8). ICso values obtained

¢12 inhibition of TRIM33-H3K8Me,K18Ac

1.2
1C,, = 308465 uM

-

Average signal

Normalised AlphaScreen signal
o
[N

—(—

2% DMSO
02 = 1% DMSO
- +  0.5% DMSO
0 T INIL T T T T
10° 1 10° 102 10° 10¢

Compound concentration (M)

Figure 3.13 Representative dose response curve
obtained with different assay DMSO percentages:
compound cl2 in AlphaScreen assay detecting
TRIM33-H3127K9MesK18Ac  interaction.  Each
titration was performed in duplicate, and normalised
against blank wells with the corresponding DMSO
percentage. ICso values calculated from fitting of
average signal to four-parameter fit using GraFit.

in this method were approximately two-fold lower than previously calculated. This is likely to be a

more accurate representation of true inhibition levels, since fitting was performed over a greater

range of inhibition, resulting in considerably lower errors.

Table 3.8 ICso values of selected Maybridge compounds inhibiting TRIM33 recognition of H3 peptides. Titrations
performed in duplicate at three DMSO percentages (2.0%, 1.0%, 0.5%). Data was fitted in GraFit using four-parameter
fit. Error reported as standard error of ICso for four-parameter fitting.; n.d. — values for which error of fitting was larger
than ICso value. Values for c09 were deemed unreliable due to high error and incomplete range of inhibition observed in
titration. ICso >1000 — fitting not possible across assay concentration range.

Compound Peptide ICso (nM) Geometric mean (uM)
H31.27K9Me; 449+49
c04 H31.27 K18Ac 453+147 473+86
H3157K9Me;K18Ac 521+88
H31.27K9Me; >1000
c09 H3127 KI18Ac n.d. incomplete inhibition curve
H3157K9Me;K18Ac 227+104
H31.27K9Me; >1000
cl0 H3,.,7 K18Ac 259452 262440
H3127K9Me3K18Ac 266+30
H31.27K9Me; 5294291
cl2 H3,27 K18Ac 3194241 373+166
H3157K9Me;K18Ac 308+65
H31.27K9Me; 284427
clé H3,.,7 K18Ac 291+133 259+50
H31.27K9Me;K18Ac 212435
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To provide further information on the suitability of ligands identified as lead compounds for probe
development, the same seven compounds (c04, c06, c09, c10, c12, cl14, c16) were analysed to
generate computational predictions of molecular properties and pharmacodynamics testing
(Table 3.9). All compounds possessed a MW <350 Da as a condition of their inclusion in the
Maybridge Fragment collection. Measured distribution-coefficients at physiological pH (LogD)
correlated well with those predicted (cLogD) which were within 5-31%, with the exception of c6
(LogD not determined) and c14 (LogD 63% higher than predicted). The difference between LogP
and LogD for c14 reflects the acidity of the basic tertiary amine which would be protonated at pH
7.4. The topological polar surface area (TPSA) is a parameter for prediction of drug transport
properties, including bioavailability.'® The spread for the Maybridge fragments was 55-84 A2 which

suggests they may be sufficiently non-polar to cross the CNS barrier.

Ligand efficiency (LE = pICso + number of heavy atoms) compares molecules according to their
average binding energy per atom,?’ while lipophilic ligand efficiency (LLE = pICso — cLogP)
extends this by defining the specificity of a molecule for binding to a target relative to partitioning.?!
Drug like molecules have been shown to commonly possess values of LE >~0.3 and LLE >~5. The
range of values for the Maybridge compounds, calculated from results from ICso curves, were
consistent with small ligands prior to any optimisation: four molecules showed particular potential

with LE >0.2 and LLE >2.5.

Most compounds had a reasonable solubility of 300-500 uM, which should allow for effective
dosage of ligands after optimisation. Intrinsic clearance, the ability of hepatic enzymes to
metabolize the molecule, could not be determined for two compounds, but in all others was
<26 pL/min/mg which would not restrict the duration of action (in humans, >47 pL/min/mg is

considered to be high clearance).
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Chapter 3: Lead Identification

Permeability was measured as the ratio of apical to basolateral and basolateral to apical in either
Madin-Darby canine kidney (MDCK) cells (passive) or MDCK cells transfected with the human
MDRI gene (gene encoding for the efflux protein, P-glycoprotein: P-gp). P.,pAB indicates cell
permeability in the gastrointestinal tract (P-gp expressing cells) and permeability of c4 and c12 was
prohibitively low (<0.1 x 10 cm/sec). All other compounds demonstrated a P,,,AB >3.5 which
may suggest central nervous system (CNS) permeability. An efflux ratio (PappBA/PappAB) >2 would
indicate drug efflux is occurring, and was not observed for any compounds, hence none are

substrates of P-gp

3.4.4 WaterLOGSY

Eight Maybridge fragments (c02, c04, c06, c09, c10, c12, c14, c16) which were not considered
artefacts after the TruHit assay were further validated in a water-ligand observed via gradient
spectroscopy (WaterLOGSY) assay. Nuclear magnetic resonance (NMR) -based ligand interaction
studies often involve the nuclear Overhauser effect (NOE) to study transfer of spin polarisation
between complexes. WaterLOGSY uses magnetization transfer from bulk water.??> A difference
spectrum is generated from a spectrum recorded for a compound in the presence of a protein, and a
blank spectrum of the compound alone involving magnetisation transfer to the ligand in solution
only. Opposite signs for ligand signals obtained in protein-bound (where Overhauser effect has
negative sign since NOE transfer is in the slow tumbling regime) versus free (where Overhauser
effect has the opposite sign since NOE transfer is in fast tumbling regime) form are observed in a

WaterLOGSY spectrum, enabling easy discrimination between binders and non-binders.

To avoid obscuring regions of the spectra with

K “ ) o S
OH T ,: %, B
) __\,,:‘ 0 —.___‘(UH ? organic buffer signals, protein samples were
(] “NA_,k_'. 4 >
|| f \ S exchanged into sodium phosphate buffer
NH ' )

(10 mM Na,HPO4/NaH,PO4, 150 mM NaCl,

Lb 7 H.0
OH O NH pH 7.5) prior to addition to samples.

Figure 3.14 WaterLOGSY principle. Ligand is shown in the

free and bound state, excitation of bulk water (circles) is Maybridge compounds had been stored as
followed by magnetisation transfer pathways shown as arrows.
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50 mM solutions in DM SO, which was likely to dominate the 'H NMR spectra, so a 1:100 dilution
of compound into buffer was used. This would provide a sufficient concentration to detect binding
(500 uM) but with a lower DMSO concentration (1%) to minimise solvent peaks in the spectra, and
any competitive inhibition of DMSO in the KAc binding pocket. A concentration ratio of 25-fold

excess of ligand was maintained by using protein concentrations of 20 pM.

Of the eight samples tested, four resulted in strong evidence of a binding interaction (Figure 3.15).
Three demonstrated positive WaterLOGSY spectrum with TRIM24 (c04, c06, c09) and three with
TRIM33 (c06, c09, c12). Although this technique can only provide evidence for a binding
interaction, without quantification, compounds c04 and cl2 show significantly more effect for
TRIM24 and TRIM33 respectively, suggesting a level of selectivity. The spectrum for c06
suggested a mixture of species, with each one demonstrating distinct binding with TRIM24 or

TRIM33; resynthesis of this compound would confirm the identity of the interacting species.

Data sets from several compounds were insufficient for conclusive validation through this
technique (Figure 3.16). Compound c02 was insoluble in the NMR solution at 500 uM and spectra
could not be obtained, however, low solubility suggests that the readout from the AlphaScreen assay
may be primarily due to signal diffraction from precipitation rather than binding. Compounds which
are prone to aggregation are often observed as positive WaterLOGSY signals in the absence of a
protein, and are often deemed unsuitable for this technique. This was the case for ¢10 and c16,
which resulted in increased WaterLOGSY signals or inversion of sign, respectively, in the presence
of TRIM proteins. These would require validation via an alternative technique. WaterLOGSY
spectra of compound c14 with TRIM24 or TRIM33 showed a reduction in signal from compound
peaks, compared to the WaterLOGSY of the compound only control. This may be due to weak
binding, since the spectrum observed is a population average of all states, but is inconclusive for

validation.
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3.5 Conclusions

On commencement of this work there were no known binding partners for either TRIM24 or
TRIM33. Through generation of an enriched computational library, and primary screening in the
AlphaScreen format, we identified four small molecules within the Maybridge Diversity collection,
which have demonstrated inhibitory activity in multiple orthogonal assays, including selectivity

between TRIM24 and TRIM33, and are promising leads for probe development.

Fragment lead molecules for TRIM24 and TRIM33 probes

0 c04
OH O IC5¢ TRIM24-H3K9Me3 = 312+197 uM
IC50 TRIM33 = 473486 uM
N positive WaterLOGSY TRIM24
@) Cl low permeability, intrinsic clearance n.d.
c06
o IC5¢ TRIM24 = 2.64+0.27 uM
N—«o IC5¢ TRIM33 = 4.64+0.40 uM
HN S
\( é’ positive WaterLOGSY - mixture of compounds
S
’
N | H c09
)\\N N positive WaterLOGSY TRIM24 and TRIM33

favourable PKPD

o al
H c12
0 N\N ICs, TRIM33 = 373166 uM
N )LN Y positive WaterLOGSY TRIM33
2 H low permeability, low clearance

Figure 3.17 Summary of lead molecules identified in this study, for the development of probes inhibiting histone
peptide recognition for TRIM24 or TRIM33. Unless competitor peptide partner is stated, ICso values are given as the
geometric mean for H3127K9Mes, H31.27K18Ac, and H3127K9MesK18Ac, competitor peptides. WaterLOGSY signals
observed at 500 pM

The low molecular weight of these compounds allows scope for a ‘fragment growth’ approach, and
diversifying SAR could capitalise on selectivity already demonstrated, resulting in orthogonal
probes for both TRIM24 and TRIM33. Compound c04 inhibited histone peptide recognition for the
PHD finger rather than the bromodomain of TRIM24, and also resulted in a strong positive

WaterLOGSY signal for this protein. The highly polar nature of the molecule, containing six
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heteroatoms in close proximity and a TPSA of 83.47 A, could be responsible for low permeability.
Assessment of the contribution to affinity from these ketones could lead to improvements in
pharmacodynamics. Considering the physical properties evaluated, the most promising of these
lead compounds seems to be c09, for which SAR studies could focus on inclusion of affinity or
selectivity generating interactions, without requirements to improve physical properties for probe
utility. Compound c12 demonstrated a surprising level of selectivity for inhibition of TRIM33
histone recognition, given its small size and minimal distinguishing features: elucidation of the

mode of this selectivity could provide insight which could translate to other fragments.

Additionally, eight compounds were identified from the PPI-net collection as potential binding
partners in the AlphaScreen assay which were not caused by assay interference. Resynthesis or
purchase of these compounds would enable further binding studies to validate these as inhibitors of

the tandem PHD and bromodomain of TRIM24 and TRIM33.

Orthogonality of the AlphaScreen assay for the bromodomain and PHD finger may only be possible
for higher affinity binding partners. Contributions of each domain to the binding affinity may
exceed the selectivity window, and relative inhibition levels would not represent binding regions
proportionally. Use of the inactive mutant constructs, designed and produced in Chapter 2, would
provide further insight into the location of inhibition, across either the PHD finger or the

bromodomain.

In order to continue to investigate these ligands as inhibitors of peptide recognition of TRIM24 and
TRIM33, structural information would be of great value. Obtaining a protein bound crystal structure
would not only validate the compounds as binding, but also indicate which surface of the tandem
domain they bind to, and provide information for structure guided optimisation. In the absence of
further structural information, optimisation of lead compounds towards probes could be designed

around docking predictions for these molecules.
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Chapter 4: Structural Studies

4.1 Introduction

In the work conducted towards small molecule probes for the tandem domains of TRIM24 and
TRIM33 in Chapter 3, several assays were used for hit identification and validation. A combination
of biophysical techniques are helpful in providing comprehensive binding information about a lead
candidate. However, structural information is of great value in guiding the design of optimised
ligands.! Within the epigenetic field, probe development from initial lead molecules has been

expedited towards several targets, through the use of structure-guided optimisation.>™

4.1.1 Structural coverage of bromodomain family

Historically, drug discovery efforts have used protein crystallography to aid compound
development. Recent technological advances have greatly increased access to structural data for
target proteins, with higher throughput of screening,’ and a greater knowledge of crystallisation
protocols. Visualisation of how ligands bind to a target protein allows rational design of optimised
compounds, rather than relying on unguided SAR studies. Ligand-protein co-structures also

contribute to validation of target engagement for compounds which proceed to clinic.

In humans, epigenetic reader modules occur as part of complex protein architectures, often
containing several other domains with known functions. For example, in addition to the well
characterised bromodomain, CREBBP also contains a histone acetyltransferase (HAT) domain and
a PHD finger motif vital for activity,® as well as several modules involved in transcriptional
activation: nuclear receptor interaction domain (RID), kinase-inducible domain interacting (KIX),
cysteine/histidine regions (TAZ1/TAZ2), and an interferon response binding domain (IBiD).
Despite there being good structural coverage of the bromodomain family,” the majority of these are
structures of the isolated bromodomain, and few structures of multidomain epigenetic readers exist
in the public sphere (Table 4.1). Most small-molecule ligands bound in these structures do so in the

KAc pocket of the bromodomain; in some cases, an adjacent PHD finger has been included in
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expression constructs to shield the hydrophobic surface exposed on the bromodomain when a PHD

finger is excluded. The structures of isolated PHD fingers from bromodomain containing proteins

are also available for BAZ2A, BAZ2B,? and BRD1.°

Table 4.1 Structures deposited in the PDB of bromodomain containing proteins including additional epigenetic
reader domains. Although structural information exists for a large proportion of the bromodomain family, few of these
contain adjacent domains, which often also have epigenetic functions.

histone acetyltransferase

CH2 region (PHD

Bromodomain containing
PDB ID(s) Domains References
protein
bromodomain PHD finger Bromodomain )
2F6J, 2F6N, 2FSA, 2FUI o Li et al. 2006
transcription factor (BPTF) PHD finger
3033, 3034, 3035, 3036, 3037, Tsai et al. 2010
4YBM, 4YAB, 4YAD, 4YAT, tripartite motif-containing 24 | Bromodomain Palmer et al. 20153
4YAX, 4YC9, 4YBS, 4YBT, (TRIM24) PHD finger Bennett et al. 2015'?
4ZQL
tripartite motif-containing 33 | Bromodomain
3U5M, 3U5N, 3U50, 3U5P Xietal 20111
(TRIM33) PHD finger
Bromodomain

Delvecchio et al

3LQH, 3LQIL 3LQJ

(MLL1)

PHD finger (third)

4BHW p300 domain interrupted
2013
(EP300) by RING domain)
HAT domain
JUVS TATA box binding protein- Tandem Filippakopoulos et
associated factor (TAF1) bromodomains al. 20127
mixed lineage leukemia 1 Bromodomain

Wang et al. 2010"

2RO1

tripartite motif-containing 28
(TRIM28)

Bromodomain

PHD finger

Zeng et al. 2008'¢
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At the start of this work, crystal structures were available of TRIM24 and TRIM33 in apo- form,
or with peptides bound (see Table 4.1 for PDB codes). These peptides possess a range of lysine
modifications, but in the case of TRIM24 no single peptide spanned both domains. With an overall
RMSD of 2.70 A between the apo- structures of TRIM24 and TRIM33 (Figure 4.1), there is much
more structural similarity between their individual PHD fingers (RMSDs of 0.66 A over 56
residues) than their bromodomains (RMSD of 2.88 A over 104 residues). Differences in apparent
distances between recognition sites may result in substrate binding specificity, with a spacing of

26.4 A between KAc and PHD binding sites in TRIM24 compared to 23.6 A in TRIM33.

; interdomain distance 26.4 A in TRIM24, 23.6 A in TRIM33 ;
aB-helix I 1
extension
in TRIM33

different Asn
orientation in
KAc pocket

Trp residue interacts
with KMe, modification

Bromodomain

RMSD between TRIM24 and TRIM33 ;i 7

Overall 2.70 A (160 residues)
PHD finger 0.66 A (56 residues)
Bromodomain 2.88 A (104 residues)

Figure 4.1 Overlay of TRIM24 (PDB: 3033) bromodomain (blue) and PHD finger (yellow) with TRIM33 (grey —
PDB: 3USM). Structures aligned in PyMOL with cealign function. Notable differences include the interdomain spacing
(26.4 A - TRIM24; 23.6 A - TRIM33), extension of the aB helix (top left helix), and positioning of the KAc binding
asparagine (top left stick representation). The tryptophan which interacts with KMes is present in both, with very high
similarity within the PHD finger (RMSD 0.66 A). Surfaces shown in grey (light - TRIM24; dark - TRIM33).
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4.1.2 Aims

The aims of this study were to:

e Express and purify unlabelled TRIM24 and TRIM33 for crystallisation.

e Collect and resolve high resolution apo-structures.

e Co-crystallise TRIM proteins with peptides spanning both domains, to further elucidate
binding modes and selectivity.

e Obtain small molecule crystal structures from previously identified hits for structure-
guided optimisation.

4.2  Expression and purification

In order to obtain high quality crystal structures, unlabelled TRIM proteins were required for
crystallisation. Successful crystallisation would depend on protein isolation with very high levels

of purity, and structural homogeneity.

4.2.1 Cleavage from N-terminal Hiss vector

TRIM24 and TRIM33 proteins had been expressed from a pNIC28-Bsa4 vector (Appendix 8.2),
with an N-terminal polyhistidine tag (Hise) for purification, which was left intact for assays. These
terminal residues made it possible to immobilise the protein for use in labelled assays, for example
in AlphaScreen using a nickel chelating acceptor bead. Proteins expressed from this vector also
contain a sequence recognised by the Tobacco Etch Virus (TEV) cysteine protease (ENLYFQ|S)
which allows cleavage of this portion of the protein,!” providing isolated tandem domains for use

in label free studies, such as DSF and tryptophan fluorescence studies, or crystallisation.
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SDS analysis of TEV cleavage
M (kDa)
70

55
40

35
25

15

PR ———— T
5 50 90 5 50 90 incubation
His,-TRIM24 His,-TRIM33 time (min)

Figure 4.2 SDS-PAGE gels from TEV
cleavage of TRIM24 and TRIM33 in
pNIC28-Bsa4 expression vector. Poor
cleavage was observed, longer time course
(not shown) resulted in incomplete cleavage
after incubation overnight.

In order to isolate unlabelled proteins, cleavage was
attempted using TEV under a range of conditions, however,
cleavage never reached completion, even after overnight
incubation at 4 °C (Figure 4.2). Additionally, isolation of
cleaved TRIM24 and TRIM33 revealed inherent instability
in the tandem PHD-bromodomain proteins, which suggested
the PHD finger was unstable towards cleavage in this
manner. Analysis of the melting temperature (Tm) under a
range of buffer conditions showed little variation, which
implicates internal stability as the limiting factor for protein
stability, rather than the buffer conditions that the protein

was subjected to (Figure 4.3).

Relative fluorescence

30 35 40

45 50 55 60 65 70

Figure 4.3 Normalised melting curves from TRIM24 isolated after pNIC28-Bsa4 expression (TEV cleavage of Hise-
tag) in various buffer conditions. The buffer conditions ranged from pH 5.5-10.0, little variation in melting curves
suggests that internal stability of protein is limiting factor, rather than conditions.
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4.2.2 N-terminal GST vector

Attempts were made to clone TRIM genes into a complementary vector

LIC primer gene
amplification

that would facilitate cleavage in a stable form for crystallisation. It was
hypothesised that stabilisation of the minimal structure in the PHD
finger with a larger expression label would allow subsequent cleavage
without disruption of function. The extra domain could act as a |
chaperone to facilitate folding of the PHD finger during expression,

stabilise the protein during purification, and increase protein stability TRIM24 MW
(bp)

TRIM33

after cleavage. pGTvL1-SGC (SGC, Oxford) is a pGEX expression Figure 4.4 Agarose gel

o ) . purification  from  gene
vector containing an N-terminal glutathione S-transferase (GST) tag amplification of TRIM24 and

TRIM33 using LIC primers.
and a sequence recognised by TEV protease. The large 26 kDa GST is

frequently used to increase solubility of expressed proteins,'® and cleavage of affinity labels from

these constructs would provide isolated tandem PHD-bromodomains for use in crystallisation.

TRIM24 and TRIM33 genes were cloned into the pGTvL1-SGC vector (Appendix 8.2) using LIC
cloning. Amplification of gene fragments, with upper and lower LIC sequences specified for the
vector, was carried out by PCR (Figure 4.4), and the linear vector was obtained by treatment with
BseRI. Cohesive end generation using T4 DNA polymerase chew-back action in presence of dGTP,
for both the fragments and the linear vector, was followed by direct transformation into XL10

(Gold) competent cells.

High levels of overexpression of the protein of interest were achieved using the same conditions
for growth and expression as with the previous pNIC28-Bsa4 vector. Correct folding of the GST
tag was confirmed by purification with glutathione sepharose chromatography (GE Healthcare),
and further purification by size exclusion chromatography (Sephadex gel S75, GE Healthcare)

resulted in ~3 mg of pure protein per litre of cell culture (Figure 4.5).
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gst-TRIM24 (pGTvL1-SGC)
glutathione sepharose column __ TEV cleavage trials cleavage gel filtration column

gstTRIM24
MW = 47,993

gst
MW = 26,534
TRIM24
MW = 21,457

5 6 7 8 9 10 1112 13 14 15
F——— elution fractions ———

gst-TRIM33 (pGTvL1-SGC)
TEV cleavage trials

| gstTRIM33
MW = 54,573
TRIM33
MW = 28,036
gst
MW = 26,534

MFTW 4 5 6 7 8 9 10 111213 14 15 M 0 30 601200/n
———elution fractions ——— ~incubation time —|

Figure 4.5 SDS-PAGE gels from purification of TRIM24 (top) and TRIM33 (bottom) after expression using
pGTVL1-SGC vectors. Glutathione sepharose column purification was followed by TEV cleavage of GST- tag, and
further IMAC column (to remove Hise- tagged TEV) and glutathione column (to remove uncleaved gst-TRIM and GST
fragment). Cleaved TRIM24 was isolated after size exclusion chromatography (fractions 13-14); yields of cleaved
TRIM33 were too low to isolate.

Initial trials of cleavage from GST labelled TRIM24 and TRIM33, with [3-mercaptoethanol
reducing conditions suggested for use with zinc finger proteins, resulted predominantly in
precipitation and aggregation. Adjustment to milder conditions at 4 °C were insufficient for
complete cleavage of Hiss labelled proteins, and yields of cleaved TRIM33 were prohibitively low
for purification. Complications in cleavage were thought to be due to the conformational shock
from loss of such a large chaperoning group. However, protein isolated after cleavage did
demonstrate varying stability across a range of buffer conditions, suggesting inherent stability of

protein fold was no longer a limiting factor (Figure 4.6).
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B\W/ // / //
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0.2 7

50 55 60 65 70
Temperature (°C)

Figure 4.6 Normalised melting curves from TRIM24 isolated after pGTvL1-SGC expression (TEV cleavage of
GST- tag) in various buffer conditions. Buffers ranged from pH 5.5-10.0: strong effect of conditions on melting
temperature suggests internal stability of protein is not a limiting factor. Protein resulting from GST- cleavage appears
more stable than from pNIC28-Bsa4 vector.

4.2.3 Cloning into N-terminal SUMO vector

An alternative strategy was pursued, namely to express proteins in combination with a Small
Ubiquitin-like Modifier (SUMO) group. Ubiquitin-based tags have demonstrated utility in aiding
protein folding'® and could provide a better compromise between sufficient chaperoning ability to

facilitate folding, without causing disruption to structure upon cleavage.

Similar to previous vectors used, the pETM11-SUMO3GFP vector (EMBL, Heidelberg Germany)
is also under the control of an inducible T7 promoter based system, and includes an N-terminal Hise
and SUMO label. Attempts to clone TRIM24 and TRIM33 into this vector using both LIC and

sequence and ligation independent cloning (SLIC) were unsuccessful.
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SLIC primer

pPETM11-SUMO3GFP
A B gene amplification

linearisation

MW (kbp)

MW (bp)

BamHlI
+HindI1l o
vector 10 digest TRIM24 TRIM33
c BamHI/HindlIll D BamHI+Hindlll
gene amplification gene digest

MW (kbp)

MW (kbp)

TRIM24 TRIM33 TRIM24

Figure 4.7 Agarose gel purifications. A: restriction enzyme
digest of pETM11-SUMO3GFP vector using BamHI and
HindIIl (37 °C, 4 h). B: gene amplification of TRIM24 and
TRIM33 using extended SLIC primers. C: gene amplification
of TRIM24 and TRIM33 using restriction complementary
restriction enzyme sites. D: isolation of TRIM24 and TRIM33
after digest using BamHI and HindIII demonstrating internal
cut in TRIM33 gene

Linearisation of the pETM11-SUMO3GFP
using BamHI and HindIII excised the 720 bp
GFP the  vector

fragment  from

(Figure 4.7:A).  After  cohesive  end

generation, transformation of plasmids
formed from incubation with gene fragments
amplified from LIC and SLIC primers
designed according to standard guidelines
and

were unsuccessful (see Materials

Methods for primer details). PCR
amplification of genes using extended SLIC
primer sequences with 30 bp homology to the
vector, in order to increase the likelihood
correct annealing, gave a mixture of products
(Figure 4.7:B). Expected gene products were
624 bp and 801 bp for TRIM24 and TRIM33,

respectively, however excision in this region

and purification from agarose did not lead to successful cloning. Attempts to ligate the genes into

the linear pETM11-SUMO3GFP vector using complementary restriction enzymes were also

unsuccessful: TRIM33 contained an internal HindIIl recognition site, and ligation with TRIM24

after treatment with BamHI and HindIIl did not produce any colonies after transformation

(Figure 4.7:D).

Alternatively, cloning of the SUMO gene into the pNIC28-Bsa4 vector was attempted, with

insertion between the Hise label and the TRIM gene (Figure 4.8). Linearisation of the vector with

Ndel and Ncol, and gene amplification vie PCR with corresponding primers was successful.

However, preparation of genes for ligation resulted in additional cuts within the gene, due to the
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existence of an Ncol recognition site after the Hisg label, in

addition to the multiple cloning site (MCS).

Successful cloning was achieved using a Gibson Assembly
protocol consisting of a one-step isothermal in vitro
recombination.'” The pETMI11-SUMO3GFP vector
(Appendix 8.2) was linearised with BamHI and HindIII,
and genes amplified by PCR with a 30 bp homology
region, before incubation with a Gibson Assembly Master
Mix (NEB) including optimised proportions of T5
exonuclease, Phusion DNA polymerase and Taq DNA

ligase, for chew-back, annealing, and ligation respectiv

reaction mixture was much higher with the use of comme

TRIM33
pNIC28-Bsad
Ndel + Ncol
digest

SUMO gene SUMO gene

Ndel + Ncol

— digest

w
9416,
6,557

4,361

2,322
2,027

Figure 4.8 Agarose gel purification from
SUMO cloning using Ndel and Ncol
restriction  enzyme  sites.  Successful
linearisation of vector, and PCR amplification
of gene from pETMI11-SUMO3GFP vector.
Internal Ncol recognition site in SUMO gene
exposed during Ndel and Ncol digest.

ely. Transformation efficiency of this

rcial NEB 5-alpha (#C2987) competent

cells, and isolated plasmids were subsequently used to transform BL21 (Gold) DE3 for expression.

4.2.4 Purification and cleavage for crystallisation

sumo-TRIM24 SENP1 cleavage

=2 &=75
B 63
25
2 - 20
17 - - . . - . - 17
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Figure 4.9 SDS-PAGE gel from SENP1 cleavage trials of
sumo-TRIM24 (sT24) expressed from pETM11-SUMO3 vector.
M — molecular ladder (kDa). Expected MW: sT24, 33.8 kDa; SENP1,
29.2 kDa; TRIM24, 21.5 kDa; HissSUMO, 12.4 kDa.

protein supplied by the SGC (Figure 4.9). Compared to

Sentrin-specific protease 1 (SENP1) isa
human protease which recognises the C-
terminal section of a SUMO
modification and causes hydrolysis of a
peptide bond after a conserved di-

glycine motif.?°

Initial trials of SENP1 cleavage of the
SUMO label were conducted using

previous use of TEV protease, a great

improvement was observed, with cleavage appearing to reach completion within 30 min at 4 °C.

SENP1 also demonstrated high selectivity, with no detectable off-site cleavage after 2 h at 25 °C,
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or even at 37 °C. Very low protein concentrations were observed in samples from 2 h at 37 °C,

which was thought to be due to protein instability and precipitation at these elevated temperatures.

