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Plant homeodomains (PHDs) are protein domains which bind to the N-terminal region of
histone 3 (H3) in a manner dependent on the post-transitional modification state of residues
near the N-terminus of H3. For example some PHDs will only bind H3 if lysine 4 (K4) is
trimethylated, whereas other PHDs will only bind H3 if K4 is unmodified. PHDs play a crucial role
in gene regulation in cells and mutations and translocations of PHDs have been linked to disease

states.

A search of the human proteome revealed the presence of 173 PHDs. These were aligned using
structural information and the alignment used to create a PHD phylogenetic tree, the first time

such a tree has been reported for this domain family.

All PHD structures in the Protein Data Bank were computationally analysed using SiteMap in
order to assess ligandability. Single PHDs were generally found to be poorly ligandable, but some
were predicted to be at the lower threshold of ligandability. The study was expanded and found
that PHDs found in tandem with another PHD or other epigenetic reader domain were generally

more ligandable due to the formation of ligandable pockets at domain-domain interfaces.

Based on the results from the SiteMap analysis, experimental work was carried out to discover
ligands of the tandem PHD-PHD of double PHD finger protein 2 (DPF2) and the PHD-JmjC of PHD
finger protein 8 (PHF8). Assays were designed and both virtual and experimental screens
conducted. No hits were identified for DPF2, but a single fragment hit for PHF8 was found with
an ICsq of 260 pM. Analogues of this fragment were synthesised and tested, but none were

more potent than the initial hit.
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Chapter 1- Introduction

A wide variety of cell types within the human perform differing functions despite containing
identical nuclear DNA. Therefore there must be a level of control above that of nuclear DNA
which allows a wide range of specialised cell types to develop from a single zygote. These
variations between cell types are a result of differing patterns of gene expression between cell

types.!

The term “epigenetic” is used to describe the mechanisms which control how the same nuclear
DNA sequence is interpreted differently in different cell types within the same organism. This
term epigenetic derives from the Greek for "above-genetics", and refers to the storage of
cellular information at a level above that of simple DNA sequence.? This epigenetic information
can be stored in the form of DNA-methylation and the post-translational modification of histone
proteins, which act as a spool which linear DNA is wrapped around.? These modifications control
access to the underlying DNA and hence play a role in controlling gene expression, as well as
affecting other cellular processes.* The breakdown of epigenetic signalling has been associated
with a wide range of disease states, and therefore the discovery of molecules that can

manipulate epigenetic processes is of growing interest as a means of therapeutic intervention.’®
Chromatin

Each nucleus containing cell in the human body contains approximately 2 m of nuclear DNA
across 46 chromosomes. In order to fit such a large amount of linear DNA inside the nucleus,
DNA is wrapped around successive octomers of histone proteins, containing two each of the
histone proteins, histone 2A (H2A), histone 2B (H2B), histone 3 (H3), and histone 4 (H4) (Figure
1). Each octomer of histone proteins has 146 base-pairs of DNA wrapped around it to form a
body called a nucleosome. The successive nucleosomes along a sequence of DNA are often

described as being analogous to beads on a string. This string of nucleosomes, along with
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histone 1, forms a fibrous material called chromatin that in turn is organised to form

chromosomes.®

Figure 1. A. nucleosome contains two copies each of histone 2A (red), histone 2B (yellow), histone 3 (green), and
histone 4 (blue) and a 146 base pair sequence of DNA (magenta) wrapped around the histone octomer. A Histone
protein surfaces. B. Backbone ribbon of the histone proteins. The structure shown is a 2.5 A x-ray crystal structure of a

chicken nucleosome (Gallus gallus).” PDB ID: 1EQZ.

The structure of the nucleosome was elucidated in 1997° and shows that the negatively charged
DNA is wrapped around the positively charged surface of the histone proteins. Importantly, the
N-termini of both histone 3 and both histone 4 proteins are unstructured and protrude from the
nucleosome. These N-termini are often referred to as "histone tails", and are the sites of some

of the most well understood post-translational modifications of histones.
Chromatin Structure Can Control DNA Templated Functions

Chromatin can be densely packed into a form known as heterochromatin. This densely packed
form of chromatin prevents access of transcriptional machinery to the DNA sequence within it,
and is hence associated with genomically silent regions. Alternatively chromatin can form a
loosely packed structure known as euchromatin which allows greater access to the underlying

DNA and is hence associated with actively transcribed regions of the genome (Figure 2).° Factors
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that control whether chromatin adopts a heterochromatin or euchromatin structure are

discussed below.

Histone core

Euchromatin

7

Histone tails DNA

Heterochromatin

Figure 2. Euchromatin is loosely packed and therefore allows access to the underlying DNA. Heterochromatin is
densely packed and is associated with transcriptionally silent parts of the genome. Green barrels represent the
histone octomer at the core of the nucleosome. DNA is shown wrapped around the histone octomer, and histone tails

are shown protruding from the nucleus.
Epigenetics

Chromatin can be covalently modified in a specific and reversible manner. These modifications
occur both on the histone proteins and on DNA itself, and influence whether local regions of

410 These

chromatin adopt an active euchromatin state or an inactive heterochromatin state.
modifications can effect chromatin structure by recruiting cellular machinery which remodels
chromatin in a process coupled to ATP hydrolysis,” or by physically changing the interaction

between the DNA and histone proteins. For example, acetylation of a lysine converts it from
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being a positively charged residue to a neutral residue. This will affect the interactions between
the histone in question and negatively charged DNA by reducing the electrostatic attraction.

Covalent chromatin modifications act in a combinatorial manner, with DNA modifications

11-13 For

influencing the addition or removal of nearby histone modifications, and vice-versa.
example, the enzymatically inactive protein DNA methyltransferase 3-like (DNMT3L) binds to an
N-terminal region of histone 3 in a manner dependant on the absence of methylation state of
lysine 3. This in turn recruits DNA methyltransferase 3 alpha (DNMT3A) which triggers de novo

DNA methylation.'! This example is demonstrative of the cooperative nature of covalent

modifications of histones and DNA.

DNA Methylation
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Figure 3. A. The mechanism by which a DNA methyltransferase (DNMT) enzyme transfers a methyl group from SAM
to a cytosine residue. B. 5-Methylcytosine and oxidised variants. 5-Methylcytosine is associated with transcriptionally

silent regions of chromatin, whereas the functional role of its oxidised forms are yet to be fully established.
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One of the molecular mechanisms that controls whether chromatin is actively transcribed or not
is DNA methylation. The 5-position of a cytosine residue followed immediately by a guanine

1415 The resultant

residue (CpG motif) is the dinucleotide with the highest degree of methylation.
5-methylcytosine (5-mC) is associated with silenced regions of the genome. DNA methylation is
controlled via DNA methyltransferase enzymes, which transfer a methyl group from S-adenosyl
methionine (SAM) to the 5 position of cytosine (Figure 3A). The modified base 5-methylcytosine
can be converted to 5-hydroxymethylcytosine (5-hmC), and on to 5-formylcytosine (5-fC) and 5-
carboxylcytosine (5-caC) (Figure 3B). The ten-eleven translocation 5-methylcytosine dioxygenase
(TET) family of enzymes are responsible for the oxidative steps in this pathway. It has been

hypothesised that decarboxylases may exist that would convert 5-carboxylcytosine back to

unmodified cytosine; however, this hypothesis is yet to be confirmed.*®
Histone Tail Modifications

A wide range of histone tail modifications have been observed, including ubiquitination,
SUMOylation, phosphorylation, and citrullination.” The most well studied examples of histone
modification are acetylation and methylation. Acetylation is observed on lysine residues of

histone 2A, histone 2B, histone 3, and histone 4;**

methylation has been observed on lysine
residues in histone 3 and histone 4, and arginine residues in histone 2A, histone 3, and

histone 4.%°

Histone Acetylation

Lysine acetylation is associated with euchromatin and actively transcribed regions of the
genome. This was originally attributed to physiochemical changes caused by changing from a
charged lysine residue to a neutral acetyl lysine residue. This loss of charge would weaken the
interaction between negatively charged DNA and the unmodified lysine side chains in histone,
and cause chromatin relaxation. This would allow greater access to the underlying DNA and

hence increased levels of gene expression. It is now known that in addition to a change in ionic
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interactions between DNA and histones, acetyl lysine marks also recruit proteins containing
acetyl-lysine read domains. The recruitment of an acetyl-lysine reader domain containing
protein to an acetylated lysine can start a signalling cascade, leading to various cellular

processes, including gene expression.

e ) Glu33s
acetyl-Co istone e Dﬁg_

HAT ; L» L?s\"\w’r&'ﬁz \
( ‘\ o _“/—GIUSSB

Cﬁh—ﬁaﬁ !

CoA  Acetyl-Histone

HAT L -L '-“\_\J Hﬂ{mum /

CoA—5H

Current Opinion in Structural Biology

Figure 4. Proposed mechanism of acetyl transfer. The KAT contains a deprotonated acidic residue that acts as a
general base catalyst. This figure is taken from Catalysis and substrate selection by histone/protein lysine

21
acetyltransferases.

A series of reader, writer and, eraser protein domains are associated with histone lysine
acetylation. Lysine acetyl transferases (KATs) transfer an acetyl group from the acetyl donor
acetyl co-enzyme A (Ac-CoA) to an unmodified lysine. This process is subject to general base
catalysis from a nearby acidic residue (Figure 4). The human proteome contains 29 KATs, which

822 These are the Gcn5-related

are generally divided up into three sub families.
N-acetyltransferase (GNAT) family, the MOZ, Ybf2, Sas2, Tip60 (MYST) family, and the orphan

family.
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Figure 5. A. Mechanism of action of a Zn(Il) dependent HDAC (class I, Il, and V). This figure is taken from Structure,

mechanism, and inhibition of histone deacetylases and related metal/oenzymes.23

dependent class Il HDAC.

B. Mechanism of action of a NAD"

Histone deacetylases (HDACs) remove the acetyl group from acetyl lysine, restoring the acetyl

lysine to an unmodified state. There are 18 HDAC enzymes in the human proteome, and are

commonly grouped into four classes. Class |, class Il, and class IV HDACs are zinc-containing

metalloenzymes. The coordinated Zn(ll) ion acts as a Lewis acid, and activates the amide to

hydrolysis by water (Figure 5A). Class lll HDACs (also known as sirtuins) use nicotinamide

adenine dinucleotide (NAD®) as a co-factor during deacetylation (Figure 5B). There has been

much interest in the development of HDAC inhibitors as drugs. Two HDAC inhibitors, vorinostat
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and romidepsin, are currently approved for the treatment of cutaneous T-cell lymphoma and in
2014 Belinostat was approved by the FDA for peripheral T-cell lymphoma.** Two further HDAC
inhibitors have been approved in 2015, Panobinostat has been approved for use for multiple-
myeloma,” and Chidamide has been approved in China only for pancreatic cancer.’® These are
the currently the only drugs to be approved that target a gene product involved in reading,

writing, or erasing histone post-translational modifications.
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Figure 6. A. Bromodomains can be grouped into eight sub-families. All of these sub-families are well studied and many
bromodomain structures have been solved. Figure taken from Histone recognition and large-scale structural analysis
of the human bromodomain family.27 B. All bromodomains have a well conserved fold consisting of four alpha helices.
These helices are commonly known as Z (blue), A (green), B (yellow), and C (red). A bound H4 peptide (magenta) is
shown with an acetylated (H4K5ac, magenta stick) shown in the bromodomains binding site. This site contains four

water molecules (red spheres) that are found across the bromodomain family. Structure shown is the first

bromodomain of BRD4*’ PDB ID: 3UVW.

The most well studied acetyl-lysine reader domain is the bromodomain. The human proteome
has 61 bromodomains in 46 diverse proteins, some of which contain up to six individual

bromodomains (Figure 6A). Bromodomains have a conserved fold containing four alpha-helices,
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connected by varying loop regions (Figure 6B). These varying regions allow bromodomains to

exhibit a wide variety of substrate specificity for many different potential acetyl lysine sites.”’

Due to their links with pathogenic states, there has been intensive research into small-molecule
bromodomain inhibitors (Figure 7). There is now a wide range of selective bromodomain
inhibitors covering most branches of the bromodomain phylogenetic tree. Some of these
inhibitors are currently in clinical trials,”® and many have found use as chemical probes, helping

to elucidate the role played by bromodomains in both healthy and diseased cells.”
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Figure 7. (+)-JQ1 is a competitive inhibitor of bromodomains belonging to the bromodomain and extra-terminal (BET)

family.30 SGC CP30 is a competitive inhibitor of the bromodomains of CREBBP and EP300."

Histone Methylation

As well as acetylation, post-translational methylation of histones is used to control chromatin
templated processes. Methylation can occur at lysines or arginines; lysine methylation can be
either mono-, di-, or trimethylated, and arginine can be mono-methylated, symmetrically
dimethylated, or asymmetrically dimethylated (Figure 8). Methylation is controlled by a series of
demethylase and methyltransferases, and various methyl lysine reader domains translate

methylation patterns into downstream effects.
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Histone Modification Effect on Gene Transcription
H3K4me1l-3 Activating
H3K36me3 Activating
H3K79me3 Activating

H3K9mel Activating
H3K27mel Activating
H3K9me2-3 Silencing

H3K27me2-3 Silencing

Table 1. Summary of the effects of histone 3 lysine methylation of gene transcription.

Histone methylation can be either activating or deactivating depending on the exact residue and
level of methylation. Generally mono-, di-, and tri-methylation at H3K4, tri-methylation of
H3K36, and tri-methylation of H3K79 are considered to be activating.*> Monomethylation of
H3K9 and H3K27 have been suggested to be associated with active genes,** whereas di- and tri-

methylation at these positions are associated with silenced genes (Table 1).

+ | + | | | +

H,N NH2 HN NH2 \f _N NH2
Arginine Monomethy! Symmetric Asymmetric
arginine dimethyl dimethyl
arginine arginine
ot
\NH2 \N/ \ | +-
Lysine Monomethyl Dimethyl Trimethyl
lysine lysine lysine

Figure 8. Arginine and lysine are found in multiple methylated states in histones.
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Histone methylation is mediated by histone methyltransferases (HMTs) which transfer a methyl
group from S-adenosyl methionine (SAM) to either lysine or arginine. There are three classes of
HMT: SET-domain containing lysine methyltransferases, non-SET lysine methyltransferases, and
arginine methyltransferases (PRMT). Of lysine methyltransferases in humans, the only known
non-SET lysine methyltransferase is DOT1L, which methylates H3K79.*®* The mechanism of
histone lysine methylation is contested, with various possible models for lysine deprotonation.
Kipp et al propose a mechanism where lysine is deprotonated by bulk solvent while bound to
the enzyme (Figure 9).>* This occurs via a channel which provides bulk water with access to the
active site. Other studies have proposed models where a tyrosine in the active site acts as a

base,* or where lysine is deprotonated by bulk solvent prior to binding the active site.*®
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Figure 9. A proposed model for the mechanism of histone lysine methylation. Lysine is deprotonated by bulk solvent
prior to reacting with methyl donor S-adenosyl methionine (SAM). Figure taken from Enzyme-dependent lysine

deprotonation in EZH2 catalysis.34.

There are two major classes of lysine demethylases, lysine specific demethylases (LSD), and JmjC
containing lysine demethylases (KDM2-7). LSDs were first discovered in 2004,* and can remove
a methyl group from either monomethyl or dimethyl lysine. LSDs are flavin adenine dinucleotide
(FAD) dependent enzymes and work by removing two hydrogens from the methylated lysine to
give FADH; and an iminium ion. This iminium is then hydrolysed to give formaldehyde and the
lysine in a lower methylation state (Figure 10A). LSDs cannot demethylate tri-methylated lysine,

as it lacks a nitrogen bound hydrogen; this means the oxidative loss of hydrogen is not possible.
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Figure 10. There are two enzyme families that demethylate lysines. These two enzyme families use distinctive
mechanisms of demethylation. A. Lysine specific demethylases (LSDs) are flavin adenine dinucleotide (FAD)
dependent enzymes. LSDs are only capable of demethylating mono- and dimethyl lysine. B. Lysine demethylases
(KDM2-7) are 2-oxoglutarate dependent metalloenzymes. They are capable of removing a methyl group from mono-,
di, or tri-methyl lysine. Figure taken from Investigations on the oxygen dependence of a 2-oxoglutarate histone

demet“hy/ase38
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Tri-methylated lysine as well as lower methylation states can be demethylated by KDMs
(KDM2-7), which were first discovered in 2007.° These are 2-oxoglutarate dependent Fe(ll)
containing enzymes, which catalyse the hydroxylation of the methyl group. This creates a hemi-
aminal that is hydrolysed to give formaldehyde and a lysine with one less methyl group (Figure

10B). There is also evidence that JmjC enzymes act as histone arginine demethylases.*

Methyl Lysine Reader Domains

Figure 11. The royal family of methyl lysine reader domains use aromatic-cages to recognise methylated lysine via
cation-pi and hydrophobic interactions. Protein structures are shown in green with methylated lysines shown in
magenta. A. The chromodomain of Chromodomain protein 1 (Chpl) from Schizosaccharomyces pombe in complex
with K3K9me3. PDB ID: 3G7L. B. The Tudor domain of PHD finger protein 1 (PHF1) in complex with H3K36me.
PDB ID: 2M0O. C. The PWWP domain of hepatoma-derived growth factor-related protein 2 (HDGFRP2) in complex
with H3K79me3. PDB ID: 3QJ6. D. The MBT of lethal (3) malignant brain tumour-like 1 (L3MBTL1) in complex with

dimethyl lysine. PDB ID: 2RHX.
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There are many domain families that read methyl lysines.*"*?

They include Tudor domains,
chromodomains, PWWP domains, and malignant brain tumour (MBT) domains, which are
collectively known as the royal family and all contain a beta-barrel fold. They bind to methyl
lysine using several aromatic residues that form an ‘aromatic cage’ which makes cation-pi
interactions with methyl lysine (Figure 11). The other major domain family capable of methyl

lysine recognition are the plant homeodomains (PHDs). The prevalence of these methyl lysine

readers within the human genome is summarised in Table 2.

Methyl Lysine Reader Domain Prevalence in Human Genome
Tudor domain 71
Chromodomain 43
PWWP domain 28
MBT domain 29
PHD 173

Table 2. A summary of methyl lysine reader domains and their prevalence within the human genome.

Plant Homeodomains

Plant homeodomain are protein domains which bind to histone tails in a lysine-methylation
state dependant manner. There are 173 PHDs in the human proteome in 103 proteins (Figure
12). PHDs typically bind histone 3 at the N-terminus in a manner that is dependent on the
methylation state of histone 3 lysine 4 (H3K4). PHDs that are specific for methylated H3K4 and

unmodified H3K4 are known.

30



David Bowkett Chapter 1- Introduction

PHDs typically contain 50-70 amino acids and have eight conserved zinc binding residues that
bind two Zn(ll) ions that stabilise the domain. These zinc binding domains are typically found in a
Cys4-His-Cys3 pattern, with zinc binding residues 1-2 and 5-6 binding one Zn(ll) ion, and zinc
binding residues 3-4 and 5-6 binding the other Zn(ll) ion (Figure 13A and B). This zinc binding
mode is sometimes described as "cross-braced", and is also found in the related Really

Interesting New Gene (RING) domain.*?
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Figure 12. Phylogenetic tree of PHDs based on sequence. There are 173 PHDs in the human proteome. They have a

well conserved fold but exhibit great sequence diversity. This tree is described in detail in Chapter 2.
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Figure 13. PHDs have a well conserved fold and bind two Zn(ll) ions. A. The first PHD of autoimmune regulator protein
(AIRE) has a canonical PHD fold (green) and engages histone tails (magenta). PDB ID: 1XWH. B. PHDs have a cross
braced zinc binding motif, with the zinc binding residues typically in a Cys4-His-Cys3 pattern. The sequence of Loop 1
and Loop 2 can vary greatly between PHDs. C. Based on analysis of available structures; approximately 40 % of PHDs
contain an alpha-helix in Loop 2. The Loop 2 region is also the area that distinguishes a PHD from a RING domain. The
first PHD of Double PHD Finger Protein 3 B (DPF3B) contains an alpha helix in loop 2 (magenta). PDB ID: 2KWJ. The
PHD of autoimmune regulator protein (AIRE) contains a proline in Loop 2 (green). This is found in most PHDs without
a loop 2 alpha helix and is likely to prevent alpha-helix formation. PDB ID: 1XWH. RING domains are E3 ubiquitin
ligases and share structural similarities in the central beta-sheet and zinc binding regions with PHDs; however, they
differ in the Loop 2 region (c). The RING domain shown is the RING domain of RING finger protein 168 (RNF168).

PDB ID: 4GBO.
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Between the two zinc binding sites, PHDs contain a well conserved 2-strand anti-parallel beta-
sheet. In many instances this is the only secondary structure motif found in a PHD; however,
some PHDs contain an alpha-helix in an extended loop section between zinc binding residue 6
and zinc binding residue 7 (Figure 13C). It is the sequence and structure of this region that
distinguishes PHDs from RING domains, as RING domains contain a short alpha-helix

immediately after the 6th zinc binding residue that acts as an E3 ubiquitin ligase (Figure 13).

Figure 14. Histone 3 forms an extended beta-sheet on binding to a PHD, making several hydrogen bonding
interactions via the peptide backbone. The PHD shown is the PHD of bromodomain and PHD transcription factor

(BPTF) PDB ID: 2FSA.

PHDs engage with resides 1-4 of histone 3 via the formation of an extended anti-parallel beta-
sheet (Figure 14). Residues 1-4 of histone 3 form a beta-strand that makes backbone contacts
with the anti-parallel beta-sheet found at the core of the PHD. This beta-sheet formation places
the N-terminus of histone 3 near a backbone carbonyl of the PHD allowing hydrogen bond
formation (Figure 15A). This engagement of the N-terminus is important for controlling

substrate specificity, as it directs H3K4 towards the PHDs lysine binding site. Other features of
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the PHD domains that ensure substrate specificity are the hydrophobic pocket that
accommodates the side chain of H3A1, and the methyl group of H3T3 (Figure 15B), and an acidic
region that interacts with H3R2 (Figure 15C). These interactions ensure that H3K4 is directed to

the lysine binding site of the PHD domain.

The composition of this lysine binding site determines whether the PHD binds to methylated
H3K4 or unmethylated H3K4. PHDs that bind methylated H3K4 have between two and four
aromatic residues that form an aromatic cage that engages methylated H3K4 via cation-pi
interactions (Figure 15D). PHDs that bind to unmodified H3K4 do not contain an aromatic cage;
they contain acidic residues near the H3K4 binding site that form salt bridges with H3K4 (Figure
15E). Some PHDs will preferentially bind histone 3 containing methylated H3K9, this occurs

44746 Residues

through an orthogonal binding mode to methylated H3K4 recognition (Figure 15F).
1-4 are bound in a conventional manner, with H3K9 positioned near to an aromatic residue on
the surface on the domain. Therefore H3K4 and H3K9 methylation state recognition is

orthogonal, and it is possible for a PHD to selectively bind histone 3 unmethylated at H3K4 and

methylated at H3K9.*

PHDs and Disease

PHDs have been implicated in numerous disease states (Table 3). A PHD can contribute to a
disease state by one of the two mechanisms. The first is through a loss of function, such as that
caused by a missense mutation which inactivates the PHD or prevents it from folding correctly.
This mechanism been implicated in numerous disease states. The second is through
inappropriate activity of a PHD. This can be caused by over-expression of a PHD containing
protein, or via a fusion protein caused by a chromosomal translocation. Examples of PHDs which

are implicated in disease states are described below.

34



David Bowkett Chapter 1- Introduction

Figure 15. A. The N-terminus of histone 3 forms a hydrogen bond with a backbone carbonyl of the PHD. B. The methyl
groups of H3A1 and H3T3 are accommodated in a hydrophobic cleft. C. H3R2 is bound in an acidic patch separated
from the H3K4 binding channel by a tryptophan residue. D. PHDs which bind to methylated lysine have an aromatic
cage that engages methylated lysine via cation-pi interactions. E. PHDs which bind non-methylated lysine have acidic
residues that engage lysine via Coulombic forces. F. Tri-methylated histone 3 lysine 9 (H3K9me3) forms a cation-pi
interaction with a tryptophan found on the surface of the PHD. PHDs which interact with H3K9me3 do so via an
orthogonal mode to H3K4me3 recognition. A-D shows the PHD of bromodomain and PHD transcription factor (BPTF).
PDB ID: 2FSA and E. shows the PHD of autoimmune regulator protein (AIRE). PDB ID: 1XWH. F. Shows the PHD of

tripartite motif containing 33 (TRIM33). PDB ID: 3U5N.
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. . L. PHD finger .
Protein Disease association . . Ligand for PHD
misregulation
Immune disorders
RAG2 T-B-NK+ Severe Combined Germline mutations H3K4me3
Immunodeficiency (SCID)
and Omenn Syndrome
AIRE Autoimmune polyendocrinopathy Germline mutations H3K4meO (PHD1)
Candidiasis ectodermal dystrophy (both PHDs) Unknown (PHD2)
(APECED), also known as
autoimmune polyglandular
syndrome type 1 (APS-1)
Cancer
ING1 Breast cancer, melanoma, Somatic mutation H3K4me3,2
esophageal squamous cell
carcinoma (SSC), head and neck
SSC
JARID1A Myeloid leukaemia Translocation of the Unknown (PHD3)
(KDM5A) third PHD
PHF23 Myeloid leukaemia Translocation Unknown
NSD1, NSD2, Myeloid leukaemia Translocation of PHD  Unknown
NSD3 fingers
MLL T-cell lymphoblastic leukaemia Internal deletion of Unknown
first PHD
PHF1 Endometrial stromal sarcoma Translocation Unknown
Neurological disorders
NSD1 Childhood overgrowth syndromes Germline mutations Unknown
such as Sotos syndrome and in all 5 PHDs;
Weaver syndrome truncation; micro-
deletion
ATRX Various X-linked mental retardation =~ Germline mutations Unknown
disorders, including (>26 distinct PHD
Alpha-Thalassemia and mutations reported)
Mental Retardation, X-linked
(ATRX) Syndrome
CBP Rubenstein-Taybi Syndrome (RTS) Germline mutation Unknown
PHF6 Borjeson-Forssman-Lehmann Germline mutations Unknown

Syndrome (BFLS)

(PHD1 only)

Table 3. Mutations in genes encoding PHD finger proteins are associated with a wide variety of human diseases. This

table is taken from PHD fingers in human diseases: disorders arising from misinterpreting epigenetic marks."’
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RAG2

Recombination Activating Gene 2 (RAG2) is a PHD containing protein involved in V(D))
recombination.”® The PHD of RAG2 recognizes histone 3 methylated at both lysine-4 and
arginine-2. RAG2 acts in combination with Recombination Activating Gene 1 (RAG1) to create
double strand breaks required for V(D)J recombination. This process is vital for adaptive immune
response, and deletion of RAG2 in mice leads to a disruption of V(D)J recombination and hence a

compromised immune system.