In addition to small quantities of purified protein, the SGC supplied SENP1 plasmids, to facilitate
continued production and scale up of cleavage. Plasmids containing this gene were extracted from
a small scale growth of transformed E. coli cells, sequenced to confirm identity, and used to
transform BL21 (Gold) DE3 cells for expression. Purification by metal affinity chromatography
and size exclusion chromatography produced high yields of 5.2 mg purified SENP1 per gram of
whole cells. Cleavage efficiency of in-house prepared SENP1, was comparable with that provided
by the SGC (Figure 4.10), and cleavage was complete within 60 minutes at 4 °C. Additionally, the
cleavage process may assist in separating TRIM33 oligomers observed previously, since bands
visible at the interface between the stacking and resolving gel (>80 kDa), decreased in intensity as

cleavage progressed.

sumo-TRIM SENP1 cleavage trials

— e — . .

80 —

58"

46 — [ras—"

32 8 ® e ,
— -

—— Sesae

1 - e
- L D uled

0 3060 0 3060 0 3060 O 3060-
+SGC 4+ ARM -+ SGC -+ ARM -

=
o
<
o sumo-TRIM24 sumo-TRIM33
i
7

SENP1 SGC

Figure 4.10 SDS-PAGE gel analysis of cleavage efficiency of SENP1 supplied by the structural genomics
consortium (SGC) or expressed and purified (ARM). Incubation time shown in minutes. Complete cleavage of both
TRIM24 and TRIM33 was achieved by both proteases in 60 minutes at 4 °C. Partial cleavage of TRIM33 at t=0 due to
residual SENP1 on IMAC column during purification; oligomeric forms of TRIM33 seem reduced during cleavage.
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A sumo-TRIM24 SENP1 cleavage purification
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B sumo-TRIM33 SENP1 cleavage purification
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Figure 4.11 SDS-PAGE analysis of purification of unlabelled TRIM proteins from pETM11-SUMO3 vector.
A - TRIM24; B — TRIM33. M — molecular ladder, weight shown in kDa. PD10 — eluent from buffer exchange using
PD10 column (GE Healthcare) of fractions containing protein from IMAC purification (1 mL HP HisTrap, GE
Healthcare). Load — sample after SENP1 cleavage for 1 h at 4 °C. Numbers indicate separately collected fractions.
Expected molecular weights (kDa): sumo-TRIM24, 33.8; TRIM24, 21.5; sumo-TRIM33, 40.4; TRIM33, 28.0;
HissSUMO, 12.4; SENP1, 29.2.

Both the His¢-labelled SENP1 protein, and the cleaved HissSUMO fragment from the TRIM
proteins, could be removed through a further IMAC purification: unlabelled TRIM24 or TRIM33
protein would not interact with the column, and could be isolated in the flow through (Figure 4.11).
Separation of any oligomeric forms was then performed using size exclusion chromatography
(Sephadex gel S75, GE Healthcare) to ensure homogeneous protein for crystallisation. Melting
temperatures of the cleaved TRIM24 and TRIM33 varied depending on buffer conditions,
suggesting improved internal stability compared to cleavage from the pNIC28-Bsa4 vector
(Figure 4.12). Overall, this procedure consistently resulted in >1 mg of purified TRIM protein per

gram of whole cells from expression.
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Figure 4.12 A: Normalised melting curves from TRIM24 isolated after pETM11-SUMO3GFP expression (SENP1
cleavage of HissSUMO- tag) in various buffer conditions. Buffers ranged from pH 5.5-10.0: clear effect of conditions
on melting temperature suggests internal stability of protein is not a limiting factor. B: T values from Boltzmann fitting
of melting curves of TRIM24 PHD-bromodomain after pETM11-SUMO3GFP expression (SENP1 cleavage of
HissSUMO- tag) in various buffer conditions.
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The secondary structure of proteins cleaved from various
constructs was investigated by circular dichroism (CD)
spectroscopy, using Hise- labelled proteins for comparison,
assuming the extra C-terminal histidine residues do not
greatly affect secondary structure (Figure 4.14). All
constructs showed a high proportion of a-helical structure, as
would be expected from the bromodomain, but of interest
were discrepancies at lower wavelengths. Although for both
TRIM24 and TRIM33, cleavage from the SUMO label
(green) seemed to result in a lower helical content, positive

dichroism at lower wavelengths was better maintained, which

| 1 — o-helix
1 2 — antiparallel B
3 — disordered
B 4 — collagen (triple helix)
5 collagen (denatured)

1 1 1 1 1

190 200 210 220 230 240 250

Figure 4.13 Circular dichroism (CD)
spectra of polypeptides and proteins with
representative secondary structures.
Adapted from Greenfield 2006.2

may be related to beta sheet formation (Figure 4.13). Since the sequences of these proteins are

identical, once cleaved from their expression label systems, these data highlight the differences in

structure resulting from cleavage, demonstrating the importance of chaperoned folding and

stabilisation of the PHD finger.

80 TRIM24 105

-10

-154

His,-TRIM24
——TRIM24 (-His,)
—— TRIM24 (-GST)
—— TRIM24 (-SUMO)

=204

Circular Dichroism (millidegrees)
Circular Dichroism (millidegrees)

-25

TRIM33

—— His,-TRIM33
—— TRIM33 (-His,)
—— TRIM33 (-SUMO)
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Figure 4.14 Circular Dichroism spectra from TRIM24 (left) and TRIM33 (right) cleaved from various constructs,
in comparison to polyhistidine labelled protein (Hise-). Smoothed average of results in triplicate with 0.2 nm step size,
0.5 sec/step, 10 mm path length, 0.2 mg/mL protein in NaF buffered phosphate buffer (pH 7.8). —Hiss: TEV cleavage
from pNIC28-Bsa4. -GST: TEV cleavage from pGTvL1-SGC. -SUMO: SENP1 cleavage from pETM11-SUMO3.
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4.3  Crystallisation of TRIM24

With a reliable method for producing high yields of structurally homogeneous, unlabelled TRIM24,
methods for crystallisation were then considered. Crystallisation buffers were manually compiled
into screening selections based around literature conditions,! or in the JCSG+ format.?! Protein was
concentrated to ~20 mg/mL immediately after purification, and plated using a Phoenix Liquid
Handling System (Art Robbins Instruments) onto Intelli-Plate 96-3 low-profile crystallisation plates

(Hampton Research) in three ratios with precipitation buffer.

Intelli-Plate 96-3 low-profile crystallisation plates

[(NHa):S04] (M) 1.7 1.8 1.9 2 | 21 R

1 2 3 4 5 6

0.5 A | starting screening conditions

1.0 B |100/200 mM HEPES

S C narrow screening conditions
20 D 100 mM HEPES

S E

30 F
- K

H

% PEG400 crystals observed

Figure 4.15 Crystallisation condition screening for TRIM24. Varying concentrations of ammonium sulfate and
PEG400 were used as precipitants, with both 100 mM and 200 mM HEPES buffer (pH 7.8), and plated with TRIM24
protein (~20 mg/mL) ina 1:2, 1:1, or 2:1 ratio on Intelli-Plate 96-3 low-profile crystallisation plates (Hampton Research).
A further narrow screen was conducted around conditions in which crystals were observed (grey shading).

The broad JCSG+ screen resulted in only precipitation, with little indication of crystalline
formations. Initial crystals were obtained from a screen of 100/200 mM HEPES (pH 7.5) with
1.7-2.2 M ammonium sulfate and 0.5-4% PEG400 (Figure 4.15). Following this, a narrow screening
plate of 100 mM HEPES (pH 7.5) with 2-2.2 M ammonium sulfate and 1.5-3% PEG400 was used,
resulting in the formation of large plates of overlapping crystals within 2-3 days, which reached full
size within a week (Figure 4.16). This yielded in a greater number of crystals suitable for mounting
compared to plates consisting entirely of literature precipitation conditions (100 mM HEPES, 2.0 M
ammonium sulfate, 2% PEG400, pH 7.5). For the most defined crystals there were few nucleation

points per well, often occurring near the droplet boundary.
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Figure 4.16 Crystal forms of TRIM24 observed under different precipitant conditions. A: Broad screen optimisation
conditions resulted primarily in precipitation. B: Formation of bundles of poorly defined crystals around many nucleation
sites were observed; a narrow optimisation plate was designed around these conditions. C: Improvement in crystallisation
conditions resulted in spindle shaped wheels of crystals across many wells. D: In regions of higher PEG content, crystals
had blade-like curved edges. E: The majority of crystals were in the form of clumps of overlapping, sheer, sheet-like
crystals. F: Several crystals could be isolated as a single plate extending beyond the main growth, these were successfully
separated to be mounted as a single crystal.

Single crystals were separated from sheet-like clusters using a needle, and cryoprotected using a
solution of 20% glycerol in the precipitant from the same well reservoir. X-Ray data was obtained
at the Diamond Light Source (Harwell, Oxfordshire) by Dr Michael McDonough (University of
Oxford), and refined by David Zollman (University of Oxford). Crystals produced high-quality data
(Figure 4.17) which was refined with a resolution of 2.0 A, including well resolved waters of
solvation. This structure corroborated well with the existing PDB structure (3033), alignment with
the function cealign afforded an RMSD of 1.5 A over 168 residues. This work has demonstrated
that cleavage from the Hiss-SUMO affinity label with SENP1 produces structurally homogeneous

protein of high purity for crystallisation.

Screening was performed using freshly purified TRIM24, however, crystallisation trials were also
conducted with protein flash frozen at the desired concentration, in thin walled PCR tubes using

liquid nitrogen.?? Aliquots of protein were thawed on ice and centrifugated (14,000 rpm, 4 °C,
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20 min) prior to plating in the same manner. Crystallisation efficiency of freeze-thawed TRIM24
was noticeably lower than that of freshly purified, however, several wells still contained
distinguishable crystals of the same form, with well-defined edges and no visible inclusions. The
ability to form high quality crystals from stored protein greatly improves the utility of this procedure

for obtaining structural information with bound compounds.

ASN980 * TRP828 7
® { y

4
4 ®
-
24

Figure 4.17 Crystal structure of apo-TRIM24 obtained in this study (2.0 A resolution). Bromodomain (blue) and
PHD finger (yellow) tandem module, cleaved from pMET11-SUMO3 vector. Highlighted residues: asparagine 980 forms
hydrogen bonding interactions with KAc residues; tryptophan 828 forms cation-n interations with KMe3; cysteine and
histidine residues co-ordinate two structural Zn?" atoms to stabile the cross-braced topology of PHD finger. Rwork/ Riree :
0.168/0.197.
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4.4 Association with nucleosome

In order to connect the affinity and structural information obtained to their physiological relevance
in the context of modifications to histone tails as a component of a nucleosome, we attempted to
characterise the interactions of TRIM24 with a nucleosome bearing a modification analogous to
K18Ac: an acetylated cysteine incorporated in the K18 position, denoted K;18Ac. Native mass
spectrometry could demonstrate the formation of a (nucleosome)(TRIM24) complex, by observing
peaks corresponding to the combined masses in a non-denaturing environment. Modified
nucleosomes, containing the Ks18Ac modification on both copies of the H3 peptide, were produced
by David Zollman (Oxford). Samples of nucleosome and TRIM24 were preincubated at 4 °C, and

native MS experiments were performed by Nisha Patel (Oxford).

100+ 28+ K418Ac nucleosome
B ‘M
O IW-}J“""|"|"'|'|"--------m/Z
2000 4000 6000 8000 10000 12000 14000
100+ 28+ Kg18Ac nucleosome + TRIM24
.
1 Peaks are too broad to assign
T whether TRIM24 is bound
0"|""|‘"'|"”|‘T'L"|-“'*“L'|'“" I R R I D2
100+ 25+ MS/MS
] Kg18Ac nucleosome + TRIM24
H2A
. H4
B\CL /
TRIM24 TRIM24 is ejecting
/ from a complex

Figure 4.18 Native MS data from incubation of K:18Ac nucleosome with TRIM24. Intact mass resolution was
insufficient to assign a complex formed with TRIM24, however, MS/MS data demonstrated the ejection of a species
corresponding to the mass of TRIM24 (as well as H2A and H4) from the complex. Data obtained and figure prepared by
Nisha Patel (Oxford).
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Figure 4.19 Native MS data from titrated incubations of
K;18Ac nucleosome with TRIM24. Peaks corresponding to
nucleosome species in complex with TRIM24 indicated. With
an excess of TRIM24, complexes containing TRIM24 protein
bound in one or two equivalents were observed. Data obtained
and figure prepared by Nisha Patel (Oxford).

Initial native MS data was of insufficient
resolution to determine whether TRIM24
was bound from peaks corresponding to the
whole complex, however, MS/MS data
demonstrated TRIM24 was ejecting from a
complex, along with H2A and H4
(Figure 4.18). Incubation of the K 18Ac
nucleosome with higher concentrations of

TRIM24 (1:5 ratio), enabled peak fitting

which matched the observation of both a

single  associated @ TRIM24  protein
(nucleosome)(TRIM24) and the
(nucleosome)(TRIM24), complex, which

would be expected from binding of TRIM24

to both H3 histone tails (Figure 4.20).

Titrated incubations of varying proportions
of TRIM24 with the K 18Ac nucleosome
suggest that although the affinity of the
interaction observed in isolated peptides was
very high, the kinetics of the association in
the context of an entire nucleosome complex
may have a high ko, with an equilibrium in

favour of a dissociated state (Figure 4.19). A

small proportion of complex was observed from a 1:1 ratio of nucleosome:TRIM24, from peaks

which were not present in the nucleosome only negative control. With larger excesses of TRIM24

(>1:3 ratio) the (nucleosome)(TRIM24), complex was also observed, however, even with a 1:5 ratio

of nucleosome:TRIM24 the dominant species was nucleosome unit without any associated
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TRIM24. Differences between measured and theoretical masses for the complexes were <0.8%,

and MS/MS studies demonstrated ejection of TRIM24 from the complex with good resolution of

mass identity (Figure 4.21).

Nucleosome K_18Ac (3 pM) + TRIM24 (15 uM)

10— — . . ‘
4 Nucleosome 198522 Da
(Nucleosome)}(TRIM24) 220322 Da
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Figure 4.20 Intact mass MS data obtained from incubation of K:18Ac nucleosome with TRIM24 in a 1:5 ratio.
Overlaid theoretical peaks for (Nucleosome)(TRIM24) complex in orange, and (Nucleosome)(TRIM24), complex in red.
Data obtained and figure prepared by Nisha Patel (Oxford).

Measured (Da) Theoretical(Da)
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Figure 4.21 MSMS data obtained from incubation of Ks18Ac nucleosome with TRIM24. Demonstrates TRIM24
ejecting from complex, confirming identity of nucleosome-TRIM24 complexes observed in MS studies. Ratio of
nucleosome:TRIM24 indicated top right. Data obtained by Nisha Patel (Oxford).
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4.5 Conclusions

Structural integrity of TRIM24 and TRIM33 was shown to depend on the expression vector, and
was thought to be linked to the low secondary structural content of the PHD finger. Cleavage from
Hiss affinity labels with TEV was inefficient and resulted in protein with low internal stability.
Successful LIC cloning into a pGTvL1-SGC vector yielded GST- labelled TRIM24 and TRIM33,
however, cleavage of the affinity label resulted primarily in precipitation, and the later could not be
isolated in a cleaved form. Further transfer via Gibson Assembly into a pETM11-SUMO3GFP
vector allowed expression of the PHD-bromodomain with an N-terminal Hise-SUMO affinity label,
cleavage of which went to completion and resulted in structural homogeneous protein for

crystallisation.

After optimisation of conditions, a protocol was refined to reliably produce a several single crystals
per plate, from one of which a high quality crystal structure was obtained. Crystal soaking, using
the small molecule lead compounds identified in Chapter 4, would enable direct observation of
(solid state) binding conformations, and structure guided optimisation of these compounds. Given
the dominance of interaction with the KAc pocket observed in docking studies, any compounds
which bind in an alternative region, especially the cleft present between domains, would be of

particular interest.

Much structure-based design implicitly assumes that the structure is correct, precise and rigid. In
the case of the tandem PHD-bromodomain, it is yet to be determined how well defined the cleft
between the individual domains remains in solution. A strong association between domains has
been demonstrated, through co-elution of a complex formed from individual domains in size
exclusion chromatography, but the flexibility of this interdomain region is unknown. Further
structural studies, including co-crystallisation with trans-domain spanning peptides, or solvent
soaking with compounds predicted to bind in the proximity of the cleft, may provide further insight

into structural variability.
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Association with a nucleosome bearing a K;18Ac modification was confirmed by native MS
studies, although to a lower degree than would be predicted from affinities. The implications of this
result in terms of access to histone modifications in the context of a nucleosome unit could be

further investigated by co-crystallisation of the nucleosome-TRIM24 complex.
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Chapter 5: Acetyl-lysine-mimicking Residue

5.1 Introduction

Chapter 2 described the development of screening methods for identifying binding partners for
TRIM24 and TRIM33. The AlphaScreen assay developed depends on correct identification of
appropriate cognate peptides which can be displaced by ligands. For many proteins such
competition assays are not feasible, either because the endogenous binding partner is unknown, or
the affinities in protein-protein interactions are prohibitively low. To resolve this for KAc-binding
proteins, we attempted to utilise the understanding of bromodomain-peptide interactions derived
from AlphaScreen assays to explore novel methods of increasing peptide affinity for binding to
bromodomains. It was envisioned that chemical modification of a histone peptide, to incorporate a
KAc-mimicking residue with increased affinity compared to a natural KAc modification, could
enable competitor peptide design for assay development, with lower dependence on knowledge of
cognate peptide sequence (Figure 5.1). This approach could then be expanded to other

bromodomains without prior knowledge of binding partners or small-molecule ligands.

% increased assay
affinity emission

unknown cognate peptide

~TRATABK
chemical
modification
>

bromodomain bromodomain

Figure 5.1 Competition based assays cannot be developed for bromodomains without prior
knowledge of binding partners. Chemical modifications to incorporate a KAc-mimicking
residue into a histone-like peptide, and hence increase the affinity of this peptide for a
bromodomain, could result in sufficient levels of interaction for displacement assay
development.
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5.1.1 Non-natural acetyl-lysine mimicking amino acids

Homogeneously modified proteins are essential in understanding the role of particular post-
translational modifications (PTMs). A number of chemical strategies have been developed to
synthesise single homogeneous forms of proteins, either containing the native PTM or an analogue
which functions in a similar manner. These include: i) native chemical ligation (NCL)!/expressed
protein ligation (EPL),? a semi-synthetic route involving the reaction between a cysteine residue
and a thioester on an expressed protein or peptidic fragment containing a PTM;? ii) Amber codon
suppression, which allows an unnatural amino acid to be introduced co-translationally at a
genetically-encoded site;* iii) “tag-and-modify” approach, which uses chemical reaction of a
translationally incorporated amino acid ‘handle’, often a cysteine residue, to form a mimic of the
desired modified amino acid.®” These techniques have all been used to introduce modified lysine
residues or mimics thereof, and their value in uncovering the mechanistic roles of histone

modifications has been clearly demonstrated (Figure 5.2).8°
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Figure 5.2 Strategies of chemical PTM modifications towards analogues of acetylated (MTCTK and KsAc) and
methylated (KsMe) lysine. “Tag-and-modify” approaches using direct alkylation of cysteine residue, or addition to a
dehydroalanine residue (Dha).

Nonetheless, current KAc mimics suffer from several disadvantages, including the harsh oxidising
conditions required for their preparation, or formation of epimeric mixtures. Perhaps most
significantly, there has only been one reported attempt to assess the binding efficiency of KAc
mimics to bromodomains, in which a pull-down assay assessing the binding efficiency of histone
H4 tails to BRDT showed that KAc mimics containing methylthiocarbonylthialysine (MTCTK), a

thiocarbamate analog of KAc, interacted 2-4 fold less efficiently than KAc itself.” Therefore,
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information learnt in the development of BET bromodomain ligands, was employed to design

peptides incorporating novel KAc-mimicking amino acids.

5.1.2 BRD4 bromodomains

Bromodomain containing protein 4 (BRD4) was chosen as the bromodomain containing protein
(BCP) on which to conduct initial studies. This protein is a member of the BET (bromodomain and
extra C-terminal domain) bromodomain family, members of which have been shown to be involved
in apoptosis, metastasis and proliferation in cancer.!® There are specific implications of BRD4 in
pathology: nuclear protein in testis (NUT) midline carcinoma, a rare but incurable cancer, is driven
by the fusion of the BRD4 (or less frequently bromodomain containing protein 3 — BRD3) gene and
the NUT gene;!! suppression of BRD4 in Myc-driven acute myeloid leukemia (AML) leads to cell-
cycle arrest and apoptosis of leukemia cells.!? Despite the emerging role of BCPs in human
disease,'® the precise biological function of the bromodomains in pathogenesis has not yet been

fully elucidated.

Like other BET bromodomain proteins, BRD4 contains two bromodomains, denoted BRD4(1) and
BRD4(2), the former being the focus of this work. There is less similarity between BRD4(1) and
BRD4(2) than between the first bromodomains of homologous proteins within the BET family i.e.

between BRD2(1), BRD3(1) and BRD4(1).

BRD4(1) binds strongly to multiply-acetylated H4 tails both in vitro and in live cells: reported
affinities to tetra-acetylated H4 include 4.8+4 uM (competition TR-FRET),'* and 2.8+0.2 uM
(ITC),'> with fluorescence recovery after photobleaching (FRAP) studies demonstrating cellular
association. X-Ray crystal structures demonstrate simultaneous recognition of two KAc residues
on an H4 peptide separated by two or three linking residues (PDB: 3UVW, 3UVX, 3UVY)."® A
tetra-acetylated H4 peptide has been used in the BRD4(1) AlphaScreen to identify small molecule
inhibitors of this domain.'®!7 Furthermore, two separate ITC studies reported the dissociation

constant for the same peptide (H4,20KAcs) with BRD4(1): Kp = 2.8 uM'"> and K, = 3.1 uM'6. In

136



Chapter 5: Acetyl-lysine-mimicking Residue

summary, the interaction of BRD4(1) with the histone H4,,0(KAc)s peptide has been well
characterised and was therefore chosen as a model system to investigate the effects of incorporation

of KAc-mimicking amino acids.

5.1.3 3,5-Dimethylisoxazoles as KAc mimics

Small molecule probes have been developed in order to disrupt the bromodomain-KAc
interaction,'® and subsequent studies have contributed to the elucidation of the biological roles of
these proteins. Amongst others discussed in the Introduction, isoxazoles were discovered as an
effective  KAc mimic that displaces histone peptides from Ph_ OH

bromodomains.'” This low molecular weight motif demonstrated

4 U5
good ligand efficiency and has proven suitable for further AcO )
<)
N
development to give potent ligands of bromodomains.?®?! A 3,5- BRDA4(1) 2
IC5O =371 nM
LE =0.36

dimethylisoxazole (DMI) containing compound reported by Hewings

Figure 5.3 Optimised isoxazole

et al. was optimised to inhibit BRD4(1) KAc recognition with an containing inhibitor of BRD4.
Numbering system included for

ICso of 371 nM (Figure 5'3)'22 3,5-dimethyl isoxazole core.
Methodology for preparing unnatural amino acids containing the isoxazole moiety has previously
been reported by both Falorni et al.>} and Giacomelli ef al.,>* however, in these compounds the

isoxazole is attached directly to the a-carbon of the amino acid. The overlaid crystal structures of a

KAc containing peptide and DMI

KAc peptide _
containing ligand to the BRD4(1)
‘ bromodomain suggest this attachment
. | is unlikely to be of sufficient length to
penetrate the binding pocket of the

bromodomain effectively (Figure 5.4).

Figure 5.4 Comparison of peptide and small molecule binding in
BRD4(1) KAc pocket (PDB: 3UVW). Diaryl methanol derivative of
3,5-dimethylisoxazole (DMI — yellow) binds in hydrophobic pocket,
with aryl substituent residing on “WPF’ shelf, and polar isoxazole
forming hydrogen bonding interactions in a similar fashion to KAc

residue overlaid (purple)
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5.1.4 Aims

Well-characterised, peptide-integrated KAc mimics, with comparable affinities to bromodomains,
would be valuable for further study on the functional significance of bromodomain-KAc
interactions. Increasing the affinity of competitor peptides in displacement assays such as
AlphaScreen, might improve reliability of existing assays,'¢ and allow new assays to be developed
in cases when a cognate peptide of sufficient affinity is not known.?> Incorporating a KAc-
mimicking amino acid in a peptide in place of KAc is a hitherto unexplored strategy for enhancing
the affinity for binding to bromodomains (Figure 5.5). In this fashion, they might prove useful in
developing assays for bromodomains without known ligands,?® for example sub-family VI in the
bromodomain classification including TRIM28 and MLL, in order to facilitate small-molecule

screening.

The ability to incorporate a KAc mimic in situ, in site-selective

SH
manner, would enable precise activation of KAc mediated PPIs to /1 Situ chemical
modification

study downstream effects. Since modified peptides would resemble
natural binding partners more closely, it is possible this would cause

fewer off-target effects or disruptions.

It was hypothesised that appropriately linked isoxazole-containing
amino acids might bind to bromodomains. A range of unprotected
isoxazole-containing L-amino acids were designed and synthesised by
David S. Hewings, Natalie H. Theodoulou, and Lukass Jursins
(University of Oxford), with varying chain lengths, degree of
saturation and location of hydrogen bond donors and acceptors

(unpublished). Substitution of an isoxazole core at the 3-, 4- or 5-

position could increase potency and selectivity of these small bromodomain

Figure 5.5 Hypothesis that
incorporation of DMI unit as
KAc mimicing residue could
amide functionality on the linkage could allow the formation of increase affinity of peptide for
bromodomains.

molecules, relative to an individual KAc amino acid. Installation of
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further hydrogen bonds to an adjacent area of the binding pocket, which a second KAc has been
shown to occupy.!® Meta-substitution of a phenylalanine derivative was predicted to overlap
effectively with the second KAc and interact with the hydrophobic residues within the ZA channel

region of the binding pocket.

The aims of this study were to:

e Assess the affinity of isoxazole containing non-natural amino acids, by transferring the
previously developed AlphaScreen assay to the BRD4(1)-H4(KAc)4 system.

e Quantify the effect of integration of a selection of these amino acids as replacements for
KAc residues at different positions of H4(KAc)s-like peptides.

e Optimise an isoxazole-based alkylating agent to modify a cysteine residue in situ and
assess the subsequent effect on affinity.

5.2  Inhibitory values of free amino acids

B0 Initial biological evaluation of isoxazole-
700 -] 4

BRD4(1) concentration
600 = 2nM
* 5nM
500 - ~ 10nM
» 20nM

containing free amino acids was performed

using the AlphaScreen assay to assess the
400

3004 potential for increasing affinity relative to

200+ .
KAc. Transfer of the assay protocol to this

100

system was achieved by measurement of

AlphaScreen emission (1000xa.u.)

7 8 9 10 " 12 signal response curves to define BRD4(1)
log[peptide]

Figure 5.6 Biotinylated peptide signal response curves for protein and H4(KAc)s competitor peptide
BRD4(1) with H4120(KAc)4. AlphaScreen emission responses

with varying concentrations of protein and competitor peptide. . . .
concentrations that resulted in optimal

response (Figure 5.6). Assay parameters were selected to generate a maximum signal of over
300,000 units, providing an appropriate assay window to avoid artefacts, and also lie close to the
drop-off point in the curves, which would result in good assay sensitivity. With an AlphaScreen
bead dilution of 1:400, concentrations of 4 nM and 10 nM, respectively, were therefore selected as
optimal assay conditions. Insufficient signal was observed with all KAc competitor peptides
previously used: H3,,7K14Ac, H3,.27K18Ac and H3,,7K23Ac gave emission of less than 40,000

units even up to 100 nM BRD4(1) concentrations (data not shown).

139



Chapter 5: Acetyl-lysine-mimicking Residue
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Figure 5.7 Amino acids synthesised within the group as acetyl lysine mimetics. Comparison to acetyl lysine (KAc),
with reference phenol DMI derivative included as positive control shown left. Dimethyl isoxazole units were attached
through aromatic, alkyl, ether, and amide linkers to the alpha position of a carboxylic acid.

Inhibition of BRD4(1) by unnatural amino acids (Figure 5.7) was measured as an average of two
separate assays performed in triplicate, normalised against references (Table 5.1: buffer blank — 0%
inhibition; 25% DMSO —100% inhibition). The phenol derivative (9) bearing a 3,5-
dimethylisoxazole moiety, with an ICso of 382 nM,*? was included on each plate as a positive
control, which in every case demonstrated 100% inhibition. Along with previous data against the
bromodomains of BRD9 and BAZ2A (obtained by the SGC), this work confirmed that these
compounds are the first unnatural amino acids known to successfully inhibit bromodomain
recognition of an acetyl-lysine-containing peptide. Several amino acids resulted in >50% inhibition
at 250 uM, with significant inhibitory effect detected at lower concentrations of 25/50 uM. These
findings represent an improvement on the binding affinity of acetyl-lysine, which displayed
negligible inhibition at 250 uM.

Three amino acids incorporating an isoxazole attached by the 3- or 5- position to a three-atom linker
(15-17) showed a preference for BAZ2A inhibition, with >80% inhibition at 250 uM. These
compounds also demonstrated some affinity for BRD4(1), with ~30% inhibition at the same
concentration. Attachment of a isoxazole with a three atom linker seemed preferable for BRD4(1)
inhibition over a four atom linker: cf. 23.6% and 7.4% inhibition at 250 uM for amides linked at
4-position to three (14) or four (10) atom linkers, respectively. These data suggest that this length
is sufficient, and extended lengths are less well tolerated. Amide connections demonstrated a higher
percentage of BRD4(1) inhibition than alkyl or ether, with a preferred orientation of the carbonyl

adjacent to the isoxazole (31.2% inhibition at 250 pM for 17).
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Table 5.1 Inhibitory values of free amino acids against bromodomains. Single-shot inhibition values (AlphaScreen
assay) given as average percentage inhibition against each bromodomain, from measurements in triplicate. Inhibition
values highlighted as a heatmap from green (low inhibition) to red (high inhibition). Data for BAZ2A and BRD9 were
obtained by the SGC. n.d. values not determined.

Protein
Competitor peptide
Concentration (uM)

R-group on L-amino acid

BRD4(1)
H4(KAc)
250 50
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N NN
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?SJLH \N/O

H [ N
\‘fﬁ\/N O/
0
0
w I~ o
Ho LN

BAZ2A

H3K14(Ac)
250 25

Percentage inhibition

BRD9

H2(KAc);

250

25
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The amino acid with the strongest inhibitory activity against BRD4(1) was the phenyl-linked
isoxazole (11), which showed >70% inhibition of binding of tetra-acetylated H4.,0 to BRD4(1) at
250 uM, The apparent selectivity over BRD9, for which no significant inhibition was observed,
might be due to the recognition of multiple acetylation marks by BRD4(1), as discussed above. It
appears that the aromatic linker may be able to interact with the hydrophobic region of the ZA
channel and displace multiple, proximal KAc residues more effectively. Additionally, compared to
the alkyl chains with high degrees of freedom, the phenyl ring would also act to rigidify the linker,

which may account for the increased selectivity.

5.3 Incorporation into peptides

It has been established that a single BET bromodomain recognises two adjacent KAc residues on
the same peptide.!> X-Ray crystal structures of multiply-acetylated peptides with BRD4(1) revealed
the N-terminal KAc forms the hydrogen-bonding interaction with the conserved asparagine residue,
while flexible glycine residues allow a peptide conformation where the C-terminal KAc fits into
the grooves created by the ZA and BC loops. It is not clear whether an isoxazole-containing amino

acid could effectively mimic a KAc residue in either of these binding modes.

Each of the four KAc positions were replaced individually with alkyl- (12), ether- (13), or amide-
(16) linked isoxazoles. In order to compare the effects from the linker alone, attachment was via
the 5-methyl in each case, which previous data suggested would lead to detectable levels of
inhibition. A control peptide, H4,,0KAc4 was also synthesised to determine whether the proposed
KAc mimics could interact more strongly with bromodomains than KAc itself. In order to
accurately quantify peptide concentrations by UV absorbance, an N-terminal tyrosine residue was
included in all sequences (€230 = 1280 M-'ecm™ 6.0 M guanidine-hydrochloride). This additional
residue was also present in the H4,.20(KAc)s sequence employed by Filippakopoulos et al. in ITC

studies,'® and had little apparent effect on affinity.
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5.3.1 ICso value determination

ICso values were obtained in the AlphaScreen assay by a 1:2 serial dilution of the peptides,
performed in triplicate. Results contained low error between replicates (average standard deviation
for all replicate values on plate was 2.8% of maximum signal), with a high Z value of 0.9. The
dilution series covered a good range of the curves, and fitting was performed according to an ICsg

- 4 Parameter Fit in GraFit?’ (Figure 5.8).

H4120KAcs synthesised by David Hewings —-—synthesised H4, , KAc,
165 commercial H4,, KAc,
(Oxford) was included as a control, along with the I = DMI small molecule
— 365;—1— 8, T " Py N
. . 3 L
same peptide purchased commercially & N
c ICy=17.1 UM\
S 2
. . . . 2 IC, = 15.7 uM §
(GL Biochem), with identical sequence and -2 : A
L% _ IC5, =257 nM

modification pattern. These gave closely fitting ICso

0—! T i . " T L I A '\."\'\’ I
1e-8 1e-7 1e-6 1e-5 le-4

values of 17.1 uM and 15.7 uM, respectively. The [peptide] (M)

3,5-dimethylisoxazole phenol derivative, also used Figure 5.8 AlphaScreen concentration response
curves for dilution series of positive controls: tetra-

. o acetylated H4 peptide H4120KAcs, and a 3,5-
as a positive control on each individual assay plate, dimethylisoxazole phenol derivative as a small

molecule control with a reported ICso. Results are the

afforded ICso values of 280 nM and 257 nM, which average of readings taken in triplicate, with fittings are
overlaid, performed as ICso - 4 Parameter Fit in GraFit.

Form of curve and fitting is representative of results
from other peptide concentration series.

was in line with published values (ICsy 382 nM?2).

Affinities of modified peptides were strongly dependent on the position of the unnatural residue.
Substitution at K5 or K8 greatly reduced the affinity compared to the cognate tetra-acetylated
peptide (ICso range 23.5-63.9 uM). The alkyl linker had the least detrimental effect in these
positions, with only an approximately 1.5 fold increase in 1Cso. However, substitution at K12 or
K16 resulted in peptides with roughly equal affinity to this reference peptide (ICso range 6.8-
18.1 uM). Additionally, it appears that an amide-linked isoxazole in these positions bound more

strongly than the control with an ICso 0of 6.8 and 8.7 uM for the K12 and K16 position, respectively.

Positional sensitivity seemed to be in good agreement with previous studies on this peptide, which
demonstrated that dual alkylation at K5 and K8 was almost as potent as the tetra-acetylated peptide

(H41.11K5AcK8Ac Ky = 6.8 = 0.1 by ITC).!5 Given the high contribution of these positions to
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overall affinity, it seemed reasonable that their substitution was less well tolerated. In the same
study, alkylation at K12 and K16 had a similar synergistic effect on affinity, though to a lesser
extent (H41121K12AcK16Ac Kp=46.1 £ 0.9 by ITC), and the data suggested a greater potential for
increasing affinity with KAc mimics in these positions.

IC50 values for H4(KAc), analogues
80 -

70 A
= 60 -

g 50 o

)

{V

Apparent IC
N W B
o O O

o
o
1

o
1

-K5—K8—K12-K16-§-K5—K8—K12-K16-§-K5—KB—K12-K16- H4(KAc),

NH

o i
R= : R=
< -2
o

/ /
0-N ; O-N

Position of isoxazole KAc mimic in H4 peptide

Figure 5.9 ICso values for H4(KAc)4 peptides bearing isoxazole containing non-natural amino acid substitutions.
Substitution positions are indicated. Data obtained from serial dilutions in AlphaScreen assay inhibiting the interaction
of BRD4(1) with biotinylated H4(KAc)s. Results are the average of readings taken in triplicate, with fitting performed as
ICso - 4 Parameter Fit in GraFit; error bars shown as the standard error of the fit.

5.3.2 Validation of controls

The measured ICso values for the control H4,.,0(KAc)s peptides, whether synthesised internally or
commercially purchased, were much higher than expected. In order to confirm the reliability of this
assay we sought to quantify the affinities in an orthogonal, non-fluorescence based assay.
Isothermal calorimetry (ITC) is still considered the ‘gold’ standard for quantifying binding
affinity,?® directly measuring thermodynamic contributions to affinity, and has frequently been used
to characterise affinities of both peptides? and novel ligands.?° Hence, ITC data were obtained for

the control peptide to compare quantitative values (Figure 5.10). This experiment produced a good
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titration across the range of interaction, and curve fitting according to a one site binding model
resulted in a Ky of 14.39 uM, which was in good agreement with our AlphaScreen values. The
measured stoichiometry of 0.88 sites suggested a 1:1 binding interaction, which may account for
the difference in affinity to the values reported in the literature, which suggest a 1:2 binding
interaction (2.8 uM reported with N = 0.57 sites;'> 3.1 uM reported with N = 0.61 sites'®). This
result validated the AlphaScreen assay for detecting quantitative affinities of modified H4 peptides
for BRD4(1), and substantiated the affinities obtained for peptides bearing isoxazole containing

non-natural amino acids.

Time (min)
0 10 20 30 40 50 60
T T T T T T T T T T T T T
Biige) o H i wmww ]
-0.50 — -
o -1.004 -
)
& ] 1
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-2.00 - -
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0.00 ] T T T T T T T T T ]
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E -6.00 - =
(&) - - |
g 800 :
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i § Data: H4KAc4BRD4_NDH .
g -16.00 M?Jc?elz Onegites B =
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Figure 5.10 ITC curve for interaction between BRD4(1) and H41-20(KAc)4. Peptide ligand (60 pL; 1.0 mM) was
titrated into the cell containing the protein (250 pL; 100 uM) in a series of 20x2uL injections (first injection 0.4 pL).
Error values represent errors of the nonlinear least-squares fit. Buffer conditions used for the titrations were S0 mM
HEPES (pH 7.5), 500 mM NaCl.
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5.4  Insitu alkylation

Having developed a reliable AlphaScreen assay that could quantitatively compare affinities of
isoxazole containing peptides, the study progressed towards attempts to increase affinity of a
peptide for a bromodomain in sifu. It was thought that a similar isoxazole alkylating agent to that
used during synthesis of individual amino acids, would be able to modify an amino acid in the
context of a peptide, thus incorporating a KAc-mimicking residue. Given the positional dependence
demonstrated in ICso measurements, it was decided to attempt a modification of the K12 position
of a H4 peptide (Figure 5.11). As well as a greater increase in affinity afforded by substitution at
K12 or K16 relative to K5 or K8, the K12 position had the advantage of increased peptide flexibility

and accessibility in that region, with multiple glycine residues towards both the N- and C-terminus.

Tyr-Ser-Gly-Arg-Gly-Lys(Ac)-Gly-Gly-Lys(Ac)-Gly-Leu-Gly-Cys-Gly-Gly-Ala-Lys(Ac)-Arg-His-Arg-Lys-NH 5

o unmodified peptide

Chemical Formula: Cg4H159N37056S S
NH NH

Exact Mass: 2254.19777
/O%Hjﬁﬂ“%ﬁ%wéw%wﬁ%ﬁéﬁ%ﬁm

[M+4]** m/z = 564.584 W 19 ™ NH,

o} o

o monoalkylated peptide
Chemical Formula: CggH464N38027S

- Exact Mass: 2349.23488 2
M jﬁf&bﬁf“ ”“Nﬁr(”r%mr"?w"ﬁmr“% AL /iwk /'i JkNHz

[M+4]** m/z = 588.32 w20 ) WNH NHZ
o o]

o 2-iodoacetamide control alkylated peptide
Chemical Formula: CggH162,N35057S

o Exact Mass: 2311.22
,Oﬁh@hu”wigwﬁmwwwﬁﬁiwéﬁm

HN

NH,

[M+41** m/z = 579.06 w21 0 M

o o]

Figure 5.11 Chemical structures of unmodified and alkylated H4-like peptides. Position 12 of a H4(KAc)4 peptide
was replaced with a cysteine (19), which could be modified with a halogen-based isoxazole alkylating agent, giving 20.
2-iodoacetamide was used as an alternative alkylating agent to provide a positive control, resulting in 21. Acetylation
shown in blue; K12C substitution and alkylation shown in red.
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Common alkylation reactions occur via nucleophilic attack at an electron deficient site of an
alkylating agent, either by bimolecular nucleophilic substitution (Sx2, e.g. with haloalkanes), or
Michael-type addition (e.g. maleimides containing an activated, conjugated alkene). Cysteine is the
most nucleophilic of the 20 naturally coded amino acids, and one of the least abundant. Indeed,
C110 of histone H3 is the only cysteine present in human histone proteins, and a C110A substitution
does not disrupt nucleosome function.® Therefore, a “tag-and-modify” approach was chosen to
substitute the K12Ac with a cysteine which could be alkylated with an isoxazole. Regioselectivity
would be determined by the competition between this inserted cysteine and other common
nucleophilic moieties found in naturally occurring amino acids: hydroxyl, thioether and primary or

secondary amine groups.

OH -OH (ii) N’O |||)

A —’AC,—’M

Figure 5.12 Synthesis of 5-(chloromethyl)-3-methylisoxazole (Cl-DMI) alkylating agent. Reagents and conditions:
(1) NCS, DMF, 0 °C, then rt, 3 h, 78%,; (ii) Propargyl alcohol, NEt3, CH2Cl, rt, dropwise addition of 23 in CH2Clz over
10 h, then rt, 24 h, dark, 11%; (iii) Thionyl chloride, argon atm., 80 °C, 20 minutes, quantitative by NMR.

-

25: CI-DMI

Before alkylation was attempted, the affinity of the modified H4(KAc);K12C peptide (Figure 5.11,
19) was assessed, in order to attribute any improved interactions after alkylation with the isoxazole
KAc mimic, rather than with the K12C substitution. ITC data confirmed the expected decrease in

affinity relative to H4(KAc)4, with a measured K, of 32.4 uM (Figure 5.13).

Previous studies suggested that 5-(chloromethyl)-3-methylisoxazole (Cl-DMI), which was used
during the synthesis of the unnatural amino acids, was an efficient alkylating agent, and was
therefore employed in this study. Starting reaction conditions were adapted from those in the
literature.3! The buffer used was strongly denaturing to ensure an accessible, open conformation of
the peptide (4 M guanidine-hydrochloride) and included tris(2-carboxyethyl)phosphine (TCEP) as
a reducing agent, as well as methionine (10 mM) as an extra oxygen scavenger. Reducing
conditions were maintained to avoid oxidation of the thioether to a sulfoxide, and to prevent
unwanted disulphide bond formation. Selectivity of alkylation was then assessed over a range of

buffer, pH, reducing and temperature conditions.
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Figure 5.13 ITC curve for interaction between BRD4(1) and H4120(KAc);K12C (19). Peptide ligand (60 pL;
1.27 mM) was titrated into the cell containing the protein (250 uL; 135 uM) in a series of 20x2uL injections (first injection
0.4 pL). Error values represent errors of the nonlinear least-squares fit. Buffer conditions used for the titrations were
50 mM HEPES (pH 7.5), 500 mM NacCl.
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5.4.1 Reaction monitoring

2235.0357 “ Initial attempts to monitor the reaction were
mono-alkylated
peptide ..
performed by liquid chromatography (LC)
2255.3137 with tandem mass spectrometry (MS/MS) on
unmoc_iified
RERtdE a nano LC/MS/MS (Waters NanoAcquity

UPLC TOF-MS). The total ion count (TIC)

alkylation reaction obtained by LC/MS. Combined from

elution chromatogram and deconvoluted (2000-3000; 1.0 Da h d luted identified
resolution). Found 2255.313; unmodified peptide [M+H]" owever, deconvoluted spectra 1dentifie

requires 2255.21. Found 2350.357; mono-alkylated peptide
[M+H]* requires 2350.24. whole masses corresponding to both the

unmodified and mono-alkylated product in the reaction mixture (Figure 5.15), which was consistent
with the anticipated result. Masses corresponding to that of the [M+4H]*" species for the mono-
alkylated product were also observed by targeted MS/MS, however, peaks were broad and ill-
defined, and attempts to improve resolution by adjusting the elution profile were unsuccessful. To
prevent undesirable electrostatic interactions as a result of the highly basic nature of amino acids in
the peptide chain, which contained three arginine residues, trifluoroacetic acid (0.1%) in the elution

buffer was substituted with ammonia (0.1%), but also had no effect on peak width (chromatogram

not shown).

partially modified peptide major product mono-alkylated peptide
L unmodified peptide  [M+4H]" m/z =564.6 Da |
mono-alkylated peptidew [M+4H]"m/z =588.3 Da N

di-alkylated peptide .. [M+4H]'m/z =612.1 Da

tri-alkylated peptide T . [M+4H] m/z =636.1 Da

total ion count

e e e e A

Figure 5.15 Total ion count (TIC) chromatograms, from targeted MS/MS based on the masses of [M+4H]*" ions
showing presence of unreacted and mono-alkylated peptide, with undetectable signal from multiply alkylated peptides
(species at retention time ~14-17 min were considered to be buffer-related).

149



Chapter 5: Acetyl-lysine-mimicking Residue

Targeted MS/MS analysis was performed to identify the location of alkylation. Isolation of
precursor ions in the 4* charge state, followed by collision-induced dissociation (CID), allowed
observation of fragmentation ions corresponding to those calculated for peptide bond cleavage of
the starting peptide (from precursor m/z 564.6) and desired product (from precursor m/z 588.3). For
the alkylated product these included a-, b-, y- and z-type fragment ions from cleavage adjacent to
the alkylated cysteine (Figure 5.16). However, signal-to-noise ratios were not high, and several
prominent ions were not assigned, which was likely due to a large overlap of species in the elution

profile observed.

Ultimately, although this method was able to confirm that the correct alkylated product was formed,
the elution times, relative to the reaction rate, meant that sample time points could not be accurately
observed. This method was thus deemed insufficient for reaction monitoring, and additionally had

little potential for product separation.

Therefore, it was attempted to determine the conversion to the mono-alkylated product by
observation of intact peptide ions by matrix-assisted laser-desorption ionisation—time-of-flight
mass spectrometry (MALDI-TOF-MS). This technique would enable rapid observation of reaction
samples, avoid the difficulties experienced in liquid chromatography of the peptides, and the soft
ionisation technique would allow singly-charged ions to be monitored rather than a selected
precursor ionic state. Furthermore, it was hypothesised that the efficiency of ionisation of the
peptide was unlikely to be greatly affected by this single modification, since protonation is more
likely to occur on basic residues which remained constant, so ratios of peak integrals could be used

semi-quantitatively.
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Figure 5.17 MALDI-TOF spectra showing increasing
intensity of peak at 2350 m/z corresponding to the intact
mass of H4K12CDMI peptide (purple), which is not
observed in the starting peptide (orange). Good resolution
shows product isotopic peaks with separation of one
atomic mass unit.
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Figure 5.18 Selected regions of MALDI-TOF mass
spectra obtained by for alkylation with different
alkylating agents. Samples taken from reaction mixtures
[lmM H4(KAc):K12C, 1M CHES (pH 10),
4 M guanidine-hydrochloride, 10 mM methionine ,
10 mM TCEP, 5 mM alkylating agent] after 30 minutes,
comparing alkylation with: A, 5-(chloromethyl)-3-
methylisoxazole (DMI); B, N-methylmaleimide (NMM);
C, 2-iodoacetamide (21A); D, buffer.

Gratifyingly, initial observations of the reaction course confirmed our hopes for this technique.

Spectra for the unreacted H4K12C peptide (19) contained a single dominant peak at 2255 m/z. A

time-course experiment following the alkylation reaction with Cl1-DMI showed clear evolution of a

peak at 2350 m/z, corresponding to the mono-alkylated peptide (20), which could be used to monitor

reaction progression (Figure 5.17).

Several steps were taken to ensure that the peak under observation was the desired reaction product

(Figure 5.18). The peptide was subjected to the same reaction conditions in the absence of an

alkylating agent, to confirm its stability. Additionally, alkylation with CI-DMI was contrasted with
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the use of 2-iodoacetamide (21A), a commonly used alkylating agent for mass spectrometry studies,
and N-methylmaleimide (NMM), a less reactive maleimide derivative shown to be a selective
alkylating agent for thiols.*>* Observation of these products in reaction mixtures would validate
this method of monitoring the reaction, and provide some insight into the relative efficiency of
alkylation. Under conditions tested, 2IA caused almost complete conversion of the H4K12C peptide
(19) into the alkylated product (21) within the first sampling interval: a mass shift of +57 Da was
observed, corresponding to addition of the acetamide, with the percentage of product peak integrals
(2312.19 Da) compared to the starting material (2254.66 Da) 93.9% after 5 min. NMM, however,
formed negligible amounts of alkylated product, with no peak observed at the expected mass of
2366.24 Da within the duration of experiment (2 h, Figure 5.18B). There was no mass shift for the
peptide under the reaction conditions alone, confirming that alkylation observed was indeed specific

to the C1-DMI agent.

5.4.2 Alkylation optimisation

Reaction conditions were optimised for a fast, efficient, selective method of alkylation by varying
the reducing conditions, pH, temperature, and number of equivalents of alkylating agent
(Table 5.2). Efficiency was assessed by the percentage ratio of integrals of peaks corresponding to
H4(KAc):K12C (19) and H4(KAc):K12C(DMI) (20): 100%x/2350/([2350+/2255). In every case,

these were the highest intensity peaks in the spectra.

Since reduction of any disulfides to cysteine must be maintained to allow thiolate formation, we
investigated the effect the number of equivalents of the TCEP reducing agent may have on rate of
reaction. Analysis of reaction products containing 0-10 equivalents of TCEP (conditions a-d)

suggested that optimal conditions resulted from use of 5 equivalents.
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Table 5.2 Results from reaction condition optimisation. Reaction mixture (20 puL) containing 1 mM H4(KAc);K12C,
1 M buffer, 4 M guanidine-hydrochloride, 10 mM methionine was prepared in buffer with TCEP and CI-DMI as shown
in the table. Note that condition a) was selected as the locus for exhaustive local optimisation, and is listed several times
in the table for ease of comparison, with variations highlighted in grey. n.d. value not determined. ratio after 60 min;
*ratio after 16 h.

q . TCEP o CIl-DMI % ratio
Variable Condition (eq) Buffer (pH) | T (°C) (eq) (120 min)
a 10 CHES (10) 25 1 41%*
b 5 CHES (10) 25 1 79
eq. of reducing agent
c 2.5 CHES (10) 25 1 71
d 0 CHES (10) 25 1 26
e 10 HEPES (7) 25 1 3
f 10 HEPES (8) 25 1 nd
g 10 CHES (8) 25 1 38
gH of reaction and buffer h 10 CHES (9) 75 | 53
ependence
a 10 CHES (10) 25 1 41*
i 10 CAPS (10) 25 1 47t
] 10 CAPS (11) 25 1 59
k 10 CHES (10) 4 1 17*%
temperature a 10 CHES (10) 25 1 41%*
1 10 CHES (10) 42 1 78
m 10 CHES (10) 25 0.5 34
a 10 CHES (10) 25 1 41*
eq. of alkylating agent
n 10 CHES (10) 25 2 74
0 10 CHES (10) 25 5 92

Free cysteine has a pKa ~9, however, this value can vary depending on its local environment: it
has been shown that exposed cysteines on proteins often exhibit a lower pKa value of ~7.5.3* Slight
increases in pH within this range will affect cysteine protonation state, and thus the population of
exposed thiolates, which have a far higher nucleophilicity. This feature was considered important
to control selectivity, especially in the context of the H4 peptide containing other potentially

nucleophilic amino acids: the C-terminal free lysine (pKa ~10.5), and the N-terminal tyrosine
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(pKa ~10.5). Alkylation was studied between pH 7-11, using HEPES, CHES or CAPS buffer, with
overlap between the pH ranges to control for any effects caused by buffer selection rather than
directly a result of pH (conditions a,e-j). Samples prepared in HEPES buffer could not be well
observed by MALDI-MS: high concentrations of this buffer apparently interacted with the CHCA
matrix preventing crystallisation, and therefore ionisation of the sample. However, at low pH
conditions there was evidence of minimal alkylation, with only 3% conversion after 60 min at pH 7.
CHES buffer at pH 9 resulted in the highest level of alkylation after 120 min (58%), which was as
predicted from this value lying between the pKas of cysteine and the competitive tyrosine and lysine

residues. These conditions would presumably promote maximal thiolate formation, without loss of
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alkylating agent was removed in vacuo, however,
Figure 5.19 Regions of spectra obtained by MALDI-

e . TOF following alkylation reaction under optimised
volatility of the desired product prevented use of ¢opgitions. Samples taken from reaction mixtures at

time intervals shown in bottom right of spectra:
pressures <300 mbar. Although this would be 1mM H4(KAc)sK12C, 4 M guanidine-hydrochloride,
10 mM methionine, 5 mM TCEP, 1 M CHES (pH 9),
5 mM CI-DMI. Time course shows conversion from
starting peptide (observed m/z 2255.09; expected m/z
2255.21) to alkylated H4(KAc);K12C(DMI) peptide
chlorinating agent reduces the stoichiometry (observed m/z2350.07; expected m/z 2350.24).

rapidly hydrolysed in buffer, it is likely that residual
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predicted by molecular mass calculations. Assuming a 50% net content of Cl-DMI by mass, it was
then investigated how many equivalents of alkylating agent were required for efficient, selective
mono-alkylation (conditions a, m-0). Under MALDI analysis after 120 min, the percentage ratio of
2350/2255 m/z increased approximately linearly with the number of equivalents of alkylating agent,
and over-alkylated products (expected at 2312.22 m/z) were never observed. Seeking to drive the
reaction towards over-alkylating conditions, in order to definitively demonstrate mono-alkylation,
the number of equivalents was further increased. Peaks with the greatest intensity were still
observed at 2255 and 2350 m/z, without any emergence of products at 2312 m/z which may
correspond to multiply alkylated peptides. Alkylated product ratios never exceeded 95% after 120

min, which was obtained with 5 eq, and decreased to 87% for 15 eq.

Under optimised conditions (1 mM H4(KAc);K12C, 4 M guanidine-hydrochloride, 10 mM
methionine, 5 mM TCEP, 1 M CHES (pH 9), 5 mM CI-DMI) the reaction proceeded in a peak-to-
peak fashion, and mono-alkylated peptide became the dominant species after 30 min. After 60 min
the percentage ratio of this peak, relative to the starting peptide, was 90%, and after 16 h 96% was
observed as mono-alkylated peptide (Figure 5.19).
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Figure 5.20 MALDI-TOF-TOF fragmentation species observed after alkylation confirmed the site of alkylation as
that of the cysteine residue (CDMI). Labels indicate a-, b-, or y--type ion and position. Calculated mass (Da) — blue;
observed mass (Da) — green.

Tandem mass spectrometry (MS/MS), with laser-induced fragmentation (LIFT), confirmed the site
of alkylation as that of the cysteine residue (Figure 5.20). Crucially, the characteristic peak resulting
from amide bond cleavage adjacent to the alkylated cysteine was observed at 1148.75 m/z (expected
m/z 1148.58) and was not present in the starting peptide. Good coverage of y-type ions were
detected along the full length of the peptide, with a- and b-type ions towards both the N- and C-

terminus.
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In order to confirm the quantification of peak
intensities, and the hypothesis of similar ionisation
efficiencies for unmodified and mono-alkylated
peptides, integral ratios were compared by high
performance liquid chromatography (HPLC).
End-points of reaction mixtures were diluted 1:4
into reaction buffer

(1M CHES, 4M

guanidine-hydrochloride, 10 mM methionine;
pH 7.5) and injected onto a reversed phase Dionex

Acclaim® C18 column on a PerkinElmer Flexar

HPLC system.

This setup was able to separate reactant and
product peptide peaks, and also identify further
products not previously observed by MALDI-
TOF (Figure 5.21). The same alkylating agents
were used (buffer, 2IA, NMM, and CI-DMI), and
afforded peaks eluting at detectably different
retention times, including a small amount of
alkylation by NMM, forming cysteine-
succinamide (NMS), which was not detected by
MS alone. Furthermore, alkylation with an excess
of CI-DMI (5 eq, which eluted after the 10 min
gradient at 100% B) was shown to produce a
second peak of an unknown species. Since a mass
corressponding to polyalkylation was never

detected, it was assumed that this is likely a

product of misalkylation, i.e. substitution of the
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Figure 5.21 Comparison of products from

H4(KAc);K12C with various alkylating agents
showing specific species elution at different retention
times. Reaction mixtures after 2h: 1 mM
H4(KAc);K12C, 4 M guanidine-hydrochloride, 10 mM
methionine, 5 mM TCEP, 1 M CHES (pH 9). Alkylating
agent shown bottom right: buffer; 2-iodoacetamide (21A);
N-methylmaleimide ~ (NMM); 5-(chloromethyl)-3-
methylisoxazole (C1-DMI).
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Figure 5.22 Region of interestin HPL C trace of partial
alkylation conditions showing conversion from
H4(KAc);K12C (7.5 min) to H4(KAc);K12C(DMI)
(7.7 min). Reaction: 1 mM H4(KAc):K12C, 4 M
guanidine-hydrochloride, 10 mM methionine,
5SmM TCEP, 1 M CHES (pH 9). Condition a: 1 mM
Cl-DMI; product peak integral ratio 45.97% (41.04% by
MALDI). Condition n: 2 mM CI-DMI; product peak
integral ratio 71.88% (74.42% by MALDI) Samples
injected after 16 h.
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isoxazole at a position other than K12C. Gratifyingly, integral ratios showed good correllation with
those observed by MALDI-MS, exemplified by comparison of partial reaction mixtures from

conditions a and n (Figure 5.22).