Point mutations in human RAG2 are also associated with immunocompromised phenotypes.
Specifically, the conditions Omenn Syndrome and Severe Combined Immunodeficiency (SCID)
are associated with RAG2 mutations.* There are 24 known mutations in RAG2 linked to either
Omenn Syndrome or SCID, six of which are missense mutations located in the PHD. Two of these
mutations are in zinc binding residues (C478Y and H481P), and these mutations are likely to
cause disruption to the PHD fold. Another mutation, W453R, is found in a residue that forms
part of the aromatic cage. It has been shown that this mutation abrogates binding to peptides
containing H3K4me3. It is interesting to note that the W453R mutation, which causes loss of
function but is unlikely to affect the structure of the PHD of RAG2, is associated with less severe
forms of Omenn Syndrome. Whereas the C478Y and H481P mutations which are likely to cause

a complete loss of structure are associated with more severe forms of Omenn Syndrome.>
ING1

Inhibitor of growth 1 (ING1) is a tumour suppressor gene which contains a C-terminal PHD
known to bind tri-methylated lysine 4 in histone 3.>* A C253 stop mutation which results in a
truncated PHD, and a C215S mutation that disrupts zinc coordination®” have been linked to skin

ca ncer.sz

37



David Bowkett Chapter 1- Introduction

Fusion to NUP98 in Blood Cancers

There are examples of PHD containing proteins being fused to the N-terminal FG-repeat domain
of nucleoporin 98 (NUP98).® NUP98 is a nuclear pore complex component, which is known to
form many fusion proteins associated with hematopoietic diseases such as acute myeloid
leukaemia (AML). The FG-repeats of NUP98 recruit the HATs p300 and CBP.>* Fusion of these FG-
repeats to another chromatin binding domain such as a PHD could feasibly lead to misregulation

of HAT activity.

Two examples of PHD containing NUP98 fusion proteins are NUP98-JARID1A>® and NUP98-
PHF23.°® Although JARDI1A and PHF23 have different functions (JARID1A is a histone
demethylase whereas PHF23 has no known enzymatic function), their C-terminal sections that
form fusion proteins with NUP98 are similar. Both contain a nuclear localisation signal and a

PHD domain that is likely to bind to H3K4me3.

Another class of PHD containing NUP98 fusion proteins involve nuclear receptor binding SET
domain protein 1 (NSD1) and its close relative NSD3.>’ Both NSD1 and NSD3 contain five PHDs,

all of which are incorporated into the malignant NUP98 fusion protein (Figure 16).
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Figure 16. PHD containing fusion proteins of NUP98 associated with human disease. Figure adapted from PHD fingers
in human diseases: disorders arising from misinterpreting epigenetic marks.”” NUP98 forms PHD containing fusion

proteins with JARID1A, PHF23, NSD1, and NSD3.

38



David Bowkett Chapter 1- Introduction

NSD1

Missense mutations in the PHDs, SET, and PWWP of NSD1 are associated with Sotos syndrome,
a disease which causes excessive growth in early childhood. Many of these mutations are found
in zinc binding residues of the one of the five PHDs of NSD1.>® These mutations are likely to

disrupt the PHD fold and any histone binding activity (Figure 17).

NSD1 PHD-I 1545 KLGELLL-------- GA E- GLTEMPRGKFI-- 1587
NSD1l PHD-II 1592 QSGEDVKR------- KP = QKYPPTVMONKG I 1639
NSD1 PHD-III 1639 AANPANVSASKGRL VA D GSKILASNS F 1693
NSD1 PHD-IV 1709 EGGSLLC----=--- - NIDIPEGNWY--- 1749
NSD1 PHD-V 2120 DAGQLVE--——-——- = NLTKRPAGKWE-- 2163

Figure 17. Mutations in PHDs of NSD1 are linked to Sotos syndrome. Figure adapted from Genotype-Phenotype
Associations in Sotos Syndrome: An Analysis of 266 Individuals with NSD1 Aberrations™. Disease associated mutations

— highlighted in red - in NSD1 are concentrated in zinc binding residues of PHDs (black).

ATRX and Mental Retardation Syndrome

Alpha thalassemia/mental retardation syndrome, X-linked (ATRX) is a PHD containing chromatin
remodelling protein. Mutations in ATRX are associated with ATRX syndrome, a developmental
disease characterised by distinctive facial features, such as widely spaced eyes and short nose.
The disease is also associated with severe developmental delays and intellectual disability.

Twenty-six disease causing mutations have been identified in the PHD of ATRX.*
PHF6

Borjeson—Forssman—-Lehmann syndrome is a recessive, X-linked disease characterised by feeding
problems in infancy, mild to moderate intellectual disability, and truncal obesity.*’ The disease is
caused by mutations in PHD finger protein 6 (PHF6). One disease causing missense mutation,
C99F, affects the fourth zinc binding residue of the first PHD domain of PHF6 with the likely

effect that the mutation will be destructive to the fold of the PHD domain.

Inactivating and deleterious mutations of PHF6 have been linked with T-cell acute lymphoblastic

leukaemia (T-ALL). Several of the disease causing mutations in PHF6 are missense mutations
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found in the second PHD. These include the C280Y and C283R mutations found in first and

second zinc binding residues, these mutations are likely to be destructive to the fold of the

second PHD of PHF6, (Figure 18).%
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Figure 18. Mutations of PHF6 associated with T-cell acute lymphoblastic leukaemia (T-ALL). Figure adapted from PHF6
mutations in T-cell acute lymphoblastic leukemia.®" Filled circles represent nonsense or frameshift mutations, unfilled
circles represent missense mutations. The first and second zinc binding residues of the second PHD of PHF6

(highlighted) are subject to missense mutations which are likely to be disruptive to the PHD fold.
PHF11

PHF11 plays a role in class switch recombination (CSR) to IgE in B cells. Due to the role that IgE
plays in allergic responses, it has been shown that excess expression of PHF11 lead to increased
allergic reactions in vivo using a murine model. The same study also shows that siRNA silencing
of PHF11 inhibits CSR to IgE in B cells suggesting that targeting PHF11 may lead to novel

treatments for allergic diseases.®

CHD5

Chromodomain helicase DNA binding protein 5 (CHD5) is a tumour supressing protein that binds
to unmodified H3K4 through its two PHDs.%® This PHD-mediated binding has been shown to be
essential to CHDS5 ability to inhibit proliferation of mouse embryonic fibroblasts (MEFs).
Mutations in the first PHD (G355A, D361A) and in the second PHD (D415A, C432W, D434A) of

CHDS5 have been shown to abrogate the ability of CHD5 to bind unmodified H3. CHD5 containing
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these mutations shows a reduced ability to inhibit proliferation in MEFs compared to wild-type

CHDS. This implies a crucial role for the PHDs of CHD5 in tumour suppression.®
Chemical Probes

Chemical probes are cell permeable molecules that inhibit a proteins function with a high degree

of specificity.®*®®

Chemical probes can be used to aid pre-clinical target validation, by providing
evidence that specific inhibition of a given target does produce a biological effect.®’ It has been
suggested that improving target selection is a key approach to reducing phase Il attrition rates.®®
Chemical probes provide a complimentary method to RNA interference (RNAi), which can be
used to decrease the translation of a given protein by binding to a specific sequence of
messenger RNA (mRNA) and targeting it for degradation. This prevents or reduces the
translation of a given protein, and hence inhibits all its functions. A chemical probe based
approach can be provide orthogonal information as often only a small subset of a proteins
functions are inhibited. This could include inhibiting a single domain of a multi-domain protein,*

or the possibility that a probe inhibits a proteins enzymatic activity without effecting roles

relating to its structure.

The process of developing a chemical probe shares similarities with the process of developing a
drug. Both involve the selection of an appropriate lead molecule and optimising its potency and
selectivity; however, a chemical probe differs from a drug in both their purpose and their
desired properties. A molecule designed as a chemical probe may have a higher degree of
specificity than one designed as a drug.”® A drug may achieve its desired effect by inhibiting

% whereas a chemical probe is intended to study the biological effects of

multiple targets,
inhibiting a single or small number of targets. Therefore any off-target activity will prevent clear

understanding of the biological role of the intended target. Although a chemical probe may have

a higher degree of selectivity than a drug and be cell permeable, it is not required to be
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optimised for its in vivo ADMET (Adsorption, Distribution, Metabolism, Excretion, and Toxicity)

properties.

The assays and inhibitors discussed in Chapter 4 and Chapter 5 are intended to act as starting

points for the development of chemical probes for the PHD targets described.
Methyl Lysine Reader Domain Inhibitors

Although the research into inhibitors of methyl lysine reader domains is not as advanced as
research into bromodomain or kinase inhibition, several methyl lysine reader domain families
have at least one reported inhibitor.*> There are several reported inhibitors of MBT domains and
a peptidomimetic inhibitor of the chromodomain of Chromobox Homologue 7 (CBX7).”*"* A
small-molecule inhibitor of the third PHD of the demethylase JARID1A has been reported,’ and
a systematic ligandability assessment of the PHD of pygopus family PHD finger 1 (PYGO1) has

identified a series of benzimidazole ligands.”* There are currently no reported inhibitors of Tudor

domains or PWWP domains.
MBT Domain Inhibition

Inhibitors for the MBT domain of lethal (3) malignant brain tumour-like 1 (L3MBTL1) and the
closely related L3MBTL3 have been developed by Frye and co-workers (Figure 19).”%*””” An
initial hit 1 with a Kp of 37 uM for L3MBTL1 was based on a peptide that mimics the natural
H4K20me2 ligand. The residue H4R19 was changed to a phenylalanine in order to simplify
synthesis, and a series of methylated lysine mimics tested, with a pyrrolidine proving to be the
most potent. The desire to identify a non-peptidic inhibitor with good predicted cell
permeability and suitability for analogue synthesis using simple chemical techniques lead to the
discovery of compound 2. ITC measurements revealed that compound 2 showed an
unfavourable loss of entropy on binding, which lead to the design of compound 3 with a more
rigid linker between the pyrrolidine and the core. ITC measurements showed that although the

AH of binding to L3AMBTL1 was reduced from -15 kcal/mol to -13 kcal/mol on changing from
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compound 2 to compound 3, the TAS of binding increased from -9 kcal/mol to -6 kcal/mol. This
enthalpy-entropy compensation leads to a 5-fold drop in Kp. In order to improve potency a
series of molecules that incorporated two pyrrolidine methyl-lysine mimetics was synthesised
and lead to UNC1215, a chemical probe with nM affinity for LIMBTL3. This compound has been
shown to antagonise the localisation of L3MBTL3 to methyl-lysine in cells and showed 75-fold
selectivity for L3MBTL3 over L3MBTL1. X-ray crystallography revealed that UNC1215 binds in an
unusual 2:2 binding mode with one pyrrolidine interacting with the first MBT domain of
L3MBTL3 while the other pyrrolidine interacts with the second MBT domain of a different
molecule of L3AMBTL3. A second molecule of UNC1215 binds in an identical manner, occupying
the first MBT of one molecule of L3MBTL3, and the second MBT of the other molecule of

L3MBTL3 (Figure 20).

O
' 10
1 2

3
L3MBTL1 Kp = 37 uM L3MBTL1 Kp = 26 uM L3MBTL1 Kp =5 uM

o0,

UNC1215
L3MBTL3 Ky = 120 nM

Figure 19. The evolution of inhibitors of L3MBTL1. An initial peptidic inhibitor 1 was developed into the non-peptidic
inhibitor 2. Replacement of the flexible alkyl chain with a piperidine led to the more rigid inhibitor 3, which showed a
reduced loss of entropy on binding compared to compound 2. The addition of a second pyrrolidine group lead to

UNC1215, a potent and selective inhibitor of L3MBTL3.
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1% molecule
of L3BMBTL3

2" molecule
of L3MBTL3

Figure 20. The co-crystal structure of the triple MBT domain of L3MBTL3 with UNC1215 shows an unusual 2:2 binding
mode. One molecule of UNC1215 interacts with the first MBT of one molecule of L3MBTL3with one of its pyrrolidines,
and the second MBT of another molecule of L3MBTL3 with its other pyrrolidine. A second molecule of UNC1215

completes the 2:2 complex by binding in an identical manner.

Chromodomain Inhibition

The first and only reported inhibitor of a chromodomain is a peptidomimetic inhibitor of the
chromodomain of CBX7 compound 4 (Figure 21). This inhibitor was designed by modifying the
N-terminus, C-terminus, and selected residues of a 5-mer peptide inhibitor. The initial 5-mer was
chosen to mimic the natural substrate of CBX7. This peptide consisted of residues 24-28 of
histone 3, with a trimethyl lysine at position 27. The final inhibitor 4 has a Ky of 200 nM and
contains a tri-methylated lysine residue. This inhibitor shows 10-fold selectivity over CBX8 (88%
sequence identity), but only 1.5-fold selectivity over CBX4. No cell permeability or activity data is

provided for this peptidomimetic inhibitor.
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MeO,C

Figure 21. The modified peptide 4 is an inhibitor of chromobox 7 (CBX7). It binds with the trimethylated lysine in the

aromatic cage of CBX7. PDB ID: 4MN3.

PHD Inhibition

An analysis of the ligandability of a range of methyl lysine binding sites has been carried out by
Santiago et al.”® This study suggests that PHDs are likely to be less ligandable than other families
of methyl lysine reader domain, such as chromodomains and WDR domains. However, this study
only covers a small fraction of known PHD structures, and therefore it is possible that it has
missed out some more ligandable PHDs. A complete analysis of all available PHD structures is

described in Chapter 3.
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There are currently two publications describing an attempt to discover an inhibitor of a PHD. The
first published work by Wagner et al.” describes the use of a luminescence assay to screen the
NIH clinical collection I? against the third PHD of the lysine demethylase JARID1A. The assay
makes use of a HaloTag linker to covalently attach the protein to a chloroalkane coated surface.
The immobilised protein is then incubated with a biotinylated histone 3 peptide and the
compound under investigation. The plates were vigorously washed to remove unbound peptide.
The plates were then incubated with a streptavidin conjugated horseradish peroxidase (HRP)
and again washed vigorously. The plates were then read using a plate reader, a luminescent
signal indicated that the streptavidin conjugated HRP was bound to the biotinylated histone 3
peptide, which in turn was bound to the protein (Figure 22A). Loss of signal implied that the
peptide was no longer bound to the protein due to compound inhibition. After eliminating false
positives from their initial screen, amiodarone was the only confirmed inhibitor of JARID1A
PHD3, (Figure 22B). Testing of analogies of amiodarone and known metabolites identified
di-N-desethylamiodarone as the most potent inhibitor, with an ICsy of 26 + 15 uM (Figure 22C).
Mutagenesis of residue D1624 and D1629 indicate that these residues are important for the
binding of di-N-desethylamiodarone to the PHD. Figure 22 shows potential binding modes
identified by a docking experiment, with the positively charged amine interacting with either

D1629 (Figure 22D) or D1624 (Figure 22E).

® 446 compounds that have been through phase I-lll clinical trials, encompassing a broad range of clinical
indications. The biosafety and bioavailability of these compounds have been highly characterised.

46



David Bowkett Chapter 1- Introduction

@ Streptavidin

HaloTag

Amiodarone
IC5o NOt measurable within

solubility limit of compound
c NH, E

Di-N-desethylamiodarone

Figure 22. A. Depiction of the HaloTag assay design. B. Amiodarone was initially identified as an inhibitor of the third
PHD of JARDI1A. C. di-N-desethylamiodarone was identified as the most potent analogue of Amiodarone with an
IC5o of 26 uM. D. and E. Two potential binding modes of di-N-desethylamiodarone with the third PHD of JARID1A.
Residue D1629, which is predicted to make an ionic interaction with the amine of di-N-desethylamiodarone, is
highlighted. The PHD is shown in a different orientation in each of the two binding modes. Adapted from

Identification and Characterization of Small Molecule Inhibitors of a Plant Homeodomain Finger73.
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Miller et al carried out a systematic analysis of the ligandability of the PHD of pygopus family
PHD finger 1 (PYGO1), and have identified a series of benzimidazole ligands that bind into the
H3K4me3 binding pocket (Figure 23).”* The compounds were identified by an initial NMR
fragment screen, and studied further by NMR. Although the compounds identified in this study
only have binding affinities in the micromolar range, they demonstrate an ability to

competitively inhibit the binding of the PHD to a peptide containing H3K4me2 (ARTKme2Q).

X
)

CF16
Kg=7.3£2.0mM

Figure 23. Cluster of top five poses of CF16 (in stick representation; blue, nitrogen) docked into the distal K4me
pocket of PHD-HD1 (4UPQ, in surface representation), as calculated by HADDOCK, based on unambiguous restraints
derived from 33 intermolecular NOEs between the compound and protein, and ambiguous restraints derived from
chemical shift perturbations (colouring thresholds: yellow <0.04 ppm; orange <0.1 ppm; red <0.15 ppm). Key
interacting residues of hPygo2 are labelled. Figure adapted from Competitive Binding of a Benzimidazole to the

Histone-Binding Pocket of the Pygo PHD Finger.74
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Aim of Project

This project aimed to assess the potential of PHDs to bind small molecule inhibitors using
computational analysis of published PHD structures. As well as providing an assessment of the

ligandability of PHDs, this project will also provide a family wide analysis of human PHDs.

Initially a search of the RefSeq database’” was performed to identify all human PHDs. A structure
-based sequence alignment was used to create a PHD family tree, which provides a valuable
resource for studying the PHD family. The Protein Data Bank (PDB)®* was mined for all available
protein structures. These were analysed in silico to identify potential small molecule binding
sites. This knowledge was combined with the PHD family tree in order to identify sub groups of
PHDs that are more likely to be amenable to small molecule inhibition. This work included a
special focus on PHDs that form part of a multi-domain complex, as the analysis described in

Chapter 3 highlighted these as being the most ligandable.

The identification of two examples of ligandable PHDs was followed by developing suitable
assays to screen small molecule libraries against these PHDs. The characterisation of initial hits
from small molecule screens provides a starting point for the development of selective small

molecule chemical probes.
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Chapter 2 - PHD Family Analysis

8184 there is no current

Although many literature reviews of human PHDs are available,
systematic analysis of the human PHD family. In fact, there is no currently reported work which
attempts to define the human PHD family. A definitive list of PHD family members, with an
analysis of sequential relationships and family determining features would be an invaluable
resource to researchers. Such an analysis would facilitate prediction of histone substrate
specificity for unstudied PHDs, and also allow researchers developing PHD inhibitors to design
appropriate selectivity panels. Work described in this chapter provides a definitive list of human

PHDs, and the construction of a phylogenetic tree with an analysis of key residues and features

that allows PHDs to be grouped into sub families.

Identifying PHD Family Members
There has been no previous attempt to define a comprehensive list of all human PHDs. To this

end, we have enacted a thorough search of human proteins in the RefSeq database using

HMMER.®

Choosing a Suitable Protein Sequence Database

There are numerous available databases for protein sequences including RefSeq”® and
GenBank®® maintained by the National Center for Biotechnology Information (NCBI), and
UniProt®” and SwissProt®® maintained by the UniProt consortium. The RefSeq database was
chosen as it is a non-redundant, curated database with a single entry for each protein sequence
in the human proteome.® The best available data for each protein sequence is stored in the
database, with sequences updated if new information becomes available. This differs from the
GenBank database which can contain multiple records for a single protein, as new sequence
data is added to the database alongside existing data.?> The UniProt consortium maintained
databases UniProt and SwissProt have a similar relationship to each other as the two NCBI

maintained databases describes above. UniProt is a non-curated database similar to GenBank,
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and SwissProt is a non-redundant, curated database similar to RefSeq. RefSeq was chosen for
this work, as a curated database with the most up-to-date sequence information is most
appropriate. The SwissProt database would also have proved suitable; however, the availability
of colleagues with experience of using the RefSeq database was a determining factor in this

choice.

Choosing Suitable Database Searching Software

There are multiple tools available to search for sequence homologues within a sequence
database, the commonly used tools that were considered for use in this work were HMMER, and
Basic Local Alignment Search Tool (BLAST) and its derivative Position-Specific Iterated BLAST

(PSI-BLAST). These three tools are summarised briefly below.

HMMER is a hidden Markov model (HMM) based tool for searching sequence databases for
homologues to an input multiple sequence alignment (MSA).%° It can be used for both amino
acid and nucleotide sequences. The input alignment is initially converted into a profile HMM,
which describes the probability of finding any given residue (or a gap) for each column of the

input alignment. This type of method is known as a position-dependent method.

Basic Local Alignment Search Tool (BLAST) is a pairwise alignment search tool.’* The BLAST
algorithm initially breaks down the query sequence into shorted sequences known as words,
where the default word length is 3. The algorithm calculates all possible words for the query
sequence and also generates a complete set of neighbourhood-words, which are words that
meet a predefined similarity score with a word in the initial set. The algorithm searches for
matches for the query words in the database of sequences. These words are then extended in
both directions provided the alignment score between the query sequence and hit sequence
remains above a predefined threshold. BLAST uses a single sequence query, which differs from
HMMER which uses a HMM built from a multiple sequence alignment. Another difference

between HMMER and BLAST is that the substitution matrix used to calculate the alignment
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score between the query sequence and the hit sequence in BLAST is position-independent.
Position-Specific Iterative BLAST (PSI-BLAST) is a version of BLAST that facilitates the use of a
multiple sequence alignment as a search query rather than a single sequence, and is therefore a

position-dependent method similar to HMMER.*

For this work PSI-BLAST and HMMER were considered, as they allow a multiple sequence
alignment of known PHDs to be input as a search query. HMMER was chosen as this treats gaps
in a position dependent manner, whereas PSI-BLAST applies set gap opening and extension

penalties independent of the position in the sequence.

Search Process for Identifying PHD Family Members

Zinc 1
" = o O = = oo Binding Residue

L Zinc 2
Binding Residue

° Hydrophobic
Core Residue

Figure 24. Sequence logo of the multiple sequence alignment of the forty PHDs identified from the PDB. Strong
consensus of the Zn(ll) binding residues can be seen. Zinc binding residues are indicated with a square, and residues

which comprise the hydrophobic core of the domain are marked with circles.

A multiple sequence alignment of known PHDs was constructed for use as the initial query in the
search of the RefSeq database. The Protein Data Bank (PDB)*® was searched for known PHDs
using a simple text search, and human PHDs were extracted from the search results. The
decision to use only PHDs with known structures in the initial alignment allows a high degree of
confidence that no non-PHDs have been included, and also facilitates the construction of a
multiple sequence alignment based on knowledge of the relative spatial positioning of residues.
This use of structural information to build a multiple sequence alignment has previously been

used for the bromodomain family.”’ This initial search of the PDB yielded forty PHDs, which were
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aligned based on structural similarities. (Appendix 2.1) (Figure 24). Any N-terminal or C-terminal

domains present in the structures were removed.

HMMER was used to build this initial alignment into a profile HMM that could be used to search
the RefSeq database for additional PHDs. The output sequences from the first search were used
to create a profile HMM for the second search, and the process iterated until the number of hits
stabilised at 194 after four searches. Redundant sequences from alternative isoforms were
removed to give 130 unique human PHDs (Appendix 2.2). Between each search the list was
inspected and any sequence too short to be a full PHD was removed. Similarly, any sequences
not containing eight Zn(ll) binding residues were removed. For this reason, the list of PHDs only
contains four PHDs from Wolf-Hirschhorn syndrome candidate 1-like 1 (WHSC1L1), rather than
the five seen in the close homologues Wolf-Hirschhorn syndrome candidate 1 (WHSC1) and
nuclear receptor binding SET domain protein 1 (NSD1).? This is because the putative fourth PHD
of WHSC1L1 is missing the first Zn(ll) binding residue. As it is known that mutation of a single
Zn(ll) binding residue can be deleterious to PHD structure and function (Chapter 1), it was
decided to not include this putative PHD in the complete list of PHD sequences until suitable
evidence can be produced that it adopts a canonical PHD fold. It should be noted that there are

literature examples of the putative 4™ PHD of WHSC1L1 being described as a PHD.”