In order to further investigate overalkylation, the starting peptide was subjected to high
concentrations of C1-DMI and analysed by HPLC. With increasing equivalents of CI-DMI several
unknown inpurities were formed with retention times of >6 min, the most significant eluting at a

slightly higher retention time (7.8 min) than the H4(KAc);K12C(DMI) peptide (7.7 min).
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Figure 5.23 Full elution profile from analytical-HPLC of alkylation reaction with large excess of C1-DMI to observe
overalkylation. Offset spectra demonstrate selective alkylation to single peak at 7.7 min with the use of 1 eq, and
increasing proportions of an undesired product at 7.8 min with greater numbers of equivalents, as well as multiple small
peaks in the range of 6-10 min. Gradient elution 0-100% B, 2-10 min (eluent A: 95% H20, 5% MeCN, 0.1% TFA; eluent
B: 5% H20, 95% MeCN, 0.1% TFA). Large peaks at the start of elution are caused by high concentrations of reaction
buffer; excess CI-DMI eluted >10 min at 100% B.
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5.4.3 Isolation and affinity measurements

Since it was demonstrated that the starting peptide and the alkylated product were observable at
different retention times by HPLC, once the reaction had been optimised to a sufficient yield (96%
product/starting peptide integral ratio by MALDI-MS; 70% purity by analytical HPLC), a time-

course experiment was carried out to simultaneously monitor and isolate the resulting peptide.

Alkylation proceeded in line with previous studies,

unmedified
mono-alkylation
mis-alkylation

with the desired product as the dominant peak after

' 75 min (65%) and with a high conversion after

\ t =180 min
j':.\ ~~———~— 140 min (77%). Attempts to remove residual

I t= 140 min
- ':'W". e starting material, by addition of extra equivalents

;‘?, t= 120 min
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Figure 5.24 Time course of peptide alkylation
reaction monitored by HPLC. UV absorption at
220 nm detected by analytical HPLC, time points
indicated bottom right, with starting peptide
H4(KAc);K12C included for comparison. Reaction
progression shows generation of desired mono-
alkylated peptide at a retention time of 7.47 min
followed by mis-alkylation after 140 min.

isolated as a single species.

Combined, isolated H4(KAc):K12C(DMI) (20)
from multiple injections was lyophilised and re-
dissolved in 50 mM HEPES, 500 mM NaCl
(pH 7.5), and subsequently observed as a single

peak by analytical HPLC at a retention time of

7.083 min; (a second peak at ~9.5 min was present in both this sample and the buffer blank, and
was attributed to a contaminant on the system). Estimation of peptide content by UV absorbance
(Nanodrop® spectrophotometer), allowed this solution to be used in the previously described

AlphaScreen assay to quantify the affinity.
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Alkylated peptide containing a thioether-
linked dimethyl isoxazole, was isolated in
sufficient quantity for preparation of a
1.5mM solution for a dilution series.
AlphaScreen emission data for this range
spanned the inhibition curve well for all
peptides evaluated, and the standard error
for curve fitting was <10% of the ICsg
values obtained. Although the control
H4(KAc)s peptide had a higher affinity
than previously detected (ICso 5.5 uM c.f.
15.7 uM), there was high correlation of
quantitative values for K12 positional

modifications (previous ICso values for

alkyl-, ether-, and amide-DMI were
13.3uM, 107 uM, and 6.8 uM,
respectively).
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Figure 5.25 I1Cso values for H4(KAc)4 analogue peptides bearing
isoxazole containing non-natural amino acid substitutions at
K12. Data obtained from serial dilutions in AlphaScreen assay
inhibiting the interaction of BRD4 with biotinylated H4(KAc)a4:
values in uM above bars; identity of substitution below; error bars
shown as the standard error of the fit. Results are the average of
readings taken in triplicate, with fitting performed as ICso - 4
Parameter Fit in GraFit. AlphaScreen emission readings with fitting
overlaid are shown below.

The thioether-linked DMI not only demonstrated good inhibitory activity of BRD4(1), the ICso

value was the lowest measured in this assay. This confirms the ability of this isoxazole-containing

non-natural amino acid to mimic the interactions of KAc with bromodomains, and the potential to

increase affinity to peptides naturally bearing this modification.
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5.6 Conclusions

In conclusion, several isoxazole containing non-natural amino acids were identified as acetyl lysine
mimics in their unprotected monomeric form. After incorporation of these amino acids into H4-like
peptides, measurements of affinities to BRD4(1) confirmed the potential to form a stronger
interaction with bromodomains than the cognate acetylated form, and additionally demonstrated a
strong positional dependence. Substitutions of the KAc in positions 12 or 16 often resulted in

peptides with comparable, if not greater affinity than the tetra-acetylated peptide.

The increased affinity as a result of isoxazole integration at the K12 position was applied to a
cysteine mutant H4(KAc);K12C peptide, in a “tag-and-modify” approach, involving alkylation
with 5-(chloromethyl)-3-methylisoxazole. Site-selective, in situ mono-alkylation was achieved
under mild conditions in high yields after 120 min, which could be monitored by both MALDI-
TOF MS and analytical reverse phase HPLC (>90% 2350/2255 m/z peak integral ratio by MALDI;
>70% product at retention time 7.7 min by analytical HPLC). Regiochemistry of the alkylation was
confirmed by tandem MS/MS (nanoLC/MS/MS and MALDI/MS/MS with LIFT fragmentation).
Isolation of the alkylated peptide enabled comparison of its affinity to other K12 mutants, and the

measured ICso was approximately half that of the cognate H4(KAc)4 control peptide.

An X-ray crystal structure or NMR structure of the peptide bound to a bromodomain would confirm
that the modified amino acid mimics KAc, and might provide a rationale for positional selectivity.
A suitable amino acid-based acetyl lysine mimic could be employed as an irreversible mark on
histone proteins in order to probe bromodomain biology in vivo. If these amino acids are neither
substrates nor high-affinity competitive inhibitors of HDACs, such KAc mimics would be useful

for the study of lysine acetylation in cell extracts without the complicating effects of deacetylation.
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The aim of this study was to gain insight into mechanisms of epigenetic control for the tandem
reader domains of TRIM24 and TRIM33. This was achieved through a combination of biological,
computational and chemical methods, which resulted in: increased knowledge of affinity for
cognate binding partners; identification of novel ligands for these homologous proteins; further
structural understanding of TRIM24, including attempts to contextualise readership of nucleosome
modifications; and methods for increasing affinity of bromodomains towards peptides bearing

KAc-mimicking residues.

Data presented in Chapter 2 suggested that the PHD finger and bromodomain of TRIM24 and
TRIM33 operate co-operatively, with a very strong increase in affinity towards peptides bearing
multiple modifications. The TRIM24 and TRIM33 PHD-bromodomain cassettes were expressed
with an intact affinity label suitable for indirect assay development, and an AlphaScreen assay was
optimised to quantify affinity for modified H3-like peptides. The differential recognition
preferences of TRIM24 and TRIM33 were profiled by determining affinity of these tandem
domains towards various combinations of modifications. Both TRIM24 and TRIM33 demonstrated
a significant increase in binding interaction with peptides bearing the K9Me; modification, in
addition to acetylation. Since the domains can also function independently, i.e. recognition of either
acetylation or trimethylation in isolation, this suggests that combined readout of histone

modifications could result in alternative downstream effects.

In Chapter 3, a computational docking system was developed for TRIM24 and TRIM33 to create
an enriched screening library of 200 compounds, based on the Maybridge fragment screening
library (Fisher Scientific). The AlphaScreen format developed for peptide recognition profiling in
Chapter 2, was then employed to identify inhibitors of histone peptide recognition for TRIM24 and
TRIM33. No known screening capacity previously existed for TRIM33, and at the time of
commencing this work, no small-molecule ligands were known for either target. High-throughput

small-molecule screening was carried out on both the bespoke enriched library (Maybridge), and
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the PPI-Net compound collection of 1,536 compounds designed to inhibit PPIs, in order to identify
potential novel ligands. Validation of hit molecules, through several orthogonal assays, identified
four promising lead compounds for probe development from the Maybridge collection, and eight
molecules from the PPI-net collection. Ligands were identified which demonstrated selectivity of
inhibition for TRIM24 or TRIM33. Moreover, some compounds demonstrated inhibition of either

methyl- or acetyl-lysine binding, suggesting a level of domain selectivity.

Chapter 4 detailed cloning of TRIM24 and TRIM33 genes into alternative expression vectors, with
increased stability after cleavage, which allowed expression and purification of unlabelled TRIM24
and TRIM33, with sufficient purity and structural homogeneity for crystallisation. A highly
repeatable procedure was outlined for obtaining single-crystals of TRIM24, which can be utilised
in compound soaking of previously identified hits: crystal structures containing bound small-
molecules would enable structure-guided optimisation of probes. A high resolution crystal structure
of apo-TRIM24 was obtained, and nucleosome association studies demonstrated binding of

TRIM24 to histone modifications in the context of a nucleosome.

In Chapter 5, the previously developed AlphaScreen assay was transferred to the BRD4(1)-
H4(KAc)4 system, and used to assess the ability of isoxazole containing non-natural amino acids
to inhibit peptide recognition. Integration of three of these amino acids as replacements for KAc
residues at different positions of H4(KAc)4 peptides, resulted in peptides with comparable, if not
greater affinity than the tetra-acetylated peptide. This study confirmed the potential to form a
stronger interaction with bromodomains than the cognate acetylated form, and additionally
demonstrated a strong positional dependence of substitutions. An isoxazole-based alkylating agent
was optimised to selectively modify a cysteine residue in situ, under mild conditions and in high
yields. Use of this agent on an H4(KAc)s-like peptide bearing a K12C substitution resulted in
increased affinity for the BRD4(1) bromodomain: the measured ICso of an alkylated peptide was
approximately half that of the cognate H4(KAc)4 control peptide. This will facilitate screening of
bromodomain targets for which binding partners are unknown, or of prohibitively low affinity for

assay development.
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Collectively, this work has provided fundamental information concerning tandem epigenetic reader
domains, in a field of multivalent recognition which could have broad reaching relevance for
biological systems. Epigenetic reader domains have commonly been studied in isolation, and
consideration of wider protein architecture and subsequent recognition profiles could enable
identification of more subtle downstream effects of recognition. To extend the metaphor, it would
enable the study of ‘reading’ phrases rather than words, and distinguish between phrases such as
‘they left’ and ‘he left’, rather than simply ‘left’. It could be envisioned that inhibition of multiple
reader domains would be beneficial for therapeutically efficacious compounds, which would have
the advantage of a specific mode of action, rather than an inhibition target. The combined
recognition of multiple modifications, as demonstrated here for TRIM proteins, increases the
capacity for transmission and storage of information without the requirement for novel reader
domains, which can be evolutionarily rationalised. Furthermore, it presents a possible contributing
factor to mechanisms of epigenome maintenance through mitosis, whereby cross talk within
nucleosome cores formed from random recombination of modified parental histone proteins can re-
establish a pre-existing state. Moving forwards, the study of higher order systems, containing
several reader or effector domains, and generation of a toolkit of compounds for specific inhibition,

could cause a paradigm shift in the field of epigenetics.
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7.1 Biological methods

7.1.1 Materials and reagents

Materials were obtained from the following suppliers:

Material Supplier
Agarose Bioline
SDS-PAGE reagents Bio-Rad and Sigma

T4 DNA ligase and PfuTurbo® DNA polymerase | Stratagene

Q5® High-Fidelity DNA Polymerase New England Biolabs (NEB)
IPTG and kanamycin LaserBio Labs

dNTPs for PCR Promega

HEPES Free Acid >99.5 % Apollo Scientific

CHAPS Calbiochem

AlphaScreen Histidine (NI chelate detection kit) Perkin Elmer

384-well proxiplates plus Perkin Elmer

Thermowell Sealing Tape Corning

All other chemicals were obtained from Sigma-Aldrich unless otherwise stated. Purified (Milli-Q)
water was obtained from a Millipore Elix® Reverse Osmosis system which was further purified by
a Millipore Milli-Q® Synthesis system with a 0.22 um filter on the outlet. Reagent quantities given

as weight per volume (w/) correspond to g/mL unless otherwise stated.

Plasmids

The pNIC28-Bsa4 TRIM24 (TIF1a) construct was kindly provided by the SGC, containing Hise-
TRIM24D872 (PHD-Bromo). The pGEX-4T1 TRIM33 (TIF1Y) construct was kindly provided by
Prof. Joan Massagué, containing Gst-TRIM33 (PHD-Bromo). SENP1 in a pNIC28-Bsa4 vector

was kindly provided by the SGC.
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7.1.2 General methods

pH measurements

The pH of solutions was determined using a Jenway pH Meter 3305, with an Aldrich glass/calomel
combination electrode. Calibration was carried out between pH 4.0-7.0 or 7.0-10.0 immediately
before use, with buffer solutions of phthalate (pH 4.0), phosphate (7.0) and borate (pH 10.0) from

Fischer Scientific. Electrodes were stored in a 4 M aqueous potassium chloride solution.
Centrifugation

Samples of volume less than 1.5 mL were centrifuged at room temperature using an accuSpin™
benchtop centrifuge (Fischer Scientific) at 13,000 rpm. Protein samples of up to 2.0 mL were
centrifuged in a Beckman Microfuge 22R Centrifuge (14,000 rpm) at 4 °C. Cell growth media and
cell lysates were centrifuged in a Beckman Avanti J-25 (8500 rpm: JA-10 rotor; 15,000 rpm: JA-
16.250 rotor and 24,000 rpm: JA-25.50 rotor, respectively). Proteins were concentrated using a
Beckman Allegra X-30R centrifuge (4000 rpm, SX4400 swing bucket) at 4 °C. Plates were

centrifuged using a Beckman Allegra X-30R centrifuge (2000 rpm, S6096 rotor) at 25 °C.

7.1.3 Microbiology

Standard sterile practices were followed thoroughly, using the Heracleus laminar flow hood when
necessary. Media and equipment were sterilised by autoclaving at 121 °C for 20 min. Solutions of
IPTG, antibiotics and other labile compounds were sterilised by filtering through 0.2 pm filters
(Minisart®, Sartorius Stedim). Final concentrations of antibiotics unless indicated otherwise were:

Ampicillin 100 pg/mL; Kanamycin 30 pg/mL.
Agarose gel electrophoresis

DNA samples were analysed and purified by gel electrophoresis of the DNA mixture on 1% agarose
gels prepared with SYBR Safe™ DNA gel stain (Invitrogen). Samples were loaded after mixing
with 6x loading buffer and run in TAE buffer on a Bio-Rad system at a constant potential of 80 V

until desired fragment separation was achieved. Gels were visualised using a UV transilluminator
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(Gel logic 200) and the size of the fragments was referenced to one of the following molecular
weight ladders: Quick-Load DNA marker, broad range (NEB); GeneRuler DNA Ladder, 1 kb

(Thermo Scientific); GeneRuler DNA Ladder, 100 bp (Thermo Scientific).

Buffer Reagent Amount required

Tris-HC1 2420 ¢g
50x TAE running buffer

Acetic acid (glacial) 57.0 mL
(per litre)

EDTA (0.5 M) 100 mL

ddH20 6.7 mL
6x DNA loading buffer Bromophenol blue 25 mg
(per 10 mL) Glycerol 33mL

Xylene cyanol FF 25 mg

Agarose 05¢g
DNA electrophoresis gel

TAE buffer (1x) 50 mL
(per gel)

SYBR® Safe DNA gel stain 5uL

Digested DNA was purified using a QIAQuick Gel extraction Kit (QIAGEN) according to the
manufacturer’s instructions. DNA concentration was estimated by measuring the absorbance at
260 nm using a Nanodrop® ND-1000 spectrophotometer (Nanodrop® Technologies Inc.) with the

‘DNA-50" program module according to the manufacturer’s instructions.

DNA sequencing

Plasmid sequencing was performed by Source BioScience Sequencing facility in the Department
of Biochemistry (University of Oxford). T7 promoter and terminator sequence primers were used

unleses otherwise stated, on a 3730x]1 DNA Analyser-Titania.
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Site-directed mutagenesis

Oligonucleotide primers were supplied by Sigma® Life Science as a dried pellet, resuspended in
10 mM Tris-HCI (pH 7.5) to a final primer concentration of 1 mM, and stored at —20 °C. These
were designed with a minimal base-pair mismatch and maximal GC content, with a staggered
overlap to prevent primer-dimer formation. All oligo T, are calculated using the nearest neighbor

method with values of 50 mM for cation concentration and 0.5 micromolar for the strand

concentration.

Protein | Mutation | Direction | Sequence : (5' to 3") Length | Tm (°C) | GC%
TRIM24 | Y872D | Forward | i [ OELORGACTIATCTA 3| 15| 424
TRIM24 | Y872D | Reverse iﬁg%((}:i&i[}r(&?c%%(}cm 38| 768 | 447
TRIM24 | W828A | Forward E}%CAéTT(;‘%gSAGGACGCGTGT 31 809 516
TRIM24 | W828A | Reverse ¥gﬁgﬁgﬁfggCACACGCGTCC 31| 816 516
TRIM24 | N980A | Forward gg}iﬁgg‘:‘:TGTCGCTGAGCC 2 781 50
TRIM24 [ NOBOA | Reverse | cp o fpeio 1CAGCOAATT 3| 777 454
TRIM24 | N98OF | Forward gﬁ’é’éé%%ggTGAATTCTTT 2| 19| 406
TRIM24 | NOSOF | Reverse | o x 1) OAATCAGGCTCAAAG 32| 743 406
TRIM33 | W889A | Forward %Egg‘%g(C}CATGGACGCGTG 30| 815| 566
TRIM33 | W889A | Reverse | [ ooc g o ACOceTe 30| 840 566
TRIM33 | N1034A | Forward %ggiﬁg%ﬁﬁzf%mmc 37 779 432
TRIM33 | NI034A | Reverse | 1A T AAACCTTICACAGGLEC 37 786 405
TRIM33 | N1039A | Forward Eggﬁiﬁ?gggiﬁﬁéﬁggg 2| 781 357
TRIM33 | N1039A | Reverse gﬁﬁgééfggggézgﬁg%g 2| 781 357
TRIM33 | N1039F | Forward | A OTOAMAGOTLLITTOA 8| 76| 315
TRIM33 | N1039F | Reverse ilé’é%gggélgﬁggéAAAA 38| 741 315
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Site-directed mutagenesis of plasmids was performed following the protocol of the QuikChange™

site-directed mutagenesis kit (Stratagene) with the following quantities of reagents being used:

Reagent Concentration Amount used (nL)
DNA template ~100 ng/uL 0.5

5’ forward primer 10 pmol/uL 1.25

3’ reverse primer 10 pmol/pL 1.25

dNTP mix 10 mM of each 1.0

10 x PCR buffer n. a. 5.0

Sterile Milli-Q water n. a. 40.0

A Techne Genius thermal cycler was programmed for an initial hold at 95 °C for 2 min to denature
double stranded DNA, after which 1.0 pL of PfuTurbo® DNA polymerase was added. This was
followed by 18 cycles of denaturing at 95 °C for 30 sec, annealing at 54 °C for 1 min, extension at
68 °C for 8 min. For inactivating mutations, 1.0 uL of PfuTurbo® DNA polymerase was added to
the reaction mixture before incubation in a Labnet Multigene II Personal Thermal Cycler, with an
initial denaturation step at 95 °C for 30 sec, followed by 16 cycles of denaturing at 95 °C for 30 sec,
annealing at 55 °C for 1 min, and extension at 68 °C for 7 min. The resulting samples were held at
4 °C before removal from the cycler, and digestion of parental DNA (centrifugation with 1 uL of
restriction endonuclease Dpnl, followed by incubation at 37 °C for 1 h). Immediate transformation
into competent E. coli XL10-Gold cells, yielded colonies containing plasmids with the desired

sequence.

Cloning

Gene inserts were generated by PCR from parental DNA templates using the following primers:

Protein Primer ln)lrectlo Sequence : (5' to 3') Length | Tm (°C) | GC%
TACTTCCAATCCATGAATG

TRIM24 | LIC Forward AGGACTGGTGTG 31 74.6 45.1
TATCCACCTTTACTGTCAT

TRIM24 | LIC Reverse TCTGGATAGAGG 31 68.9 41.9
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Protein Primer ln)lrectlo Sequence : (5' to 3') Length | Tm (°C) | GC%

TACTTCCAATCCATGGACT
TRIM33 | LIC Forward GGTGTGCTGTCTGC 33 79.4 51.5

TATCCACCTTTACTGTTAC
TRIM33 | LIC Reverse TTTATATGTACTGGTCTCT 39 68.1 35.8
C

CAGACCGGTGGATCCATG

TRIM24 | SLIC Forward AATGAGGACTGGTGTG 34 82.9 55.8

TGCGGCCGCAAGCTTTTAC
TRIM24 | SLIC Reverse TGTCATTCTGGATAGAGG 37 82.3 51.3

CAGACCGGTGGATCCATG
TRIM33 | SLIC Forward GACTGGTGTGCTGTCTGC 36 86.9 61.1
TGCGGCCGCAAGCTTTTAC
TRIM33 | SLIC Reverse TTTATATGTACTGGTCTCT 39 78.5 46.1
C

CCATTGACGTGTTCCAGCA
extended ACAGACCGGTATGAATGA
TRIM24 1 o1 1 Forward | - A CTGGTGTGCAGTTTGT >7 90.31 508

C

GAAGATTTCTTGGAGATAG
extended GTCTTACTGTCATTTTCGA
TRIM24 | o110 Reverse |\ cGCCGGCGTGAGCTCGTG 60 89.11 50

GTG

ended CCATTGACGTGTTCCAGCA
TRIM33 ;LIGC N Forward | ACAGACCGGTATGGACTG 51 91.4 | 56.8
GTGTGCTGTCTGCC

tended GTCTACTCTCTGGTCATGT
TRIM33 | o o Reverse | ATATTTCATTGTTCGAACG 57 88.7 | 508
CCGGCGTGAGCTCGTGGTG
TGGATCCATGAATGAGGA
TRIM24 | BamHI-gene | Forward CTGGTGTGCAGTT 31 78.4 48.3
CGCAAGCTTTTACTGTCAT
TRIM24 | gene-HindIII | Reverse TCTGGATAGAGGTTCTTTA 45 76.7 40
GAAGTTC
TGGATCCATGGACTGGTGT
TRIM33 | BamHI-gene | Forward GCTGTCTGC 28 79.5 57.1
CGCAAGCTTTTACTGTTAC
TRIM33 | gene-HindIIl | Reverse TTTATATGTACTGGTCTCT 45 75.0 37.7
CATCTGA

GACTGCGGGCGCTTACTGT
TRIM33 | gene-Notl Reverse TACTTTATATGTACTGGTC 48 80.4 45.8
TCTCATCTGA

AGGAGATATCATATGAAA

SUMO Ndel-gene Reverse CATCACCATCACCATCAC 36 73.9 38.8

SUMO gene-Ncol Reverse g?E?CCCATGGATCCACCG 23 75.6 60.8
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Protein Primer ln)lrectlo Sequence : (5' to 3') Length | Tm (°C) | GC%
AGCAACAGACCGGTGGAT

TRIM24 | Gibson Forward | CCATGAATGAGGACTGGT 37 84.3 54
G
TCGAGTGCGGCCGCAAGCT

TRIM24 | Gibson Reverse | TACTGTCATTCTGGATAGA 39 83.9 | 53.8
G
AGCAACAGACCGGTGGAT

TRIM33 | Gibson Forward | CCATGGACTGGTGTGCTGT 40 87.6 | 575
CTG

. GTGCGGCCGCAAGCTTTTA

TRIM33 | Gibson Reverse | I TTATATGTACTGGTCTC 45 81.0-1 466

TCATCTG

Amplification was carried out in a Labnet Multigene II Personal Thermal Cycler, with an initial
denaturation step at 95 °C for 2 min, after which 1.0 pL of Q5® High-Fidelity DNA Polymerase
(NEB) was added, followed by 25 cycles of denaturing at 95 °C for 30 sec, annealing at 55 °C for
1 min, and extension at 68 °C for 8 min. The resulting samples were held at 4 °C before removal
from the cycler, and digestion of parental DNA (centrifugation with 1 pL of restriction

endonuclease Dpnl, followed by incubation at 37 °C for 1 h).

Reagent Concentration Amount used (nL)
DNA template ~100 ng/uL 0.5

5’ forward primer 10 pmol/uL 1.25

3’ reverse primer 10 pmol/pL 1.25

dNTP mix 10 mM of each 1.0

5 x QS5 buffer n. a. 4.0

Sterile Milli-Q water n. a. 11.0

Vector linearisation

Approximately 5 pg of vector was incubated at 37 °C for 4 h, with 1 pL of each restriction enzyme
in a 100 pL. reaction (NEBuffer 4: cutsmart). pGTvL1-SGC and pNIC28-Bsa4 vectors were
linearised for LIC of TRIM24 or TRIM33 by treatment with BseRI. pNIC28-Bsa4 vectors were

linearised for insertion of SUMO gene by treatment with Ndel-HF and Ncol. pETM11-SUMO3GFP
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vectors were linearised for insertion of TRIM24 or TRIM33 by treatment with BamHI-HF and

HindIII-HF. All vectors were analysed and purified by gel electrophoresis immediately after digest.

Ligation

T4 DNA ligase (NEB) was used in a 20 uL reaction (T4 DNA ligase buffer) according to the

manufacturer’s protocol with a 1:3 molar ratio of vector to insert.

Cohesive end generation

Cohesive ends were generated with T4 DNA polymerase in presence of dGTP: 18 uL DNA (0.5-
1.0 pg), 1 u. T4 DNA polymerase (0.5 U), 2 uL 10xNEBuffer 2, 0.2 pL BSA (10 mg/mL),

incubated at 22 °C for 30 min before addition of 2 uL. dGTP (10 mM).

(Sequence) ligation-independent cloning

After cohesive end generation, gene inserts were annealed with linearised vectors in a 1:1 or 3:1
ratio at 37 °C for 30 min, followed directly by transformation onto plates containing appropriate

antibiotics and 5% sucrose for negative selection of SacB gene.

Gibson assembly

Cloning was performed using a one-step isothermal in vitro recombination reaction consisting of
T5 exonuclease, Phusion DNA polymerase and Taq DNA ligase.! Linear vectors (~0.03 pmol) and
gene inserts (~0.1 pmol) with complementary regions were incubated at 50 °C for 15-60 min in a
1:3 ratio with Gibson Assembly master mix (NEB): 20 uL reaction volume, 10 pL 2xGA master
mix. 2 uL of the reaction mixture was used directly to transform NEB 5-alpha (#C2987) competent

cells, or diluted 1:3 to transform BL21 (DE3) Gold competent cells.

Competent cells

Escherichia coli (E. coli) strains of the following genotypes were used:
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BL21 (DE3) Gold: F- ompT hsdSg (r5mg’) gal dem (DE3). DE3 denotes a chromosomal copy of

the T7 RNA polymerase gene.

XL10 (Gold): Tet' D(mcrA)183 D(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96

relAl lac The [F’ proAB laclqgZDM15 Tn10 (Tet’) Amy Cam'].

NEB 10-beta: araD139 D(ara-leu)7697 thuA lacX74 galK(D(lacZ)M15) mcrA galU recAl nupG

rpsl (Str') D(mrr-hsdRMS-mcrBC).

NEB 5-alpha (#C2987): fhuA2 A(argF-lacZ)U169 phoA gIinV44 ®80 A(lacZ)M15 gyrA96 recAl

relAl endAl thi-1 hsdR17

Competent cells were thawed on ice for 20 min before 1-5 pL. of plasmid DNA was added to 20 pLL
of the competent cells in pre-chilled 50 mL Falcon tubes. The tubes were left on ice for 30 min
before placement into a water bath at 42 °C (‘heat shocked”) for 20 sec for BL21 DE3 (Gold) cells
or 30 sec for XL10 (Gold) and NEB cells. The tubes were returned to ice for 5 min, 300 pL 2-TY
media was added gently to each tube which was then incubated at 37 °C for 1 h before 100 pL of
the transformation mixture was plated onto agar plates containing the appropriate antibiotic and

incubated overnight.

7.1.4 Constructs

Vector maps are available in Appendix 8.2. DNA sequences for all plasmids are available in
Appendix 8.3, with chromatogram files (.abl) available in the CD Appendix:

Plasmid sequencing data.

TRIM24

The pNIC28-Bsa4 vector containing Hise-TRIM24 D872Y (PHD-Bromo) was reverted to a WT
construct by site-directed mutagenesis with Y872D primers. LIC cloning into a pGTvL1-SGC
vector afforded Gst-TRIM24 (PHD-Bromo). Gibson assembly into the pETM11-SUMO3GFP

vector, with excision of the GFP gene, afforded HissSumo-TRIM24 (PHD-Bromo).
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TRIM33

pGEX-4T1 TIF1y plasmid-infused filter paper was rehydrated with 50 puL 10 mM Tris buffer
(pH7.5) for 5 min. Following a brief centrifugation, the supernatant contained a DNA
concentration of 97.4 ng/uL. Successive transformation into NEB 10-beta, XL10 (Gold), and
BL21(DE3) Gold cells afforded cultures for growth and expression. LIC cloning into a pGTvL1-
SGC vector afforded Gst-TRIM33 (PHD-Bromo). Gibson assembly into the pETM11-SUMO3GFP

vector, with excision of the GFP gene, afforded HissSumo-TRIM33 (PHD-Bromo).

7.1.5 Protein expression and purification

All constructs were transformed into E. coli BL21 (DE3) Gold cells for expression.

Bacterial growths
Media Reagent Amount required per litre (g)
Tryptone (pancreatic digest of casein) 12.0
Yeast extract 24.0
Terrific Broth
K>HPO4 9.4
KH,PO4 2.2
Bacto tryptone 16.0
2xTyptone-Yeast
Yeast extract 10.0
(2-TY) Extract
NaCl 5.0

All growth media were autoclaved (Thermo Live Sciences MAT 490 LEI) at 121 °C for 45 min
before use. Optical density readings were taken in 1.6 mL cuvettes with 5 x dilution in Milli-Q
water against a reference sample of the growth media at zero time. The absorbance was measured

at 600 nm using a Novaspec® II spectrophotometer.

Bacterial plate cultures were prepared using solid 2-TY medium with the appropriate antibiotic,
and streaked in a laminar flow hood (HereSafe® Model KS12 Class II Biosafety Cabinet) using
sterile equipment. Following inoculation, these were inverted and grown overnight at 37 °C in a

Heracus® TypB 6030 incubator. Bacterial plates with resulting bacterial colonies were stored in
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the dark at 4 °C. Small-scale growths for starter cultures (100 mL of 2-TY media containing the
appropriate antibiotic in 500 mL Duran flasks), were inoculated with a single colony from an agar

plate, and grown at 37 °C overnight.

Expression trials

Starter cultures were used to inoculate 100 mL (in 500 mL Duran flasks) of 2-TY media containing
the appropriate antibiotic. Cultures were incubated at 37 °C until they reached an ODggo of 1.0.
Cultures were transferred to incubators held at 18 °C or 28 °C and allowed to equilibrate for 15 min
before induction with ZnCl; to a final concentration of 0.1 mM and IPTG to final concentrations of
0.1 mM, 0.25 mM or 0.5 mM. Cultures were incubated at these temperatures overnight, before
being pelleted by centrifugation, resuspended in 300 pL. HisTrap column binding buffer for whole-

cell analysis by SDS-PAGE.

Large-scale growth

Large-scale recombinant protein expression was performed using 2000 mL PYREX® narrow-
mouth graduated Erlenmeyer flasks containing 600 mL of 2-TY medium containing the appropriate
antibiotic. Flasks were inoculated with 1 % of the bacterial starter culture and grown at 37 °C until
they reached an ODgg of 1.0. Cultures were equilibrated to 18 °C and induced with ZnCl, (0.1 mM)
and IPTG (0.25 mM), before incubation overnight. After this time, cultures were centrifuged and

the resulting bacterial pellet frozen in a sealable plastic bag at —80 °C.

Protein purification

Cell pellets were dissolved in binding buffer (5x mass of cell pellet w/v) and lysed by sonication,
applying thirty 10 sec bursts interrupted by 10 sec pauses. The lysate was clarified by centrifugation

and the supernatant decanted, filtered through a 0.45 pwm filter, and applied to a purification column.
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IMAC buffers (pH 7.6) GST affinity column buffers (pH 7.8)

Reagents

Binding | Wash Elution Strip Binding/wash Elution
HEPES 50 mM 50mM | 50mM 50 mM 50 mM 50 mM
NaCl 05M 05M 0.5M 05M 150 mM 150 mM
Imidazole 5mM 30 mM 500 mM - - -
EDTA - - - 100 mM - -
DTT - - - - 0.5 mM 0.5 mM
Glutathione | — - - — 20 mM

Immobilised metal affinity chromatography (IMAC) was performed with a HisTrap™ (6 mL)
column (GE Healthcare) charged with 20 mL of 100 mM NiSO,4 and washed with 50 mL of binding
buffer prior to loading the cell lysate at 1 mL/min. The column was then washed with approximately
100 mL binding buffer. When all residual products of bacterial fermentation were eluted from the
column by binding buffer, the protein of interest was batch-eluted with 30 mL elution buffer. Eluted
protein was collected and fractionated; fractions containing the highest levels of pure protein (as
determined by SDS-PAGE gels) were concentrated using Amicon Ultracell-30k concentrators

(Millipore) in a Beckmann Allegra™ 21R centrifuge.

GST affinity column: 10 mL was equilibrated with 30 mL of binding buffer prior to loading the cell
lysate at 1 mL/min. The column was then washed with approximately 100 mL binding buffer. When
all residual products of bacterial fermentation were eluted from the column by binding buffer, the
protein of interest was batch eluted with 60 mL elution buffer. Eluted protein was collected and
fractionated; fractions containing the highest levels of pure protein (as determined by SDS-PAGE
gels) were concentrated using Amicon Ultracell-30k concentrators (Millipore) in a Beckmann

Allegra™ 21R centrifuge.

Further purification was achieved by gel filtration chromatography. Concentrated fractions (<2 mL)
were loaded on a 150/300 mL Superdex 75 size exclusion chromatography column (Amersham).

Eluted protein was collected and fractionated; fractions containing the highest levels of pure protein
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(as determined by SDS-PAGE gels) were concentrated (to 50-500 uM) using Amicon Ultracell-

30k concentrators (Millipore) in a Beckmann Allegra™ 21R centrifuge.

Protein concentration was estimated by measuring the absorbance at 280 nm using a Nanodrop®
ND-1000 spectrophotometer (Nanodrop® Technologies Inc.) with the ‘Protein A280° program
module according to the manufacturer’s instructions. Protein molecular weight and molar extinction

coefficient were calculated using ProtParam on the ExXPASy Bioinformatics Resource Portal.

Purification by strong anion exchange

Attempts were made to purify TRIM33 using strong anion exchange. After affinity purification,
protein was exchanged into buffer A with a PD-10 buffer exchange column according to the
manufacturer’s instructions. The sample (10 mL) was loaded onto a CIM® QA-1 tube monolithic
column (BIA Separations) with a bed volume of 1 mL, which had been pre-equilibrated in buffer

A, and eluted at 1 mL/min, with collection into 1 mL fractions.

Elution gradients used were as follows, concluding with an isocratic elution of any strongly bound
anions using 100% B. Gradient A: 0% B, 5 mL; 0-50 % B, 20 mL; 100 % B, 10 mL. Gradient B:
0% B, 5mL; 0-10% B, 10 mL; 10-50% B, 20 mL; 100% B, 10 mL. Gradient C: 0-18% B, 10 mL;
18-22% B, 10 mL; 22-32% B, 10 mL; 32-60% B, 10 mL; 100% B, 10 mL. Gradient D: 0-20% B,

10 mL; 20-30% B, 20 mL; 30-60% B, 10 mL; 100% B, 10 mL.

QA column buffers (pH 7.6)
Reagent
Concentrated buffer Buffer A (low salt) Buffer B (high salt)
HEPES 500 mM 20 mM 20 mM
NaCl 1M 50 mM 1M
B-ME 1 mM 1 mM

Whole-protein mass spectrometry

Intact masses of proteins, purified as described above, were recorded by liquid
chromatography/mass spectrometry (LC/MS) using a ZMD (Waters®) single quadrupole mass

spectrometer, interfaced with a Hewlett Packard® Series 1050 liquid chromatography and sample

179



Chapter 7: Materials and Methods

handling system. The protein sample (7 pL) was injected onto a Grace Vydac 214TP C4
(250 mm x 4.6 mm) reverse-phase HPLC column and eluted at 1 mL/min using a gradient system
from Solvent A (0.1 % formic acid in H,O) to Solvent B (0.1% formic acid in acetonitrile). Samples
were injected directly into the mass spectrometer. The following MS parameters were used:
polarity: ES+; capillary voltage: 3,000 V; sample cone voltage: 35 V; extraction cone voltage: 1V;
desolvation temperature: 250 °C; source temperature: 100 °C; cone gas flow: 100 L/h; desolvation
gas flow (N2): 830 L/h. Sodium formate was used to calibrate the instrument. Spectra were
processed using MassLynx™ v4.0 (Waters Corporation) with the Maximum Entropy method
(MaxEnt1) employed for deconvolution of intact mass (1 Da resolution). Expected masses were

calculated using ExPASy ProtParam tool on the Bioinformatics Resource Portal.

SDS-PAGE

The purity of proteins was analysed by PAGE. Gels were run on a mini-PROTEAN Tetra
Electrophoresis System (Bio-Rad) at a constant potential of 200 V. Following electrophoresis, gels
were stained for 20 min with InstantBlue™ Coomasie® stain (Expedeon). For denaturing PAGE
analyses, samples were prepared by mixing with sample loading buffer (2x) and incubation at
100 °C for 3 min. All gels were loaded with one of the following molecular weight ladders:
SeeBlue® prestained standard (Thermo Fisher Scientific); BLUEstain™ protein ladder,
11-245 kDa (Gold Biotechnology); PageRuler Plus prestained protein Ladder (Thermo Fisher
Scientific); blue protein standard, broad range (NEB); colour protein standard, broad range (NEB).

Gel compositions (quantities for 1 gel):

Reagent Resolving gel Stacking gel
12.5% 15% 4%

Tris-HCI (1.5 M, pH 8.8) 1.25 mL 1.25 mL -

Tris-HCI1 (0.5 M, pH 6.8) - - 0.63 mL

Milli-Q water 1.57 mL 1.15 mL 1.57 mL

30 % (w/v) Acrylamide 2.08 mL 2.50 mL 0.25mL

SDS (10 % w/) 50 uL 50 pL 25 ulL

10 % (w/v) APS 50 uL 50 uL 25 uL

TEMED 4 uL 4 pL 2.5uL
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Gels were prepared using 70 mm x 100 mm glass plates, with 0.75 mm spacers. TEMED and freshly

prepared ammonium persulfate were added just prior to pouring the gels. The resolving gel was

cast with the addition of a separate layer of methanol to ensure a level surface. Once the resolving

layer had polymerized, methanol was removed and the stacking gel was cast.

Amount required

Buffer Reagent Composition per litre
Tris-HCI 30g
SDS-PAGE running buffer | Glycine 144 ¢
SDS 10g
Tris-HCI 0.5M 10 mL
Bromophenol blue 0.2 % whv 02¢g
?()E(?ilngl;}l?fer (pH ;;f)nple SDS 10 % wh 20 mL
Glycerol 12 mL
B-mercaptoethanol 5.0 mL
Coomassie® brilliant blue R | 0.25 % 2.5 mL
SDS-PAGE stain acetic acid 10 % 100 mL
methanol 30 % 300 mL

SDS-PAGE destain was of the same composition without the presence of Coomassie® brilliant

blue R.

Affinity tag proteolytic cleavage

Buffer Reagent Composition
Tris HC1 25 mM
ZnCl, 10 uM
TEV cleavage buffer
NaCl 500 mM
(pH 7.2 at 25 °C)
Trisodium citrate dihydrate 5 mM
2-Mercaptoethanol 5 mM
HEPES 50 mM
SENP1 cleavage buffer
NaCl 0.5M
(pH 7.8 at 25 °C)
Imidazole 5mM

Protein samples were buffer exchanged using a PD-10 Desalting Column containing 8.3 mL of

Sephadex™ G-25 Medium by elution with 3.5 mL of cleavage buffer. Protein constructs with a

TEV cleavage site were incubated at 4 °C with 20 pL. of TEV protease (9 mg/mL). Samples were
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taken for analysis by mass spectroscopy and SDS-PAGE gels over a period of 2 days and afforded
only partial cleavage. Protein constructs with a SUMO expression label were incubated at 4 °C with
1% w/w SENP1 for 2 h: complete cleavage was observed by SDS-PAGE. The cleaved Hise-SUMO
and Hiss-SENP1 were removed by IMAC chromatography, isolating cleaved protein in the flow-

through before further purification by size exclusion chromatography.
Circular dichroism

For investigation of protein secondary structure using circular dichroism (CD), measurements were
acquired using a Chirascan CD spectrometer (Applied Photophysics) with a Peltier temperature-
controlled cell holder. All experiments were performed in a 0.1 cm path length cuvette using 0.1-
0.2 mg/mL protein in 10 mM sodium phosphate buffer (pH 8.0). Data were recorded from 240 to
185 nm, at 0.5 nm intervals, and each data point was averaged for 3 sec. Spectra were base-line

corrected and smoothed using the Savitzky-Golay filter.

7.1.6 Assay procedures

Buffer Reagent Composition AmO}l nt required
per litre

HEPES 25 mM 595¢g
AlphaScreen buffer NaCl 100 mM 5.84¢g
(pH 7.6) CHAPS 0.05 % whv 0.5¢g

BSA 0.1 wv lg

dry HEPES 25 mM 595¢g
Fluorescence buffer

NaCl 100 mM 584 ¢
(pH 7.4)

dry CHAPS 0.05 % whv 05¢g

HEPES 10 mM 238 ¢g
HBS-EP buffer NaCl 150 mM 8.76 g
(pH 7.4) Surfactant P20 0.05 % v/v 0.5 mL

EDTA 3mM 877 mg

HEPES 10 mM 238 ¢g
HBS-P+ buffer

NaCl 150 mM 8.76 g
(pH 7.4)

Surfactant P20 0.05 % v/v 0.5 mL
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7.1.6.1 Tryptophan fluorescence

Fluorescence was measured on a Perkin-Elmer LS50B luminescence spectrometer in a 400 puL
micro absorption quartz cuvette. Emission was measured over 300-400 nm after excitation at either
280 nm, to excite tryptophan and tyrosine residues, or 295 nm, to selectively excite tryptophan
residues. Data were acquired and processed using Carey WinUV Scan. For concentration
dependence a 32 uM solution of Hise-TRIM24 was used for serial two-fold dilutions in
fluorescence buffer. For peptide titrations 1-4 uL increments of 100 uM peptide, in fluorescence

buffer, were added to a 240 uL sample of 2 pM protein.

7.1.6.2 AlphaScreen

General procedure

Assay buffer was freshly prepared each day by supplementing HEPES base with BSA, filter
sterilized through a 0.22 pm filter, and stored at 4 °C until use. For incubation steps, the plate was
sealed, shaken for 10 sec at 600 rpm on a plate oscillator, and incubated at room temperature in the
dark. Compounds (5 pL) were dispensed into a ProxiPlate-384 Plus (Perkin Elmer) in duplicate or
triplicate, as point concentrations or serial buffer dilutions from 50 mM DMSO solutions. Protein-
peptide mix (7 pL) was dispensed into each well using a Thermo-Fisher electronic multi-channel
pipette, and incubated for 30 min. AlphaScreen bead mix (8 puL; 25 pg/mL of acceptor and donor
beads) was added to each well, taking adequate precautions to avoid light exposure, before being
incubated for 1 h. The plate was read using a Synergy™ 2 MultiMode Microplate Reader using the
built-in AlphaScreen 384 ProxiPlate function: excitation 680 nm, 0.18 sec; emission 570 nm,

0.37 sec.

Single-shot screening against BAZ2A and BRD9A was carried out by the Structural Genomics
Consortium (Oxford) as described previously.>? Single shot screening against BRD4 was
performed in triplicate. Compounds were tested at 25 uM and 250 uM with <0.5% DMSO. Amino
acids were tested at 50 uM and 250 uM with 0.5% DMSO. Inhibition is reported as a reduction in

signal arising from peptide-bromodomain interaction, normalised to a DMSO control. Signal

183



Chapter 7:

Materials and Methods

response curves were obtained for peptides or compounds in triplicate, with serial 1:2 dilutions.

Samples containing buffer or DMSO in place of compound were included in all assays for

normalisation. Data were processed by fitting a four-parameter equation to calculate ICso values

using GraFit version 7.0.3.4

Assay composition

Ni?* chelate acceptor and streptavidin donor beads were prepared as a mixture in a 1:300 or 1:400

dilution as required (0.005-0.007 mg/mL FAC); biotinylated peptide employed, and final assay

concentrations were as detailed in table below. Assay well volume was 20 uL.

Protein (Hiss-) FAC FAC FAC

protein | Peptide Sequence peptide | beads

(M) @M) | (ug/mL)

50 B1 H3,.2,K9Me3 15 5

10 B2 H3,27K18Ac 8 5

10 B3 H3:27K23Ac 8 5
TRIM24 10 B4 H3:127K9Me;K18Ac 4 5

10 B5 H3:127K9Me3K23Ac 8 5

50 B6 H3524K14Ac 15 5

30 B7 H3:127K14Ac 8 5

500 B1 H3,.27K9Me3 15 7

250 B2 H3,27K18Ac 30 7
TRIM33

50 B4 H3:127K9Me;K18Ac 15 7

500 B5 H3:127K9Me3K23Ac 15 7
BRD4 10 H4(KAc)s | S-H4120K5AcK8AcKI12AcK16Ac | 4 5
BRD9 40 H2A(KA©)s | H2A1.21K9AcK13AcKI5AC 25 5
BAZ2A 25 B6 H35.24K14Ac 50 5

Peptides

Peptides were supplied as 1 mg quantities with >95% purity (as determined by HPLC; Cambridge

Research Biochemicals). Residual water and counter ions were predicted to comprise 20% of the

net mass, and peptides were dissolved to 10, 1 and 0.1 mM stocks in buffer (50 mM HEPES,

500 mM NaCl; pH 7.6) before being stored at —80 °C in 5 uL aliquots.
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Affinities of the following peptides with varying modifications were measured:

Peptide | Sequence Amino acid sequence

Ul H31.27K14Ac ARTKQTARKSTGGK(Ac)APRKQLATKAARK-acid

U2 H3127K18Ac ARTKQTARKSTGGKAPRK(Ac)QLATKAARK-acid

U3 H3127K23Ac ARTKQTARKSTGGKAPRKQLATK(Ac)AARK-acid

U4 H31.27K9Me3 ARTKQTARK(Me;)STGGKAPRKQLATKAARK-acid

uUs H3,27K9Me3K18Ac ARTKQTARK(Me3;)STGGKAPRK(Ac)QLATKAARK-acid

[8[8 H31.27K9Me3K23Ac ARTKQTARK(Me3)STGGKAPRKQLATK(Ac)AARK-acid

u7 H3,.27K18AcK23Ac ARTKQTARKSTGGKAPRK(Ac)QLATK(Ac)AARK-acid

U8 H31.27K9Me3K18Ac K23Ac | ARTKQTARK(Me3;)STGGKAPRK(Ac)QLATK(Ac)AARK-acid
U9 H31.27 ARTKQTARKSTGGKAPRKQLATKAARK-acid

Compound screening

Compounds were provided in, or transferred to, LabCyte 384-LDV source plates, which were
compatible with an Echo acoustic liquid handler (Labcyte), and stored in controlled environments
under nitrogen with <0.5% O, and <0.5% humidity when not in use. All transfers to assay plates
were backfilled with DMSO to the same final volume (100 nL). Assays was performed according

to the general procedure.

201 compounds from the Maybridge collection were provided as solubilised stock (30 mM in
DMSO) on LabCyte 384-LDV source plates. Samples of 20 or 100 nL were transferred to assay
plates in duplicate to test at 30 or 150 uM FAC. 16 compounds were subsequently provided as solid
samples of 1-2 mg, and solubilised in DMSO (50 mM; c07 — 40 mM; c14 — 30 mM). Titrations
were manually prepared using a Matrix electronic multichannel pipette (Thermo Scientific) as
dilutions in fresh DMSO from stock concentrations, and transferred to LabCyte 384-LDV source
plates. 1536 compounds from the PPI-net compound collection were provided (10 mM in DMSO)
in 96-well V-bottomed microplates (Greiner). These compounds were first transferred to 20

x LabCyte 384-LDV plates for use with the Echo acoustic liquid handler (Labcyte) using a Bravo
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Automated Liquid-Handling Platform (Agilent). Samples of 20 or 100 nL were transferred to assay

plates in duplicate to test at 10 or 50 uM FAC.

7.1.6.3 Differential scanning fluorimetry (DSF)

DSF was used to determine Ty, values for proteins under different buffer conditions, or in the
presence of compounds. Experiments were performed using a MiniOpticon™ Real-Time PCR

Detection System (Bio-Rad).

Buffers used were: MES pH 5.5; Bis-Tris pH 6.0, 6.5, 7.0; HEPES pH 7.0, 7.5, 8.0; EPPS pH 7.5,
8.0, 8.5; TAPS pH 8.5, 9.0; CHES pH 9.0, 9.5; CAPSO pH 9.5, 10. 46 pL of buffer was added to
each well in triplicate. 2 uL of Sypro Orange dye (50x), and 2 pL of the protein of interest (50 uM;

50 mM HEPES, pH 7.5) were added consecutively to the same wells and mixed gently by pipetting.

For compound stabilisation screening, 5 puL. aliquots of predissolved compound (maximum 10%
DMSO) were dispensed in each well of a 48-well plate, in triplicate. To prepare a Master Mix, 3.3
uL of Sypro Orange solution was added to 2.98 mL buffer (500 mM HEPES, 0.5 M NaCl, 1 mM
B-ME, pH 7.6) and mixed by inversion, before the protein of interest was added to a concentration
of 2.2 uM. 45 pL of this Master Mix was added to each well and mixed gently by pipetting: final

assay concentrations were 5xSypro Orange, 10/20 uM compounds, 2 uM protein.

Plates were sealed with a clear polypropylene seal (StarLab) and centrifuged for 2 min at 2,000 rpm
in a Beckman Coulter centrifuge. The chamber equilibrated to 25 °C before inserting the sample
plate and the readings of fluorescence were taken between 25-85 °C, in one degree increments, with
a 30 sec hold for each step. FAM (492 nm) and ROX (610 nm) filters were used for excitation and
emission, respectively. Software automatically performed global minimum subtraction. The T, was
s EUjZi
calculated using the Boltzmann equation He“ | where LL and UL are values of
minimum and maximum intensities and a corresponds to the slope of the curve within T,.

Boltzmann fitting was performed using OriginPro 9.1, and the T,, shift was calculated relative to

reference wells on the same plate.
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7.1.6.4 Isothermal calorimetry (ITC)

All calorimetric experiments were performed on a MicroCal iTC200 or MicroCal PEAQ-ITC
(Malvern) and analysed with the MicroCal ORIGIN software package using a single binding site
model. The first data point was excluded from the analysis. Proteins and peptides containing an
N-terminal tyrosine were dialysed at room temperature overnight in a Slide-A-Lyzer™ MINI
Dialysis Device (2000 MWCO; Thermo Scientific Life Technologies) into 50 mM HEPES,
500 mM NaCl; pH 7.5. Samples were centrifuged to remove aggregates (20 min, 14,000 rpm,
25 °C), and concentrations estimated by measuring the absorbance at 280 nm using a Nanodrop®
ND-1000 spectrophotometer (Nanodrop® Technologies Inc.) with the ‘Protein A280° program
module according to the manufacturer’s instructions (tyrosine €250 = 1280 M-'cm™). Samples were
diluted to the required concentration using dialysis buffer, and lyophilized histone peptides were
dissolved in the same buffer. The cell was stirred at 750 rpm, with reference power set to 4 pcal/sec
and temperature held at 298 K. After an initial delay of 60 sec, 20%2 pL injections (first injection
0.4 puL) were performed with a spacing of 180 sec. Heats of dilution were measured under the same

conditions and subtracted for analysis.

Protein solutions in the calorimetric cell (250 uL) were titrated with the peptide solutions in the
syringe (60 uL) at the following concentrations: 100 uM BRD4(1) and 1.0 mM H4,0(KAc)4;
135 uM BRD4(1) and 1.27 mM H4,.20(KAc);:K12C; 20 pM TRIM24 and 200 pM H3,27K18Ac;
20 uM TRIM33 and 200 uM H3,,7K18Ac; 50 uM TRIM24 and 750 uM H3:.,7K9Mes; 150 uM

TRIM33 and 1.67 mM H31_27K9Me3.

7.1.6.5 Surface plasmon resonance (SPR)

SPR experiments were performed on a Biacore™ T200, under the supervision of Dr David
Staunton, in the Molecular Biophysics Suite, Department of Biochemistry, University of Oxford.

All buffers were filtered and degassed immediately before use.
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Carboxymethylated dextran (CM5) streptavidin immobilisation

A fresh series S CM5 sensor chip (Biacore Life Sciences) was loaded into the system and primed
with HBS-P+ buffer, before four cells were coated with streptavidin. The following injection cycle
resulted in an increase of 920 RU in baseline signal: NaOH (50 mM in HBS-P+), 5 uL/min,
90 sec x 2; 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 04 M in H,O) and
N-hydroxysuccinimide (NHS, 0.1 M in H>O), 10 pL/min, 420 sec; streptavidin (Sigma S-4762,
0.5 mg/mL in 10 mM NaOAc, pH 4.0), 5 ul/min, 840 sec; ethanolamine HCI (1 M, pH 8.5),

10 puL/min, 420 sec; glycine HCI (100 mM, pH 2.0), 30 uL/min, 30 sec x 3.

CMS analysis

Biotinylated peptide ligand was immobilised on a single cell (F2) of the streptavidin coated CM5
chip, with non-specific binding removed via multiple weak acid washes: Biotin-H3;,7;K9Me;
(100 mM), 30 uL/min, 30 sec x 2; glycine HCI (100 mM, pH 3.0), 30 pL/min, 30 sec x 3. Protein
analyte titrations were performed across active and reference cells (F2-F1), from a series of ten 1:2
dilutions from 102.4 uM Hiss-TRIM24, run sequentially with increasing concentrations
(30 uL/min, 120 sec). A recovery time of 600 sec between injections was followed by a weak acid

wash to regenerate the surface: glycine HCI (100 mM, pH 3.0), 30 pL/min, 30 sec.

An alternative biotinylated peptide ligand was immobilised on a single cell (F4) of the streptavidin
coated CMS5 chip, with non-specific binding removed via multiple weak acid washes: Biotin-
H31.57K9MesK18Ac (100 mM), 30 uL/min, 30 sec x 2; glycine HCI (100 mM, pH 2.0), 30 uL/min,
30 sec x 3. Protein analyte titrations were performed across active and reference cells (F4-F3), from
a series of ten 1:2 dilutions from 102.4 uM Hise-TRIM24, run sequentially with increasing
concentrations (30 pL/min, 120 sec). A recovery time of 600 sec between injections was followed

by a weak acid wash to regenerate the surface: glycine HCI (100 mM, pH 2.0), 30 uL/min, 30 sec.
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Nitrilotriacetic acid (NTA) analysis

A fresh series S NTA sensor chip (Biacore Life Sciences) was loaded into the system and primed
with HBS-EP buffer, followed by a short wash: EDTA (3 mM in HBS-EP buffer), 10 uL/min,
60 sec. For each cycle, a single cell of the chip (F2) was activated via nickel chelation, before ligand
capture: NiCl, (0.5 mM in HBS-EP buffer), 10 uL/min, 60 sec; Hiss-TRIM24 (0.1 uM), 10 uL/min,
60 sec. Peptide analyte titrations were performed across active and reference cells (F2-F1), from a
series of ten 1:2 dilutions from 2 uM Hise-H31.27K23Ac, run sequentially with increasing
concentrations (30 pL/min, 120 sec). After each cycle, with a 500 sec recovery time, the surface
was regenerated: imidazole (IM in H,O), 10 pL/min, 60 sec; EDTA (350 mM), 10 pL/min,

120 sec.

7.1.6.6 WaterLOGSY

NMR studies on TRIM-ligand interactions were carried out with the supervision of Amjad Khan
(University of Oxford). Proteins were buffer exchanged from storage buffer into 20 mM Na/K
phosphate buffer (150 mM NaCl, pH 7.5) using PD SpinTrap G-25 columns (GE Healthcare). For
each compound, reference 'H spectra, and WaterLOGSY spectra were obtained in the absence and
presence of TRIM24 and TRIM33. Samples were prepared in 160 uL. volumes, from 50 mM
DMSO stock solutions, with final concentrations: 500 pM compound, £20 uM protein, 10% D,O
for signal locking. After loading into 3 mm Ultra Precision NMR tubes (GPE Scientific), samples
were briefly centrifuged in a manual benchtop rotor to collect at base, and identify any precipitates.
Spectra were recorded on a Bruker 700 MHz spectrometer equipped with a cryoprobe, with a

standard WaterLOGSY pulse sequence.’

7.1.7 Crystallisation

All crystallisation trials were carried out at at 20 °C. Protein was concentrated to ~20 mg/mL
immediately after purification, and plated using a Phoenix Liquid Handling System (Art Robbins
Instruments) onto Intelli-Plate 96-3 low-profile crystallisation plates (Hampton Research) in three

ratios with precipitation buffer.
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Initially, a crystallisation screen was conducted using JCSG+ (Hampton Research) crystallisation
condition plates, resulting primarily in precipitation. Manual compilation of a screening selection
based around literature conditions,® 100/200 mM HEPES (pH 7.5) with 1.7-2.2 M ammonium
sulfate and 0.5-4% PEG400, produced crystals in ~20% of wells. A narrow screening plate of
100 mM HEPES (pH 7.5) with 2.0-2.2 M ammonium sulfate and 1.5-3% PEG400 resulted in the
formation of large plates of overlapping crystals within 2-3 days, which reached full size within

one week.

Single crystals (precipitant 100 mM HEPES, 2.16 M ammonium sulfate, 2.4% PEG400 pH 7.5)
were mounted onto a CrystalCap magnetic sample mount (Hampton Research), with an appropriate
diameter nylon loop, cryoprotected by transferring to a solution of 20% glycerol in mother liquor,

before being cyro-cooled in liquid N».