Inspection of this list revealed that some known atypical PHDs were missing. For example, the
PHDs of E1A binding protein p300 (EP300) and cAMP response element-binding protein-binding
protein (CREBBP), which have since been shown to have an unusual insert between the first and
second pair of Zn(ll) binding residues® were not picked up by this search. This prompted a
search of Pfam® and Simple Modular Architecture Research Tool (SMART)*® databases, as well

as a search of scientific literature which identified a further forty-one PHDs.

® WHSC1 and WHSC1L1 are also commonly known as NSD2 and NSD3 respectively.
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In order to give added confidence that no PHDs had been missed during this search, each
individual PHD was used as a query in a BLAST search of the RefSeq database. This search was
intended to identify any PHD that may have a high sequence identity with one member of the
family, but not fit well with the profile HMM used in the HMMER search. This search yielded a
further two PHDs, giving a final total of 173 (Appendix 2.3) (Figure 25). This number is less than
the “> 200” claimed by a 2012 review.®* However, the review does not state how this number

was calculated.

HMMER
search of
RefSeq

Aligned
sequences

BLAST
each
sequence in
turn

SMART,
Pfam, and
literature
search

Remove
redundant
sequences

MSA from
text based
PDB search

173 PHD
domains

Manual
editing of
alignment

Figure 25. Schematic representation of the identification of PHD family members. MSA = Multiple Sequence

Alignment.

In order to test for false positives, a similar search was conducted for the closely related RING
domains (Chapter 1). This search yielded 206 putative RING domains (Appendix 2.4), with no
overlap with the list of 173 putative PHDs. This indicates that the rate of false positives from the

RING family in the list of 173 putative PHDs is likely to be low.

Defining PHD Domain Boundaries

PHDs identified by the search method described above varied in sequence length. In order to
remove noise from the multiple sequence alignment it was necessary to define the N-terminal
and C-terminal boundaries of these PHD domains. Structural superimposition of available PHD
structures indicated that there was little structural similarity for residues more than four
residues N-terminal of the first zinc-binding residue, therefore it was decided to trim the

identified sequences such that only three residues were left to the N-terminal side of the first
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zinc-binding residue. A similar structural analysis lead to the removal of all residues more than
three residues C-terminal of the last zinc-binding residue. Although this method is biased by the
construct design of the structural biologists who solved the analysed structures, inspection of
the identified sequences suggested there was no sequence conservation outside of the

identified domain boundaries.

Structural Based Alignment of PHD Sequences

A multiple sequence alignment of all identified PHDs is required to construct a phylogenetic tree
for the PHD domain family. Numerous programs for determining multiple sequence alignments

are available.””®

Due to the importance of the Zn(ll) binding to the fold of the PHD, it was
decided that the minimum requirement for a PHD multiple sequence alignment was that the
Zn(ll) binding residues were correctly aligned. Trials with a range of automated alignment
programs® failed to produce multiple sequence alignments with correct alighment of the Zn(ll)

binding residues; therefore it was decided to manually align the PHD sequences based on

structural information.

The structure based multiple sequence alignment of the forty PHDs used for the initial HMMER
search was used as a seed alignment. Each new sequence was added to this alignment
individually. For each new sequence the individual sequence within the alignment with the
highest sequence identity was identified. The new sequence was aligned to the identified

sequence ensuring that Zn(ll) binding residues were correctly aligned.

Construction of PHD Tree
The construction of phylogenetic trees is a common technique for analysing evolutionary
relationships between proteins.” In this instance, the construction of a PHD phylogenetic tree is

primarily to allow the grouping of PHDs into families predicted to have similar histone binding

“ The programs used were: Molsoft ICM, the MAAFT web server, and the ClustalW web server.
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sites. This will direct future medicinal chemistry efforts to develop selective PHD inhibitors and

predict the function of those PHDs that have not yet been studied.

Tree Construction Methods
Methods used for phylogenetic analysis of multiple sequence alignments fall into three

categories: distance, parsimony, and likelihood.'®

Distance methods work by grouping
sequences based on pairwise sequence similarities. They are computationally fast, but not
regarded as reliable as parsimony and likelihood methods.'® Parsimony based methods search
for the simplest evolutionary model that explains the input sequence data. Advocates for
parsimony based tree building methods claim that a simple model requiring fewer assumptions
is more reliable a more complex alternative model.”™ However, this argument has been
criticised as being statistically unsound.'®* Likelihood methods are used to find a hypothetical
model that best predicts the observed data. In the case of phylogenetic tree construction, the
observed data is the input multiple sequence alignment, and the phylogenetic tree represents
the evolutionary model. Therefore likelihood based methods calculate the phylogenetic tree
most likely to have given rise to the input multiple sequence alignment. Likelihood methods are

more statistically rigorous than distance or parsimony based methods, but this also makes them

the most computationally expensive method of the three.

103
l.

This work used the method of tree construction described by Hal Hall sets out a clear

strategy for the construction of maximum likelihood phylogenetic trees using the Molecular

104

Evolutionary Genetics Analysis (MEGA) software package.™ Although many other tree building

software packages are available, the choice of MEGA for this work was based on its ease of use.

It is necessary to select a suitable substitution model when using a maximum likelihood method
to estimate a phylogenetic tree. The substitution model dictates the probability of a given
residue mutating to another residue at each point in the sequence. MEGA contains built-in

105

functionality to calculate the best substitution model to use for a given dataset.” In this
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instance the analysis of the PHD multiple sequence alignment by MEGA suggested that a
Whelan and Goldman (WAG) model'®® with the assumption of the existence of evolutionary rate

variation among sites and the presence of invariant sites. This model is listed in MEGA 6.0 as

WAG + G + 1.
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Figure 26. PHD tree showing relationships between human PHDs. In the case where multiple PHDs are found within
the same protein, the domain number is indicated in following brackets. E.g. the second PHD of the protein AIRE is
labelled as AIRE(2). PHDs used to build the initial sequence alignment for the HMMER search indicated by red circles.
PHDs added after the HMMER search as a result of searches of SMART, Pfam, and scientific literature are highlighted

by blue circles. The wide distribution of these PHDs within the tree indicates that they were a suitable sub-set of PHDs

to use for the HMMER Search.
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The main aim of the construction of the PHD phylogenetic tree was to group PHDs into sub-
families; therefore it was decided to create a bootstrap consensus tree. A bootstrap tree is built
by running the tree building software multiple times (in this instance 500), and combining the
multiple outputs (which will show slight differences) into a single consensus tree. This method
has the disadvantage of creating a tree with uniform branch-lengths. The phylogenetic tree for
the PHD family constructed by the methods described above is shown as an un-rooted tree in

Figure 26.

Position within Tree of Initial Forty PHDs

The tree was analysed to identify the positions of the forty PHDs used to build the initial profile
hidden Markov model (Figure 26). It is apparent that the initial forty PHDs are well dispersed
around the tree. The majority of PHDs added as a result of further searches of SMART, Pfam,
and the scientific literature are found in regions of the tree where no members of the original
initial sequence alignment are found. This suggests that these further steps were necessary for

discovering all PHDs.

Analysis of PHD Tree

As previously discussed PHDs bind histones in a manner dependant on the pattern of post-
translational modifications on the histone tail, and are found in a wide range of multi-domain
proteins (Chapter 1). For example some PHDs possess an aromatic cage which binds to
H3K4me3, whereas others do not contain this residue and will not bind H3K4me3. This section
analyses the PHD tree to identify patterns of histone binding specificity, domain architecture,
and PHD structural features within the PHD tree. The presence of PHDs with similar properties in
the same sub-families of the tree provides a level of validation for the tree, and also allows
predictions to be made about the structure and function of PHDs for which there is currently no

experimental data.
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Comparing Structural Features of Related PHDs
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Figure 27. The 14 sub-families of the PHD tree are labelled and alternatively coloured red and blue. TRIM66(1) and
AIRE(2) are atypical and not part of any sub-family.

Inspection of the tree suggests that it can be split into 14 sub-families, with two atypical PHDs
that do not fit into any of these sub-families (Figure 27). These will be discussed in turn in the
following section. Specifically, the presence of conserved sequential and structural features,

histone binding specificity, and domain architecture will be analysed.
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Sub-Family 1

Sub-family 1 contains 13 PHDs, and is one of the few sub-families in which no structural data is
available. A notable feature of this sub-family is the complete conservation of a GA motif in
loop 1; it is possible that is involved in the formation of a sharp turn. Other notable features
include the presence of a histidine as the eighth Zn(ll) binding residue, in place of the usual

cysteine.
GA Motif Non-canonical histidine
" M O O == o o

Zinc 1
Binding Residue

Zinc 2
F p A P = Binding Residue
J"'B b 5 S :EN“F 4 2aalpx 0| 8 e

=
N n hmmn—wﬂvmmh—ma&nv” IMERERSSNOINSSE22EY0Y
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’ﬁi&

Loop 1 Loop 2

Figure 28. Sequence logo of sub-family 1. The GA motif in loop 1 is highly conserved throughout this sub-family. The

eighth Zn(l1) binding residue, which is histidine in place of the usual cysteine, is indicated.

The close grouping of MLL(4) and MLL4(4) is expected due to the similarity in domain
architecture between these two proteins. Similarly, the close grouping of MLL2(1) and MLL3(1),
as well as MLL2(7) and MLL3(8) is expected based on the similar domain architecture of these
two proteins.? This sub-family does not possess residues capable of forming an aromatic cage;

therefore it is highly unlikely to bind H3K4me3.

Sub-Family 2

Sub-family 2 is a diverse group containing some anomalous PHDs. This includes Absent Small or
Homeotic-like 2 (ASH2L), which adopts a PHD fold as part of a larger winged-helix domain,
despite only having one Zn(ll) binding site."”” This group also contains the histone acetyl
transferases CREBBP and EP300. These proteins contain PHDs interrupted by a Really Interesting

New Gene Domain (RING).”

 Note that MLL2 is missing a PHD in the position where the fourth PHD of MLL3 is found. Therefore
MLL2(7) and MLL3(8) are found in similar positions within the sequence of these two proteins.
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Figure 29. The positions of known H3K4me3 binders are highlighted on the tree with red circles. These H3K4me3
binders primarily cluster in sub-family 3. It is highly likely that sub-family 3 members with no reported function are

H3K4me3 binders.

Sub-family 3 contains almost all reported H3K4me3 binders (Figure 29). All PHDs except
JARID1B(2) contain a tryptophan residue two residues N-terminal of the fifth Zn(ll) binding
residue. This residue has been shown to form a cation-pi interaction with the quaternary amine

L1811 There js a strong conservation of either a

during H3K4me3 recognition (Figure 30).
methionine or an aromatic amino-acid 3 residues N-terminal of the third Zn(ll) binding site. This
residue forms that back of the aromatic cage and although methionine is not capable of forming
an cation-pi interaction, it has been suggested that the polarisability of the thioether allows it to

act as a suitable substitute for an aromatic residue.™*?
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Aromatic residue
found in 14/23 PHDs
in this sub-group.

Aromatic residue
found in 13/23 PHDs
in this sub-group.

Methionine or aromatic

residue found in 21/23 Tryptophan residue

PHDs in this sub-group. found in 22/23 PHDs
in this sub-group.

Figure 30. Depiction of aromatic cage residues found in sub-family 3. A. The trimethylated lysine of histone 3 (green)
is shown in a hydrophobic pocket formed by three aromatic residues and a methionine. B. Depiction of the same
aromatic cage with the histone 3 peptide removed. Each key cage forming residue is labelled with its prevalence

within sub-family 3. The PHD shown is the PHD of PHD Finger Protein 8 (PHF8) PDB ID: 3KVA4.

The prevalence of possible aromatic cage-forming residues within this sub-family would strongly
suggest that members of this sub-family with no reported function are likely to preferentially

bind methylated lysines.

Sub-Family 4

ZMYND11A DWY FE‘. HLPG--E‘.VLI Y S LSDEFRLRD ----------- SSSP RSIKK .ZInC 1 bmdmg
PRKCBP1A DFY| HREG--QVL PRVY BRLTSE---==========- PEG EKITV residue
KIAA1045A DEMBDVEEVWTAESLF R TRV LRRMGYIQGDSAAREVTEMAHTETGHS H‘f' DNINL

OZinc 2 binding
Loop 1 Loop 2 residue

Figure 31. Sequence alignment of all three members of sub-family 4. There is no sequence conservation within loop 2,

but good conservation in the central region of the PHDs.

Sub-family 4 is a small sub-family containing only three members. Zinc Finger, MYND-type
containing 11 (ZMYND11) and Protein Kinase C Binding Protein (PRKCBP1 - also known as
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ZMYND8) possess the same domain architecture in there N-terminal regions, namely a PHD-
Bromodomain-PWWP region. It is therefore not unsurprising that their PHDs are closely related.
KIAA1045 is a gene with no reported function, and with no other domains according to Pfam.*
The lack of structural or functional data for this sub-family means that it is difficult to make any
connections between sequence and function. It is also interesting to note that although there is
good sequence conservation in the central region of the PHD, there is little sequence

conservation within the loop 2 region (Figure 31).

Sub-Family 5

! : mZinc 1 binding
ATRXA DEQEBRWEAEGGNLICED--FEHNAFEKKEI LENLGRKELSTIMDENNONY BN .
DNMT3AA QSYETIBCGGREVLMEGNNNECRCFEVECVDLLVG-PGAAQARIKEDPWN residue
DNMT3BA QSYETVECEGRELLLESNTSECRCFEVECLEVLVG-TGTAAEAKLOEPHSCYME OZinc 2 binding
DNMT3LA QSYESIECSGETLLIEGNPDETRCYEFEEVDSLVG-PGTSGKVHAMSNVEYLELPSSR
residue

Loop 1 Loop 2

Figure 32. Sequence alignment of all four members of sub-family 5. This group contains the three closely related DNA
methyl transferases DNMT3A, DNMT3B, and DNMT3L and more distantly related ATRX. Zinc 1 binding residues are

indicated with black squares, zinc 2 binding residues indicated with white squares.

The PHDs found in sub-family 5 are all part of a larger ATRX-DNMT3-DNMT3L (ADD) domain.
This is an enlarged domain containing an extra Zn(ll) binding site N-terminal of the PHD (Figure

33), and is only found in the four proteins of sub-family 5.

The PHDs of this sub-family do not contain aromatic cage residues, and are known to
preferentially bind histone 3 peptides unmodified at H3K4.***'"* The ADD domain of alpha
Thalassemia/Mental Retardation Syndrome X-linked (ATRX) contains a YY motif which provides
an aromatic cage where H3K9 binds to the surface of the domain.'** Therefore ATRX
preferentially binds a histone 3 peptide trimethylated at H3K9. This recognition of H3K9me3

happens simultaneously to recognition of H3K4meO at different binding sites.

63



David Bowkett Chapter 2 - PHD Family Analysis

Figure 33. The ADD domain of DNMT3L. The PHD within the ADD domain is highlighted in green, with the other
sections of the ADD domain shown in magenta. The ADD domain contains a third Zn(ll) binding site as well as the two
canonical Zn(lIl) binding sites found within the PHD. The ADD domain binding to unmodified histone 3 peptide via the

PHD section in a canonical manner (not shown). PDB ID: 2PVC.

Sub-Family 6

| O
BAZ1B NA RKKGEDDKLI LRPALYE PATA
AIRE 1 EDE| RDGGE---LIC LSPPLRET LQATV . Lo
CHD3_1 ODYBEVEQQGGE---11 LDPELD EKEGV mZinc 1 binding
CHD5 1 QODYBEVEQQGGE---I1I LDPELE EKEGI residue

CHD4_1 ODYBEVBQOGEE---11 LDPDME EKEGI _ o
WHSC1 5  EDE@FREGDGGQ---LV LGLGKR-- pves- OZine 2 binding
NSD]._S EDEBFSEBGDAGQ---LVS LNLTKR-- DICG- residue
WHSClLl_d EDYBFOBGDGGE---1L LNLTQP-- DECS-

Loop 1 Loop 2

Figure 34. Sequence alignment of all members of sub-family 6. Zinc 1 binding residues are indicated with black
squares, zinc 2 binding residues indicated with white squares. This sub-family contains a well conserved PxGxW motif
in loop 2.There is also a strong conservation of acidic residues prior to the first Zn(ll) binding residue. These acidic

residues are likely to play a role in the recognition of unmodified H3K4.

Sub-family 6 contains 8 PHDs, although the positioning of Bromodomain Adjacent to Zinc Finger
Domain 1B (BAZ1B) in this group is questionable, as BAZ1A, BAZ2A, and BAZ2B are found in sub-
family 7. A key feature of this group is the conserved PxGxW motif found in loop 2. The presence
of a conserved proline at the start of this motif prevents the formation of an alpha-helix in the
loop 2. There is also strong conservation of acidic residues N-terminal of the first Zn(ll) binding
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residue. These residues have been shown to be involved in the recognition of unmodified H3K4

in Autoimmune Regulator (AIRE)™® and WHSC1L1 (NSD3).”

Sub-Family 7

(I OO0 m = oo
Zinc 1
Binding Residue

Zinc 2
Binding Residue

Figure 35. Sequence logo of sub-family 7. The Zn(ll) binding residues as well as loop 1 and loop 2 are indicated.

Sub-family 7 is a large group containing 25 PHDs. As in sub-family 6, this group contains a well
conserve proline in loop 2, preventing the formation of an alpha-helix in this region. This group
does not containing residues capable of forming an aromatic cage, and would therefore not be
expected to bind histone 3 peptides trimethylated at lysine 4; all available experimental data for

116-118

this group backs up this hypothesis.

This sub-family contains the second PHD of the set of tandem PHDs discussed in Chapter 4, as
well as the second PHDs of the triple PHDs of Mixed-Lineage Leukaemia 2 (MLL2) and Mixed-
Lineage Leukaemia 3 (MLL3). The distinction between tandem and triple PHDs is discussed in

Chapter 4.
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Sub-Family 8

L N Ood m .
DEF3E 1 NN F GRSGHPTRLOFTLNMTEAVKET-—-——— YK KSCI
DPF1A_1 LGGSKKTGCP---==--~ EDLIS GRSGHPSELOFTVNMTAAV-—--~-~ RTY KSCSL
DPF2ZA_1 LGDSKINKKTGQP----EELVS@5DEGRSGHPSELOFTPVMMAAVKT = ===== ¥ KCCNI
MYST4A 1 FRLGTKESNREKKP-----EELLSBADRGSSGRPSBLKFCPELTTHVKA-~=-==~ LRHO KTCSA
MYST3A_1 FELGTKEQNREKKP-—--- EELIS@ADEGNSGHPSELKFSPELTVRVKA-----~ LR KTCSS ; il
FHF10A 1 N LKGKESNKKGKA-———— ESLIHESORENSGHPSELDMTMELVSMIKT-————— ¥ KTCII .ch 1 bmdmg
MLL2B_4 SQCYRPYRVNSKITKVMLLK-~-~---~ G IVCEV
MLL3B_5 GOCYHPYBVSIKITKVVLSK=======~ G TVCEA residue
MLLA_2 @RNSYHPEQLGPNYPTK==~==~ PTKKKK IRCKS . N
MLL4A 2 RHAYHEABLGPSYETR-----= ATRKRRH VRCKS OZinc 2 blndlng
MLL2B_2 SEGHHY LDTALTARKR-————=--— AG BKVCoA .
MLL3B_2 TEGOHYHGMBLDIAVTPLKR-———————- Ag) @K VCON residue
INTS1ZA HNLY HKPQVTDKEAND-~-~-~-~ PRLVHY TROMK
FBXL19A GEAGKEDTVEGEEEKFGLSLME] MEIVHPGELKMGKAEGVINAEI-===~PNC TQEGR
FEXL10A GEAGKEDTVEEEEGKFNLMLME] MEIIHPGELKIKESEGVVNDEL-~---BNCHE NHAGK
FEXL11A GEVDQNEETQ----DFEKKLMEQCIENE T VHPGRLOMDGEGLLNEEL-———~ BNC YOEDS

Loop 1 Loop 2

Figure 36. Sequence alignment of all members of sub-family 8. Zinc 1 binding residues are indicated with black

squares, zinc 2 binding residues indicated with white squares.

This sub-family contains the first PHDs of the tandem and triple PHDs discussed above. This sub-
family also contains the PHDs of FBXL lysine demethylase family (also known as the KDM?2
family). The only conserved residue in this sub-family is a tryptophan residue two residues
N-terminal of the seventh Zn(ll) binding residue (Figure 35). This tryptophan is seen in PHDs

across many different sub-families.

Sub-Family 9

This sub-family contains 9 PHDs, including the first PHD from each of the multiple PHD
containing methyl transferases Mixed Lineage Leukaemia 1 (MLL1), Mixed Lineage Leukaemia 4
(MLL4), NSD1, WHSC1 (NSD2), and WSHCI1L (NSD3). Both the MLL family and the NSD family
contain a triple PHD (Chapter 4), therefore it would be expected that the first PHDs of these
triples would be closely related. However, there are no residues conserved across all of these
PHDs (Figure 37).

This sub-family also contains the fourth PHD of NSD1 and WHSC1 (note that the putative fourth
PHD of WHSC1L (NSD3) is missing its crucial Zn(Il) binding residue, and is therefore not expected
to be able to fold into a PHD structure) and the PHDs of Pygopus Family PHD Finger 1 (PYGO1)
and Pygopus Family PHD Finger 2 (PYGO2). The PHD of PYGO1 is known to bind methylated

H3K4, and therefore the PYGO family PHDs may be more correctly situated in sub-family 3. The
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reason for their placement in subgroup 9 may be the preference for binding H3K4me2 over
H3k4ame3,™ driven by the presence of an acidic residue on one side of the aromatic cage. This
differentiates the PYGOs from other methylated H3K4 binders and may explain why they appear

in a different sub-family.

[ OO0 mnm oo
MLL4A_1 SKGLH--ELVF§0-VECDPBHPFELEEAERPLPQ- - -~ HHDTHC
MLLA 1 SSGHV--EFVYEQ-VECEPEHKFELEENERPLED- - - -QLENWC . _
NSD1A 4 SEGG----SLLCED-SEPARBHREGLNIDI ——-~——-~~ PEGNWY mZinc 1 binding
WHSC1A_4 SKGG----SLLC@E-SEPAABHPDELNIEM--~----~- PDGSH residue
NSD1A_1 EKLG----ELLLEEAQBCGABHLEGLGLTEM-~— -~~~ PRGKFI
WHSC1A 1 EKPG----SLLLEEGPECGABNLABLGLSRR-——————- PEGRET ; P
WHSCILIA 1 ESSGD---SLIPBEGEBCKHBHLEQLGLASL- -~~~ PDSKFI OZinc 2 binding
PYGO2A RSEVNDDQDAILGEASEOKWEHREGTGMTESAYGLLTTEASAVIA residue
PYGO1A

TNEVNDDQDAILEGEASEOKWERRIBTGMTETAYGLLTAEASAVWG

Loop 1 Loop 2

Figure 37. Sequence alignment of all members of sub-family 9. Zinc 1 binding residues are indicated with black

squares, zinc 2 binding residues indicated with white squares.

Sub-Family 10

| I 0o o H N g
CHD5A_2 RVEKDGGELLCED LPEI-- mZinc 1 binding
CHD4A” 2 KDGGELLC LPEI-- _
CHD3A 2 KDGGELLC LPDI-- residue
PHF12A 1 KEGGDLLC LSEEML . o
FALZA 1 HKLGDLLC LEEV-- OZinc 2 binding
PHF21BA KRGANLQP LKTA-- residue

PHF21AA RESGOLL LKTI--

Loop 1 Loop 2

Figure 38. Sequence alignment of all members of sub-family 10. This sub-family contains strong conservation in

loop 1, and a conserved PxGxW motif in loop 2.

Sub-family 10 contains seven PHDs with strong sequence conservation. Chromodomain Helicase
DNA Binding Protein 4 (CHD4) is known to preferentially bind histone 3 peptides unmodified at
H3K4 and trimethylated at H3K9. This interaction with H3K4 is mediated by an acidic residue
two residues N-terminal of the first Zn(ll) binding residue. This acidic residue is conserved
throughout this sub-family, and it is therefore likely that all members of this sub-family will
preferentially bind histone 3 peptides modified at H3K4. The interaction with H3K9 is mediated

by a cation-pi interaction with a phenylalanine residue one residue N-terminal of the first Zn(ll)
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binding residue. An aromatic residue is found in this position in all PHDs of this sub-family except

PHF12. Therefore it is possible that all members of this sub-family recognise H3K9me3.

Sub-Family 11

A MTF%(}‘H - B
19(1) | ==
PHF (PHF‘I(‘I) o

TRIM33
TIF1

TRIM28
TRIM66

SP110

LOC93349

Figure 39. A comparison of the PHD and bromodomain phylogenetic trees for members of sub-family 11. A. Expanded
view of PHD sub-family 11. The sub-family contains two distinct branches. The lower branch contains PHDs that are
part of a PHD-bromodomain tandem (labels emboldened). B. Bromodomain sub-family V shares a similar topology to

PHD sub-family 11. This indicates that these two domains evolved together as a single histone recognition module.