Data were collected on beamline 103 at the Diamond Light Source (by Dr Michael McDonough,
University of Oxford) under the proposal mx9306 (collected March, 2015). The structure of
TRIM24 was solved (by David Zollman, University of Oxford) by molecular replacement using an
apo-TRIM24 structure as the search model (PDB: 3033). Structural refinement was carried out in
PHENIX’ with iterative rebuilding of the models using COOT? until Ryork/Rec converged to final

values of 0.168/0.197. The space group was C2 with six molecules in the symmetrical unit.

7.1.8 Non-denaturing mass spectrometry

Non-denaturing mass spectrometry studies on TRIM24-nucleosome protein-protein complexes
were carried out by Nisha Patel (University of Oxford). Nucleosomes were prepared by David
Zolman (University of Oxford). Mass spectrometry measurements were performed on a modified
Synapt G1 HDMS instrument with the travelling-wave ion mobility cell replaced by an 18-cm drift
cell with radial RF ion confinement and a linear voltage gradient to direct ions along the axis of
transmission to the time-of-flight (TOF) mass analyser. The mass spectrometer was typically set to
a source pressure of 5-7 mBar, capillary voltage of 1.4-1.7 kV, capillary nanoflow of 0.03-0.2 mBar

and argon as collision gas with flow rate set to 5-8 mL/min (~6.6-6.7 ¢ mBar). Collision voltage
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ranged from 5 V. The sample and extraction cone and trap bias voltages, quadrupole profile, and
collision gas pressure were optimised for maximal ion intensity of the target membrane protein
complex. Helium was the drift cell gas and set to a pressure of ~1.6-1.8 Torr (40 mL/min flow

rate). Pusher time, pulse width and TDC inhibit were set to 180, 7, and 7 psec, respectively.

7.2  Computational methods

Scripts were run from the terminal of a Linux Ubuntu v13.04 guest on a Windows 7 host system
running Oracle VM VirtualBox. Sample scripts are available as run in Appendix 8.1, and in the CD
Appendix: Computational scripts. Software was installed as a local stand-alone version

unless stated otherwise.

Sequence alignments for comparisons of homology and mutation analyses were performed using
ClustalX.’ Secondary structure predictions were performed using PSIPRED!? and GlobProt!! web

servers, with an input sequence of TRIM33a (GenBank Accession: NP_056990).

PHD finger sequence alignments were performed in the Internal Coordinate Mechanics (ICM:
Copyright 1989-2012, MolSoft L.L.C.) environment,'?> with a gap opening penalty of 2.4 and a gap
extension penalty of 0.15 based on optimal settings for structural similarity identification with the
Gonnet comparison matrix.'* Alignments were manually adjusted to maintain the characteristic
Zn?>" chelating residue positions. A phylogenetic tree was created from the resultant alignment using

PhyloDraw,'# labels were manually repositioned for clarity, with branch lengths maintained.

7.2.1 Docking file preparation

Receptor files

The TRIM24 receptor file was prepared from chain A of the apo-crystal structure of the protein
(PDB:3033). Water molecules were assessed for likelihood of displacement using
WaterClassifier,!> with scores appended to PDB files as a new property (in place of the B-factor)

for graphical representation in PyMOL. Water molecules located in the base of the KAc pocket
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were manually corrected to account for the hydrogen bonding network, before those with a

displaceability of >80 % were removed using the built in extract function.

The TRIM33 receptor file was prepared from chain A of the apo-crystal structure of the protein
(PDB: 3U5M). Water molecule positions were not resolved in this crystal structure of TRIM33 due
to low resolution, and were modelled using WaterDock2.1.! Reliability of this method, particularly
for hydrogen bonded networks, was not validated, so comparable water positions were overlaid
from the TRIM24 receptor hydration state. Water positions for each domain — PHD finger and

bromodomain — were aligned separately in PyMOL using the cealign function.

Protonation states were set for pH 7.0 using the AMBER force field in PROPKA's online server
(http://nbcr.net/pdb2pqr), including optimisation of hydrogen bonding and steric restrictions on
proximity of atoms. Charges were merged for non-polar hydrogens and lone pairs using the

AutoDockTools script prepare receptor4.py.

Ligand files

The Maybridge Fragment Collection, provided by Fisher Scientific, was downloaded as a structure-
data file (.sdf) of 31,973 molecules. Molecular co-ordinates were replaced in the ICM-Pro
environment (MolSoft), and separated into .pdb files with the prefix MaybridgeF, using the
Open Babel Package, version 2.3.1 http://openbabel.org (accessed Jan 2013).! Charges were
merged for non-polar hydrogens and lone pairs wusing the AutoDockTools script

prepare ligand4.py.

Configuration files

The docking areas, parameters, and location of the receptor files, were specified ina config.txt
file for each simulation. Docking areas of 20 A2 were centred on positions of conserved water
molecules: in the base of the KAc pocket (HOH109: TRIM24 x=18.18, y=30.80 z=—3.30; TRIM33
x=8.56, y=31.42 z=—3.13), or in the interdomain region avoiding inclusion of the KAc pocket

(HOH144: TRIM24 x=27.19, y=42.64 z=—2.44; TRIM33 x=29.59, y=41.30 z=—1.51).
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7.2.2 Docking

Docking was performed using AutoDock Vina'” on the ARCUS hub of the University of Oxford
Advanced Research Computing Facility. The ARCUS (Dell SandyBridge) system comprises of
1344 (84*16) 2.2GHz Xeon SandyBridge cores, 80x64GiB nodes, 4x128GiB 4 nodes RAM, 20TB
scratch disk, running on Red Hat Enterprise Linux. Screening files were uploaded to the server with
the pscp function bundled within the PuTTY network file transfer application. A pre-defined

module for AutoDock Vina was loaded into the working environment.

Screening was initiated by the Torque Resource Manager, an open-source, portable batch system
(PBS) based job scheduler, on submission of vina screen local multi.sh. Simulations
generated 20 modes per computation, with affinity and RMSD (relative to lowest energy mode)

stored in a log file, and the lowest energy conformation written as a . pdbgt file.

7.2.3 Results analysis

Results were downloaded from the ARCUS hub using the script zip results.sh which called
vina screen get top quant.py to define the top 1000 results from each screen, and
extract both log files and .pdbgt molecular results. Binding affinity data were extracted from
docking results, and the distributions visualised as histograms. Energetic cut-offs were selected to
reduce the number to a sum suitable for manual curation. Reduction criteria and resultant numbers
of molecules were: TRIM24 KAc, —7.3 kcal/mol, 381 molecules; TRIM?24 cleft, —6.4 kcal/mol, 430
molecules; TRIM33 KAc, —7.5 kcal/mol, 435 molecules; TRIM33 cleft, —6.6 kcal/mol, 294

molecules.

The collection of all identified compounds was combined (1540), reduced to remove duplicates
(1312), and manually reduced to a collection of the top 400 putative hits based on predicted affinity,
assessed reliability of binding mode, and synthetic tractability. These top 400 results were extracted
from the Maybridge fragment screening collection, using the script make sdf.sh which

appended the rank and energy from docking simulations. Ligand docking poses for the top 400
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results were loaded into PyMOL with a script
view top400 results RECEPTOR LIGAND.pml  generated wusing the  script

make pml.sh

Comparison of results to identify a common binding pharmacophore was facilitated by grouping
molecules according to similarity. Tanimoto coefficients were calculated in Open Babel for all
molecules in the .sdf, using the default (path-based) FP2 fingerprint relative to asimplified

molecular-input line-entry system (SMILES) string.

The following input SMILES strings were used for calculation of tanimoto distances:

Molecular reference SMILES string
Tl C1C(N=C2C=Cc3ccccc3N12)cdcccScececScd
T2 Cclc(ce(nclc2cecccc2)c3cccec3)cdece(Br)ccd
T3 0=C1C2=C(C=CC=C2)C3=C1C=CC=C3
T4 CC1C(C2=C(C)C=CC2)=CC=Cl
TS Cclccec(ecl)n2nnnc2c3cnoc3cdcecce(F)cd
T6 Cclecee(NC(=0)c2ccce(s2)c3ceccec3)c1C(=0)0

Docking conformations of highly ranked ligands were compared using LigPlot" v1.4 (run with Java

7.0.250) to generate multiple ligand-protein interaction diagrams.'®
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7.3 Chemical methods

7.3.1 General experimental

Reactions were carried out under a nitrogen or argon atmosphere in oven-dried or flame-dried
glassware unless otherwise stated. Standard inert atmosphere techniques were used in handling all

air and moisture sensitive reagents. All data were gathered at 300 K unless otherwise stated.
Solvents and reagents

Solvents and reagents were used as supplied by major chemical suppliers. Petroleum ether refers to
distilled light petroleum of fraction (30 °C — 40 °C). Inorganic solutions are saturated aqueous
solutions unless otherwise stated. Brine refers to a saturated aqueous sodium chloride solution.
Concentrations of solvents and solutions in general procedures are given relative to 1 eq of starting

material.
Silica gel chromatography

Silica gel chromatography was carried out using VWR Kieselgel 60 silica gel (60-63 um). Thin-
layer chromatography (TLC) was carried out using Merck Kieselgel 60 F254 (230-400 mesh)
aluminium-supported, fluorescent treated silica, visualised under UV light (Amax 254), followed
by thermal development after dipping in one of: a) aqueous solution of ninhydrin, acetic acid, and

n-butanol; b) aqueous solution of potassium permanganate and hydrochloric acid.
Infrared spectroscopy

IR spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer from a thin film deposited
onto a sodium chloride plate or a diamond ATR module. Only selected maximum absorbances

(Vmax) of the most intense peaks are reported (cm™): br = broad, s = strong.
Nuclear magnetic resonance (NMR)

'H spectra were recorded on a Bruker AVII400 spectrometer (400 MHz) using the deuterated

solvent specified as a reference for the internal deuterium lock. The chemical shift data for each
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signal (du) are reported as follows: (spectrometer frequency; solvent) du (no. of protons,
multiplicity, J coupling constant where applicable, assignment). Multiplicity is abbreviated as
follows: s = singlet, br = broad. *C spectra were recorded on a Bruker AVII400 spectrometer
(101 MHz) using a DEPT Q pulse sequence with broadband proton decoupling and internal
deuterium lock. The chemical shift data for each signal (3¢) are reported as follows: (spectrometer
frequency; solvent) dc (assignment). All chemical shifts are quoted on the &-scale in parts per
million (ppm) using residual solvent as the internal standard. NMR spectra are available in

Appendix 8.4.

7.3.2 Synthesis of alkylating agent

Compound names are those generated by ChemBioDraw™ (CambridgeSoft) following IUPAC

nomenclature.

N-Hydroxyacetimidoyl chloride (23)

To a stirred solution of acetaldoxime (3.00 g, 50.8 mmol, 1.0 eq) in DMF (54 mL) at 0 °C, was
added N-chlorosuccinimide (8.82 g, 66.1 mmol, 1.3 eq). The reaction mixture was warmed to rt and
stirred for 3 h. The pale green solution was diluted with brine (120 mL), and the product extracted
with Et,O (2 x 100 mL). The combined extracts were then washed with H>O (3 x 80 mL), dried
(MgS0,), filtered, and concentrated in vacuo to afford 23 as a cyan blue oil (6.53 g, 1:1
product:Et,0, 40 mol, 78%) that was used without further purification, shortly after preparation. 'H
NMR (400 MHz, CDCIs) on 2.18 (3 H, s, CH3), 9.86 (1 H, br s, OH). Further data could not be

collected due to instability, however, these data are in good agreement with the literature values.'”
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(3-Methylisoxazol-5-yl)methanol (24)

N’O OH
P Wt
24

To a stirred solution of propargyl alcohol (2.65 mL, 2.55 g, 45.5 mmol, 1.0 eq) in CH>Cl, (70 mL),
protected from light, was added NEt; (7.6 mL, 5.52 g, 54.6 mmol, 1.2 eq). A solution of
N-hydroxyacetimidoyl chloride (23, 4.7 g, 50 mmol, 1.1 eq) in CH,Cl, (20 mL) was added
dropwise, over 10 h, using a syringe pump. The reaction solution continued to stir for a further 12
h at rt. The reaction mixture was diluted with CH>Cl, (100 mL) and washed with H,O (3 x 100
mL), before the combined organic layers were dried (MgSOs), filtered, and concentrated in vacuo
to afford a dark red oil. Purification by silica gel column chromatography using 30-70%
Et,O/petroleum ether yielded 24 as a yellow oil (582 mg, 5.14 mmol, 10%). R 0.28 (40%
Et,O/petroleum ether); Vmax (thin film)/cm=": 3356 (O-H) (br), 1610 (C=C) (s); '"H NMR (400 MHz,
CDCl3)du 2.13(3 H, s, C(3)CHs3),4.55 (2H, s, CH,OH), 4.89 (1 H, br s, OH), 5.97 (1 H, s, C(4)H);
BC NMR (101 MHz, CDCls) 3¢ 11.1 (CH3), 55.8 (CH»), 102.4 (CH), 159.8 (CO), 171.6 (CN).

These data are in good agreement with the literature values.?°

5-(Chloromethyl)-3-methylisoxazole (25: CI-DMI)

N’O Cl
PV
25

Freshly prepared (3-methylisoxazol-5-yl)methanol (572 mg, 5.06 mmol, 1.0 eq) was dissolved in
thionyl chloride (7.4 mL, 12.0 g, 101 mmol, 20 eq) and the solution heated under reflux for 20 min.
The resulting reaction mixture was concentrated in vacuo, to yield 25 as a dark brown oil (172 mg,
1.31 mmol, 26% yield) that was stored at —80 °C, and used (assuming a net content of 50% by
weight) without further purification. R¢ 0.20 (20% MeOH/CH>CL); Vmax (thin film)/cm™': 1609

(C=C) (s), 1411 (s); 'H NMR (400 MHz CDCls) éu 2.29 (3 H, s, CH3), 456 (2 H, s, CH>),

197



Chapter 7: Materials and Methods

6.16 (1 H, s, CH); 3C NMR (101 MHz, CDCls) 8¢ 11.3 (CHs), 34.8 (CH,), 104.3 (CH), 159.9 (CO),

166.9 (CN). These data are in good agreement with the literature values.?!

7.3.3 Alkylation

Alkylation reactions were performed in thin walled 500 uLL PCR tubes, with a reaction volume of
20 pL to allow adequate volume for samples taken during trials. Conditions corresponding to the
various temperatures for alkylation were: 4 °C, fridge; 25 °C, PCR cycler; 42 °C, water bath. pH
dependence was assessed with a range of buffers: HEPES pH 7.0, 8.0; CHES pH 9.0, 10.0; CAPS
pH 10.0, 11.0. High concentrations of buffer (1 M) minimise variations in pH caused by the molar
equivalent of acid liberated during alkylation. Buffers were degassed by sonication under argon
immediately prior to use. TCEP was freshly prepared as a 100 mM stock in the corresponding
buffer, and 0-2 uL added to reaction mixtures to afford 0-10 eq. of reducing agent. Alkylating
agents (ClI-DMI, N-methyl malemide and 2-iodoacetomide) were accurately weighed and prepared
as 20 mM stocks, by dissolving in DMSO (20 % of final volume) before dilution into alkylation
buffer. Time series commenced upon addition of the alkylating agent to a PCR tube containing all

other reagents, pre-equilibrated to the temperature of interest.

Optimised alkylation reaction conditions were: 1 M CHES (pH 9.0), 4 M guanidine hydrochloride,
10 mM l-methionine, 5 mM TCEP, 1 mM Y-H4,.,0(KAc);K12C peptide, 5 mM CI-DMI, 25 °C,

2 h.

7.3.3.1 MALDI

The extent of substrate alkylation was analysed by MALDI-TOF-MS (matrix-assisted laser-
desorption ionization—time-of-flight mass spectrometry) using a Bruker Ultraflex instrument.
Peptide samples were prepared in a 1:4 ratio from quenched reaction mixture (1:3 dilution of
reaction into 95% H,0, 4.5% acetonitrile, 0.5% formic acid) with CHCA matrix (20 mg/mL
a-Cyano-4-hydroxycinnamic acid in 50% acetonitrile) and spotted onto an MTP 384 Massive target
plate using the dried droplet method. The instrument was calibrated directly prior to data acquisition

using mono-isotopic peptide masses with Peptide Calibration Standard II (Bruker Daltonics,
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Coventry, UK). Sample ionization was achieved with a nitrogen laser (337 nm) at 35-50% laser
energy and MS spectra were acquired by manual operation in reflectron mode: 2000-3000 data
points were collected to make a total intensity of approximately 8<10* a.u. Alkylation sites were
assigned unambiguously by MALDI-TOF/TOF mass spectrometry: MS/MS spectra were acquired
by Laser-induced fragmentation (LIFT).?? Predicted fragmentation masses were calculated using
the Fragment Ion Calculator, as part of the Proteomics Toolkit from the Institute for Systems
Biology, (http://db.systemsbiology.net:8080/proteomicsToolkit/FraglonServlet.html), and

compared manually to spectrum generated.

7.3.3.2 nano LC/MS/MS

Liquid chromatography-tandem mass spectrometry was performed using an Ultimate 3000
nanoHPLC system (Dionex, Sunnyvale, CA, USA) comprising a WPS-3000 micro auto sampler, a
FLM-3000 flow manager and column compartment, an LPG-3600 dual-gradient micro-pump, and
an SRD-3600 solvent rack controlled by Hystar (Bruker Daltonics, Billerica, MA, USA) and DCMS
link 2.0 software. For the separation with a C18 Pepmap column (75 pm i.d., 15 cm, Dionex), a
flow rate of 250 nL/min was used as generated by a cap-flow splitter cartridge (1/1000). Peptides
were eluted by the application of a 80 min gradient using solvents A (98% H»0, 2% acetonitrile,
0.1% formic acid) and B (80% acetonitrile, 20% H,0, 0.1% formic acid): 2-10% B, 0-3 min; 10-
25% B, 3-18 min; 25-50% B, 18-30 min, 50-90% B, 30-30.2 min. The liquid chromatography was
interfaced directly with a 3D high capacity ion trap mass spectrometer (amaZon; Bruker Daltonics)
utilizing 10 um i.d. distal coated SilicaTips (New Objective, Woburn, MA, USA) and nano-ESI
mode. Smart parameter settings (SPS) on the ion trap were tuned for the target mass of the
[M+4H]* ion: 564.6,588.3,612.1, 636.1 m/z for unmodified, mono-, di-, and tri-alkylated peptides
respectively. MS/MS analysis was initiated on a contact closure signal triggered by HyStar software
(version 3.2). Precursor ions were selected with active exclusion (0.5 min) in collision-induced
dissociation (CID) mode. CID fragmentation was achieved using helium gas and a 30%—-200%
collision energy sweep with amplitude 1.0 (ions are ejected from the trap as soon as they fragment).

Raw LC-MS/MS data were processed using DataAnalysis 4.0 software (Bruker Daltonics). Manual
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sequence input was combined with fixed modifications (Lysine Acetylation, KAc; Amidation

Deactylation, C-terminal KAc) and variable modifications (Cysteine Isoxazole, CDMI).

7.3.3.3 HPLC

Samples from alkylation reactions were monitored by HPLC on a PerkinElmer Flexar system with
a Binary LC Pump and UV/VIS LC Detector. 20 uL. samples were loaded onto a pre-equilibrated
reversed phase Dionex Acclaim® 120 column (C18, 5 pm, 120 A, 4.6 x 150 mm), and eluted with
a standard gradient elution of 0-100% B (A: 95% H»O, 5% MeCN, 0.1% TFA; B: 5% H»0, 95%
MeCN, 0.1% TFA), at 1 mL/min over 10 min, monitoring absorption at 230 nm (absorption of
peptide bonds). Peaks corresponding to mono-alkylation were collected separately, and lyophilised,
before resuspension for use in AlphaScreen assays. Collected samples were ran on the same

gradient to confirm isolated peptide was a single species.
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8.1 Computational processing scripts

colour by displaceability

1127 March 2013
Angelina Measures

Separate hydrated Apo crystal structure in protein and water position files i.e.

5 PyMOL»fetch 3033

PyMOL»extract 3033A, 3033 & chain A

7 PyMOL»extract 32o33waters, 320o33A & resn HCH

PyMOL»cmd.save ("3o33waters.pdb", "3033waters")

: PyMOL>cmd.save ("30334.pdb", "30334")

Note: although this cannot include water-water interactions, over a large dataset nearby
waters generate too much noise

t|displaceability was only significant when other waters were not present and interactions were

to desolvated protein only

13|Convert protein file into pdbgt:

pdb2pqr via online server *PROPKA* - http://nbcr.net/pdb2pgr
15 |Note: could be done with MOE

upload 3034A.pdb

BMBER force field

AMBER output naming scheme

19|% new atoms not too close

X optimise H-bonding

21|% protonation at pH 7.0

4

22 (Convert .pgr to .pdbgt with prepare receptord.py

/home/angelina/MGLTools-latest/MGLToolsPckgs/AutoDockTools/Utilities24/prepare receptord.py -r
3033A.pgr -v -o 3033A.pdbgt -A checkhydrogens -U nphs lps -d 3033A dictionary.txt

25|# -r input -v verbose -o output -2 repairs only if no hydrogens -U merge non-polar hydrogens

and lone pairs but DON'T remove waters -d dictionary

'|Run WaterClassifier
$ chmod +x WaterClassifier.sh
29 $ ./WaterClassifier.sh 3033waters.pdb 3033A.pdbgt

r

i |Parse results for properties to append to pdb file
Take from "#' to end of file, -s ‘squeeze the spaces into 1 character, keep 2nd field from

space delimited cut, de
3 $ sed -n "/"#/,5p" Wate
WaterDisplacabilityOnly.

]

i)

Reassign B-factors to displacability and colour PyMOL representation
# load the protein
37 cmd.load ("3033A.pdb")

33 # open the file of new walues (just column of numbers, one for each alpha carbon)
inFile = open("WaterDisplaceabilityOnly.txt", 'r")

# create the global, stored array
43 stored.newB = []

45 # read the new B factors from file
for line in inFile.readlines(): stored.newB.append{ float(line} )

§# close the input file
43 inFile.close ()

51 # clear out the old B F
alter 3o33waters, b=0.0

# update the B Factors with new properties
alter 3o33waters and resn HOH, b=stored.newB.pop(0)

n
o

57 # color the protein based on the new B Factors of the alpha carbons
cmd.spectrum ("b", "red white green", "3o033waters")
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¢ save file with new B-factors
5 select Jo3d3waters displacability, 3033A + 3o33waters
cmd.save ("3033waters_displacability.pdb", "3o33waters displacability")

Delete waters based on displaceability threshold

65 |Note: Lack of water-water interactions means probability fails for highly conserved,
structural EAc pocket waters

remove these manually from selection using a Bayseian statitical rationale with low
displaceability prior for 4xHOH

&7 # select by threshold
extract displaceable, 3o33waters & b > 0.62 &! resi 127+109+117
B9 # save as pdb the protein with remaining waters

cmd.save ("3033danp.pdb",; "3023A + 3033waters")

Convert this to pdbgt for use in docking
73|http://nbcr.net/pdb2pgr then prepare receptord.py

75|23 July 2012
By Gregory Ross

With these files and scripts, one is able to perform the water classification as described in
0

"E. Boss BE al., PLOS 08s, Vol 7, Essae: 3, 232036".

First, you need water positions (which should be in a pdb or pdbgt file format) and the
protein structure you wish to score against (which has to be a pdbgt file). The protein
structure file should be of the apo protein and should not contain any overlapping water
positions.

The classification can be carried out using the shell script "WaterClassifier.sh". This script
calls a python script that gets the water molecules’

23| structural information and also calls the water classifiers using the statistical language R.

It is easiest to give this file executable permission, ie.

&5 5 chmod +x WaterClassifier.sh

e7|If the file with water positions is called "WaterPositions.pdb" and the apo protein scructure
file is called "RpoProtein.pdbgt", then the script is
used in the following manner:

$ ./WaterClassifier.sh WaterPositions.pdb ApoProtein.pdbgt

The output of the above process is called "WaterProbabilities.txt". It gives the water
displacement probabilities in the order that the water molecules

o3 |appeared in "WaterPositions.pdb". Note that two probabilities are outputted for each water
molecule. The second column is the probability a water is displaced by a ligand. The
probability it is conserved is one minus this value. The third column is the probability a
water is displaced by a non-polar

group. As before,the probability it is displaced by a polar group is one minus this wvalue.

It is important to note that that the accuracy of the classifiers (within the test sets)
improved with higher or lower predicted probabilities. That is, if a water molecule is
predicted to be displaced with a probability between 0.4 and 0.6, the outcome is relatiwvely

uncertain. Likewise, if a water molecule is predicted to be displaced with a probability
above 0.8 or below 0.2, one can expect the prediction to be more trustworthy.

config.txt
# ptor file relative to working directory
2|receptor = ./3033damp.pdbgt
4| # coordinates of centre of docking area
center X = 46.57
s|center y = 41.06
center z = -23.78
# grid size for docking
i0|size_x = 20
size y = 20
12|size_z = 20
4| # energetic exhaustivity
num _modes = 20
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o

=

vina_screen_local.sh

#!/bin/bash

o to the directory where job is submitted
cd $PB5S_O WORKDIR

for £ in Maybridgex.pdbgt; do
b='basename $f .pdbgt®
mkdir -p 5b
vina --cpu 16 —--config ./config C1009 T33PHD.txt --ligand $f --out ${b}/out.pdbgt --log ${
b}/log.txt
done

zip_results.sh

$##F written:
##E+ latest

#f#4#f## LIP TOP RESULTS ####+##
## script to analyse results from docking screen on supercomputer

## Instructions for use

# repl N with protein used e.g. TRIMZ4dryZh

# re D with database used e.g. MaybD/MaybF

# re ith number of LIGANDs you want to extract
# us folder containing:

#

# in run by typing

## Analyse results

.fvina_screen_get_top.py NN > PROTEIN LIGRND results.csv

# grep Maybridge lines, only p directory names, add "here’ to start of lines and save as a
dire ies file

grep Maybridge PROTEIN LIGAND results.csv | cut -d '\’ -fl | sed 's/"/.\//g' > directory list.
txt

# use this list to zip th

cat directory list.txt |
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vina_screen_get _top_quant.py

2|if  name ==

#! fusr/bin/env python

5Dx/ x .pdbgt

andard prefix e.g.
t that too

#
# y to .pdb change
import sys
import glob

def doitin):

file names = glob.glob (' LIGANDFOLDERS/.pdbgt’)

4 define empty matrices for results
everything = []
failures = []

# the number of files is the length of matrix
print ‘Found’, len(file names), ‘pdbgt files’
for file name in file names:

file = open(file name)
$# read file split by line
lines = file.readlines()
file.close()
try:
# the first line in the file
line = lines[1]

result = float(line.split(":")[1].split()[0])
everything.append([result, file name])
except:
# if this doesn't work put it in the error matrix
failures.append(file name)
everything.sort(lambda x,v: cmp(x[0], v[01))
part = everything[:n]
# part is everything from the start to n (number specified)
for p in part: # for each one
# print the file name. Comma means no newline
print p[1],

# print the result (affinity)
print p[0]
print

if len({failures) > 0:
print 'WARNING:', len(failures), "pdbgt files could not be processed’

' Fiow

~ main
doit(int(sys.argv(1]1))

make_sdf.sh

1| ¥FEF

#HEHE

#4444+ MAEE .5D

5| #%# Make sdf file and append rank and energy

## Instructions for use

RECEPTOR with protein used e.g. TRIM24dryZA
§ repla ,IGANDS with database use g. MaybD/MaybF
$ use folder containing SDF toolkit

1| http://cactus.nci.nih.gov/SDF _toolkit/

$ change address to
# # .sdf containing all numbered ligands
e RECEETORilIGhﬂﬁiresul:s.cs

=

$ Extract results for 5D file
sed 's/MaybridgeF//g’ 7Conway/Docking/0SC/TRIM24dryZAtightC MaybridgeDn/

TRIM24dryZAtightC MaybD topl00Onames.txt > 7Conway/Docking/0SC/TRIM24dryEAtightC MaybridgeD

/TRIM24dryZRtightC MaybD toplOOidentifiers.txt

select_sdf -segfile 7Conway/Docking/0SC/TRIM24dryZAtightC_MaybridgeDd/
TRIM24dryZAtightC MaybD toplO0identifiers.txt < JConway/3oftware/ANGIE/
Maybridge Ro3 Fragment Library fixzed.sdf > 7/Conway/Docking/0SC/
TRIM24dryZAtightC MaybridgeD/TRIMZ4dryZAtightC MaybD topl00.sdf
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make_pml.sh

###+ written: 1
#4454+ latest edit

5

4| ###44444 MAKE .PML SCRIPT ##+#H###
## script to analyse results from docking screen

1structions for use

lace RECEPTOR with protein used e.g. TRIM24dryZA

lace LIGAND with database used e.g. MaybD/MaybF

replace NN with number of ligands you want to view

replace MM with number of ligand you want in result file

change the location your files are in (line 32) - note escape characters
use in folder containing:

# vina_ screen get top_quant.py: change ./LIGAND«/+.pdbgt

# folders with ./FOLDER/out.pdbgt docking results

# view results start.txt: change RECEPTOR loaded with address and view

# view results_end.txt: change RECEPTOR and LIGAND
#
b

o
4
o
=

b e e R o
=
m
L=l =]

[FIEp——

RECEPTOR.pdb
n pymol run by typing @C://user/folders/address/view topNN results RECEPTOR LIGAND.pml

T —

## Analyse results

22(# edited get_top.py to output the affinity as well as file names (included line print p[0],)

./vinaiscreenigetitopiquant.py MM > RECEPTOR LIGAND results.csv

24 |# remove the file pointer to leave names

sed -e '1d" -e "s/\/out.pdbgt/,/g’' RECEPTOR LIGAND results.csv > temp.csv

25 |mv temp.csv RECEPTOR LIGAND results.csv

# keep top NN to view

2:|head -NN RECEPTOR LIGAND results.csv > RECEPTOR_LIGAND topNN.csv

# names only

o|cut -d, -fl1 RECEPTOR_LIGAND topNN.csv > RECEPTOR_LIGAND topNNnames.txt

# parse these to make a .pml script

i2|sed -e 's/"/load C:\/Users\/NAME\/Documents\/FOLDERS\//g' RECEPTOR LIGAND topNNnames.txt >
RECEPTOR_LIGAND topNN start.txt

sed -e 's/"/\/out.pdbgt, /g’ RECEPTOR LIGAND topNNnames.txt > RECEPTCR LIGAND topNN end.txt

3 |# merge all of these by line

paste -d '’ RECEPTOR LIGAND topNN start.txt RECEPTOR_LIGAND_tOpNN_end.txt >
RECEPTOR_LIGAND topNN files.txt

# put the start and end on the pymol script

cat view_results_start.txt RECEPTOR LIGAND topNN files.txt view results end.txt >
view topWN results RECEPTOR LIGAND.pml

5}

206



Appendices

Chapter 8:

8.2 Vectors

pGEX-4T1

‘Bfu.AI - BspMI (62)
|

(4869) Btgl
(4761) Bsu361\ | [EcoNI (268)
% "
\ Mscl (465)
BstBI (655)

y
| Swal (s83)
pGEX 5' Sequencing Primer (869 .. 891)

(4311) PITI I[_-j'
(4309) Sfol | s Dmmote;;‘
\ lac op
(]
e’"é'to,,
BamHI (930)
| EcoRI (939)
|/ TspMI - Xmal (944)

/ Smal (946)
“Sall (949)
— Acc (350)

R7I - PspXI - THI - XhoI (954)

\q:‘Pae
| . EagI - NotI (960)

N
stop codons|

W\ Pfol (1035)
"\\pGEx 3' Sequencing Primer (1019 .. 1041)

(4308) Narr*. |
(4307) KasI —
(4174) Hpal._ /
(4118) EcoRV
(4079) BssHII -

(3879) Apal - BanII.
. \PIFI - Tth111I (1139}
'\, BsaAI (1146)

(3875) PspOMI -
pGEX-4T-1

(3849) BstEIL
4969 b
(3668) MIUL— ?
\Zral (1243)
AatII (1245)
(3351) BStAPI/
(3250) PAMI
“PstI (1932)
. Bsal (2098)
/ AhdI (2164)
(2643) AWNI
pNIC28-Bsa4
T7 promoter
{
| Ndeliq)
lac operator || Lic5(96)
Y
VL] fo _ Bsal (w06)
' , o Neol (i07)

Bsa I (2037)
J Lic 3 (2051)
\x'ﬂmn HI(2053)
N\ Nat 1 (2089)
\\\\Xhu [ (2093)

‘T? terminator

N\
f1 origin

pNIC-28-Bsal
7284 p

ColE1 pBR322 origin
kan sequence
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bla (Ap) sequen

pETM11-SUMO3GFP

Sphl (6106)

Miul (5573} —

lacl
BssHII (5162) _

EcoRV (5 127)-"

Bgll (4516) — ——

GST Tag

Sac1{919)

—TEV Protease Recognition Site
AN ¢
v Lic 5 (930)
B R1(946)

pGTVL1-SGC Rot100e)

6988 bp

SACB (levansucrase precurs

 BseRI(2959)
\, Liea (2973)
Y
ce "-.\Xha 1(2974)

Not 1(2980)

1
.’J’
i {
¥
/

!