Sub-family 11 contains two distinct branches (Figure 39). The lower branch contains PHDs that
belong to a PHD-bromodomain tandem motif. It is interesting to note that the topology of this
branch closely matches the topology of the branch containing these proteins within the
bromodomain family tree.”’” The PHDs and bromodomains of these proteins act as a single
histone recognition module (Figure 40).** It is therefore likely that they evolved together, and it
would therefore be expected that a phylogenetic analysis of the PHDs or bromodomains alone

would produce a tree with the same topology.
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Figure 40. A PHD-Bromodomain tandem, with the N-terminal PHD shown in green and the C-terminal bromodomain

shown in magenta. The PHD-Bromodomain shown is Tripartite Motif Containing 33 (TRIM33) PDB ID: 3U5M.

The upper branch of sub-family 11 contains the second PHDs of the closely related PHD Finger
Protein 1 (PHF1), related PHD Finger Protein 19 (PHF19), and Metal Response Element Binding
Transcription Factor 2 (MTF2). These three proteins are sometimes known as Polycomb Like 1

(PCL1), PCL2, and PCL3 and have a similar domain architecture containing two PHDs.

Sub-Family 12

Sub-family 12 is itself divided into two distinct branches. The smaller branch, containing PHD
Finger Protein 20 (PHF20), PHD Finger Protein 20-like (PHF20L), Mixed Lineage Leukaemia 5
(MLL5), Absent Small or Homeotic-like 1 (ASH1L), and Recombination Activating Gene 2 (RAG2)
contains the conserved tryptophan and methionine residues seen in sub-family 3. There is data
available that show that MLL5 and RAG2 are H3K4me3 binders,”>*?° therefore based on this

evidence and the presence of residues known to be involved in methylated lysine recognition, it
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is likely that all five of these PHDs bind to H3K4me3. This predicted H3K4me3 binding specificity
would suggest that this branch is closely related to members of sub-family 3.

The other branch of sub-family 12 contains PHDs known to form part of a PHD-Zn Knuckle-PHD
motif. This motif has no known structure or function, but is well conserved within these 12

121122 This motif consists of two PHDs separated by two pairs of Zn(ll)

proteins (Figure 41).
binding residues, with each pair separated by two amino acids. Within this group it is interesting

to note that the Jumonji Domain 2 (JMJD2) family have a serine in place of a cysteine as the

second Zn(ll) binding residue of the PHD.

Zn Knuckle

CxxC-- - HxxC

Figure 41. The PHD- Zn Knuckle-PHD motif. Members of sub-family 12 form the first PHD of this motif. The Zn knuckle
section consist of four Zn(ll) binding residues arranged in two pairs. Within each pair, the Zn(ll) binding residues are

separated by two amino acids.

Sub-Family 13

[ N | O 0O [ | oo

WHSC1L1a 3 QHCESAESMEKDIHK-ASKGRMM ==REFV. B IAAGSMLVSSY-ILIBSNESKRSS H H H
NSD'J..-'&._E - LAIBITEHAANPANVSASKGRLM - EVA) BLAAGSKILASN-SIIEBPNHFTPRR .Zlnc 1 blndlng
[fJHSClA_3 LASEVSEHASNEPSNPRPSKGEMM --REFV. LAAGCSVIASN-SIIETARFTARE residue
I'\‘HSCIA_2 IHS KES======== KTDVEREVVTORGEF VEKYPLTVFESRGFREFLASCVSC
NSD1A_2 IAT KQS-------- GEDVKRELLPLEGKE] EGVOKYPPTVMONKGFRESLHICITC  [JZine 2 binding
WHSC1L1A_ 2 QHPEFSEKVS-======-= GEDVKRESVGABGKE VRKFPTAIFESKGFREPORCCSAC

—_— residue

Loop 1 Loop 2

Figure 42. Sequence alignment of all members of sub-family 13. Zinc 1 binding residues are indicated with black

squares, zinc 2 binding residues indicated with white squares.

Sub-family 13 contains six PHDs, all of which come from two closely related methyl-transferases

NSD1, WHSC1, and WSHCIL (Figure 42). They have a conserved domain architecture, although
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WSHCIL is missing the fourth PHD. No structural or functional information is available for this

sub-family.

Sub-Family 14

Sub-family 14 contains twelve PHDs, all of which are the second PHD of a PHD-Zn Knuckle-PHD
discussed above. This sub-family has a highly conserved hydrophobic core, with all twelve
members of the group having a FHVTCA motif encompassing the fifth and sixth Zn(ll) binding

residues (Figure 43).

It has been suggested that the second PHD of Bromodomain Protein 1 (BRD1) does not have

histone 3 binding activity but does bind DNA non-specifically.'?

Positively charged residues have
been identified as being responsible for this functionality. There is partial conservation of these

residues, but there is not enough evidence to predict with any certainty if this functionality is

conserved within the sub-family.

N O o HE oo
Zinc 1
Binding Residue
A Q A T V | ; Zinc2
K F A Binding Residue
Rrgs alvipdlE e e) el e
N Loop 1 Loop 2 C

Figure 43. Sequence logo of sub-family 14. There is a conserved FHVTCA motif in the core of the PHDs in this sub-

family.

Sub-Family Comparison

The above analysis shows that although the PHD family share a motif of Zn(ll) binding residues,
they have many differences in other parts of the sequence that leads to a diverse range of
functions (Table 4). One of the key differences in determining histone binding specificity is the

presence of either aromatic or acidic residues around the H3K4 binding site.
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An example of a sequential feature that can be used to predict structure is the presence of a
proline residue in loop 2. The presence of this a proline in this position plays an important role in
determining the secondary structure of this region. Sub-families 6, 7, and 10 all share a
conserved proline in loop 2 and it is therefore highly unlikely that PHDs from these sub-families

will contain an alpha-helix in this region.

Sub-Family Name  Number of Key Features
Members
Sub-family 1 13 A highly conserved GA motif in loop 1. Not expected to be
H3K4me3 binders.
Sub-family 2 12 A diverse group containing anomalous PHDs such as

CREBBP and EP300 (large loop 1 insert) and ASH2L (only
binds one Zn(ll) but still has PHD fold.

Sub-family 3 23 H3K4me3 binding PHDs.
Sub-family 4 3 Conserved RV motif in central beta-sheet. Not expected to
be H3K4me3 binders.
Sub-family 5 4 PHDs which form part of a larger ADD domain. Not
H3K4me3 binders.

Sub-family 6 8 Contains conserved proline in loop 2 preventing alpha-helix
formation. Not H3K4me3 binders

Sub-family 7 25 Contains conserved proline in loop 2 preventing alpha-helix

formation. Not expected to be H3K4me3 binders.

Sub-family 8 16 Contains some PHDs that are the first of a tandem PHD
(Chapter 4). Not H3K4me3 binders

Sub-family 9 g Contains some PHDs that are the first in a triple PHD. With

the exception of PYGO1 and PYGO2 not expected to be
H3K4me3 binders.

Sub-family 10 7 Possible H3K9me3 binders.
Sub-family 11 16 Contains PHDs that are part of a PHD-bromodomain
tandem.

Sub-family 12 17 Contains some H3K4me3 binders and some PHDs which are
the first PHD in a PHD-Zn Knuckle-PHD motif.

Sub-family 13 6 All members come from a related family of methyl
transferases. Not expected to bind H3K4me3.

Sub-family 14 12 All PHDs are the second PHD of a PHD-Zn Knuckle-PHD

motif.

Table 4. Summary of 14 identified PHD sub-families showing the number of members of each sub-family and

describing key features of each sub-family.
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This analysis shows that it is possible to define a PHD family with well conserved similarities such
as the Zn(ll) binding motif. However, it is also possible to break this overall family down into sub-
families which contain sequential features which make the groups distinct from each other.
These features allow for a diverse range of functions within a family that still maintains

fundamental similarities.

Disease Associated PHD Mutations

Disease associated mutations of PHDs are discussed in (Chapter 1). The majority of these disease
associated mutations occur in the Zn(ll) binding residues. For examples that do not occur in
Zn(ll) binding residues it is interesting to studying the conservation of these residues within

closely related PHDs.

Sub-group 6
|
BAZ1B RKKGEDDKLI
AIRE_1 RDGGE---LIC
CHD3_1 QQGGE---I1
CHD5 1 OQGGE---11
CHD4_1 OQGGE---11
WHSC1 5 GDGGQ---LV
NSD1_5 FS@GDAGQ---LVS * Disease
WHSC1L1 4 FORGDGGE---L :
- CRGDGRE-—"LVY associated
Loop 1 Loop 2 mutation in
CHD5
sub 10 mZinc 1 binding
ub-grou .
group residue
H % [he O H B O . N
CHD5A_2 KDGGELLCEDABPS SEHLHELNBBLPE T - - BNGE TCPPL OZinc 2 binding
CHD4A_2 KDGGELLCEDTEPSSEHI HELNBRLPEI - -BNGE TCPAL residue
CHD3A 2 KDGGELLCEDAGISSEHI HELNBRLFPDI - -BNGE TCPVL
PHF12A 1 KEGGDLLCEDHEF LOEBCNBELSEEMLEPGE TVRRK
FALZA 1 HELGDLLCEETESA LEEVKBELEEV--REDE AHEV
PHF21BA KRGANLOPEGTEPGAYHLSELERBLKTA--BKG QOKAL

PHF21AA RKSGQLLMEDTESR LDELDEBLKTI--BKGMNI QDOML

Loop 1 Loop 2

Figure 44. Sequence alignment of sub-family 6 and sub-family 10. Positions where disease associated mutants of

CHDS are found are highlighted with stars.

The only example that has been identified is of CHD5, which has disease associated mutations in
both its first (G355A, D361A) and second (D434A) PHDs. These mutations have been shown to

abrogate binding to unmodified histone 3.°> There is strong conservation of these residues
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within the sub-family (Figure 44). This gives further evolutionary evidence to the importance of

these residues for the correct function of the PHDs within this sub-family.

Summary

This chapter addresses the lack of a family wide analysis of human PHDs. This work provides the
first definitive list of human PHDs, with a full description of the methodology used to construct
the list. The full set of human PHD sequences were aligned using structural information, and a

phylogenetic tree constructed using a robust maximum likelihood method.

This analysis revealed that PHDs can be grouped in to fourteen sub-families. Each sub-family has
been analysed and features that can be used to predict histone binding selectivity have been
identified. This grouping of PHDs into sub-families is also likely to be of great importance to
future medicinal chemistry efforts to design selective PHD inhibitors. As it will allow the creation
of selectivity panels that effectively sample the PHD family. It will also guide structure based
drug discovery, as medicinal chemists will be able to identify conserved residues from non-
conserved residues when analysing the binding site of a small molecule inhibitor. Designing

molecules to interact with non-conserved residues is likely to deliver more selective inhibitors.

A key conclusion of this work is that the majority of PHDs are not predicted to be H3K4me3
binders. Almost all PHDs with the required residues to form an aromatic cage to bind H3K4me3
are found in a single sub-family. This challenges that common assumption that all PHDs are

methyl-lysine reader domains.

It is hoped that this work will motivate further research into the function and biological roles of
PHDs. In particular, this work discusses the similarities between PHDs found in proteins with
multiple PHDs and similar domain architecture. This evolutionary conservation of these multiple

PHDs points to an important biological role that demands further study.
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Chapter 3 - Computational Assessment of the Ligandability of PHDs

and Other Epigenetic Reader Domains

The human PHD family is large, with 173 PHDs identified in the human proteome (Chapter 2).
The size of the PHD family precludes using purely experimental means in order to compare the
ligandability of PHDs. Therefore a higher throughput, computational method is required. This
chapter describes the use of SiteMap to analyse all available PHD structures to identify which
PHDs are more likely to be amenable to inhibition by small molecule ligands. A similar study has
been conducted on methyl-lysine binding domains which included some PHD structures.”® The
work described in this chapter will expand on this previous research by studying all available
PHD structures. The results of this study will be used to prioritise ligandable PHDs for screening
and inhibitor development. This chapter will then go on to use similar analysis techniques to

assess the ligandability of Tudor domains.

A further set of structures that contain multiple domains involved in reading, writing, and
erasing post-translational histone modifications were also analysed by SiteMap in order to
identify potential small-molecule binding sites at domain-domain interfaces. A subsequent
crystal soaking assay for the PHD-bromodomain of SP100 developed and performed by
colleagues within the Structural Genomics Consortium identified a series of ligands that bind at
such an inter-domain site identified by SiteMap. This provides evidence of the potential to

develop small molecule ligands that bind at domain-domain interfaces in multi-domain proteins.

Computational Methods for Assessing Ligandability

There are various software applications for identifying ligand binding sites. These fall into two

123

broad categories; those that use a purely geometric based approach such as FPocket,”” and

those that also take into account physiochemical properties of the binding site. Prominent
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examples of programmes that identify sites using the physiochemical properties of the binding

site include FTMap***, ICM PocketFinder,'* and Schrodinger SiteMap.'*®

FTMap uses a series of 16 small, organic molecule probes which are given energetic binding
scores for each of 500 rotations at a wide ranging number of positions on the protein surface.
The 2000 lowest energy conformations for each probe are retained and clustered. Regions
containing several probe clusters are reported as potential ligand binding sites. Pocket Finder
identifies pockets by calculating the Lennard-Jones potential between an aliphatic carbon probe
and the surface of the protein. SiteMap uses a similar approach to PocketFinder, in that it uses a
water molecule probe to calculate van der Waal’s interaction with the protein surface. SiteMap
also includes a geometrical test when identifying binding sites. The full details of the SiteMap

algorithm are discussed below.

SiteMap
Of the available software, SiteMap was chosen for this work. A comparison between SiteMap

127 SiteMap has the advantage over

and FPocket has shown that they perform very similarly.
PocketFinder and FTMap in that it would facilitate direct comparison with similar work

undertaken with SiteMap to study bromodomains,’?® methyl transferases,"”® and methyl-lysine

binding domains.”®

A brief description of the SiteMap algorithm is provided below, and summarised in Figure 45.
SiteMap initially creates a grid of points separated by 1.0 A. Points within the van der Waal’s
radius of nearby protein atoms are deemed to be ‘inside’ the protein and are discarded. For
each remaining point the van der Waal’s interaction with the protein surface and the ‘enclosure’
score are calculated. The van der Waal’s interaction is calculated using a water molecule probe.
The enclosure score is calculated by determining what fraction of ‘rays’ emitted in all possible

directions from the site point strike the surface within a given distance, which by default is 8 A.
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By default only points that have a van der Waal’s interaction stronger than -1.1 kcal/mol and an

enclosure score greater than 0.5 are retained. These retained points are known as site points.

Identify Make Site Merge Generate
Site Points Point Groups Groups to Maps

form Sites

Figure 45. A schematic representation of the SiteMap algorithm used for identifying and scoring potential small

molecule ligand binding sites on a protein surface.

The next stage is to combine site points into groups. A site point is added to a group if is within a
given distance of a minimum number of group members. By default a site point is added if there
are 3 group members within a squared distance of less than 3.1 A% Site points that do not meet
the criteria for joining a site point group are discarded. Groups within a certain distance
(default: 6.5 A) are merged, the resultant merged group constitute the identified potential

ligand binding site.

SiteMap then generates a set of maps that define the site, these five maps are: hydrophilic,
hydrophobic, H-bond donor, H-bond acceptor, and surface. SiteMap then calculates the

SiteScore and DScore for the sites.™*°

SiteScore scores how likely a site is to tightly bind a small
molecule ligand; whereas DScore scores how likely a site is to tightly bind a drug-like small
molecule ligand. For example, a site which tightly binds a highly charge ligand would have a high
SiteScore, but low DScore. These scores, along with the maps, allow sites to be evaluated and
compared. The SiteScore and DScore values are calculated using three of the parameters that
define the site: number of site points, enclosure, and hydrophilicity (Equation 1 and Equation 2).
Note that the hydrophilicity term is negative to penalise sites for being hydrophilic. DScore
includes a greater penalty for a site being hydrophilic, as such a hydrophilic site may be

ligandable, but not druggable, due to the likely polar nature of any ligand that would bind such a

site.
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SiteScore = 0.0733+v/n + 0.6688e — 0.2000p

Equation 1. The SiteScore of a given site is calculated from the number of site points, n (capped at 100); the enclosure

score, e; and the hydrophilicity score, p (capped at 1.0).

DScore = 0.094v/n + 0.60e — 0.324p

Equation 2. The DScore of a given site is calculated from the number of site points, n (capped at 100); the enclosure

score, e; and the hydrophilicity score, p.

SiteMap Analysis of PHDs

A key aim of this work was to identifying which PHDs are most amenable to inhibition by small
molecules in order to prioritise future screening and chemical probe discovery efforts. In order
to achieve this, SiteMap analysis was performed on all available PHD structures. In cases where
a PHD structure was solved by NMR, SiteMap analysis was performed on all models within the
PDB deposition. This is in keeping with the precedent set by Vidler et al. on their analysis of the

bromodomain family.'?®

NMR X-ray Total
Apo 762 (24) 17 (13) 779 (32)
Holo 187 (9) 43 (19) 230 (24)
Total 949 (25) 60 (22) 1009 (37)

Table 5. Breakdown of PHD structure set used in SiteMap analysis. Structures defined as holo were solved in the
presence of a histone peptide ligand; structures defined as apo were solved without a bound ligand. The number of

unique genes in each set is shown in parentheses. No member of the set was solved with a small molecule ligand.

A structure set was compiled consisting of 103 PDB depositions, representing 37 unique PHDs
(Appendix 3.1). PHD structures solved by NMR were separated into individual models and
structures containing multiple PHDs had been split into individual PHDs, giving a final set of 1009

structures.
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Protein Preparation

Prior to analysis by SiteMap, all structures were put through the same structure preparation
procedure. Structures were downloaded and superimposed using the ICM superimposition tool
using the sequence alignment described in Chapter 2 as a guide. This created a PDB format file
for every structure saved in the same frame of reference. The structures were then re-
downloaded using PyMol; extra chains, extra domains, and water molecules removed; and
superimposed with the identical structure created using ICM. This allowed use of ICM's superior
superimposition tool, while negating an intrinsic incompatibility between PDB files created by

ICM and Schroédinger.

Schrodinger’s Protein Preparation Wizard™!' was then used to add hydrogens to the structure
where appropriate; adjust the protonation state of acidic and basic residues for pH 7.4; and
refine the structure to relieve strain and optimise the hydrogen bonding network. Finally the

bound peptide ligand was deleted from all structures with a bound ligand (holo structures).

Running Site Map

SiteMap was run on all structures using variations on the default parameters. The SiteMap
manual recommends that for the detection of shallow sites, the thresholds for the initial
identification of site points should be modified. Specifically, the threshold for the van der Waal’s
interaction required for a point to be included to be reduced from -1.1 kcal/mol, and threshold
enclosure score reduced from 0.5. As no guidance is given on the degree to which these two
parameters should be reduced, two different reduced values were tested for each parameter
alongside the default parameters. To this end, SiteMap analysis was performed on each
structure five times, each with a variation in the thresholds for the initial identification of site

points (Table 6).
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Parameter Set van der Waal’s Enclosure Score Discovery Rate
Interaction Threshold Threshold
(kcal/mol)
1 (default) -1.1 0.5 40%
2 -1.0 0.45 73%
3 -1.0 0.40 84%
4 -0.90 0.45 81%
5 -0.90 0.40 90%

Table 6. The SiteMap analysis was performed using five parameter sets for the initial identification of site points.
These parameters were varied in order to increase the chances of identifying a potential small-molecule binding
pocket at the shallow histone binding site of PHDs. A discovery was defined as any structure where SiteMap identified

a potential small molecule binding site on the histone 3 binding surface of the PHD.

Identifying Potential Small Molecule Binding Sites at the Histone Binding Face

Running five SiteMap analyses on each of 1009 structures created a large volume of data.
Therefore a method to automate the procedure for identifying whether SiteMap had found a
potential small molecule binding site or not was required. It was also necessary to automatically
separate sites found at the histone binding face from those identified on other surfaces of the

PHD.

To accomplish this the centroid of each identified site was calculated by taking the mean of the
X, ¥, and z coordinates of each site point within the site to give a single (x, y, z) coordinate for
each site identified. As all structures had been superimposed prior to SiteMap analysis it was
possible to overlay the centroids of the identified sites onto a representative structure, and
quickly separate sites on the histone binding face from other identified sites. Structures where
SiteMap found a potential small molecule binding site on the histone binding surface were
described as ‘discovered sites’, allowing the calculation of discovery rates for each parameter set
used (Table 6).
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As expected, the discovery rate increases as the thresholds for van der Waal’s interaction and
enclosure are reduced. Parameter set 5 has the lowest thresholds and hence has the highest
discovery rate (90%). The low discovery rate for Parameter Set 1 suggests that the PHD family is

likely to be a difficult target class for small molecule inhibition.

Comparing Results of Different Parameter Sets

As the aim of this work was to compare and contrast the potential for small molecule binding at
the histone 3 binding surface across the PHD family, it was necessary to determine which

parameter set provided the most suitable data in order to make this comparison.

As expected the discovery rate was highest for Parameter Set 5, as this had the least stringent
criteria for the initially classification of site points. Parameter Set 5 therefore subsequently
characterised a greater number of potential binding sites at the histone 3 binding surface than
the other parameter sets. It was therefore decided to use Parameter Set 5 when making
comparisons within the PHD family; Parameter Set 1 (the default parameters) was used for

comparing PHDs to other domains.

In the SiteMap analysis of bromodomains conducted by Vidler et al, the default parameters used
identify sites in twenty-three of the twenty-four bromodomains studied (a 96% discovery rate
on a per gene basis, this differs from the per structure discovery rates reported in this work)'

Comparing the low discovery rate for Parameter Set 1 with that of the bromodomain study

suggests that the PHD family is likely to be a difficult target class for small molecule inhibition.

Analysing Results

As described in Table 5, the PHD structure set contained a mixture of structures solved by NMR
spectroscopy and by X-ray crystallography. The structure set also contained both apo and holo
structures. Before analysing the results of SiteMap study, it is important to rule out any bias

introduced by the method used to solve the structures.
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Comparison of NMR and X-ray Structures

Of the thirty-seven PHDs of which there are structures, there are only nine for which both NMR
and X-ray structures are available (Table 7). The results for these nine PHDs can be used to test
whether there is any intrinsic difference in ligandability between PHDs that have had their

structure solved by NMR or X-ray.

Gene Name Median Median NMR  Median X-ray More
DScore DScore DScore Druggable
Structure
FALZ(2) 0.69 0.68 0.91 X-ray
ING2 0.56 0.58 0.86 X-ray
ING4 0.66 0.66 0.90 X-ray
MLL(3) 0.97 0.96 1.03 X-ray
ATRX 0.89 0.89 0.67 NMR
PHF21A 0.99 0.99 0.74 NMR
RAG2 1.00 1.01 1.01 NMR
TRIM28 0.53 0.56 0.46 NMR
UHRF1 0.89 0.90 0.86 NMR

Table 7. PHDs for which there is both an NMR and X-ray structure available. These structures were used to investigate
whether the method used to solve the structure affects the calculated DScore. As multiple structures are present for

each PHD, median DScores are used for comparison.

Of the nine PHDs where both an NMR and X-ray structure were available, five appeared more
ligandable in the NMR structure, and four more ligandable in the X-ray structure. This suggests
that there is unlikely to be any intrinsic difference between PHD structures solved by NMR and
X-ray, and therefore these NMR and X-ray structures can be directly compared in terms of

ligandability.
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Comparison of Apo and Holo Structures

Gene Name Median DScore Median Apo Median Holo More Druggable
DScore DScore Structure

CHDA4(2) 0.60 0.73 0.54 Apo
JARID1A(3) 0.93 0.95 0.61 Apo
PHF21A 0.99 0.99 0.74 Apo
PYGO1 0.97 0.97 0.96 Apo
RAG2 1.01 1.01 1.01 Apo
TIF1A 0.51 0.53 0.49 Apo
TRIM33 0.51 0.59 0.48 Apo
AIRE 0.60 0.60 0.60 Holo
ATRX 0.89 0.82 0.93 Holo
DNMT3A 0.74 0.59 0.90 Holo
DNMT3L03 0.83 0.78 0.87 Holo
FALZ(2) 0.69 0.54 0.89 Holo
ING2 0.56 0.56 0.86 Holo
ING4 0.66 0.66 0.90 Holo
MLL(3) 0.97 0.97 1.03 Holo
MYST3(1) 0.80 0.79 0.94 Holo
MYST3(2) 0.91 0.90 0.95 Holo
PHF13 0.67 0.64 0.71 Holo
TAF3 0.93 0.87 0.98 Holo
UHRF1 0.89 0.89 0.89 Holo

Table 8. PHDs for which there is both an apo and holo structure available. These structures were used to investigate

whether the presence of a bound peptide ligand affects the calculated DScore.

There are twenty PHDs whose structures have been solved with and without a bound peptide
ligand (Table 8). It would be expected that holo structures would appear ligandable, as the
bound peptide would force the PHD into a conformation with a well-defined binding interface.
Comparing the results of the SiteMap analysis of the twenty PHDs for which both apo and holo

structures are available would appear to give some weight to this argument. Of the twenty PHDs
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thirteen were more ligandable in their holo form. By looking at the SiteMap parameters that are
used to calculate DScore and SiteScore, it can be seen that the difference between apo and holo
structures is driven by the differing sizes of the binding site (Table 9). This observation is in line
with the expectation that the presence of a bound peptide ligand would force the PHD to adopt

a conformation with a more well defined binding site.