Xbal (71)

pETM11-SUMO3GFP

6290 bp \ v
: \‘\Eagl (1161)
\\\:Ve;tl (1161)
\\::-Ijg\'hal (1169)
) / r— \‘\5\1\.1 I(1171)
Acel (3704) 7 &%_‘f'ﬁj 1:7 term
Peil (3472) R’\_ WS 1 origin
‘!\ \‘.‘ \1‘\ \\.\ quuI (2276)
\\ \ ‘ kanR
| "I‘;‘ “'.;Xmal (2398)
l“\l I"“ \SmaI (2400)
¥|| ‘ClaI (2581)
pBR322 origin
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8.3 Protein characterisation data

Gene His-TRIM24 WT
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source Mutagenesis correction from SGC supplied plasmid

Affinity label : cleavage

enzyme

Hiss : TEV protease

DNA sequence

ATGCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGGTACCGA
GAACCTGTACTTCCAATCCATGAATGAGGACTGGTGTGCAGTTTGTC
AAAACGGAGGGGAACTCCTCTGCTGTGAAAAGTGCCCCAAAGTATTC
CATCTTTCTTGTCATGTGCCCACATTGACAAATTTTCCAAGTGGAGA
GTGGATTTGCACTTTCTGCCGAGACTTATCTAAACCAGAAGTTGAAT
ATGATTGTGATGCTCCCAGTCACAACTCAGAAAAAAAGAAAACTGAA
GGCCTTGTTAAGTTAACACCTATAGATAAAAGGAAGTGTGAGCGCCT
ACTTTTATTTCTTTACTGCCATGAAATGAGCCTGGCTTTTCAAGACC
CTGTTCCTCTAACTGTGCCTGATTATTACAAAATAATTAAAAATCCA
ATGGATTTGTCAACCATCAAGAAAAGACTACAAGAAGATTATTCCAT
GTACTCAAAACCTGAAGATTTTGTAGCTGATTTTAGATTGATCTTTC
AAAACTGTGCTGAATTCAATGAGCCTGATTCAGAAGTAGCCAATGCT
GGTATAAAACTTGAAAATTATTTTGAAGAACTTCTAAAGAACCTCTA
TCCAGAATGA

Amino acid sequence

MHHHHHHSSGVDLGTENLYFQSMNEDWCAVCONGGELLCCEKCPKVE
HLSCHVPTLTNFPSGEWICTFCRDLSKPEVEYDCDAPSHNSEKKKTE
GLVKLTPIDKRKCERLLLFLYCHEMSLAFQDPVPLTVPDYYKIIKNP
MDLSTIKKRLQEDYSMYSKPEDFVADFRLIFONCAEFNEPDSEVANA
GIKLENYFEELLKNLYPE-

Calculated aa; MW (Da);
€ (all cystines); pl

206; 23922.2; 25160; 5.24
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Observed MS (Da) 23922

(chromatogram,

combined, deconvoluted)

Ak o)

R b S S e St i L A A LI ettty thac bt
HPLC trace ofpuriﬁcation IMAC Purification IMAC Elution Gel Filtration
_.Load  Wash Elute| “n\l '\‘
‘ [

Gel of purification

. .

4 6 7 8 9 10 11[12 13|14 15
gel filtration ——
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CD spectra 5
w0
go 19 00 210 220 230 250 260
g
=
§ -10
% -15
gfm
-25
wavelength (nm)
Gene GST-TRIM24 WT
Vector backbone pGTvL1-SGC (Ampicillin)
Source LIC cloning from pNIC28-Bsa4 construct

Affinity label : cleavage

enzyme

GST : TEV protease

DNA sequence

AAATTAACACAGTCTATGGCCATCATACGTTATATAGCTGACAAGCA
CAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAGATTTCAATGC
TTGAAGGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTGCA
TATAGTAAAGACTTTGAAACTCTCAAAGTTGATTTTCTTAGCAAGCT
ANNNGAAATGCTGAAAATGTTCGAAGATCGTTTATGTCATAAAACAT
ATTTAAATGGTGATCATGTAACCCATCCTGACTTCATGTTGTATGAC
GCTCTTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGCGTT
CCCAAAATTAGTTTGTTTTAAAAAACGTATTGAAGCTATCCCACAAA
TTGATAAGTACTTGAAATCCAGCAAGTATATAGCATGGCCTTTGCAG
GGCTGGCAAGCCACGTTTGGTGGTGGCGACCATCCTCCAAAATCGAG
CTCAGAGAACCTGTACTTCCAATCCATGAATGAGGACTGGTGTGCAG
TTTGTCAAAACGGAGGGGAACTCCTCTGCTGTGAAAAGTGCCCCAAA
GTATTCCATCTTTCTTGTCATGTGCCCACATTGACAAATTTTCCAAG
TGGAGAGTGGATTTGCACTTTCTGCCGAGACTTATCTAAACCAGAAG
TTGAATATGATTGTGATGCTCCCAGTCACAACTCAGAAAAAAAGAAA
ACTGAAGGCCTTGTTAAGTTAACACCTATAGATAAAAGGAAGTGTGA
GCGCCTACTTTTATTTCTTTACTGCCATGAAATGAGCCTGGCTTTTC
AAGACCCTGTTCCTCTAACTGTGCCTGATTATTACAAAATAATTAAA
AATCCAATGGATTTGTCAACCATCAAGAAAAGACTACAAGAAGATTA
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TTCCATGTACTCAAAACCTGAAGATTTTGTAGCTGATTTTAGATTGA
TCTTTCAAAACTGTGCTGAATTCAATGAGCCTGATTCAGAAGTAGCC
AATGCTGGTATAAAACTTGAAAATTATTTTGAAGAACTTCTAAAGAA
CCTCTATCCAGAATGA

Amino acid sequence

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFE
LGLEFPNLPYYIDGDVKLTQSMAITRYTIADKHNMLGGCPKERAETISM
LEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKT
YLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQ
IDKYLKSSKYIAWPLOGWQATFGGGDHPPKSSSENLYFQSMNEDWCA
VCONGGELLCCEKCPKVFHLSCHVPTLTNFPSGEWICTFCRDLSKPE
VEYDCDAPSHNSEKKKTEGLVKLTPIDKRKCERLLLFLYCHEMSLAF
QDPVPLTVPDYYKIIKNPMDLSTIKKRLOEDYSMYSKPEDEFVADFRL
IFONCAEFNEPDSEVANAGIKLENYFEELLKNLYPE-

Calculated aa; MW (Da);
€ (all cystines); pl

412; 47993.3; 68270; 5.32

Observed MS (Da)

(chromatogram,

combined, deconvoluted)
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HPLC trace of purification

Gel of purification

10 mL glutathione sepharose elute; S75 gel filtration elute

lutathione sepharose column TEV cleavage trials cleavage gel filtration column

gstTRIM24
MW = 47,993

gst
MW = 26,534
TRIM24
MW = 21,457

MFTWS6?8910111213‘\415591234?}%’1567391011121314*5
] =
——— elution fractions ———— = —FT—> ® ——— elution fractions ————

CD spectra 15

E

5

-25
wavelength (nm)

Gene Hisc-SUMO-TRIM24 WT
Vector backbone pETM11-SUMO3 (Kanamycin)
Source Gibson assembly

Affinity label : cleavage
enzyme

Hiss-SUMO : SENP1

DNA sequence

ATGAAACATCACCATCACCATCACCCCATGAGCGATTACGACATCCC
CACTACTGAGAATCTTTATTTTCAGGGCGCCATGGGCAACGATCACA
TTAACCTGAAAGTGGCCGGTCAAGACGGTAGCGTAGTCCAGTTTAAA
ATCAAACGCCACACCCCTCTGTCGAAACTGATGAAAGCCTATTGTGA
ACGCCAAGGTCTGTCTATGCGTCAGATCCGTTTTCGCTTCGATGGAC
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AGCCGATTAACGAAACCGACACTCCAGCACAGCTGGAAATGGAAGAT
GAGGACACCATTGACGTGTTCCAGCAACAGACCGGTGGATCCATGAA
TGAGGACTGGTGTGCAGTTTGTCAAAACGGAGGGGAACTCCTCTGCT
GTGAAAAGTGCCCCAAAGTATTCCATCTTTCTTGTCATGTGCCCACA
TTGACAAATTTTCCAAGTGGAGAGTGGATTTGCACTTTCTGCCGAGA
CTTATCTAAACCAGAAGTTGAATATGATTGTGATGCTCCCAGTCACA
ACTCAGAAAAAAAGAAAACTGAAGGCCTTGTTAAGTTAACACCTATA
GATAAAAGGAAGTGTGAGCGCCTACTTTTATTTCTTTACTGCCATGA
AATGAGCCTGGCTTTTCAAGACCCTGTTCCTCTAACTGTGCCTGATT
ATTACAAAATAATTAAAAATCCAATGGATTTGTCAACCATCAAGAAA
AGACTACAAGAAGATTATTCCATGTACTCAAAACCTGAAGATTTTGT
AGCTGATTTTAGATTGATCTTTCAAAACTGTGCTGAATTCAATGAGC
CTGATTCAGAAGTAGCCAATGCTGGTATAAAACTTGAAAATTATTTT
GAAGAACTTCTAAAGAACCTCTATCCAGAATGA

Amino acid sequence

MKHHHHHHPMSDYDIPTTENLYFQGAMGNDHINLKVAGQDGSVVQEFK
IKRHTPLSKLMKAYCERQGLSMRQIRFRFDGQPINETDTPAQLEMED
EDTIDVFQQOQTGGSMNEDWCAVCONGGELLCCEKCPKVFHLSCHVPT
LTNFPSGEWICTFCRDLSKPEVEYDCDAPSHNSEKKKTEGLVKLTPI
DKRKCERLLLFLYCHEMSLAFQDPVPLTVPDYYKIIKNPMDLSTIKK
RLOEDYSMYSKPEDEFVADFRLIFONCAEFNEPDSEVANAGIKLENYF
EELLKNLYPE-

Calculated aa; MW (Da);
€ (all cystines); pl

292;33804.4; 28140; 5.31

Observed MS (Da)

(chromatogram,

combined, deconvoluted)

33809

B3045_sT24pd

CRL353054 TOF MS ES+
037 TIC

1007 1.06e6

993

T T T T T T 1 Time
100 200 300 400 5.00 6.00 7.00 800 9.00 10.00
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B3045_sT24pd1
CRL53054 207 (3.525) Cm (202:220)

TOF MS ES+
867.81_ 738
1004 %

846.14

343.34
2713

L VARRLIAAAY MR et MRS Mand MG IAAA MG UM AR B0 NARLIOA AR IAOM oAl dted miz
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400

o
3

B3045_sT24pd1
CRL353054 207 (3.525) M1 [Ev0,It29] (Gs,0.750,300:2499,1.00,L.33 R33); Cm (202:220) TOF MS ES+
100 33809.00_ 7.72¢4
77226

33883.00
14384

33915.00
4965

22000 24000 26000 28000 32000 34000 38000

HPLC trace of purification

Gel of purification

5 mL His-HP load, wash, elute; S75 gel filtration elute

sumo-TRIM24 purification: IMAC, cleavage
B - mE
80 -
58 =
46
32 b
251 bl

22
~

17

"

MLyFTW 2 3 4 5 6 2
——Elute—1 §

SENP1
cleaved

Gene TRIM24 WT
Cleaved amino acid | SMNEDWCAVCQONGGELLCCEKCPKVFHLSCHVPTLTNFPSGEWICTF
sequence CRDLSKPEVEYDCDAPSHNSEKKKTEGLVKLTPIDKRKCERLLLFLY

CHEMSLAFQDPVPLTVPDYYKITIKNPMDLSTIKKRLQEDYSMYSKPE
DFVADFRLIFONCAEFNEPDSEVANAGIKLENYFEELLKNLYPE-
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Calculated aa; MW (Da);
. 185;21456.5;23670; 4.92
€ (all cystines); pl

Observed MS (Da) Cleavage from pNIC28-Bsa4: minor product 21459

(chromatogram,

combined, deconvoluted)

Cleavage from pETM11-SUMO3: 21458

83009 _T24
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HPLC trace of purification

Gel of purification

g

pETM11-SUMO3: 5 mL His-HP flow-through; S75 gel filtration elute

sumo-TRIM24 SENP1 cleavage purification

so i 9
o | s
32 -. i
250
25 '8 22
g . Seav™ . |
17 - - %
; “u-w
M%282345679121110 M5 6 7 8 910
¢ O S+ Flowthrough —i+— Elute —  +— Gelfiltration —i
.|
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CD spectra Cleavage from pNIC28-Bsa4
5
w0
S 10
g .
:
§ 10
]
% -15
£ 20
-25
wavelength (nm)
Cleavage from pETM11-SUMO3
10
E
-25
wavelength (nm)
Gene Hise-TRIM24 W828A
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source Site-directed mutagenesis from WT

Affinity label : cleavage

enzyme

Hiss : TEV protease

DNA sequence

ATGCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGGTACCGA
GAACCTGTACTTCCAATCCATGAATGAGGACGCGTGTGCAGTTTGTC
AAAACGGAGGGGAACTCCTCTGCTGTGAAAAGTGCCCCAAAGTATTC
CATCTTTCTTGTCATGTGCCCACATTGACAAATTTTCCAAGTGGAGA
GTGGATTTGCACTTTCTGCCGAGACTTATCTAAACCAGAAGTTGAAT
ATGATTGTGATGCTCCCAGTCACAACTCAGAAAAAAAGAAAACTGAA
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GGCCTTGTTAAGTTAACACCTATAGATAAAAGGAAGTGTGAGCGCCT
ACTTTTATTTCTTTACTGCCATGAAATGAGCCTGGCTTTTCAAGACC
CTGTTCCTCTAACTGTGCCTGATTATTACAAAATAATTAAAAATCCA
ATGGATTTGTCAACCATCAAGAAAAGACTACAAGAAGATTATTCCAT
GTACTCAAAACCTGAAGATTTTGTAGCTGATTTTAGATTGATCTTTC
AAAACTGTGCTGAATTCAATGAGCCTGATTCAGAAGTAGCCAATGCT
GGTATAAAACTTGAAAATTATTTTGAAGAACTTCTAAAGAACCTCTA
TCCAGAATGA

Amino acid sequence

MHHHHHHSSGVDLGTENLYFQSMNEDACAVCONGGELLCCEKCPKVE
HLSCHVPTLTNFPSGEWICTFCRDLSKPEVEYDCDAPSHNSEKKKTE
GLVKLTPIDKRKCERLLLFLYCHEMSLAFQDPVPLTVPDYYKIIKNP
MDLSTIKKRLQEDYSMYSKPEDFVADFRLIFONCAEFNEPDSEVANA
GIKLENYFEELLKNLYPE-

Calculated aa; MW (Da);
€ (all cystines); pl

206; 23807.0; 19660; 5.24

Observed MS (Da)

(chromatogram,

combined, deconvoluted)

23808

B2105 hT24 WA
CRL340652 TOF MS ES+
043 Tic
1.15¢6
027

6.39

0 T T T T T T T T T T T T T T T T T T T Z Time:
100 200 300 400 500 600 7.00 800 900 10.00

B2105 hT24 WA
CRL340652 210 (3.580) Mk [Ev-277055,t31] (Sp,0.750,300:2499,1.00,L33,R33); Cm (203:225) TOF MS ES+
1004 953,677 993792 455

917.119

1036.365

1084.037
883.619

851.502

822.734

327.163 1402468 1490 104

1704.119

470.228 1836.020 2168.439

663.506

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
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B2105 hT24 WA
CRL340652 210 (3.580) M1 [Ev-277055,t31] (Sp,0.750,300:2499,1.00,L33 R33); Cm (203:225) TOF MS ES#
1004 23808.000 5.95¢3
23825.000
B 23844.000
23900.000
o 2800 3922000 25451.000 25611000 -
230 00022725,000 22888.000 23539.01 3959.000 24819.0( 25088.000 95406000, 5629.000 . 26744.000 95005.000
T T T T T T T T T T T T mass
22000 22500 23000 23500 24000 24500 25000 25500 26000 26500

HPLC trace of purification

Gel of purification

5 mL His-HP load, wash, elute; S75 gel filtration elute

His,-TRIM24W828A

Py o e ——
a0 8 ' | a0l ¥ w
58 .
58 vl
169 ' 46
32 - 32 b
25 - 25
22 .- 2% - -"'...
17 - 17 "
= 11
11
|
MFTW2 345 M B2 3 4 5 6 7 8 9 10 11 12 13
— IMAC — S S — gel filtraton @~——m

CD spectra

circular dichroism (millidegrees)

-30

wavelength (nm)
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Gene Hiss-TRIM24 N980A
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source Site-directed mutagenesis from WT

Affinity label : cleavage

enzyme

Hiss : TEV protease

DNA sequence

ATGCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGGTACCGA
GAACCTGTACTTCCAATCCATGAATGAGGACTGGTGTGCAGTTTGTC
AAAACGGAGGGGAACTCCTCTGCTGTGAAAAGTGCCCCAAAGTATTC
CATCTTTCTTGTCATGTGCCCACATTGACAAATTTTCCAAGTGGAGA
GTGGATTTGCACTTTCTGCCGAGACTTATCTAAACCAGAAGTTGAAT
ATGATTGTGATGCTCCCAGTCACAACTCAGAARAAAAAGAAAACTGAA
GGCCTTGTTAAGTTAACACCTATAGATAAAAGGAAGTGTGAGCGCCT
ACTTTTATTTCTTTACTGCCATGAAATGAGCCTGGCTTTTCAAGACC
CTGTTCCTCTAACTGTGCCTGATTATTACAAAATAATTAAAAATCCA
ATGGATTTGTCAACCATCAAGAAAAGACTACAAGAAGATTATTCCAT
GTACTCAAAACCTGAAGATTTTGTAGCTGATTTTAGATTGATCTTTC
AAAACTGTGCTGAATTCGCTGAGCCTGATTCAGAAGTAGCCAATGCT
GGTATAAAACTTGAAAATTATTTTGAAGAACTTCTAAAGAACCTCTA
TCCAGAATGA

Amino acid sequence

MHHHHHHSSGVDLGTENLYFQSMNEDWCAVCONGGELLCCEKCPKVE
HLSCHVPTLTNFPSGEWICTFCRDLSKPEVEYDCDAPSHNSEKKKTE
GLVKLTPIDKRKCERLLLFLYCHEMSLAFQDPVPLTVPDYYKIIKNP
MDLSTIKKRLQEDYSMYSKPEDFVADFRLIFONCAEFAEPDSEVANA
GIKLENYFEELLKNLYPE-

Calculated aa; MW (Da);
€ (all cystines); pl

206; 23879.2; 25160; 5.24

Observed MS (Da)

(chromatogram,

combined, deconvoluted)

23881

B2105 hT24 NA
CRL340650 TOF MS ES*
Y] TIC

027 1.15e6

717

0 T T T T T T T T T 1 Time
1.00 2,00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
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B2105hT24 NA
CRL340650 211 (3.596) Cm (206:226) TOF MS ES*
1004 302.144 498
399.225

%

521.201 956230996017 1039 549

919.307.
543.201

1138.2431257.904
737.347

B L L e AR L A L L e e et B L L L e M L A i A i A s miz
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
B2105 hT24 NA
CRL340650 211 (3.596) M [Ev-271041,1129] (Sp,0.750,300:2499,1.00,L33 R33); C (206:226) TOF MS ES+

23881.000 11064

100,
<

23900000

25714900 [|28920.000

2415.000 23013000 23972.000

21904000 285.00 24973.000
T ! :
20000 20500 21000

T T T
21500 22000

mass

HPLC trace of purification

T
24500

Gel of purification

5 mL His-HP load, wash, elute; S75 gel filtration elute
His,-TRIM24N980A

.

FTW2345M FT
—IMAC—

load

2 3 4 5 6 7 8 9 10 11 12 13
———— gelfiltraon ———M8
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CD spectra 10
= 5
(7] & —
= 1 00 210 220 230 40 250 260
E -5
§ -10 r,
,‘g -15
LE -20 \/(-/
E -25
-30
wavelength (nm)
Gene Hiss-TRIM24 N98OF
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source Site-directed mutagenesis from WT

Affinity label : cleavage

enzyme

Hiss : TEV protease

DNA sequence

ATGCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGGTACCGA
GAACCTGTACTTCCAATCCATGAATGAGGACTGGTGTGCAGTTTGTC
AAAACGGAGGGGAACTCCTCTGCTGTGAAAAGTGCCCCAAAGTATTC
CATCTTTCTTGTCATGTGCCCACATTGACAAATTTTCCAAGTGGAGA
GTGGATTTGCACTTTCTGCCGAGACTTATCTAAACCAGAAGTTGAAT
ATGATTGTGATGCTCCCAGTCACAACTCAGAAAAAAAGAAAACTGAA
GGCCTTGTTAAGTTAACACCTATAGATAAAAGGAAGTGTGAGCGCCT
ACTTTTATTTCTTTACTGCCATGAAATGAGCCTGGCTTTTCAAGACC
CTGTTCCTCTAACTGTGCCTGATTATTACAAAATAATTAAAAATCCA
ATGGATTTGTCAACCATCAAGAAAAGACTACAAGAAGATTATTCCAT
GTACTCAAAACCTGAAGATTTTGTAGCTGATTTTAGATTGATCTTTC
AAAACTGTGCTGAATTCTTTGAGCCTGATTCAGAAGTAGCCAATGCT
GGTATAAAACTTGAAAATTATTTTGAAGAACTTCTAAAGAACCTCTA
TCCAGAATGA

Amino acid sequence

MHHHHHHSSGVDLGTENLYFQSMNEDWCAVCONGGELLCCEKCPKVE
HLSCHVPTLTNFPSGEWICTFCRDLSKPEVEYDCDAPSHNSEKKKTE
GLVKLTPIDKRKCERLLLFLYCHEMSLAFQDPVPLTVPDYYKIIKNP
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MDLSTIKKRLQEDYSMYSKPEDFVADFRLIFQNCAEFFEPDSEVANA
GIKLENYFEELLKNLYPE-

Calculated aa; MW (Da);
€ (all cystines); pl

206; 23955.3; 25160; 5.24

Observed MS (Da)

(chromatogram,

combined, deconvoluted)

B2105 hT24 NF
CRL340651 TOF MS ES+
Y] TiC
11266
06|
=
o 717
J 361
0 T T T T T T T T T T T T T T T T T T 1 Time
1.00 200 300 4.00 5.00 6.00 7.00 8.00 9.00 .
B2105 hT24 NF
CRL340651 212 (3610) Cm (207:223) TOF MS ES+
10002188 340
469.904
372100
49923

%

521212 59180 1042637

T Aol i 1A 3 S R il miz
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400

B2105 hT24 NF
CRL340651 212 (3.610) M1 [Ev-252219,129] (Sp.0.750,300:2499,1.00,L33,R33); Cm (207:223) TOF MS ES*
23957.000 6.62¢3
100y
23974.000
B3l
23993.000
23825.000 24012.000
g 201200 23558.000 U900 25209000 25554000 25751000 gerea gy 26417.000
0 T T T T T T T T T T T T T T T T T T T mass
22000 22500 23000 23500 24000 24500 25000 25500 26000 26500

HPLC trace of purification

Gel of purification

"

5 mL His-HP load, wash, elute; S75 gel filtration elute
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His,-TRIM24N980F

ol | !
56 e I '\ d | some
46 ’ 45

32 ' 2.

m'“.' 22 -!'.‘IN"ID

-

MFTW2 345 M FT
F—IMAC—

2 3 4 5 6 7 8 9 10 11 12 13

©
©
2 gelfitration ———

CD spectra 5
oo
g 1%
g
B
§ 10
e
% -15
Efm
-25
wavelength (nm)
Gene Hise-TRIM24 W828A NISOF
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source Site-directed mutagenesis from single mutant

Affinity label : cleavage

enzyme

Hiss : TEV protease

DNA sequence

ATGCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGGTACCGA
GAACCTGTACTTCCAATCCATGAATGAGGACGCGTGTGCAGTTTGTC
AAAACGGAGGGGAACTCCTCTGCTGTGAAAAGTGCCCCAAAGTATTC
CATCTTTCTTGTCATGTGCCCACATTGACAAATTTTCCAAGTGGAGA
GTGGATTTGCACTTTCTGCCGAGACTTATCTAAACCAGAAGTTGAAT
ATGATTGTGATGCTCCCAGTCACAACTCAGAAAAAAAGAARAACTGAA
GGCCTTGTTAAGTTAACACCTATAGATAAAAGGAAGTGTGAGCGCCT
ACTTTTATTTCTTTACTGCCATGAAATGAGCCTGGCTTTTCAAGACC
CTGTTCCTCTAACTGTGCCTGATTATTACAAAATAATTAAAAATCCA
ATGGATTTGTCAACCATCAAGAAAAGACTACAAGAAGATTATTCCAT
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GTACTCAAAACCTGAAGATTTTGTAGCTGATTTTAGATTGATCTTTC
AAAACTGTGCTGAATTCTTTGAGCCTGATTCAGAAGTAGCCAATGCT
GGTATAAAACTTGAAAATTATTTTGAAGAACTTCTAAAGAACCTCTA
TCCAGAATGA