Table 9. The median values for the SiteMap parameters used to calculate DScore and SiteScore are shown for both

the apo and holo versions of the PHDs listed in Table 8.

Identifying Ligandable PHDs

The above comparisons of NMR and X-ray structures as well as apo and holo structures suggests
that it is valid to compare NMR and X-ray structures, but it is less valid to compare apo and holo
structures. Therefore while attempting to identify the most ligandable PHDs, two rankings have

been complied; one ranking for holo PHDs (Figure 46), and another for apo PHDs (Figure 47).

The PHD of Recombination Activating Gene 2 (RAG2) is ranked as the most ligandable in the apo
ranking, and second most ligandable in the holo ranking. This would indicate that RAG2 is one of
the most ligandable PHDs. However, when analysed using Parameter Set 1 (the default
parameters) the median DScore for apo RAG2 structures (20 NMR models, PDB ID: 2JWO) is

0.69, which would previously be considered as unligandable.

Another PHD that scores highly on both rankings is that of Pygopus 1 (PYGO1), ranked as third
on the apo ranking, and fourth on the holo ranking. Despite this high ranking, Parameter Set 1
results would suggest that this is also a PHD with low ligandability, with a maximum DScore of

0.78 for the six holo structures analysed. However, since the completion of this work, the PHD of
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PYGO1 has become the first PHD for which a strong evidence of a small molecule inhibitor has
been publsished.” This shows that although isolated PHDs are likely to be difficult targets, it is
possible to identify small molecule inhibitors. The ranking of PHDs with known structures
established by this work can be used to prioritise screening efforts, and ensure that resources

are directing at identifying ligands for the ‘least-difficult’ PHDs.
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Figure 46. Box plots showing the range of DScores for each holo PHD, calculated using Parameter Set 5. The box plots

| ]

Holo PHDs

are marked with the median value and the edges of the box represent the inter-quartile range. The whiskers extend
to the most extreme data not considered an outlier, and outliers are plotted individually. An outlier is classed as any

data point more than 1.5 inter-quartile ranges below the first quartile or above the third quartile.
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sorted by the median value with the most ligandable number at the top. The box plots are marked with the median
value and the edges of the box represent the inter-quartile range. The whiskers extend to the most extreme data not

considered an outlier, and outliers are plotted individually. An outlier is classed as any data point more than 1.5 inter-
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Comparison of Single PHDs with Tandem PHDs

The PHD structure set contained many examples of structures containing a PHD and other
domains, including some examples of structures containing two adjacent PHDs. To investigate
whether these tandem PHDs represented more ligandable targets that isolated PHDs, SiteMap
was run on a set of 121 structures of tandem PHD-PHD domains. This structure set represents

three genes covered by seven Protein Data Bank entries (Table 10).

Method Used to Solve

Gene Name PDB ID
Structure.
2KWIJ
2KWK
DPF3b NMR
2KWN
2KWO
2LNO NMR
MYST3 (KAT6A)
3v43 X-ray Crystallography
MLL3® 2YSM NMR

Table 10. A list of tandem PHDs with known structures. These were analysed with SiteMap and compared to the se of
single PHDs. These tandem PHDs were included in the study of isolated PHDs, with the domains separated prior to

analysis by SiteMap.

Double PHD Finger Protein 3b (DPF3b) and MYST3 are known to engage histone tails via an

extended interface involving both PHDs.****

SiteMap identified this novel histone 3 binding site
as a potential ligand binding site in all but four structures, a much lower failure rate than for

single PHDs.

The enclosure, hydrophilicity, and number of site points as calculated by SiteMap of single and

tandem PHDs were compared (Figure 48). These three parameters were chosen as they are the

€ The second and third PHDs of MLL3 are considered as a tandem PHD for this analysis, as they share the
same domain orientation as DPF3b and MYST3. However, these PHDs are not included as tandem PHDs as
defined in Chapter 4, this is because these PHDs are part of a wider quadruple PHD including the first and
fourth PHDs of MLL3.
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three parameters used to define DScore and SiteScore, which are SiteMap’s built in scoring
functions.”® Figure 48 shows the values for the three chosen parameters normalised against the
mean values of the submicromolar sites used to train DScore and SiteScore. This data shows that
both single and tandem domains have much smaller potential ligand binding sites than the
submicromolar set. The median number of site points for single and tandem PHDs are twenty-

five and fifty-two respectively; the mean number of site points of the submicromolar sites is

132.
Mean Number of Mean Enclosure Mean Hydrophilicity
Site Points Score Score
Single PHDs 25 0.56 1.06
Tandem PHDs 52 0.61 0.92
Submicromolar Set 134 0.76 1.0

Table 11. Comparison of single PHDs, tandem PHDs, and the set of structures with known submicromolar ligands used
to train the Site Map scoring functions. The parameters used are those used to calculate SiteScore and DScore. Note

that sites with lower hydrophilicity scores are considered more ligandable (Equation 1 and Equation 2).

Therefore it appears that tandem PHDs have a larger potential ligand binding site than single
PHDs, with the highest scoring tandem PHDs approaching the mean score of a submicromolar
site. Comparison of the enclosure score showed that both single and tandem PHDs (median
enclosure of 0.56 and 0.61 respectively) have a less enclosed binding site than the
submicromolar set (mean 0.76). DScore and SiteScore impose a penalty for a binding site being
too hydrophilic, with the hydrophilic score being computed so that the average score of the
submicromolar binding set is 1.0. The median hydrophilic scores of single and tandem PHDs are
1.06 and 0.92 respectively, showing that although their shape and size suggest they should be

considered less ligandable targets, their hydrophilicity does not.
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Figure 48. Box plots showing the number of site points, the enclosure, and the hydrophilicity score for tandem and
single PHDs. All values have been normalised with respect to the mean values for these parameters derived from 342
sites with submicromolar inhibitors used to train DScore and SiteScore. The box plots are marked with the median
value and the edges of the box represent the inter-quartile range. The whiskers extend to the most extreme data not
considered an outlier, and outliers are plotted individually. An outlier is classed as any data point more than 1.5 inter

quartile ranges below the first quartile or above the third quartile.

Based on these results we decided to focus our initial experimental investigation on tandem
PHDs, as SiteMap suggests these are likely to be more ligandable than single PHDs, due to their
larger potential ligand binding sites. There are six human tandem PHDs, found in DPF1, DPF2,
DPF3, PHF10, MYST3, and MYST4. One of the tandem structures used in the study above was
from MLL3; however, inspection of the protein sequence suggests that this is likely to form part

of a quadruple PHD. The distinction between tandem PHDs and triple and quadruple PHDs, and
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a detailed description of experimental efforts to identify a small molecule ligand of a tandem

PHD are described in Chapter 4.

SiteMap Analysis of Tudor Domains

The above analysis of PHD domains suggests that tandem PHDs are likely to be more ligandable
targets than isolated PHDs. Tudor domains are another family of epigenetic reader domains
involved in histone tail recognition. Specifically they are known for binding to methylated

lysine.'**

Similar to PHDs, Tudor domains are known to appear as both single and tandem
domains. A structure set of Tudor domains was analysed with SiteMap in order to determine

whether the more ligandable nature of tandem domain over single domains identified in PHD is

seen in other epigenetic reader domain families.

As is the case for PHDs, a small set of Tudor domains had been analysed using SiteMap by
Santiago et al.”® Their analysis investigated five Tudor domains, and concluded that only the
Tudor of Tumour Protein p53 Binding Protein 1 (TP53BP1) was ligandable. The work discussed in
this section expands on this previous work by surveying all available Tudor domain structures,

and provides a detailed discussion of the factors that make TP53BP1 a ligandable Tudor domain.

There are currently no known reported Tudor domain inhibitors, therefore it is hoped that this
study will help prioritise more ligandable Tudors for screening efforts aimed at the discovery of

small molecule ligands.

Single Tudor Domains
Forty-nine Protein Data Bank entries were identified that contained at least one Tudor domain
(Appendix 3.2). In all of these structures at least one of the Tudor domains present had residues

capable of forming an aromatic cage for methyl-lysine recognition.

In general these aromatic cages offered well enclosed, hydrophobic regions which could be used

to anchor an inhibitor. However, these enclosed regions are typically small, with typically less
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than 40 site points. Therefore these sites tend to have low SiteScores and are therefore likely to
be difficult targets for small molecule inhibition when taken as single domains, but may be more

ligandable when considered as tandem Tudor domains.

Multiple Tudor Domains

The structure set contained seven examples of multi-Tudor domain structures. One example,
Ubiquitin-like with PHD and Ring Finger Domains 1 (UHRF1), containing a tandem Tudor and a
PHD. In most of these cases, only one of the multiple tudor domains contained the aromatic
cage that is typically found in tudor domains and plays a crucial role in binding to methylated
lysines.** As discussed above, the aromatic cage found in many Tudor domains for methyl-lysine
recognition provides a well enclosed hydrophobic region which appears to be a suitable small
molecule binding site. However, analysis by SiteMap reveals these sites are too small to be
considered ligandable. In the case of tandem Tudor domains, the second domain provides some
expansion space around the aromatic cage. This creates a site where an anchoring head group
could bind to the aromatic cage, with the rest of the molecule interacting with the expanded
surface created by the second Tudor domain. It may be possible to develop methyl-lysine
mimetics to exploit these aromatic cages, in a similar way to how acetyl lysine mimetics have
been used to produce bromodomain inhibitors. Three examples of multi-Tudor domain
containing proteins with potentially ligandable sites taking advantage of more than one domain

are discussed below.

TP53BP1

The tandem Tudor domain of DNA repair factor Tumour Protein p53 Binding Protein 1 (TP53BP1)
is an illustrative example of a case described above, taking advantage of the aromatic cage and
an expanded surface created by the presence of a second Tudor domain. Analysis by SiteMap
identifies a site with a SiteScore 0.98 containing the aromatic cage of N-terminal Tudor and

extending to an area at the interface of the two Tudor domains (Figure 49). This site is large and

91



David Bowkett Chapter 3 - Computational Assessment of the Ligandability
of PHDs and Other Epigenetic Reader Domains

open, with size and enclosure scores of 98 and 0.61 respectively. Closer inspection suggests that
11 of these site points are situated in an opening that it is too far from the other points to be
bridged by a single small molecule. However, based on a size score of 87 and assuming the
enclosure and hydrophilicity scores remain unchanged, the site would still have a promising

SiteScore of 0.92.

Figure 49. A. H3K4me2 in the binding site of the N-terminal Tudor (green) of TP53BP1, near the interface with the
C-terminal Tudor domain (magenta). B. Dimethyl lysine binding in the aromatic cage of the N-terminal Tudor. C. The
site points (cyan) extend from the methyl lysine binding site to include an area at the interface of the two domains.

This site has a SiteScore of 0.98 and is therefore likely to be amenable to inhibition by a small molecule. PDB ID: 3LGL.
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SETDB1

Figure 50. The ligandable cleft between the second (green) and third (magenta) Tudor domains of SETDBL1. Site points

are shown as orange balls. This site has a SiteScore of 1.00. PDB ID: 3DLM.

The histone methyltransferase SET Domain Bifurcated 1 (SETDB1) contains three contiguous
Tudor domains. The available crystal structure (PDB ID: 3DLM) does not contain a well formed
aromatic cage in any of the three Tudor domains. However, closer inspection reveals that the
second and third Tudor domains contain suitable residues to form an aromatic cage, the
formation of which could be induced by binding of a tri-methylated lysine. The first Tudor
domain also contains two aromatic residues; however this potential aromatic cage is blocked by
a lysine side chain. The triple Tudor domain contains a potential ligand binding site between the
second and third Tudor domains (Figure 50). As discussed above, there are the two most likely
to be involved in binding to methyl lysine, and therefore a ligand that binds between the second
and third tudors is likely to impair peptide binding. This site has a SiteScore of 1.00 and this good

score is primarily down to the site’s large size (size score 160) and low hydrophilicity (0.88).
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Figure 51. H3K4me3 binding to the second Tudor domain of SPIN1, and a molecule of the buffer CHES in binding site

of the nearby first Tudor domain. It is possible a small molecule could bridge these two binding sites. PDB ID: 4H75.

Spindlin 1 (SPIN1) is a tudor domain containing protein involved in the regulation of rRNA

3 1t contains an unusual triple Tudor motif that is only seen in SPIN1, SPIN2, and

expression.
SPIN3. The structure of the triple tudor of SPIN1 has been solved as a co-crystal with a histone 3
peptide (H315K4me3)."*® The tri-methylated lysine binds to an aromatic cage in the second
Tudor domain, with the aromatic cage of the first Tudor occupied by a molecule of the buffer
CHES (Figure 51). However, inspection of the protein-peptide complex suggests that this first
aromatic cage is perfectly placed to bind a tri-methylated lysine 9. The H3K4me3 cage is a small
hydrophobic site with a SiteScore of 0.87. Although the site is quite small (size score of 49), it
achieves a good site score due to its highly hydrophobic nature. The hydrophobic cage of the N-
terminal, potential H3K9me3 binding, Tudor domain has a lower SiteScore of 0.68. This site is
similar to the H3K4me3 binding in that is small and hydrophobic. The openings of these pockets

are 17 A apart, which suggests that it would be possible to design a ligand that would take

advantage of both of these potential sites.

94



David Bowkett Chapter 3 - Computational Assessment of the Ligandability
of PHDs and Other Epigenetic Reader Domains

SiteMap Analysis of Domain-Domain Interfaces

Having identified a pattern of tandem domains being more ligandable than single domains for
PHDs and Tudor domains, it was decided that sites formed at domain-domain interfaces for
other epigenetic proteins should be investigated. There are a growing number of X-ray crystal
structures containing multiple domains involved in recognising and modifying post-translational
marks on histone tails (Figure 52). These include examples of multiple reader domains from the

H8137 and also reader-writer™ and reader-eraser combinations.™! Structures

same protein,
containing multiple epigenetic domains provide an opportunity to study sites formed at the

domain-domain interfaces, and investigate whether these sites may be suitable for ligand

binding.

Figure 52. Examples of protein structures containing multiple epigenetic domains. A. The N-terminal PHD (green) and
the JmjC domain (magenta) of PHF8. PDB ID: 3KV4. B. The tandem Tudor domains (N-terminal = magenta, C-
terminal = green) of JMID2A. A histone peptide bound to this tandem reader module is shown in stick form.
PDB ID: 2QQS. C. Tandem chromodomains of CHD1 (N-terminal = green, C terminal = magenta). A histone peptide
bound to this tandem reader module is shown in stick form, and the helix-turn-helix linker is shown in yellow

PDB ID: 4ANW2.

This section describes the use of SiteMap to analyse structures containing multiple histone
binding/modifying domains in order to identify potential ligand binding sites at domain-domain
interfaces. It is hoped that these sites may offer a potential solution for inhibitor design of
histone binding/modifying proteins, where the individual domains do not possess ligandable

sites.
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Prevalence of Multi-Domains

b."® Any structure of a histone

The structures used in this study were identified using Chromohu
reader, writer, or eraser which also contained another histone reader, writer, or eraser domain
was included. A total of 108 structures were identified, representing 33 unique gene products.

The most common domain combination was multiple-tudor of which seven examples were

identified (Figure 53). A full list of structures identified is included in Appendix 3.3.
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Figure 53. PHDs, bromodomains, Tudor domains, and MBT domains are the most common domains in our structure
set. Structures containing multiple Tudor domains appear 7 times, as do structures containing multiple MBT domains.
The most common hetero-domain combination in our structure set is PHD-bromo, of which 7 examples were
identified. In our notation, a PHD-bromo has an N-terminal PHD and a C-terminal bromodomain; this is distinct from a

bromo-PHD, in which the domain order is reversed.
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The domain combinations in Figure 53 are all found adjacent to each other in the protein
sequence, or have crystallographic evidence that they act together to engage histones. It is
possible that domain combinations can have the histone binding potential greatly affected by
the linker between the two domains. It is interesting to compare the JmjC-PHD domain
combination found in PHD finger protein 8 (PHF8) with the JmjC-PHD domain combination found
in Lysine-specific demethylase 7A (KDM7A, KIAA1718). The two JmjC domains, and the two PHDs
are very close homologues to each other (63% and 77% sequence identity respectively), but
differences in the linker effect the conformation of the two domains and hence the specificity of
the demethylase activity of the JmjC domain.'" In general it was possible to identify potential
binding sites in most structures, and in some cases these were found at domain-domain

interfaces. Specific examples are discussed below, and the key findings summarised in Figure 54.
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Figure 54. The size, enclosure, hydrophilicity, and SiteScore of all the examples discussed below are shown. Scores are
also shown for those cases where SiteMap identified a site in a single domain of the multidomain complex. The mean
values for the 326 binding sites with known submicromolar ligands that were used as a training set during the

development of SiteMap are show for comparison. Brd = Bromodomain.
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Bromodomain-PWWPs

Typical bromodomain
binding site.

Typical PWWP
binding site.

Figure 55. The structure of the bromodomain (left, green) and the PWWP domain (right, magenta) of ZMYND11.

Residues 29-39 of H3.3 are shown in stick form at the binding site identified between the two domains PDB ID: 4N4I.

Bromodomains are a family of acetyl-lysine reader domains.”’ The acetyl-lysine binding sites are
well characterised as potential small molecule ligand binding sites,*”® and many bromodomain
inhibitors have been discovered.” PWWP domains are a part of the Royal family of methyl-
lysine binding domains. The only previous study of PWWP ligandability considers the PWWPs of
only Bromodomain and PHD Finger containing Protein 1 (BRPF1) and Hepatoma-Derived Growth
Factor-Related Protein 2 (HDGF2). This study found these PWWPs to have SiteScores of
approximately 0.90, which suggests they are at the more difficult end of proteins that would be
considered druggable.”® However, this study only takes into account two of the 28 known

human PWWPs, and therefore may not be represent the entire family.

The structure of the PHD-bromodomain-PWWP domain of tumour suppressor Zinc Finger

MYND-type containing 11 (ZMYND11) has been solved with a bound H3.3 peptide (Figure 55)."*°
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Wen et al. identify an interaction between a serine residue (S31) found in H3.3 and the
bromodomain-PWWP domain-domain interface. This recognition allows ZMYND11l to
differentiate between H3.3 and the more common H3 which has an alanine at position 31.
Isothermal calorimetry (ITC) showing a 7-fold difference in binding to ZMYND11 between a H3.3
peptide and a H3 peptide (for PHD-bromodomain-PWWP of ZMYND11 and H3.35.4,K36me3
Kp =6 uM, for H3K36me3 Ky = 431 uM). Analysis of the structure of ZMYND11 (PDB ID: 4N4G)
with SiteMap identified the bromodomain as the most ligandable site (SiteScore = 1.01);
however, this is unlikely to be biologically relevant as this bromodomain has not yet been shown
to bind to acetyl-lysine.”®® A binding site at the bromodomain-PWWP interface where $31 binds
is identified as having a SiteScore of 0.85. This is at the lower end of what would be considered

ligandable."*

Further analysis of this binding site shows it is a well enclosed site, with a SiteMap
enclosure score of 0.72, this compares favourably to the mean value 0.76 for the sub-
micromolar sites in SiteMap’s training set. The site is relatively small; with a SiteMap size score

of 60, whereas the mean size score of the sub-micromolar sites in the training set is 132.

However, this smaller size should not prove inhibitive to ligand design.

Figure 56. The differing positions of R309 of ZMYND11 (magenta) and the equivalent R306 of ZMYNDS (green). The
difference in conformation partially explains the difference in predicted ligandability between the two homologues.

PDB IDs: 4COS (ZMYND8), 4N4H (ZMYND11).
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It is clearly apparent that a chemical probe that bound at this site would prove of great use to

the study of the in vivo function of the interaction between ZMYND11 and H3.3.

It is interesting to compare this binding site to the equivalent site on homologue Zinc Finger
MYND-type containing 8 (ZMYND8, PRKCBP1); this contains a binding site at the bromo-PWWP
interface with a SiteScore of 0.92. This site is the same size as the one on ZMYND11, but slightly
more enclosed (enclosure score 0.81) and less hydrophilic. The bromo-PWWP of ZMYND8 has
36% sequence identity with ZMYND11; however, differing conformations of an arginine residue
found in both ZMYND11 and ZMYNDS results in a difference in ligandability (Figure 56). R309 of
ZMYND11 forms part of the bottom of the pocket, whereas R306 of ZMYNDS sits at the top of
the pocket making it more enclosed. However, as the structure of ZMYND8 was solved without a
peptide ligand, it may be the case that this arginine adopts the position seen in ZMYND11 on

peptide binding

PHD-Bromodomains

The structure set used included 20 structures containing a PHD and another domain, the most
common partner domain being a C-terminal bromodomain (8 examples). PHD-bromodomains
have been shown to act together in substrate recognition.”* The PHD-bromodomain structures
investigated in this study fell into two categories, those where the PHD and bromodomain form
a compact globular structure, and those where the PHD and bromodomain are separated by a
rigid linker. An example of a case where the PHD-bromodomain forms a globular structure is the
putative transcriptional corepressor Tripartite Motif Containing 33 (TRIM33) (Figure 57A). The
case with a rigid linker is exemplified by Bromodomain PHD Finger Transcription Factor (BPTF)

which forms part of the NURF nucleosome remodelling factor (Figure 57B).
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Figure 57. Examples of two types of PHD-bromo. A. The PHD (magenta) and bromodomain (green) of SP100 form a
compact, globular structure. PDB ID: 4PTB. B. The PHD (magenta) and bromodomain (green) of BPTF are separated by

a rigid linker. PDB ID: 2FSA.

Amongst the group of structures with a globular arrangement of the PHD and bromodomain
was SP100. Analysis of this structure by SiteMap revealed the presence of a novel potential
ligand binding site at the interface of the PHD and bromodomain. This site has a SiteScore of
0.81, which would place it the range of difficult but ligandable binding sites. Further analysis of
the site revealed that it is large and well enclosed, but suffers a penalty to its SiteScore due to its
hydrophilic nature (Figure 58). This domain-domain interface site has a higher SiteScore than the
typical bromodomain binding site (SiteScore =0.77) or the histone binding face of the PHD

(SiteScore = 0.53).

101



David Bowkett Chapter 3 - Computational Assessment of the Ligandability
of PHDs and Other Epigenetic Reader Domains

Figure 58. The PHD-Bromodomain of SP100 is shown with the site points as identified by SiteMap, and overlaid ligand
5 identified by a crystal soaking experiment. The novel potential ligand binding site at the domain-domain interface of
the PHD-bromodomain of SP100 is indicated by cyan dots, the PHD is shown in magenta, and the bromodomain is
shown in green. The peptide ligand shown is taken from the structure of the related PHD-bromodomain of TRIM33.

PDB ID: 3U5M.

In order to further investigate this newly identified binding site, a fragment soaking experiment
was performed using a 527 member fragment library.” This soaking experiment revealed three
ligands that bind in the novel pocket at the interface of the PHD and bromodomain (Figure 59).

Based on comparisons to the related PHD-bromodomain of TRIM33,* this pocket is not

"This work was performed by Romain Talon and other colleagues at the Structural Genomics Consortium.
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expected to be involved in histone peptide recognition; however, it is possible that a ligand

binding at this position could allosterically modify the PHD-bromodomain.
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Figure 59. A fragment soaking experiment identified three compounds (5 — 7) that bind at the novel binding site at the
PHD-bromodomain interface. Compound 8 was initially characterised as a hit, but a review of the crystallographic

evidence revealed there was no strong evidence to support this characterisation.

Oxadiazole 5 and benzothiophene 6 bind deeper into the pocket than aniline 7. They exploit
hydrophobic interactions with surrounding residues and oxadiazole 5 forms a hydrogen bond
with the backbone carbonyl of residue 1871 via its primary amine. Ligands 5 and 6 also induce a
conformational change in residue Q751 not observed for ligand 7. The primary amide of Q751 is

rotated through 120° relative to the apo structure (Figure 60).

Aniline 7 does not bind as deeply in the pocket as oxadiazole 5 and benzothiophene 6, and
therefore do not cause any movement of residue Q751 relative to the apo structure. Aniline 7
exploits hydrophobic interactions with surrounding residues, whereas thiadiazole also forms a

hydrogen bond with K785 (Figure 61).

A comparison of the binding mode of the three identified fragments shows that oxadiazole 5
and benzothiophene 6 bind deeply into the pocket predicted by SiteMap, with aniline occupying
a hydrophobic site at the mouth of the pocket. This arrangement of these hits suggests that a

fragment linking strategy may lead to higher potency ligands (Figure 62).
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Figure 60. Binding mode of oxadiazole 5 (yellow) and benzothiophene 6 (grey) to SP100. The backbone ribbon and
side chains of important residues from the PHD are coloured magenta, and the backbone ribbon and important

residues from the bromodomain are coloured green.

Figure 61. Binding pose of aniline 7. This ligand does not bind as deeply in the pocket as oxadiazole 5 and therefore

does not cause a conformational change in residue Q751.
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Figure 62. The three fragment hits identified for the inter-domain binding site of SP100 are shown overlaid with an

electrostatic map of the surface of the apo structure of SP100.

Chromodomains

Chromodomains are another member of the royal family. The only chromodomain containing
protein in the structure set was the double chromodomain of Chromodomain Helicase DNA
Binding Protein 1 (CHD1). Although druggable chromodomains have been identified’® only one

d.**® The double chromodomain of CHD1 is known to

chromodomain inhibitor has been reporte
utilise the domain-domain interface in the selective binding of methylated H3K4. Although the
histone binding site itself was not ligandable, there is a potential allosteric site on the reverse
face of the tandem chromodomains, at the domain-domain interface. This site is large (size
score = 95) and open (enclosure score = 0.68) and quite hydrophilic. Although a ligand binding at

this site would not compete directly with the histone, it may allosterically modify the histone

binding ability of the tandem chromodomains of CHD1.