Amino acid sequence

MHHHHHHSSGVDLGTENLYFQSMNEDACAVCONGGELLCCEKCPKVE
HLSCHVPTLTNFPSGEWICTFCRDLSKPEVEYDCDAPSHNSEKKKTE
GLVKLTPIDKRKCERLLLFLYCHEMSLAFQDPVPLTVPDYYKIIKNP
MDLSTIKKRLQEDYSMYSKPEDFVADFRLIFQNCAEFFEPDSEVANA
GIKLENYFEELLKNLYPE-

Calculated aa; MW (Da);
€ (all cystines); pl

206; 23840.1; 19660; 5.24

Gene GST-TRIM33 WT
Vector backbone pGEX-4T1 (Ampicillin)
Source Provided by Prof. Joan Massagué

Affinity label : cleavage

enzyme

GST : TEV protease

DNA sequence

TCCAAAGGAGCGTGCAGAGATTTCAATGCTTGAAGGAGCGGTTTTGG
ATATTAGATACGGTGTTTCGAGAATTGCATATAGTAAAGACTTTGAA
ACTCTCAAAGTTGATTTCTTAGCAAGCTACCTGAAATGCTGAAAATG
TTCGAAGATCGTTTATGTCATAAAACATATTTAAATGGTGATCATGT
AACCCATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTTAT
ACATGGACCCAATGTGCCTGGATGCGTTCCCAAAATTAGTTTGTTTT
AAAAAACGTATTGAAGCTATCCCACAAATTGATAAGTACTTGAAATC
CAGCAAGTATATAGCATGGCCTTTGCAGGGCTGGCAAGCCACGTTTG
GTGGTGGCGACCATCCTCCAAAATCGGATCTGGTTCCGCGTGGATCC
ACCATGGACTGGTGTGCTGTCTGCCAAAACGGAGGAGATCTCTTGTG
CTGCGAAAAATGTCCAAAGGTCTTTCATCTAACTTGTCATGTTCCAA
CACTACTTAGCTTTCCAAGTGGGGACTGGATATGCACATTTTGTAGA
GATATTGGAAAGCCAGAAGTTGAATATGATTGTGATAATTTGCAACA
TAGTAAGAAGGGGAAAACTGCGCAGGGGTTAAGCCCCGTGGACCAAA
GGAAATGTGAACGTCTTCTGCTTTACCTCTATTGCCATGAATTAAGT
ATTGAATTCCAGGAGCCTGTTCCTGCTTCGATACCAAACTACTATAA
AATTATAAAGAAACCAATGGATTTATCCACCGTGAAAAAGAAGCTTC

226




Chapter 8:

Appendices

AGAAAAAACATTCCCAACACTACCAAATCCCGGATGACTTTGTGGCC
GATGTCCGTTTGATCTTCAAGAACTGTGAAAGGTTTAATGAAATGAT
GAAAGTTGTTCAAGTTTATGCAGACACACAAGAGATTAATTTGAAGG
CTGATTCAGAAGTAGCTCAGGCAGGGAAAGCAGTTGCATTGTACTTT
GAAGATAAACTCACAGAGATCTACTCAGACAGGACCTTCGCACCTTT
GCCAGAGTTTGAGCAGGAAGAGGATGATGGTGAGGTAACTGAGGACT
CTGATGAAGACTTTATACAGCCCCGCAGAAAACGCCTAAAGTCAGAT
GAGAGACCAGTACATATAAAGTAA

Amino acid sequence

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKEE
LGLEFPNLPYYIDGDVKLTQSMAITRYIADKHNMLGGCPKERAEISM
LEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKT
YLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQ
IDKYLKSSKYIAWPLOGWQATFGGGDHPPKSDLVPRGSTMDWCAVCQ
NGGDLLCCEKCPKVFHLTCHVPTLLSFPSGDWICTFCRDIGKPEVEY
DCDNLQHSKKGKTAQGLSPVDQRKCERLLLYLYCHELSIEFQEPVPA
SIPNYYKITIKKPMDLSTVKKKLOKKHSQHYQIPDDFVADVRLIFKNC
ERFNEMMKVVQVYADTQEINLKADSEVAQAGKAVALYFEDKLTEIYS
DRTFAPLPEFEQEEDDGEVTEDSDEDFIQPRRKRLKSDERPVHIK-

Calculated aa; MW (Da);
€ (all cystines); pl

468; 54342.5; 68270; 5.65

Gene Hise-TRIM33 WT
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source LIC cloning from pGEX-4T1 construct

Affinity label : cleavage

enzyme

Hise : TEV protease

DNA sequence

ATGCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGGTACCGA
GAACCTGTACTTCCAATCCATGGACTGGTGTGCTGTCTGCCAAAACG
GAGGAGATCTCTTGTGCTGCGAAAAATGTCCAAAGGTCTTTCATCTA
ACTTGTCATGTTCCAACACTACTTAGCTTTCCAAGTGGGGACTGGAT
ATGCACATTTTGTAGAGATATTGGAAAGCCAGAAGTTGAATATGATT
GTGATAATTTGCAACATAGTAAGAAGGGGAARAACTGCGCAGGGGTTA
AGCCCCGTGGACCAAAGGAAATGTGAACGTCTTCTGCTTTACCTCTA
TTGCCATGAATTAAGTATTGAATTCCAGGAGCCTGTTCCTGCTTCGA
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TACCAAACTACTATAAAATTATAAAGAAACCAATGGATTTATCCACC
GTGAAAAAGAAGCTTCAGAAAAAACATTCCCAACACTACCAAATCCC
GGATGACTTTGTGGCCGATGTCCGTTTGATCTTCAAGAACTGTGAAA
GGTTTAATGAAATGATGAAAGTTGTTCAAGTTTATGCAGACACACAA
GAGATTAATTTGAAGGCTGATTCAGAAGTAGCTCAGGCAGGGAAAGC
AGTTGCATTGTACTTTGAAGATAAACTCACAGAGATCTACTCAGACA
GGACCTTCGCACCTTTGCCAGAGTTTGAGCAGGAAGAGGATGATGGT
GAGGTAACTGAGGACTCTGATGAAGACTTTATACAGCCCCGCAGAAA
ACGCCTAAAGTCAGATGAGAGACCAGTACATATAAAGTAA

Amino acid sequence

MHHHHHHSSGVDLGTENLYFQSMDWCAVCONGGDLLCCEKCPKVFHL
TCHVPTLLSFPSGDWICTFCRDIGKPEVEYDCDNLQHSKKGKTAQGL
SPVDORKCERLLLYLYCHELSIEFQEPVPASIPNYYKIIKKPMDLST
VKKKLOKKHSQHYQIPDDEVADVRLIFKNCERFNEMMKVVQVYADTQ
EINLKADSEVAQAGKAVALYFEDKLTEIYSDRTFAPLPEFEQEEDDG
EVTEDSDEDFIQPRRKRLKSDERPVHIK-

Calculated aa; MW (Da);
€ (all cystines); pl

263;30502; 26650; 5.62

Observed MS (Da)

(chromatogram,

combined, deconvoluted)

30506

hT33C2phophate
CRL¥A210

100
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HPLC trace of purification IMAC Elution Gel Filtration

Gel of purification i '

1708
11'?
MFTW 1 2 3|4 5 6 7 8 910 11[12

—— IMAC —— +——— gel filtration ——

CD spectra 10

circular dichroism (millidegrees)

-25
wavelength (nm)
Gene GST-TRIM33 WT
Vector backbone pGTvL1-SGC (Ampicillin)
Source LIC cloning from pGEX-4T1 construct
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Affinity label : cleavage

enzyme

GST : TEV protease

DNA sequence

GAAATGCTGAAAATGTTCGAAGATCGTTTATGTCATAAAACATATTT
AAATGGTGATCATGTAACCCATCCTGACTTCATGTTGTATGACGCTC
TTGATGTTGTTTTATACATGGACCCAATGTGCCTGGATGCGTTCCCA
AAATTAGTTTGTTTTAAAAAACGTATTGAAGCTATCCCACAAATTGA
TAAGTACTTGAAATCCAGCAAGTATATAGCATGGCCTTTGCAGGGCT
GGCAAGCCACGTTTGGTGGTGGCGACCATCCTCCAAAATCGAGCTCA
GAGAACCTGTACTTCCAATCCATGGACTGGTGTGCTGTCTGCCAAAA
CGGAGGAGATCTCTTGTGCTGCGAAAAATGTCCAAAGGTCTTTCATC
TAACTTGTCATGTTCCAACACTACTTAGCTTTCCAAGTGGGGACTGG
ATATGCACATTTTGTAGAGATATTGGAAAGCCAGAAGTTGAATATGA
TTGTGATAATTTGCAACATAGTAAGAAGGGGAAAACTGCGCAGGGGT
TAAGCCCCGTGGACCAAAGGAAATGTGAACGTCTTCTGCTTTACCTC
TATTGCCATGAATTAAGTATTGAATTCCAGGAGCCTGTTCCTGCTTC
GATACCAAACTACTATAAAATTATAAAGAAACCAATGGATTTATCCA
CCGTGAAAAAGAAGCTTCAGAAAAAACATTCCCAACACTACCAAATC
CCGGATGACTTTGTGGCCGATGTCCGTTTGATCTTCAAGAACTGTGA
AAGGTTTAATGAAATGATGAAAGTTGTTCAAGTTTATGCAGACACAC
AAGAGATTAATTTGAAGGCTGATTCAGAAGTAGCTCAGGCAGGGAAA
GCAGTTGCATTGTACTTTGAAGATAAACTCACAGAGATCTACTCAGA
CAGGACCTTCGCACCTTTGCCAGAGTTTGAGCAGGAAGAGGATGATG
GTGAGGTAACTGAGGACTCTGATGAAGACTTTATACAGCCCCGCAGA
AAACGCCTAAAGTCAGATGAGAGACCAGTACATATAAAGTAA

Amino acid sequence

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFE
LGLEFPNLPYYIDGDVKLTQSMAITRYIADKHNMLGGCPKERAETISM
LEGAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKT
YLNGDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQ
IDKYLKSSKYIAWPLOGWQATFGGGDHPPKSSSENLYFQSMDWCAVC
ONGGDLLCCEKCPKVFHLTCHVPTLLSFPSGDWICTFCRDIGKPEVE
YDCDNLQHSKKGKTAQGLSPVDQRKCERLLLYLYCHELSTIEFQEPVP
ASTIPNYYKITIKKPMDLSTVKKKLOKKHSQHYQIPDDEFVADVRLIFKN
CERFNEMMKVVQVYADTQEINLKADSEVAQAGKAVALYFEDKLTETY
SDRTFAPLPEFEQEEDDGEVTEDSDEDFIQPRRKRLKSDERPVHIK-
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Calculated aa; MW (Da);
€ (all cystines); pl

469; 54572.7; 69760; 5.58

HPLC trace of purification

Gel of purification

10 mL glutathione sepharose elute; 120 mL S75 gel filtration elute

gst-TRIM33

70
55
40

35
25

15

MEB 2 3 4 5 6 7 8 9 10
9 p——— gelfiltraion ——0

CD spectra

ZE

5

-25
wavelength (nm)

Gene Hise-SUMO-TRIM33 WT
Vector backbone pETM11-SUMO3 (Kanamycin)
Source Gibson assembly

Affinity label : cleavage

enzyme

Hiss-SUMO : SENP1
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DNA sequence

ATGAAACATCACCATCACCATCACCCCATGAGCGATTACGACATCCC
CACTACTGAGAATCTTTATTTTCAGGGCGCCATGGGCAACGATCACA
TTAACCTGAAAGTGGCCGGTCAAGACGGTAGCGTAGTCCAGTTTAAA
ATCAAACGCCACACCCCTCTGTCGAAACTGATGAAAGCCTATTGTGA
ACGCCAAGGTCTGTCTATGCGTCAGATCCGTTTTCGCTTCGATGGAC
AGCCGATTAACGAAACCGACACTCCAGCACAGCTGGAAATGGAAGAT
GAGGACACCATTGACGTGTTCCAGCAACAGACCGGTGGATCCATGGA
CTGGTGTGCTGTCTGCCAAAACGGAGGAGATCTCTTGTGCTGCGAAA
AATGTCCAAAGGTCTTTCATCTAACTTGTCATGTTCCAACACTACTT
AGCTTTCCAAGTGGGGACTGGATATGCACATTTTGTAGAGATATTGG
AAAGCCAGAAGTTGAATATGATTGTGATAATTTGCAACATAGTAAGA
AGGGGAAAACTGCGCAGGGGTTAAGCCCCGTGGACCAAAGGAAATGT
GAACGTCTTCTGCTTTACCTCTATTGCCATGAATTAAGTATTGAATT
CCAGGAGCCTGTTCCTGCTTCGATACCAAACTACTATAAAATTATAA
AGAAACCAATGGATTTATCCACCGTGAAAAAGAAGCTTCAGAAAAAR
CATTCCCAACACTACCAAATCCCGGATGACTTTGTGGCCGATGTCCG
TTTGATCTTCAAGAACTGTGAAAGGTTTAATGAAATGATGAAAGTTG
TTCAAGTTTATGCAGACACACAAGAGATTAATTTGAAGGCTGATTCA
GAAGTAGCTCAGGCAGGGAAAGCAGTTGCATTGTACTTTGAAGATAA
ACTCACAGAGATCTACTCAGACAGGACCTTCGCACCTTTGCCAGAGT
TTGAGCAGGAAGAGGATGATGGTGAGGTAACTGAGGACTCTGATGAA
GACTTTATACAGCCCCGCAGAAAACGCCTAAAGTCAGATGAGAGACC
AGTACATATAAAGTAAAAGCTTGCGGCCGCACTCGAGCACCACCACC
ACCACCAC

Amino acid sequence

MKHHHHHHPMSDYDIPTTENLYFQGAMGNDHINLKVAGQDGSVVQFK
IKRHTPLSKLMKAYCERQGLSMRQIRFRFDGQPINETDTPAQLEMED
EDTIDVEFQQQTGGSMDWCAVCONGGDLLCCEKCPKVFHLTCHVPTLL
SFPSGDWICTFCRDIGKPEVEYDCDNLQHSKKGKTAQGLSPVDQRKC
ERLLLYLYCHELSIEFQEPVPASIPNYYKITKKPMDLSTVKKKLOKK
HSQHYQIPDDFVADVRLIFKNCERFNEMMKVVQVYADTQEINLKADS
EVAQAGKAVALYFEDKLTEIYSDRTFAPLPEFEQEEDDGEVTEDSDE
DFIQPRRKRLKSDERPVHIK-

Calculated aa; MW (Da);
€ (all cystines); pl

349; 40383.8; 29630; 5.61

Observed MS (Da)

Cleavage on column: 28040 and 28116 observed
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(chromatogram,

combined, deconvoluted)

B3045_sT33f2
CRL353056
039

1004
0.

%

!

TOF MS ES+
TiC
1.21e6

B3045_sT33f2
CRL353056 203 (3.459) Cm (194:220)

TOF MS ES+

Gel of purification
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CD spectra 5
7 0 ——
chn 195 205 215 225 23 245 255
g
-
£ 10
© rw
=
o
T -15
=
=
o
S 20
-25
wavelength (nm)
Gene TRIM33 WT

Cleaved amino acid

sequence

SMDWCAVCONGGDLLCCEKCPKVFHLTCHVPTLLSEFPSGDWICTECR
DIGKPEVEYDCDNLQHSKKGKTAQGLSPVDQRKCERLLLYLYCHELS
IEFQEPVPASIPNYYKIIKKPMDLSTVKKKLOKKHSQHYQIPDDEFVA
DVRLIFKNCEREFNEMMKVVQVYADTQEINLKADSEVAQAGKAVALYF
EDKLTEIYSDRTFAPLPEFEQEEDDGEVTEDSDEDFIQPRRKRLKSD
ERPVHIK-

Calculated aa; MW (Da);
€ (all cystines); pl

242;28035.9; 25160; 5.35

Observed MS (Da)

(chromatogram,

combined, deconvoluted)

Cleaved from pETM11-SUMO3: 28040 Da

B3045_sT3312

CRL353056 TOF MS ES+
7 ose TIc

1.21e6

J 9.03

B3045_sT3312
CRL353056 203 (3.459) C;

1004
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B3045_sT3372
CRL353056 203 (3.459) M1 [EV-314017.1130] (S5,0.750.300:2499,10.00,L.33,R33); O (197:224) TOF MS ES+

1.7505
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28190.000

o6220.000
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HPLC trace of purification

Gel of purification

5 mL His-HP flow-through (eluted SUMO), S75 gel filtration elute
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Gene Hise-TRIM33 W889A
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source Site-directed mutagenesis from WT

Affinity label : cleavage

enzyme

Hiss : TEV protease

DNA sequence

ATGCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGGTACCGA
GAACCTGTACTTCCAATCCATGGACGCGTGTGCTGTCTGCCAAAACG
GAGGAGATCTCTTGTGCTGCGAAAAATGTCCAAAGGTCTTTCATCTA
ACTTGTCATGTTCCAACACTACTTAGCTTTCCAAGTGGGGACTGGAT
ATGCACATTTTGTAGAGATATTGGAAAGCCAGAAGTTGAATATGATT
GTGATAATTTGCAACATAGTAAGAAGGGGAAAACTGCGCAGGGGTTA
AGCCCCGTGGACCAAAGGAAATGTGAACGTCTTCTGCTTTACCTCTA
TTGCCATGAATTAAGTATTGAATTCCAGGAGCCTGTTCCTGCTTCGA
TACCAAACTACTATAAAATTATAAAGAAACCAATGGATTTATCCACC
GTGAAAAAGAAGCTTCAGAAAAAACATTCCCAACACTACCAAATCCC
GGATGACTTTGTGGCCGATGTCCGTTTGATCTTCAAGAACTGTGAAA
GGTTTAATGAAATGATGAAAGTTGTTCAAGTTTATGCAGACACACAA
GAGATTAATTTGAAGGCTGATTCAGAAGTAGCTCAGGCAGGGAAAGC
AGTTGCATTGTACTTTGAAGATAAACTCACAGAGATCTACTCAGACA
GGACCTTCGCACCTTTGCCAGAGTTTGAGCAGGAAGAGGATGATGGT
GAGGTAACTGAGGACTCTGATGAAGACTTTATACAGCCCCGCAGAAA
ACGCCTAAAGTCAGATGAGAGACCAGTACATATAAAGTAA

Amino acid sequence

MHHHHHHSSGVDLGTENLYFQSMDACAVCONGGDLLCCEKCPKVFHL
TCHVPTLLSFPSGDWICTFCRDIGKPEVEYDCDNLQHSKKGKTAQGL
SPVDORKCERLLLYLYCHELSIEFQEPVPASIPNYYKIIKKPMDLST
VKKKLOKKHSQHYQIPDDEFVADVRLIFKNCERFNEMMKVVQVYADTQ
EINLKADSEVAQAGKAVALYFEDKLTEIYSDRTFAPLPEFEQEEDDG
EVTEDSDEDFIQPRRKRLKSDERPVHIK-

Calculated aa; MW (Da);
€ (all cystines); pl

263;30386.4; 21150; 5.62

Observed MS (Da)

(chromatogram,

combined, deconvoluted)

30388 and 30464
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82011 hT33 WA
SRAIBIS200E 4o

HPLC trace of purification

Gel of purification

5 mL His-HP load, wash, elute; S75 gel filtration elute
B3011 - hT33 W889A

£141618 & 26272829 30 31 32 33 34
[4}]
IMAC & Gel filtration
(5mL Ni-NTA) (120mL S75)
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CD spectra -
g 0 s ey
chn 190 200 210 220 230 250 260
g
=
g 10
g \
% -15
£ 20
-25
wavelength (nm)
Gene Hise-TRIM33 N9SOF
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source Site-directed mutagenesis from WT

Affinity label : cleavage

enzyme

Hiss : TEV protease

DNA sequence

ATGCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGGTACCGA
GAACCTGTACTTCCAATCCATGGACTGGTGTGCTGTCTGCCAAAACG
GAGGAGATCTCTTGTGCTGCGAAAAATGTCCAAAGGTCTTTCATCTA
ACTTGTCATGTTCCAACACTACTTAGCTTTCCAAGTGGGGACTGGAT
ATGCACATTTTGTAGAGATATTGGAAAGCCAGAAGTTGAATATGATT
GTGATAATTTGCAACATAGTAAGAAGGGGAAAACTGCGCAGGGGTTA
AGCCCCGTGGACCAAAGGAAATGTGAACGTCTTCTGCTTTACCTCTA
TTGCCATGAATTAAGTATTGAATTCCAGGAGCCTGTTCCTGCTTCGA
TACCAAACTACTATAAAATTATAAAGAAACCAATGGATTTATCCACC
GTGAAAAAGAAGCTTCAGAAAAAACATTCCCAACACTACCAAATCCC
GGATGACTTTGTGGCCGATGTCCGTTTGATCTTCAAGAACTGTGAAA
GGTTTTTTGAAATGATGAAAGTTGTTCAAGTTTATGCAGACACACAA
GAGATTAATTTGAAGGCTGATTCAGAAGTAGCTCAGGCAGGGAAAGC
AGTTGCATTGTACTTTGAAGATAAACTCACAGAGATCTACTCAGACA
GGACCTTCGCACCTTTGCCAGAGTTTGAGCAGGAAGAGGATGATGGT
GAGGTAACTGAGGACTCTGATGAAGACTTTATACAGCCCCGCAGAAA
ACGCCTAAAGTCAGATGAGAGACCAGTACATATAAAGTAA
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Amino acid sequence

MHHHHHHSSGVDLGTENLYFQSMDWCAVCONGGDLLCCEKCPKVFHL
TCHVPTLLSFPSGDWICTFCRDIGKPEVEYDCDNLQHSKKGKTAQGL
SPVDQRKCERLLLYLYCHELSIEFQEPVPASTPNYYKITIKKPMDLST
VKKKLOQKKHSQHYQIPDDEFVADVRLIFKNCERFFEMMKVVQVYADTQ
EINLKADSEVAQAGKAVALYFEDKLTEIYSDRTFAPLPEFEQEEDDG
EVTEDSDEDFIQPRRKRLKSDERPVHIK-

Calculated aa; MW (Da);
€ (all cystines); pl

263;30534.7; 26650; 5.62

Observed MS (Da)

(chromatogram,

combined, deconvoluted)

30537 Da

53011 hT33 NE

HPLC trace of purification

Gel of purification
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5 mL His-HP load, wash, elute; S75 gel filtration elute
B3011 - hT33 N1039F
- T — -~
{ i
. '. -u.
-
- *
-
M%“ 6 85 56 78910111213
IMAC & Gel filtration
(5mL Ni-NTA) (120mL S75)
CD spectra 10
= 5
=
E 190 00 210 220 230 250 260
E 5
E -10
E,m
%fm
-25
wavelength (nm)
Gene Hise-TRIM33 W889A N980OF
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source Site-directed mutagenesis from single mutant

Affinity label : cleavage

enzyme

Hise : TEV protease

DNA sequence

ATGCACCATCATCATCATCATTCTTCTGGTGTAGATCTGGGTACCGA
GAACCTGTACTTCCAATCCATGGACGCGTGTGCTGTCTGCCAAAACG
GAGGAGATCTCTTGTGCTGCGAAAAATGTCCAAAGGTCTTTCATCTA
ACTTGTCATGTTCCAACACTACTTAGCTTTCCAAGTGGGGACTGGAT
ATGCACATTTTGTAGAGATATTGGAAAGCCAGAAGTTGAATATGATT
GTGATAATTTGCAACATAGTAAGAAGGGGAAAACTGCGCAGGGGTTA
AGCCCCGTGGACCAAAGGAAATGTGAACGTCTTCTGCTTTACCTCTA
TTGCCATGAATTAAGTATTGAATTCCAGGAGCCTGTTCCTGCTTCGA
TACCAAACTACTATAAAATTATAAAGAAACCAATGGATTTATCCACC
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GTGAAAAAGAAGCTTCAGAAAAAACATTCCCAACACTACCAAATCCC
GGATGACTTTGTGGCCGATGTCCGTTTGATCTTCAAGAACTGTGAAA
GGTTTTTTGAAATGATGAAAGTTGTTCAAGTTTATGCAGACACACAA
GAGATTAATTTGAAGGCTGATTCAGAAGTAGCTCAGGCAGGGAAAGC
AGTTGCATTGTACTTTGAAGATAAACTCACAGAGATCTACTCAGACA
GGACCTTCGCACCTTTGCCAGAGTTTGAGCAGGAAGAGGATGATGGT
GAGGTAACTGAGGACTCTGATGAAGACTTTATACAGCCCCGCAGAAA
ACGCCTAAAGTCAGATGAGAGACCAGTACATATAAAGTAA

Amino acid sequence

MHHHHHHSSGVDLGTENLYFQSMDACAVCONGGDLLCCEKCPKVFHL
TCHVPTLLSFPSGDWICTFCRDIGKPEVEYDCDNLQHSKKGKTAQGL
SPVDQRKCERLLLYLYCHELSIEFQEPVPASTPNYYKITIKKPMDLST
VKKKLOKKHSQHYQIPDDEFVADVRLIFKNCERFFEMMKVVQVYADTQ
EINLKADSEVAQAGKAVALYFEDKLTEIYSDRTFAPLPEFEQEEDDG
EVTEDSDEDFIQPRRKRLKSDERPVHIK-

Calculated aa; MW (Da);
€ (all cystines); pl

263;30419.5;5.62; 21150

Gene His-SENP1
Vector backbone pNIC28-Bsa4 (Kanamycin)
Source Provided by SGC

Affinity label : cleavage

enzyme

Hiss : TEV protease

DNA sequence

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCC
GCGCGGCAGCCATATGGAATTTCCTGAAATTACAGAGGAAATGGAGA
AAGAAATAAAGAATGTATTTCGTAATGGGAATCAGGATGAAGTTCTC
AGTGAAGCATTTCGCCTGACCATTACACGCAAAGATATTCAAACTCT
AAACCATCTGAATTGGCTCAATGATGAGATCATCAATTTCTACATGA
ATATGCTGATGGAGCGAAGTAAAGAGAAGGGCTTGCCAAGTGTGCAT
GCATTTAATACCTTTTTCTTCACTAAATTAAAAACGGCTGGTTATCA
GGCAGTGAAACGTTGGACAAAGAAAGTAGATGTATTTTCTGTTGACA
TTCTTTTGGTGCCCATTCACCTGGGAGTACACTGGTGTCTAGCTGTT
GTGGACTTTAGAAAGAAGAATATTACCTATTACGACTCCATGGGTGG
GATAAACAATGAAGCCTGCAGAATACTCTTGCAATACCTAAAGCAAG
AAAGCATTGACAAGAAAAGGAAAGAGTTTGACACCAATGGCTGGCAG
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CTTTTCAGCAAGAAAAGCCAGGAGATTCCTCAGCAGATGAATGGAAG
TGACTGTGGGATGTTTGCCTGCAAATATGCTGACTGTATTACCAAAG
ACAGACCAATCAACTTCACACAGCAACACATGCCATACTTCCGGAAG
CGGATGGTCTGGGAGATCCTCCACCGAAAACTCTTGTGA

Amino acid sequence

MGSSHHHHHHSSGLVPRGSHMEFPEITEEMEKEIKNVEFRNGNQDEVL
SEAFRLTITRKDIQTLNHLNWLNDEI INFYMNMLMERSKEKGLPSVH
AFNTFFFTKLKTAGYQAVKRWTKKVDVFSVDILLVPIHLGVHWCLAV
VDFRKKNITYYDSMGGINNEACRILLQYLKQESIDKKRKEEFDTNGWQ
LEFSKKSQEIPQOMNGSDCGMFACKYADCITKDRPINFTQQOHMPYFRK
RMVWEILHRKLL-

Calculated aa; MW (Da);
€ (all cystines); pl

247; 29186.6; 38180; 9.10

HPLC trace of purification

Gel of purification

5 mL His-HP load, wash, elute
His,-SENP1

5

;

80 .
58 -
46 -
32 -

25 s
22 -

17

"

M FT W 2 3 4 5
——- IMAC —
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Normalized Intensity
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8.4 Compound NMR spectra

N-Hydroxyacetimidoyl chloride (23)
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Normalized Intensity
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(3-Methylisoxazol-5-yl)methanol (24)
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Normalized Intensity

Normalized Intensity
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5-(Chloromethyl)-3-methylisoxazole (25: CI-DMI)
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Chapter 8: Appendices

8.6 References

(1) Xi, Q., Wang, Z., Zaromytidou, A.-I., Zhang, X. H.-F.-F., Chow-Tsang, L.-F., Liu, J. X., Kim,
H., Barlas, A., Manova-Todorova, K., Kaartinen, V., Studer, L., Mark, W., Patel, D. J., Massagué,
J., and Massague, J. (2011) A Poised Chromatin Platform for TGF-beta Access to Master
Regulators. Cell 147, 1511-1524.

250