Conclusions
Based on these results we have decided to focus our initial experimental investigation on
tandem PHDs, as SiteMap suggests these are likely to be more druggable than single PHDs, due
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to their larger potential ligand binding sites. There are six human tandem PHDs, found in DPF1,
DPF2, DPF3, PHF10, MYST3, and MYST4. One of the tandem structures used in the study above
was from MLL3; however, inspection of the protein sequence suggests that this is likely to form
part of a triple PHD. Triple PHDs are also found in MLL1, MLL2, MLL3, MLL4, NSD1, WHSC1, and
WHSC1L1. For simplicity, tandems that are part of a larger triple have been excluded from

further study at this stage.

Work described in this chapter also suggests that the observation that tandem domains are
more ligandable than single domains may also be true for tandem Tudor domains, and for
proteins containing multiple domains involved in epigenetic regulation. Experimental work by
colleagues at the Structural Genomics Consortium has partially validated this prediction by

identifying ligands that bind at the PHD-bromodomain interface of SP100.
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Chapter 4 - Assessing the Ligandability of Tandem PHDs

As discussed in Chapter 3, PHDs that exist as part of multi-domain complexes are more likely to
be amenable to inhibition by small molecules. The specific examples of the tandem PHDs of the
type found in MYST3 and DPF3b were discussed. These two proteins share a similar tandem PHD
domain, with the two PHDs arranged in the same front-to-back manner. In both cases the
tandem PHD is thought to bind to residues 1-14 of histone 3, with a non-canonical pocket on the
rear face of the N-terminal PHD which recognises acetylated lysine 14 (H3K14ac)."'****'** This

chapter will provide a working definition of a tandem PHD domain, and describe assay

development and screening efforts for the tandem PHDs of DPF2.

Definition of a Tandem PHD

PHDs are often found multiple times within a single protein (Chapter 2), with one example,
Mixed Lineage Leukaemia 3 (MLL3), containing eight PHDs. This chapter will only cover PHDs
that are found as a pair, which are not part of a larger triple or quadruple PHD, and where the
final zinc binding residue of the N-terminal PHD is separated from the first zinc binding residue
of the C-terminal PHD by exactly two residues (Figure 63). This definition has been chosen as it

matches the domain architecture found in the structures of MYST3"** and DPF3b.**

MLL2 SMKTLQL SEGAAYLEE EGPGE B Zinc 1l Binding Domain
DPF3b  AVKTYK Kemmmm= TL@GTSEN O Zinc 2 Binding Domain
MYST3 RVKALRWQETEQOK ——————— SSERDQGK

PHD 1 PHD 2

Figure 63. Sequence alignment of the linker region between PHD 1 and PHD 2 of Mixed Lineage Leukaemia 2 (MLL2)
and Double PHD Finger Protein 3 (DPF3). MLL2 contains ten residues between the final Zn(ll) binding residue of PHD 1
and the first Zn(ll) binding residue of PHD 2, whereas DPF3 only has two residues. Therefore DPF3 fits within the

definition of tandem PHDs that will be discussed in this chapter.
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Often PHDs are found near to each other in a sequence, and in some cases are thought to
interact in a biologically relevant way, such as in the case of Chromodomain Helicase, DNA-
binding 5 (CHD5).*! There are also many examples of two PHDs separated by a ‘zinc knuckle’
(Figure 64).”*"'** The evolutionary conserved nature of these zinc knuckle separated PHDs,
suggest that they may act as one distinct unit (Chapter 2). Although these PHDs exist in
evolutionary conserved pairs they will not be classed as tandems in this chapter as they do not

meet the linker requirement described above.

Zn Knuckle

CxxC- - - HxxC

Figure 64. The PHD- Zn Knuckle-PHD motif. Members of sub-group 12 form the first PHD of this motif. The Zn knuckle
section consist of four Zn(ll) binding residues arranged in two pairs. Within each pair, the Zn(ll) binding residues are

separated by two amino acids.

This definition excludes tandem PHDs that appear to be part of a larger triple or quadruple PHD
arrangement, such as those found in the MLL and NSD families. This is because there is a lack of
structural and functional data available for triple and quadruple PHDs. Therefore considering a

pair of PHDs from within these larger multiple PHDs may not be biologically relevant.

Phylogeny of Tandem PHDs

Examining the phylogeny of tandem PHDs shows that there is a clear difference between
tandem PHDs that are part of a larger triple/quadruple PHD and those that are not (Figure 65).
The tandems PHDs that fit the definition described above fall into three groups. DPF1 (where the
tandem PHD differs slightly between the two isoforms), DPF2, and DPF3 form one group; MYST3
and MYST4 the second; with PHF10 as an outlier. The outlying nature of PHF10 is unexpected, as
it has functional similarity to the DPF family, playing a role in the BAF chromatin remodelling

complex.'*?
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Figure 65. Phylogenetic tree showing the six tandem PHDs that fit the definition described above and those that don’t

as they are part of a larger triple/quadruple PHD. Bootstrap values are shown on branch points.
Structural Features of Tandem PHDs
There are six tandem PHDs in the human proteome that meet the definitions described above.

These are found in the histone acetyl transferases MYST3 and MYST4 and the BAF chromatin

remodelling associated proteins PHD Finger Protein 10 (PHF10), DPF3b, DPF1, and DPF2.

Four members of this set of tandem PHDs have been shown to bind acetylated lysines,
specifically at H3K14.>1331%31% The available structures of DPF3b and MYST3 show that the two
domains are arranged in a front to back arrangement (Figure 66). With the face typically

involved in histone recognition (the ‘front’) of the C-terminal PHD in contact with the back face
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of the N-terminal PHD. The C-terminal domain is twisted by 90° along the front-back axis

compared to the N-terminal domain.

Figure 66. All structures of tandem PHDs show the same front to back arrangement. A. The front of the N-terminal
PHD (green) of MYST3 with the C-terminal domain (magenta) shown on its rear face. B. The front of the C-terminal
domain of MYST3 (magenta) which is making contact with the N-terminal PHD (green). C. The tandem PHD of MYST3
has a novel pocket on the back of the N-terminal PHD (green) which binds H3K14ac (yellow). The N-terminus of H3

binds to the C-terminal PHD of MYST3 in a canonical manner (cyan). PDB ID: 4LLB.

The available solution NMR structures of DPF3b and the crystal structure of MYST3 show that
the H3K14ac binds in a novel pocket on the back of the back of the N-terminal PHD, with

residues 1-4 engaging the C-terminal PHD in a canonical fashion (Figure 66C).
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Biological Function of Tandem PHD Containing Proteins

DPF1-3 and PHF10
PHF10 and DPF1-3 are sometimes grouped together as the d4 gene family and are known to play

a role in neural development.'*

Proteomic analysis of BAF chromatin remodelling complexes
purified from neural stem cells shows that PHF10, DPF1, and DPF3 are present as sub-units of

this complex. Further analysis shows that PHF10 is present in proliferating stem cells, but is

replaced by DPF1 and DPF3 in differentiated neural cells.

MYSTs

MYST3 and MYST4 are histone acetyl transferases (HATs) and are known to form part of a HAT
complex with Inhibitor of Growth 5 (ING5) and Bromodomain PHD Finger Protein 1 (BRPF1).
MYST3 plays an important role in controlling the renewal and differentiation of haematopoietic
stem cell (HSCs) and is a common target for mutations and translocations in leukaemia.'*®
MYST4 is involved in the regulation of neurogenesis, controlling the regulation of renewal and

differentiation of neural progenitor cells.*”’

Tandem PHDs in Disease

It is interesting to note the potential role of tandem PHDs in human disease. PHF10, which
contains no other domains recognised by Pfam® or SMART,”® has been shown to inhibit the
expression of caspase-3 in gastric cancer cells, and knock down of PHF10 by miRNA has been
shown to induce apoptosis.*****° A chemical probe that inhibits the tandem PHDs of PHF10
would facilitate study of the role the tandem PHD plays in this process. MYST3 and MYST4 can
form fusion proteins, containing their tandem PHDs, with the histone acetyl transferases
CREBBP and p300, forming an aberrant acetylation complex that plays a role in acute myeloid
leukaemia.'*’” Selective inhibitor of the interaction of the tandem PHDs of MYST3 and MYST4
with chromatin would allow study of the role these domains play in the fusion protein and

disease progression.
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Assay Development for Tandem PHDs

Having identified tandem PHDs as potentially being ligandable than single PHDs, and in the case
of MYST3/4 and PHF10 identifying links to disease, a selection of screening methods were used
in an attempt to discover a small molecule inhibitor of a tandem PHD. This section describes the
choice of assays and screening libraries used, and the optimisation of these assays. The results
of these screening efforts will be discussed in a subsequent section alongside secondary assays

used for validation of primary hits.

AlphaScreen Development

An Amplified Luminescent Proximity Homogeneous Assay (AlphaScreen) was chosen as a
suitable primary screening platform for tandem PHD domains. The assay uses a tagged protein
and an orthogonally tagged ligand: a His6-tagged tandem PHD of DPF2 and a biotinylated
histone peptide. The protein and peptide are incubated with streptavidin coated donor beads
and Nickel-nitrilotriacetic acid (Ni-NTA) coated acceptor beads. When illuminated with red light
(680 nm) the photosensitiser phthalocyanine immobilised on the donor beads converts ambient
oxygen to its excited singlet state. This excited species can diffuse approximately 200 nm in
solution before being quenched; however, if it comes into contact with a rubrene dye
immobilised on the acceptor bead it will generate an emission between 520 nm and 620 nm.
Therefore if the protein is bound to the peptide ligand, the donor and acceptor beads will be
close enough together for singlet oxygen to diffuse between them and generate a signal (Figure
67). If a small molecule is inhibiting the interaction between protein and peptide, the donor and
acceptor beads will no longer be in close proximity and a loss of signal will be observed.

One of the main strengths of AlphaScreen is the low amount of protein and peptide required.
Each bead has multiple binding sites, therefore an avidity effect caused by multiple binding
events between protein and peptide means that the affinity between beads is much greater
than the affinity between protein and peptide in solution. This means that a good signal can be

achieved with low nM concentrations of protein and peptide.
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Compounds that absorb light in the range of the excitation or emission wavelengths have the
potential to cause a loss of signal in AlphaScreen and appear as a false positive. Similarly singlet
oxygen quenchers can also cause a loss of signal. It is therefore important to compare any
primary hit identified by AlphaScreen with the many documented functional groups which are

known to be problematic for use with AlphaScreen.™®

Ni-NTA coated

qutlnylaled His-tagged
histone 3 DPF2
peptide

Figure 67. An AlphaScreen assay consisting of a biotinylated peptide and His6-tagged protein. When the protein and
peptide are in contact they bring the donor and acceptor beads close together. When the donor bead is excited with

red light single oxygen is generated, which diffuses to the acceptor bead causing an emission between 520 nm and

620 nm.™*

All AlphaScreen hits should also be triaged using a suitable counter-screen. A peptide containing
both a Hisb-tag and a biotinylated lysine can be used for such a counter-screen. This dually
tagged peptide can be used in place of the protein and peptide used in the initial screen and will
link donor and acceptor beads. Therefore any loss of signal caused by a compound in the
counter-screen must be due to interference with the assay. This counter-screen procedure is
useful for identifying false positives that act by interfering with the assay, but it will not identify

false positives than act through other mechanisms such as aggregation or protein reactivity.
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In summary AlphaScreen is a sensitive assay that is well suited for medium throughput
screening. However, it is important to triage all hits with appropriate counter-screens as the

assay offers numerous possible mechanisms for assay interference.

Protein Production

The tandem PHDs of DPF2 and PHF10 were chosen for AlphaScreen assay development due to
the availability of Rosetta Escherichia coli (E. coli) cells transformed with a suitable plasmid
vector. The vectors used encoded for a glutathione S-transferase (GST) tandem PHDs fusion
protein with an N-terminal His6 tag and a Tobacco Etch Virus (TEV) protease cleavage site
between the GST and tandem PHDs. The His6 facilitates use in an AlphaScreen assay, the GST
tag help maintain protein solubility both during bacterial expression and purification, and the
TEV protease cleavage site allows for removal of these tags if untagged protein is required for

further experiments.
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Figure 68. SDS-PAGE stained with Coomassie Brilliant Blue showing purification of DPF2 and PHF10. A. Tandem PHDs
of DPF2 after size exclusion chromatography. B. Tandem PHDs of PHF10 after size exclusion chromatography. The
band present at approximately 25 kDa was shown to be GST by tryptic digest MSMS. C. Tandem PHDs of PHF10 after

anion exchange chromatography. The band present at approximately 25 kDa is still present.
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The required proteins were purified from cell lysate using a Ni-NTA column followed by size
exclusion chromatography. It was possible to obtain suitably pure DPF2 in this manner (Figure
68A), but it was not possible to separate PHF10 from a truncated protein containing just the GST
tag (Figure 68B). A further attempt to remove this impurity with anion exchange
chromatography proved unsuccessful (Figure 68C). Therefore only DPF2 was carried forward for

further assay development.

Identification of Peptide Ligand

An AlphaScreen assay for DPF2 required the identification of a suitable peptide ligand. The
tandem PHDs of the closely related DPF3b, and the less closely related MYST3 have been shown
to bind H3 peptide acetylated at H3K14 (H3K14ac).”***** Dimethylation of H3R2 has also been
shown to be deleterious to binding to the tandem PHDs of MYST3. The solution NMR structure
of DPF3b shows that the first sixteen residues of H3 are involved in binding to the tandem PHDs.
Therefore it was hypothesised that the DPF2 AlphaScreen peptide ligand would be required to
be at least sixteen residues from the N-terminus with acetylation at H3K14 with no modification

at H3R2.

A library of histone peptides were screened against DPF2 using a BiolLayer Interferometry (BLI)
assay. This assay involves optical fibres with streptavidin coated tips. Biotinylated histone
peptides are immobilised on these tips. This creates two surfaces: one at the interface between
the glass fibre and the streptavidin tip, and a second one between the immobilised peptide and
bulk solution. White light is sent down the optical fibre and is reflected from both surfaces,
creating an interference pattern where some wavelengths undergo constructive interference,
and some destructive interference. The interference pattern is a function of the distance
between the two interfaces. When the optical fibre is immersed in a solution containing DPF2,

the tips coated with peptides which bind to DPF2 will undergo a change in interference pattern
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as the distance between the two surfaces is increased when DPF2 binds. This allows rapid

identification of which histone peptides bind DPF2 and which don’t.

A total of 192 peptides were tested in two sets of ninety six (Appendix 4.1). The tandem PHDs of
DPF2 had a strong preference for binding peptides which included the N-terminus of H3.
Comparison of a H3 spanning 1-21 which was phosphorylated at S10 and T11, with a similar
peptide containing the same modifications spanning residues 4-24 shows that H3 residues 1-3
play an important role in binding to DPF2 (Figure 69). These peptides were chosen for this
comparison as these phosphorylations appear to have no effect on binding and the unmodified

peptides of the corresponding lengths were not available.
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— S10(phos) & T11(phos) [4-24] — H3K14ac [1-21]

Figure 69. A. Comparison of the binding of peptides with and without H3 residues 1-3 as measured by BLI show that
residues 1-3 are important for binding to DPF2. Peptides phosphorylated at H3510 and H3T11 were used to assess the
importance of residues 1-3 on binding as unmodified peptides of the required lengths were not available.
Phosphorylation of peptides at H3510 and H3T11 appears to have no adverse effects on binding. B. Comparison of the
effect of acylation of H3K14 on binding as measured by BLI. For DPF2(1-2) acetylation of H3K14 appears to have no

strong effect on binding.

Comparison of H3 peptides spanning residues 1-21 with and without an acetylation at K14
shows very little difference in DPF2 binding. This suggests that both of these peptide are suitable

binding partners for AlphaScreen.
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Figure 70. Heat maps showing AlphaScreen signal for varying concentrations of DPF2 and partner peptide. The

concentrations of H3K14ac and H3 unmodified used in assays are highlighted with a black square.

It is necessary to identify optimal concentrations of protein and peptide for use in the
AlphaScreen assay. Screening hits cause a loss of signal in an AlphaScreen assay. Therefore
protein and peptide concentrations must be high enough to generate a background signal with a

good signal to noise ratio. However, if the protein and peptide concentrations are too high the
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AlphaScreen beads become saturated, leaving free protein in solution. Free protein may
outcompete bead-bound protein for peptide binding and vice-versa in the case of excess
peptide, reducing the assay signal. Therefore it is important to identify a suitable intermediate

concentration for using in the assay.

A protein-peptide dose response test of multiple protein and peptide concentrations revealed
that the for a H3K14ac peptide 3.13 nM of protein and peptide were suitable. For an unmodified
H3 peptide, 12.5 nM peptide and 25 nM protein were optimum concentrations (Figure 70). This
suggests that DPF2 has a slightly higher affinity for acetylated K14, in contrast to the initial BLI
experiment. It was noted that in the BLI peptide screen peptides with a trimethylation of K4
(H3K4) had no effect on binding to DPF2. Therefore a H3K4me3K14ac peptide was also tested in
the dose response test. This peptide showed similar behaviour to H3K14ac peptide, indication
that H3 modification has little impact on binding to DPF2. This is unusual, as the interaction

between a PHD and H3 is usually strongly dependent on the methylation state of K4.

DMSO Tolerance

It is necessary to identify the DMSO tolerance of the assay, as intolerance to DMSO can limit the
concentrations of ligands in the assay. This is particularly true in the case of protein-protein
interactions, are primary hits are likely to be weak, and may be missed if screened at too low a
concentration. To this end, the AlphaScreen assay was ran with varying concentrations of DMSO
in the buffer from 0.5% to 5.0% in increments of 0.5%. This revealed that there was no drop in
signal as DMSO concentration increased. Therefore the assay can be used with up to 5% DMSO

without loss of signal caused by DMSO induced protein denaturing.

Fragment Screening

Although the AlphaScreen assay described above would prove suitable to high throughput
screening (HTS) of a large, highly diverse library, the high costs of the AlphaScreen reagents to

screen more than 1000 compounds are prohibitive. Therefore careful library design is required
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to maximise the chances of finding a primary hit suitable for optimisation and make best use of
available resources. This section describes the design of libraries that were screened against

DPF2 using the AlphaScreen assay described above.

Fragment Screening
Although tandem PHDs are hypothesised to be more ligandable than single PHDs, protein-
protein interactions (PPls) such as those observed between tandem PHDs and histone tails are

regarded as being difficult targets for small molecule inhibition."****

Fragment based drug design is has been suggested as a method for tackling protein-protein

interactions.>*>®

Although there is no firm definition of what constitutes a fragment, fragments
are generally small, simple molecules which are likely to make weak but efficient interactions
with protein targets. In 2003 Congreve et al. published an observation that fragments hits tend
to obey a ‘Rule of Three’ where molecular weight is < 300, the number of hydrogen bond donors
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and acceptors are both < 3, and clogP < 3.7 These rules are frequently challenged, and current

opinion holds that a fragment contains less than seventeen heavy atoms.™*®

Fragment based ligand design is thought to be particularly applicable to PPIs due to their ability

to search a larger area of chemical space.™

This is based on the theory that a plot of number of
heavy atoms versus chemical space (i.e. the total number of theoretically possible molecules)
shows a massive increase in size for the addition of each heavy atom.’®® Therefore a 1000
member fragment library represents a far higher proportion of the available chemical space for

molecules that weigh less than 300 Daltons, than a 1 million member library made up of

compound weighing up to 500 Daltons.
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Figure 71. Histograms showing the distribution of molecular properties of the 1324 fragments that were screened
against DPF2. These distributions show that the library is broadly in line with the ‘Rule of Three’. All molecular

properties were calculated using Molsoft ICM.

In total 1324 fragments were identified that could be screened against DPF2 at 2 mM using the
AlphaScreen assay designed above. This consisted of 926 compounds from a Maybridge

fragment library and 398 compounds from the 3D Fragment Consortium library.'®*

Analysis of this library shows that most have a molecular weight between 150 and 250 Daltons,
and clogP in the range 0-3. The majority had between 2-4 hydrogen bond acceptors and <3
hydrogen bond donors (Figure 71). This means that the fragment collection used broadly follows

the ‘Rule of Three’™ but is not constrained by it.
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Results of Fragment Screen
All fragments were screened in duplicate and results normalised against DMSO and water
controls. Compounds selected for ICso measurement showed activity in the DPF2 assay that was

greater than 65 percentage-points higher than their activity in the counter-screen assay.

Fragment Hits
Compound Structure ICsq IC5o Upper 95%  IC5o Lower 95%
Number (uM) Confidence Confidence
Limit (uM) Limit (uM)
10 NH, 87 uM 110 uM 69 UM
/N
S
=N

16 o 190 pM 250 uM 140 pM
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Compound Structure ICsq IC5o Upper 95%  IC5o Lower 95%
Number (1M) Confidence Confidence
Limit (uM) Limit (uM)

20 o} 260 uM 310 uM 220 uM
B0
|

22 VN (g) 320 uM 400 pM 250 pM
_ —-S=0

24 O s 480 pM 670 M 340 uM
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Compound Structure ICsq IC5o Upper 95%  IC5o Lower 95%
Number (1M) Confidence Confidence
Limit (uM) Limit (uM)

27 o 0 550 pM 710 M 430 pM

29 — 790 uM 1100 pM 590 pM

Table 12. IC;, values were successfully measured for twenty-two fragments ranging from 68 uM to 920 pM.

ICso values were successfully measured for twenty-two fragments, ranging from 68 uM to
920 uM (Table 12). This is < 2% of the fragments screened. Compounds 11 and 14 were not
considered for further optimisation as they also appeared as hits in a fragment screen carried
out against the PHD-JmjC of PHF8 (Chapter 5) and several other SGC targets and were assumed

to be false positives.
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Scheme 1. The resynthesis of N-mesyl compounds 9 and 12 was achieved from commercially available amines using

methanesulfonyl chloride (MsCl) and pyridine.

Amongst these twenty-two hits were twelve compounds that contain a N-mesyl moiety. The
diversity of the molecules to which the N-mesyl group was attached suggested that it was
functional group that is making a key interaction with the protein surface and inhibiting peptide
binding. In order to confirm this, the most potent N-mesyl compounds 9 and 12, were

resynthesised and retested (Scheme 1) for confirmation.

The resynthesised compounds did not show any activity when tested using the AlphaScreen
assay, despite identical '"H NMR, *C NMR, and LC/MS data. As the original hits were all
contributed to the 3D Fragment Consortium library from the same laboratory, it is possible that
they all contained a common contaminant that interfered with the protein or assay. For
example, a protein denaturing contaminant would appear to be active in the AlphaScreen assay

but not in the counter-screen assay where no protein is present.
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Design of a Library Focused by Virtual Screening

In addition to the fragments, larger molecules were also selected for screening. A 10,000
member compound library was made available for use by a collaborator (Daniel Ebner; Target
Discovery Institute, University of Oxford). Although the AlphaScreen described above would be
suitable for screening such a library in its entirety, the cost of such a screen was prohibitive.
Therefore a virtual screen was used to prioritise compounds from this library for experimental
screening. This section provides a short overview of virtual screening and the software available,
followed by a description of the virtual screen performed on the tandem PHDs of MYST3 as a

surrogate for DPF2.

Overview of Virtual Screening

There are two main strategies used in virtual screening, ligand based screening and structure
based screening. A ligand-based screen takes a known ligand of the target protein and attempts
to identify other ligands similar to the known active ligand.'®® Due to the absence of known
small molecule ligands of tandem PHDs this method could not be used for this work. Structure
based approaches attempt to find ligands that best fit into a pocket on a protein structure. For
this reason, structure-based virtual screening requires a high resolution structure of the target

protein.

Structure based virtual screening can either treat the given protein structure as rigid, or allow a
certain amount of protein flexibly allowing for the discovery of induced fit ligands. The latter
method is computationally more expensive and therefore less suitable for high-throughput

virtual screening. For this work the rigid structure based docking programme Glide was used.'®*
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Validation of Virtual Screening Methods

The suitability of Glide for discovering inhibitors of protein-protein interaction binding sites was

tested prior to the performance of the virtual screen.
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To test Glide, a library of 346 compounds designed by Stephen Frye and co-workers to be methyl
lysine mimetics was virtually screened against the triple Tudor domains of SPIN1. These
compounds had previously been screened at the Structural Genomics Centre, University of
Oxford; and active compounds confirmed. The aim of this work was to compare the results of
the virtual screen performed on SPIN1 with previously performed experimental screen. If
confirmed active compounds were identified as hits in the virtual screen, this would give
confidence that the virtual screening methodology used to design libraries for DPF2 and PHF8

(Chapter 5) was valid.

Virtual Screening of SPIN1

Two crystal structures of SPIN1 are available in the Protein Data Bank: an apo structure
(PDB ID: 2NS2)™° and a holo structure with peptide ligand representing residues 1-8 of H3 with a
H3K4me3 mark (PDB ID: 4H75)."° The trimethylated lysine is bound to an aromatic cage in the
second of the three Tudors of SPIN1. Comparison of the structures suggests that the aromatic
cage that engages H3K4me3 showed slight differences between the apo and holo structures.
Tryptophan 151 is moved by about 45° between the two structures (Figure 72). In the case of
the apo structure, this residue is pointed in towards the centre of the aromatic cage, suggesting
that this residue moves on H3K4me3 recognition to complete aromatic cage formation. For this

reason the holo structure was chosen for virtual screening.
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Figure 72. Comparison of the position of aromatic cage residues of the second Tudor domain of SPIN1 between apo
and holo structures. Tryptophan 151 is rotated by 45° in the apo structure (magenta, PDB ID: 2NS2) compared to the
holo structure (green, PDB ID:4H75). This suggests that tryptophan 151 moves on binding to H3K4me3 to

accommodate the trimethyl lysine in the aromatic cage.

The structure of SPIN1 was passed through the Schrédinger Protein Preparation Wizard prior to
virtual screening. Protonation states were assigned at pH = 7 and H-bonds optimised. All water
molecules were removed, as were buffer and salt molecules. A loop between the second and
third Tudor domains consisting of sixteen residues was not resolved in the crystal structure, but
this loop was not near the binding site, and no efforts were made to model this loop prior to

virtual screening. The peptide ligand was used to define the boundary box of the binding site.

Comparison of the Results of Virtual and Experimental Screens
Of the 346 compounds, twenty-four were deemed to be hits in the experimental screen and had

been progressed to ICso measurement. These hits had IC5q values in the range of 2-10 uM.
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Figure 73. Histogram showing the clustering of confirmed hits within the ranking derived from virtual screening.

Fourteen of the twenty-four confirm hits are in the top 5% as ranked by virtual screening. This provides partial

validation of the virtual screening methods used in this work.

When the compounds were ranked by GlideScore results, fourteen of the confirmed hits were
found in the top 5% of the ranking. This suggested that had this virtual screen been used to
prioritise the library prior to experimental screening, the majority of confirmed hits would still
have been identified. The results for indicate that Glide is suitable for prioritising compounds for

experimental screening.

Virtual Screen Using MYST3

mZinc 1 Binding
Residue - PHD1

| B | (m H = _ OZinc 2 Binding
MYST3 DKPVAEPTPICSFCLGTKEONREK-KPEELISCADCGNSGHPSCLKHSPHIITVRVKALRWO  Rocidue - PHD1
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Figure 74. Sequence alignment of the tandem PHDs of MYST3 and DPF2. Residues that form part of the peptide

binding site are highlighted with red boxes.

The aim was to prioritise the 10,000 member screening library into a smaller library of

approximately 500 compounds that could be tested using the DPF2 AlphaScreen assay described
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above. The tandem PHDs of MYST3 were used as the receptor for this structure based virtual
screen, as this structure (PDB ID: 3V43) was the only available crystal structure of a tandem PHD
at the time the work was performed (further structures of MYST3 have since been deposited in
the Protein Data Bank). A solution NMR structure of the tandem PHDs of DPF3b was also
available, but was not used for this work as it was felt that using a crystal structure — albeit of a
more distantly related protein (Figure 65) — would produce higher quality results. An analysis of
the binding site residues suggests that MYST3 is a suitable virtual screening surrogate for

DPF2 due to their close homology (Figure 74).

Prior to performance of the virtual screen the structure was passed through the Schrodinger

d.*! The bound peptide ligand and all water molecules were deleted,

Protein Preparation Wizar
and missing side chains inspected to see if they were likely to affect the results. This inspection

revealed that the missing side chains in the structure used were not near the peptide binding

site, and therefore were not modelled prior to virtual screening.

The peptide ligand from the original crystal structure was used to define the boundary box for
receptor generation. This box was expanded to a cube with sides of 25 A to allow for a full

exploration of the histone binding surface of the tandem PHD.

The 10,000 member compound library was filtered using the Schrédinger Rapid Elimination Of
Swill (REOS)'® filter which reduced the library size to 8,783. This filter removed compounds that
contain reactive groups such as peroxides, and sulphonyl halides, as well as compounds with
undesirable molecular properties, such as a clogP values less than -5. Three dimensional
conformations and protonation states were assigned for the remaining ligand using

Schrodinger’s LigPrep.'®®
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Results of Virtual Screening

The results of the virtual screen reflected the difficulty of discovering small molecules that bind
to protein-protein interaction surfaces. Glide produce a GlideScore for each docked pose, with a
more negative score corresponding to a more potent ligand. Schrédinger’s online Knowledge
Base states that “scores of -10 or lower usually represent good binding. For some targets,
(e.g. with shallow active sites or predominantly hydrophobic interactions), scores of -8 or -9

might be very good.” In this case, the best scoring molecule had a GlideScore of -7.5.

N /
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Figure 75. Compounds 31 and 32 were removed from the screening library following manual inspection owing to the
presence of functional groups that are susceptible to hydrolysis under assay conditions. Compound 31 contains a
potentially hydrolysable hydrazone moiety, whereas the acyl-thiourea of compound 32 is potentially hydrolysable

under assay conditions.

The top 500 poses were filtered to remove duplicate compounds, leaving a remaining 463
compounds. These compounds were manually inspected, and a further twenty-six compounds
with undesirable functional groups such as hydrazone 31 and acyl-thiourea 32 were removed

(Figure 75). This left 437 unique compounds to be screened against DPF2.

Virtual Screening Using Molecular Dynamics

A further set of virtual screens were carried out with a collaborator (Jan Domanski; Department
of Biochemistry, University of Oxford). This work used the same crystal structure of MYST3 in
the virtual screen described above; however, in this instance the structure was subjected to

molecular dynamics (MD) simulations. The MD simulation revealed dynamic pockets on the
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histone binding surface that were not seen in the static crystal structure. These structures were
extracted from the MD simulation trajectory and used for a virtual screen similar to the one
described above. As above, a REOS filtered version of the 10,000 member library was used for
the virtual screen. As a result of this work, the author was provided with two libraries: a 398
member library as a result of using Glide in standard precision (SP) mode, and a 383 member

18> These libraries did not overlap

library as a result of using Glide in extra precision (XP) mode.
with each other, or with the virtual screening library designed by the author described above.

This was due to the removal of overlapping compounds prior to the start of the virtual screen.

Experimental Results for Virtual Screening Library

1244 molecules from the three docking libraries were screened in duplicate at 100 uM against
DPF2. Compounds that showed greater than 80% inhibition in the DPF2 assay and less than 20%
in the counter-screen assay were selected for ICs, measurement. Compounds that showed
greater than 60% inhibition in the DPF2 assay with less than 5% inhibition in the counter-screen
assay were also selected. ICso measurement was successful for six compounds, three from the
virtual screening derived library designed by the author, and three from the libraries designed

by Jan Domanski (Table 13). All six compounds showed no impurities when tested by LC/MS.

Compound Structure ICs IC5o Upper ICso Lower Library
Number (uM) 95% 95%
Confidence Confidence

Limit (uM) Limit (uM)

33 HO N—-NH 11 pM 13 pMm 8.6 uM Author’s

/
Oy
o ibrary
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Compound Structure ICso IC5o Upper IC5o Lower Library
Number (1LM) 95% 95%
Confidence Confidence

Limit (uM) Limit (uM)

11 uM 16 uM 8.0 uM Author’s

Library

37 28 uM 39 uM 20 uM Domanski SP

Library

Table 13. IC5, values were measured for six compounds which originated from virtual screening derived libraries.
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Before investigating these compounds further, an informatics based promiscuity filter was
applied to the hits. A thorough literature search was carried out to see if these scaffolds have
been published as hits from other screening campaigns. This would indicate that they were likely

to be pan-assay interference compounds (PAINs) rather than genuine hits.**°

A search for compounds containing the core scaffold of 5-methylpyrazole 35 revealed that
compounds featuring a 2-(5-methyl-3-phenyl-1H-pyrazol-4-yl)benzo[d]thiazole core appear in
several patents. These patents result from screening efforts performed by academic groups for
several unrelated targets. It is therefore likely that compound 35 is a PAIN compound rather
than a genuine hit. Compounds 37 and 38 were also prevalent in ChEMBL records suggesting

that they hit multiple targets.'®

8-Aminoquinolines
8-aminoquiniline 34 shares the same structural core as known Zn(ll) chelators 6-Methoxy-(8-p-
toluenesulfonamido)quinolone (TSQ) and Zinquin. According to Fahrni and O’Halloran “these

7170 1t is therefore

probes are suggested to remove Zn(ll) from tightly bound sites in proteins.
possible that 8-aminoquiniline 34 sequesters the Zn(ll) from DPF2 leaving the domain

structurally unstable and inactive.

O//S(\NH O//S/\NH
N N
X N
~0 = \/O\g/\o =
TSQ Zinquin

Figure 76. Known Zn(ll) chelators 6-Methoxy-(8-p-toluenesulfonamido)quinolone (TSQ) and Zinquin share the same

8-aminoquinilone core as compound 34.

133



David Bowkett Chapter 4 - Assessing the Ligandability of Tandem PHDs

3-Mercapto-1,2,4-Triazole Series
Compound 33 was progressed to analogue screening. A search of the 10,000-member library

from which it originated found nineteen analogues for follow up screening (Table 14).

Compound Structure IC5o (LM) ICso Upper 95%  IC5o Lower 95%
Number Confidence Confidence
Limit (uM) Limit (uM)

40 O™ NZNH 20 uM 23 uM 17 uM

! Mg

42 N-NH 26 pM 34 uM 20 pM
BN
S

Cl

r
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Compound Structure IC5o (LM) ICso Upper 95%  IC5o Lower 95%
Number Confidence Confidence
Limit (uM) Limit (uM)

45 N—NH 30 uM 43 uM 21 uM

a7 O~ \_NH 41 uM 56 uM 30 uM

49 Br N—NH 75 uM 230 uM 24 uM
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Compound Structure IC5o (LM) ICso Upper 95%  IC5o Lower 95%
Number Confidence Confidence
Limit (uM) Limit (uM)

51 N-NH 97 uM 550 pM 17 pM

[ Mg

—NH > 200 uM

55 N—NH > 200 uM
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Compound Structure IC5o (LM) ICso Upper 95%  I1C5o Lower 95%
Number Confidence Confidence
Limit (uM) Limit (uM)
56 N—NH > 200 pM
@ANKS
HO~ >0
57 é N—NH > 200 uM

-
\op/(t S
-

Table 14. Analogues of compound 33 that were screened in an attempt to discover more potent DPF2 inhibitors and

establish structure activity relationship (SAR).

All analogues screened are less potent than the original hit, compound 33. The series also shows
no strong structure activity relationships (SAR). Compound 33 was tested by isothermal
calorimetry, but no binding to DPF2 could be detected. Work on this series was therefore halted,
as no direct binding could be established and no SAR identified, leading to the assumption that

they are assay interference compounds.

Thiourea Series

Compound 36 was considered a promising candidate as it contained no structural alerts and no
records of it being a hit for other targets. In order to probe SAR three analogues were purchased
and tested using the AlphaScreen assay (Table 15). The substitution of the fluorine of compound
36 with a chlorine results in a three-fold increase in activity. The removal of the primary

sulphonamide results in a loss of inhibition.

On the basis of these preliminary results, a further set of analogues were synthesised to

establish SAR. The synthesis involved the condensation of a benzylamine with an isothiocyanate
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(Scheme 2). The simplicity of this method facilitated the production of twenty-five analogues for
screening. However, none of the synthesised analogues showed any activity, including

resynthesised versions of compounds 36, 58, and 59.

Compound Structure I1Cso (M) 1Cso Upper I1Cso Lower
Number 95% 95%

Confidence Confidence

Limit (uM) Limit (uM)

58 (g 39 uM 46 uM 33 uM

60 F No inhibition
H
SN LT
O/NH

Table 15. Analogues of compound 36 that were purchased for testing. The inactivity of compound 60 suggests that
the primary sulphonamide is important for activity. The substitution of fluorine with chlorine gives a three-fold

increase in activity in the AlphaScreen assay.

138



David Bowkett Chapter 4 - Assessing the Ligandability of Tandem PHDs
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Scheme 2. The synthesis of analogues of thiourea 36 was achieved with a range of commercially available amines and

isothiocyanate 61.

Original batches of compounds 36, 58, and 59 were submitted to co-crystallisation trials with a
construct of DPF3b that was known to be crystallisable (below). Although crystals could be
grown, analysis of the diffraction pattern showed no presence of a bound ligand. Following

these negative results, work on this series was halted.

Acetyl Lysine Mimetic Library

As DPF2 is a putative acetyl lysine binding domain, a library of compounds designed to mimic
acetyl lysine was identified for screening. The library consists of 967 compounds previously
selected for screening against members of the bromodomain family. It was hypothesised that
this acetyl lysine mimetics may act as DPF2 inhibitors, as its close homologue DPF3b has been

shown to be an acetyl lysine binder."

Acetyl Lysine Mimetic Library Hits

These compounds were screened at 500 uM. Compounds that showed greater than 50%
inhibition in the DPF2 assay, less than 50% inhibition in the counter-screen assay, and with DPF2
inhibition greater than twice the counter screen inhibition were progressed to IC50

measurement. In total ICsy values were obtained for twenty-three compounds
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Figure 77. The two most potent compounds identified from the acetyl lysine mimetic library. Compound 62 is known
assay interference molecules having been identified as false positives in screens carried out against members of the

bromodomain family.

Compounds 62 was the most potent inhibitor (Figure 77), but was immediately discarded as it
has been known to appear as false positive in numerous screens against members of the
bromodomain family. This false activity is thought to be due to protein reactivity caused by the
labile N-S bond present in the molecule. Compound 63 was tested via isothermal calorimetry,

but showed no evidence of binding.

Design of Secondary Assays to Confirm Primary Hits

A series of secondary assays were required to assure that compounds identified by AlphaScreen
were genuine inhibitors and not assay interference compounds. The development of assays that
show direct binding between protein and ligand were prioritised as they were less likely to give

false positives than assays with indirect reporting mechanisms.

Biolayer Interferometry

A BLI assay for the identification of suitable DPF2 peptide substrates for an AlphaScreen assay
was described above. The BLI experiment described involved peptides immobilised on the tip of
the optical fibre with the protein in solution. For the detection of compound binding, an assay

with protein immobilised on the tip of the optical fibre and compound in solution was required.
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Chemical Biotinylation

The first requirement of such an assay was the production of biotinylated DPF2 which can be
immobilised on streptavidin coated tips. For this purpose an ImmunoProbe Biotinylation Kit
(Sigma-Aldrich) was used to chemically biotinylate DPF2. This used an N-hydroxy succinimide

ester of biotin designed to react with lysine (Figure 78).
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Figure 78. Activated N-hydroxy succinimide ester of biotin with an aminocaproic linker used for biotinylation of lysine

residues.

Recombinant DPF2 which had the His6-GST tag removed was incubated with the biotinylating
agent at 4 °C for 2.5 h. The mixture was purified by size exclusion chromatography to give a

mixture of unmodified, mono-, di-, and tri-biotinylated species (Figure 79).
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Figure 79. Deconvoluted mass spectrometry data for biotinylated DPF2. The DPF2 is present as an unmodified species,
as well as the mono-, di-, and tri-biotinylated species, with the unmodified and mono-biotinylated species being

dominant.
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The K, of biotinylated DPF2 with unmodified H3 was measured using BLI with the peptide
immobilised. This was compared to that of unmodified DPF2 and unmodified H3. Both were in

the range of 1-3 uM indicating that biotinylation had not affected the substrate binding site.

Biotinylated DPF2 was immobilised on the optical fibre tip and binding to an unmodified H3
peptide confirmed as a possible control; however, it was not possible to show any binding to any
small molecule compound. This was because the high concentrations required to measure a full
dose response curve for fragment hits caused non-specific binding to the streptavidin labelled

tip, which meant specific binding to the immobilised DPF2 could not be identified.

Nuclear Magnetic Resonance

As the tandem PHD construct of DPF2 constitutes a small protein domain (< 14 kDa) it was a
suitable candidate for the development of a nuclear magnetic resonance (NMR) binding assay.
Work was done to develop a production method for *°N-labelled DPF2 which could be used in a
protein observed NMR binding assay. Such as assay would have provided direct evidence of
binding interactions between a small molecule inhibitor and DPF2 and allowed the assignment

of which residues are involved.

Labelled protein production expression trials were carried out in collaboration with Ivan Leung
(then of the Department of Chemistry, University of Oxford; now of School of Chemical Sciences,
University of Auckland). Three separate techniques were used in labelled protein test
expressions. The first two test expressions were performed by the author, the third by Ivan

Leung.

The first method used a minimal media consisting of >NH,Cl, glucose, and phosphate buffer.
This media is supplemented with trace metals and vitamin B1. Although it was possible to grow
E. coli cells which had previously been transformed with a plasmid vector encoding for DPF2 in

these conditions, no expression of DPF2 was observed. The second method used a protocol

171
l.

described by Marley et a Cell mass was grown in unlabelled, rich media before being
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harvested by centrifugation. The cell mass was then washed and resuspended in minimal media
prior to the induction of protein expression by the addition of isopropyl
B-D-1-thiogalactopyranoside (IPTG). This method produced a greater volume of cell mass than

using minimal media alone, but no expression of DPF2 was observed.

The final method was performed by Ivan Leung. This method tested used the minimal media

172

described above supplemented with **N-labelled rich media.'”? As with the previous methods,

no expression of DPF2 was observed.

Work towards an NMR binding assay was paused following these unsuccessful attempts to
express °N-labelled DPF2. It is possible that expression may be possible with use of alternative

DPF2 constructs, plasmid vectors, or cell types.

Crystal Soaking

X-ray crystallography can offer a high standard of proof of binding of a ligand to a protein. A
suitable crystal of a protein-ligand can be achieved either using a co-crystallisation method or
crystal soaking. Co-crystallisation requires both protein and ligand to be present during
crystallisation. This is a very low throughput method as the conditions (e.g. temperature, pH,
buffer) required to induce crystallisation may vary for each ligand. Crystal soaking is a higher
throughput method which can be used for testing multiple ligands. Multiple crystals of the
protein in its apo form are produced and then soaked in solutions containing the ligands to be
tested (Figure 80). As protein crystals often contain large solvent channels small organic
molecules are free to diffuse through the crystal. Active compounds will bind the protein and
can be detected by X-ray crystallography. This approach has been used within the SGC to
discover fragment inhibitors of the bromodomain of ATPase family AAA domain containing 2

(ATAD2).*"
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Figure 80. An overview of the procedure of crystal growth followed by crystal soaking. Crystals are grown using a

sitting drop vapour diffusion method. Following crystal growth, the compound to be soaked is added directly to the

crystallisation buffer.

A crystal soaking assay for DPF2 was sought to allow confirmation of primary hits and to provide
structural data to inform analogue synthesis for optimisation of the primary hit. Such an assay

could also be used to rescreen fragment libraries as an alternative primary screen.

The His6-GST tag used in the AlphaScreen assay was removed by incubation with TEV protease.
The untagged tandem PHDs were submitted to a range crystallisation screens at both 4 °C and
20 °C. Despite the range buffers and precipitant tested across several pH’s, no conditions could
be identified that induced crystallisation of DPF2. These crystallisation trials were repeated with
DPF2 with the GST tag intact. The use of a GST tag can improve protein solubility,"’* allowing
crystallisation trials to be carried out at higher protein concentrations. Improved solubility may
also prevent undesirable protein precipitation during crystallisation trials. However, despite the
improved solubility of GST-tagged DPF2 compared to untagged DPF2, no crystals of GST-tagged

DPF2 could be obtained.

Owing to the difficulty of crystallisation of DPF2, other members of the tandem PHD family were
considered for use in a crystal soaking assay. Colleagues at the Structural Genomics Consortium,
University of Toronto have obtained crystals of the tandem PHDs of DPF3b that allow the

solution of their structure to be determined at a high resolution (1.57 A).
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Due to the close relationship of the tandem PHDs of DPF2 and DPF3b (79% sequence identity), it
was decided that a crystal soaking assay using DPF3b would be a suitable follow up assay for

primary hits identified for DPF2.

Protein production

A plasmid vector encoding for the crystallisable construct of DPF3b was donated by the group of
Jinrong Min (Structural Genomics Consortium, University of Toronto). The plasmid encoded for
N-terminally His6-tagged protein, with a TEV protease cleavage site between the tag and the
tandem PHDs of DPF3b. This plasmid was transformed into Rosetta E. coli cells and grown in LB
media, with expression of DPF3b induced by the addition of IPTG. The cells were harvested,
lysed, and the recombinant DPF3b extracted using a Ni-NTA column. The resulting DPF3b was
incubated with TEV protease and the cleaved His6 removed using a Ni-NTA column. The tandem
PHDs of DPF3b were further purified using size exclusion chromatography prior to use in

crystallisation trials (Figure 81).
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Figure 81. A. SDS-PAGE stained with Coomassie Brilliant Blue and imaged using a Li-Cor Odyssey CLx showing the

purification of the tandem PHDs of DPF3b. B. Size exclusion chromatography trace of DPF3b.

Coarse Screens and Follow Ups on Toronto Conditions
Conditions for the crystallisation of DPF3b had previously been established at SGC Toronto.

However, the protein produced for the purpose of this work was not expected to crystallise in
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identical conditions owing to differences in expression and purification methods. Therefore a
crystallisation screen was designed based upon the SGC Toronto conditions to identify similar
conditions for the crystallisation of DPF3b. Crystallisation conditions were identified that gave
DPF3b crystals X-ray diffraction data suitable to solve the structure of DPF3b to 1.75 A (Figure

82, Appendix 4.2).

Figure 82. A. Crystals of DPF3b produced in crystallisation conditions based on those developed by SGC Toronto. B.

Diffraction pattern of DPF3b crystals showing diffraction to 1.75 A.

Crystal soaking assays require protein crystals to be produced reproducibly, so that multiple
compounds can be tested. To test the reproducibility of DPF3b crystallisation a crystallisation
plate was prepared with the conditions in all sub-wells matching those which had previously
produced a diffracting crystal. Out of the 288 sub-wells 174 (60%) contained crystals, typically

with a rod-like shape (Figure 83)

Figure 83. Crystallisation experiments showing crystals of DPF3b. All four of the crystals shown were grown in

identical conditions (0.07 M HEPES pH 7.2; 1.4 M sodium citrate tribasic; 3% glycerol).
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PEG Transfer

The crystallisation conditions used for the productions of DPF3b crystals described above use
1.4 M sodium citrate tribasic as the precipitant. Observations of previous crystal soaking
experiments performed at the Structural Genomic Centre had suggested that crystal soaking is
more successful when a polyethylene glycol (PEG) based precipitant is used (personal
communication; Tobias Krojer). Therefore attempts were made to discover PEG based

crystallisation conditions.

A crystallisation screen was performed using a sparse matrix of PEG based crystallisation
conditions which failed to produce any crystals. Following this result, an experiment was
designed to test whether crystals grown in 1.4 mM sodium citrate tribasic could be transferred
to a PEG based condition. A screen of PEG containing crystallisation conditions was rationally

designed based on the concept of relative humidity (RH).*”>*"®

Matching the relative humidity of
the PEG based solution to that of the sodium citrate solution should prevent crystal dehydration
on transfer to the PEG based solution. A web-based tool provided by European Synchrotron
Radiation Facility (ESRF) was used to calculate the relative humidity of the sodium citrate
solution and to design PEG based conditions with similar relative humidities. Despite the rational
design of the PEG based solutions used, crystal transfer to the PEG solution rapidly dissolved,
typically in under two minutes. The rapid dissolution suggested that DPF3b are incompatible

with PEG based solutions; therefore further screening of PEG based solutions were not

attempted.

Solvent Tolerance

Crystal soaking involves the addition of the compounds to be screened to the crystallisation
wells after the formation of crystals. As organic molecules do not tend to be soluble in the
aqueous crystallisation buffer at the high concentrations typically used in crystal soaking assays

a suitable vehicle solvent must be used. Therefore it is important that the crystals tolerate the
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addition of organic solvent to the crystallisation buffer. As the preparation of DPF3b crystals
from PEG based solutions was not possible, crystals from the original sodium citrate tribasic

conditions were used in solvent tolerance tests (Table 16).

Exposure Solvent
DMSO Glycerol Acetonitrile
time percentage
20% Protein crystal
1h 30% dissolves and salt Good diffraction Good diffraction
40% crystals form
20% Protein crystal
4 h 30% dissolves and salt Good diffraction Good diffraction
40% crystals form
20% Protein crystal
24 h 30% dissolves and salt Good diffraction Good diffraction
40% crystals form

Table 16. Results of solvent tolerance tests carried out on crystals of DPF3b. Acetonitrile and glycerol appear well
tolerated by DPF3b. DMSO initially causes the protein crystal to dissolve followed by the formation of salt crystals.

DPF3b crystals grown in the sodium citrate tribasic conditions were tested in terms of the
tolerance to DMSO, glycerol, and acetonitrile. A mixture of well solution and organic solvent at
the indicated percentages was prepared and added to the crystallisation buffer and left for a
period of 1 h, 4 h, or 24 h. The crystal was then mounted and its diffraction measured using an

in-house X-ray generator.

This solvent testing revealed that the crystals of DPF3b do not tolerate the presence of DMSO.
DMSO is the most common solvent for compound libraries and the development of DPF3b

crystals that tolerated DMSO would have been beneficial for a crystal soaking assay.
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In order to stabilise DPF3b crystals to DMSO, a glutaraldehyde cross-linking strategy was

d."”’ This covalently links protein molecules within a crystal increasing the ability of the

employe
crystal to withstand changes to withstand changes to its environment. In the case of DPF3b, the

addition of glutaraldehyde to either the protein solution after crystal formation, or to the

reservoir solution after crystal formation, resulted in a loss of diffraction.

As DPF3b crystals could not be modified to tolerate DMSO, a small collection of compounds was
transferred from DMSO to acetonitrile for a trial soaking experiment. The compounds chosen
were weak fragments hits 18, 23, 28, and a weak hit from the acetyl lysine mimetic library 64. In
all cases the soaked crystals showed diffraction but the structure could not be solved owing to

crystal twinning.'”®
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Figure 84. Fragments 18, 23, and 28 and a weak hits identified from the acetyl lysine mimetic library that was included
as a test compound in crystal soaking trials.

Following the results of the experiments described above and consultation with members of the
Structural Genomics Consortium protein crystallography group, work on developing a crystal
soaking assay for DPF3b was paused. Although it was possible to achieve crystals of DPF3b that
allowed for the structure to be solved at a resolution of 1.75A, these crystals were not
reproducible enough or sufficiently solvent tolerant to enable their use in a crystal soaking

assay.

Summary and Future Work
The SiteMap analysis described in Chapter 3 lead to the hypothesis that tandem PHDs are more

ligandable that single PHDs. This chapter describes attempts to identify and characterise a small
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molecule inhibitor of the tandem PHDs of DPF2. An AlphaScreen assay was developed and used

to screen both fragments and molecules identified by virtual screening.

In total a fragment library consisting of 1324 unique molecules was collated from smaller
fragment libraries. This library broadly follows the fragment ‘Rule of Three’. Alongside this
fragment collection three separate libraries were derived from a 10,000 member library by
virtual screening, and an acetyl lysine mimetic library previously used in bromodomain

screening.

Although primary hits were identified, none of these could be validated using a suitable
secondary assay. The lack of active compounds is in line with the results of the virtual screen
performed on the related tandem PHDs of MYST3. This virtual screen gave a highest scoring

pose of -7.5, which would be considered a low score, and suggest that the target was difficult.

Although these results do not confirm the hypothesis that tandem PHDs are ligandable, they do
not refute it either. The total number of compounds available for screening was 11,324, made
up of a 10,000 member compound library and 1,324 fragments, with only 2,542 submitted to
the AlphaScreen assay. Although requiring significant time and resource to screen, this number
of compounds still only covers a small fraction of possible chemical space and is too small a
screening library to definitely state that a target is unligandable. Use of a larger screening library

may lead to the identification of primary hits suitable for optimisation.

It is also possible that the use of alternative primary screening methods may lead to the
identification of primary hits. Techniques such as surface plasmon resonance (SPR), crystal
soaking, or ligand observed NMR are common methods used for primary fragment screening.'”
The use of crystal soaking as a primary screen is particularly appealing due to the low false
positive rate and the immediate availability of binding data for identified hits. This work

discussed preliminary attempts to develop a crystal-soaking assay using DPF3b. Although this
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attempt was not successful, optimisation of the DPF3b construct or the introduction of surface

mutations could be used to develop a crystal form suitable for crystal soaking.

Another strategy that could be used for the development of a DPF2 inhibitor is the use of
peptidomimetics. The recent development of a peptidomimetic inhibitor of the chromodomain
of chromobox homolog 7 (CBX7) demonstrates that it is possible to design inhibitors that mimic

histone peptides.**

A peptide trimer matching the three N-terminal amino acids of H3 was
found to have an IC5y of 120 uM in the DPF2 AlphaScreen assay. This could be used as a starting

point for the development of a peptidomimetic DPF2 inhibitor.
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Chapter 5 - Investigating the Ligandability of the PHD-JmjC of PHF8

As discussed in Chapter 3, PHDs that exist as part of multi-domain complexes are hypothesised
to be more likely to be amenable to inhibition by small molecules. The specific example of the
PHD-JmjC multi-domain complex of the histone demethylase PHD finger protein 8 (PHF8), which
contains a groove between the PHD and JmjC domains where the histone 3 peptide binds, has
previously been suggested as an example of a ligandable PHD.” This chapter will describe work
to design suitable assays for the PHD-JmjC construct of PHFS8, the results of the screening
experiments to find inhibitors, and the development of an inhibitor series identified during the

screening process.

Biological Function of PHF8

PHF8 (KDM7B) is a JmjC containing demethylase. PHF8 is a member of the KDM7 sub-family of
JmjC demethylases which also includes the PHD finger protein 2 (PHF2) and lysine (K)-specific
demethylase 7A (KDM7A, KIAA1718)."*° The JmjC domain is responsible for the 2-oxoglutarate
and Fe(ll) dependent enzymatic activity. JmjC domains catalyse hydroxylation of the methyl
group of a methyl lysine and the resulting hemi-aminal collapses to give formaldehyde and the
lysine residue with one less methyl group than before the enzymatic reaction. This mechanism
differs from lysine specific demethylases (LSDs) which are flavin adenine dinucleotide (FAD)
dependent (Chapter 1). Examples of biological functions of PHF8’s enzymatic activity are

summarised below.

PHF8 has been shown to demethylate the repressive H4K20mel and H3K9me2 marks. There is
also evidence that PHF8 is involved in regulating the transition from G, to S within the cell cycle

181

by demethylation of H4K20mel.™" The PHD of PHF8 was also shown to play an important role in
this function by recruiting PHF8 to promoters by binding to the activating H3K4me2 and
H3K4me3 marks. This binding specificity for the PHD of PHF8 towards histone 3 methylated at

lysine 4 is in keeping with the predicted binding properties of PHDs from sub-family 3
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(Chapter 2). Investigation of a PHF8 construct with the PHD deleted showed no activity towards

H4K20mel on mononucleosomes.™®!

Another example of PHF8 controlled gene expression was demonstrated by Feng et al.'®* PHF8
was shown to co-immunoprecipitate with RNA polymerase | (Pol I) and methylation sensitive
polymerase chain reaction (PCR) suggests that PHF8 associates with hypomethylated ribosomal
RNA (rRNA) genes. It was therefore suggested that PHF8 is involved in controlling transcription
of ribosomal DNA (rDNA). PHF8 was also shown to colocalise with H3K4me3 marks during
chromatin immunoprecipitation (ChIP) and a Y7A mutation in the aromatic cage of the PHD
(Chapter 1) resulted in a loss of PHF8-dependent transcriptional activation. This suggests that a
functional PHD is required to interact with H3K4me3 and induce PHF8 dependent transcription,

in this case by demethylation of H3K9me?2.

Both of these examples suggest that the function of the PHD and JmjC domain of PHF8 are
interlinked. This is in agreement with the second part of the histone code hypothesis, which
states that “modifications on the same or different histone tails may be interdependent and

generate various combinations on any one nucleosome.”*

In both the examples described above
the PHD binds to the activating mark H3K4me3 leading to demethylation of a nearby repressive

mark, either H4K20mel or H3K9me2. In both examples the demethylation of repressive marks

leads to PHF8 dependent gene transcription.

Disease Associations of PHF8 mutations

Mutations in the PHF8 gene are linked to the condition Siderius X-linked mental

8 Three of these mutations

retardation (XLMR) whose symptoms also include cleft lip/palate.
are nonsense mutations within the JmjC domain that would almost certainly lead to a loss of
function. A fourth clinically observed mutation in the JmjC domain, F279S, has also shown to

184

destroy the enzymatic activity of PHF8.™" This suggests that the phenotypes associated with

PHF8 mutations are directly linked to the loss of enzymatic function.
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Role of PHD in Enzymatic Activity

JmjC domains are capable of accepting mono-, di-, and trimethylated lysine as substrates.
However a mass spectrometry based investigation of substrate selectivity using a construct
containing only the JmjC of PHF8 using peptide fragments from H3 and H4 showed that PHF8 is

8% No activity was shown against H3K9me3 or H3K36mel,

only active for dimethylated lysine.
but the double demethylation of H3K36me2 was detected, which may be due to the incomplete

release of H3K36me1l following the first demethylation event.

JmjC Only PHD-JmjC
H3K9me2 Activity184 Activity
Greater activity than
H3K4me3K9me2 Not tested e
H3K4meOK9me?2
H3K9me3 No activity'® No activity
H3K27me2 Activity'®* Not tested
H3K4me3K27me2 Not tested Not tested
H3K36me2 Activity™* Not tested
H4K20me1l No activity'® Not tested
H4K20me1l with H3K4me3 on . 11 . 1m1
No activity Activity

same nucleosome

Table 17. Comparison of the substrate specificity of PHF8 with and without the PHD. The presence of the PHD is
required for H4K20mel demethylation, and the PHD can enhance activity for H3K9me2 by binding to a H3K4me3 on

the same peptide.

The activity and specificity of PHF8 is modulated by its PHD in the presence of a H3K4me3 mark
(Table 17). The Ky, of the PHD-JmjC for a H3K4me3K9me?2 peptide is sixteen-fold lower than for a
similar peptide without the H3K4me3 mark."! This difference in activity is supported by
isothermal calorimetry measurements which show that although the PHD-JmjC binds a
H3K4me3K9me2 peptide with a Ky of approximately 1 uM; no binding was detected for a
H3K4me0OK9me2 peptide under the same conditions. This suggests that the PHD is required to
recruit PHF8 to H3K4me3 marks, allowing the demethylation of a H3K9me2 mark on the same

peptide.
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Comparison to related PHD-JmjC complexes
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Figure 85. The family of human 2-oxoglutarate dependent oxygenases which includes JmjC demethylases and

hydroxylases for a range of biological substrates. The JmjC family is split into six sub-families. Figure taken from The
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roles of Jumonji-type oxygenases in human disease.

The JmjCs of the KDM7 sub-family are closely related to the KDM2 sub-family (Figure 85), and
previous studies have shown that the plant growth regulator daminozide is a broad spectrum
inhibitor of the KDM2/7 sub-families of demethylases with 60-fold selectivity over other human
KDM sub-families.'®> However, the PHDs found in the KDM2 sub-family are not closely related to
the KDM7 PHDs. The KDM7 PHDs are found in sub-family 3 of the PHD tree with other H3K4me3
binders and the KDM2 PHDs found in sub-family 8, a sub-family not predicted to be H3K4me3
binders (Chapter 2). Therefore it may be possible to use the PHDs to design inhibitors that are

selective for the KDM7 sub-family over the KDM2 sub-family.

Examining the structures of the PHD-JmjCs of the KDM7 subfamily shows that the PHD-JmjC of
PHF8 is found in a different domain orientation to that of KDM7A (Figure 86). As discussed
above, binding of the PHD of PHF8 to H3k4me3 enhances demethylation of H3K9me2.

Contrastingly, in the case of KDM7A the presence of H3K4me3 reduces demethylation activity at
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H3K9me2, but increases demethylation activity at H3K27me2 highlighting combinatorial nature

of epigenetic domains in determining substrate specificity.

Inspection of the structures reveals that the histone binding face of the PHD of PHF8 makes
direct contact with the JmjC domain, forming an enclosed peptide binding groove.'®® Within this
groove the aromatic cage of the PHD and the catalytic site of the JmjC are positioned such that
H3K4me3 and H3K9me2 can engage these two sites simultaneously. In the case of KDM7A, the
PHD’s histone binding surface faces away from the JmjC (Figure 86). This structure suggests the
aromatic cage of the PHD and catalytic site of the JmjC are too far apart for H3K4me3 and
H3K9me2 to be engaged simultaneously. However, the greater distance between K4 and K27
allows H3K4me3 to bind the PHD and H3K27me2 to reach the catalytic site at the same time.
This variation in domain orientation offers an explanation for the differing enzymatic substrate

specificity of PHF8 and KDM7A and offers the potential to design selective inhibitors.

Figure 86. The domain orientation differs between PHF8 and KDM7A. A. The PHD-JmjC of PHF8. The histone binding
surface of the PHD (green) makes contact with the surface of the JmjC (magenta) creating a binding groove for H3
(white sticks). PDB ID: 3KV4. B. The PHD-JmjC of KDM7A. The histone binding surface of the PHD (green) is directed

away from the surface of the JmjC (magenta). PDB ID: 3KVS5.

Inhibition of JmjC Domains
Histone lysine demethylases are promising targets for treating diseases such as cancer.®” This

has led to a large to the development of range of inhibitors'®® and chemical probes.”®**** This
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section will briefly review JmjC inhibitors and discuss the contribution that a PHF8 inhibitor

could potentially make to the field.

Co-factor Competitive Inhibitors

The most well established area of ImjC inhibitor research lies in the field of 2-oxoglutarate (20G)

competitive, metal binding inhibitors.

One of the first inhibitors reported for the JmjC domain family is the broad spectrum inhibitor
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N-oxalylglycine (NOG).” NOG is a close structural analogue of the essential co-factor 20G and

therefore inhibits many of the non-JmjC enzymes that depend on this co-factor, including many
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hydroxylases (Figure 85, nucleotide- and prolyl-hydroxylases).” Selective inhibitors have been

developed based on NOG by substitution at C-2 to give compounds such as compound 66 which
exploit hydrophobic pockets near the co-factor binding site that are found in only in the KDM4

sub-family (Figure 87).***

(@] (@] (@] H @] (@] H (@)
N N
HOWOH Ho)kg \CZ)J\OH HoJ\g/ OH
OBn
2-oxoglutarate N-oxalylglycine 65

Figure 87. The essential JmjC co-factor 2-oxoglutarate (20G); 20G’s close structural analogue N-oxalylglycine (NOG)
which is a broad spectrum inhibitor of 20G dependent oxygenases, including all tested JmjCs; and compound 65, a

derivative of NOG which is a selective inhibitor of members of the KDM4 sub-family.

Pyridine-2,4-dicarboxylic acid (2,4-PDCA) is another broad spectrum JmjC inhibitor.®> Although
the highly polar nature of 2,4-PDCA makes in unsuitable for cellular studies, the dimethyl or
diethyl ester pro-drug have been shown to inhibit the demethylation of H3K9me3 in human

HEK293T cells.*®®
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The JmjC inhibitors described above are highly polar as they bind in the same site as the polar
co-factor 20G. Despite the polarity of the 20G binding site it is possible to develop cell
penetrable JmjC chemical probes. The KDMS5 inhibitor KDOAM-25° and the pan-inhibitor
I0X1™° are cell active JmjC inhibitors (Figure 87). The JMID3 inhibitor GSK-J1 is not cell-
permeable; however, its ethyl ester is cell-permeable and acts as a pro-drug as it is hydrolysed

to give GSK-J1 in cells.”*

O._ _NH, O.__OH % ’
N N OH
&“ P T I
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KDOAM-25 I0X1 GSK-J1

Figure 88. Chemical probes of JmjC domains that bind to the Fe(ll) found in the catalytic site of JmjC domains.
KDOAM-25 is selective for members of the KDM5 sub-family. IOX1 is a pan-inhibitor which inhibits members of the

KDM3, KDM4, KDMS5, and KDM6 sub-families. GSK-J1 is selective for IMJD3, a member of the KDM6 sub-family.

Substrate Competitive Inhibitors

Although the majority of work on JmjC inhibitors has focused on co-factor competitive, metal
binding ligands, there are some published examples of histone substrate competitive JmjC
inhibitors. Initial work in this area focused on modifying the natural peptidic substrate of JmjC
domains. For example, Lohse et al. developed inhibitors for members of the KDM4 sub-family by
replacing the trimethylated lysine in the substrate with a lysine linked to a uracil, a known metal
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chelator (Figure 89).”” By using this strategy to direct a metal chelator to the active site they

were able to able to develop inhibitors with micromolar potency.

A similar approach of tethering a metal chelator to a substrate peptide was employed by
Woon et al. N-oxalyl-D-cysteine (DNOC), a thiol containing derivative of NOG, was screened
alongside a series of H3 peptide fragments where a single residue had been changed to cysteine
(Figure 89)."’ They were able to identify that a peptide containing a T11C mutation formed a
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disulphide bond with DNOC in the presence of KDMA4E. Replacing the disulphide with a thioether

linkage gave an inhibitor with an ICs, of 70 nM.

H,N YNH
HN
OH
4 O e e o "
N N N B
ARTKQT~ \.)J\N \.)J\N GGK HO N OH
: H E H H
HO
HN O N-oxalyl-p_cysteine

\f (DNOC)

Histone 3 peptide With Urcacil conjugated to H3K9
Figure 89. Lohse et al designed a substrate competitive inhibitor by conjugating K9 of a H3 peptide to the known

metal chelator uracil.™®® Woon et al used a similar approach of linking the metal chelating DNOC to histone 3 peptides

with cysteine mutations via disulphide bond formation.

The only reported small molecule substrate only competitive inhibitor of a JmjC domain is E67-2,
a reported inhibitor of KDM7A (Figure 90).2*® Although there is no kinetic evidence to show that
this compound is not also co-factor competitive, a crystal structure shows both E67-2 and 20G
bound to KDM7A at separate sites. The inhibitor E67-2 is derived from BIX-01294, an inhibitor of
the H3K9 methyltransferase euchromatic histone-lysine N-methyltransferase 2 (EHMT2, also
known as G9a). The authors rationalised that the substrate binding pocket for a H3K9
methyltransferase must be similar to that of a demethylase capable of demethylating H3K9. It is
important to note that that the authors used a mass-spectrometry based assay to measure
demethylation of H3K9me2 peptide, with the peptide unmodified at H3K4. As discussed above,
the presence of H3K4me3 reduces the activity of KDM7A to H3K9me2, but increases
demethylation of H3K27me2. Therefore although they note that the inhibitory effect of E67-2 is

similar for a KDM7A PHD-JmjC construct and a JmjC only construct, they fail to consider the full
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effects of the PHD and H3K4 methylation state. A more appropriate substrate for use in the
mass spectrometry demethylation assay would be one containing H3K4me3 and H3K27me2

marks.

) NH H,\P\iié \
(5 : 5
A

BIX-01294 E67-2
ICso = 16.5 M ICs0 = 3.4 uM

Figure 90. The EHMT2 methyltransferase inhibitor BIX-01294 and the KDM7A inhibitor E67-2. Both molecules are

substrate competitive mimetics of H3K9me3.

Inhibitors of PHF8

The KDM7A inhibitor E67-2 was shown to inhibit a JmjC only construct of PHF8, but showed
greatly reduced inhibition of a PHD-JmjC construct. This shows the importance of considering

both domains when designing PHF8 inhibitors. It also highlights the exciting potential for

inhibitor selectivity offered by pockets formed at domain-domain interfaces.

Aside from co-factor competitive pan-inhibitors discussed above, the only reported inhibitors of
PHF8 are the plant growth regulator daminozide and hydroxamate 66 (Figure 91).'*°'%°
Daminozide is a closely related in structure to both 20G and succinate, a by-product of JmjC

catalysed demethylation. Daminozide shows good selectivity for members of the KDM2 and

KDM7 sub-families of JmjCs over other tested sub-families.’®
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Figure 91. A comparison of the structures of succinate, the by-product of JmjC catalysed demethylation; the KDM2/7

inhibitor daminozide; and hydroxamate inhibitor 66.

Hydroxamate 66 was designed as a KDM7 sub-family inhibitor based on previous screening
results and docking studies. It is predicted to be a metal-binding inhibitor, with the hydroxyl and
carbonyl oxygens of the hydroxamate group binding Fe(ll) in a bidentate manner. It is most
potent against KDM7A (ICs, = 0.20 uM), though does also show activity against PHF8

(ICso = 1.2 uM). Hydroxamate 66 also shows activity against KDM2A (ICsy = 6.8 uM).

The lack of selectivity between the KDM2 and KDM7 sub-families shown by daminozide and
hydroxamate 6 shows the limitations of trying to design selective, 20G competitive PHF8
inhibitors. This demonstrates the need for the exploration of new strategies such as targeting

the enclosed peptide binding groove formed at the PHD-JmjC interface which is unique to PHF8.

Designing Assays for PHF8

There are well established screening assays for JmjC domains that take advantage of the
enzymatic activity of the domain. Examples of enzymatic assays of JmjCs include AlphaScreen

and mass spectrometry based assays.'**%

AlphaScreen assays for JmjC domains differ from the protein-protein interaction AlphaScreen
assay described in Chapter 4. As before, a biotinylated H3 peptide containing a demethylase
substrate (e.g. H3K9me3) is bound to a streptavidin coated donor bead, which is incubated with
the JmjC containing enzyme of interest, the necessary co-factors, a product specific antibody,
and acceptor beads coated with the immunoglobulin binder protein A. The JmjC domain
demethylates the H3 peptide which is then bound by the product specific antibody. This

antibody is bound by protein A, bringing the beads into close contact. Upon stimulation at
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680 nm, ‘0, is formed and moves by diffusion between the beads leading to an emission in the
520-620 nm range (Figure 92). If an inhibitor is present during the incubation period, the degree
of demethylation will be reduced; the antibody will not recognize the product and the donor and
acceptor beads will be physically separated. The unstable 'O, that is formed will react with
solvent before it can reach the acceptor bead and emission will be diminished leading to a loss

of signal.®

Product specific antibody
does not interact
with trimethyl lysine

Trimethyl

lysine >

Acceptor
bead

H3 Peptide

Beads free to diffuse away from each other in solution.
No signal on excitation due to solvent quenching of 'O,

O Protein A Incubation with demethylase
and co-factors

* Product specific antibody

Acceptor
bead

Product specific
antibody bins to
demethylated
lysine
H3 Peptide

Beads held close together in solution.
On excitation'O, is able to diffuse between beads causing an emission at 520-620 nm.

Figure 92. Schematic representation of enzymatic AlphaScreen assay. Initially the beads are not in close contact, but
as the enzymatic demethylation proceeds, the product specific antibody is able to bind to H3 bring the beads close
together. This allows 102 to diffuse between beads causing an emission at 520-620 nm. If an inhibitor is present

during the incubation period the degree of demethylation is reduced, leading ultimately to a loss of signal.
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Mass spectrometry assays for JmjC domains take advantage of the change of mass of the
substrate peptide on demethylation. The enzyme and necessary co-factors are incubated with
peptide for a time period determined by the activity of the enzyme. The mixture is then
analysed by mass spectrometry to calculate the ratio of methylated to demethylated peptide. If
an inhibitor is present during the incubation period, there will be less demethylated peptide

compared to the negative control.

Alongside the two assay types described above, it is also possible to study JmjC activity and
inhibition using *C-labelled 20G turnover assays;'®* by monitoring formaldehyde production
using a formaldehyde dehydrogenase (FDH) and nicotinamide adenine dinucleotide (NADY)

coupled assay;** and by cell based immunostaining assays.'**

The two types of assay described in detail above are not suitable for discriminating between a
co-factor competitive inhibitor and a substrate competitive inhibitor in a single concentration
point screening assay. As the stated aim of this work was to discover inhibitors that bind at the
peptide binding groove at the PHD-JmjC interface, an alternative assay method was sought. A
peptide displacement AlphaScreen assay was chosen, similar to that described for DPF2 in
Chapter 4. Compounds that are 20G co-factor competitive should have no effect on the binding
of a H3 peptide to the PHD-JmjC of PHF8. Therefore the only compounds that should appear as
hits in the assay are those that inhibit substrate binding to the PHD-JmjC of PHF8. Work
described above by Horton et al. showed that the Ky for a H3K4me3K9me2 peptide with the
PHD-JmjC is approximately 1 uM, whereas no binding was detected for a H3K9me2 peptide
under similar consitions. This suggests that H3K4me3 recognition by the PHD of PHF8 is a key
compotent of peptide binding, and therefore any substrate competitive inhibitor is likely to

inhibit this key interaction.

The PHF8 assay used in this work was developed by Octovia Monteiro (Structural Genomics

Consortium, University of Oxford). The assay uses a H3 peptide consisting of the first twenty-one
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residues of H3 with a H3K4me3 mark. As in the case of DPF2 described in Chapter 4, the

concentrations of both protein and peptide were optimised to maximise signal (Figure 93).
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Figure 93. Heat maps showing AlphaScreen signal for varying concentrations of PHF8 and partner peptide. The
concentrations of PHF8 and H3K4me3 used in the assay are indicated with a black square. This work was carried out

by Octovia Monteiro (Structural Genomics Consortium, University of Oxford).

Library Design

A 10,000 member library was described in Chapter 4 for use in screening against DPF2. This
library was used for screening against PHF8 with prior virtual screening to prioritise compounds,
as in the case of DPF2. The fragment library described in Chapter 4 was also used for PHF8

screening.

Design of a Library Focused by Virtual Screening

The 10,000 member compound library was made available for use by Daniel Ebner (Target
Discovery Institute, University of Oxford) and used in a virtual screen to prioritise compounds for

experimental screening with the AlphaScreen assay described above. As was the case for the
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DPF2 AlphaScreen assay described in Chapter 4, the PHF8 AlphaScreen assay would have proved
suitable for a high throughput screen (HTS) of all 10,000 compounds, but the costs of such a
screen would be prohibitive. Therefore it was necessary to use virtual screening to prioritise the

library.

Virtual Screen of PHF8
There is only one available structure of PHF8 that contains both the PHD and JmjC domains,'**
although there are other structures of the isolated JmjC domain only available and a solution

201

phase structure of the isolated PHD.”" For this virtual screen the structure containing both PHD

and JmjC was chosen as the aim of this work is to identify compounds that bind at the interface

of the PHD and JmjC.

l?i_gure 94. The first six residues of the con-crystallised H3 peptide (white) were used to define the search area for the
virtual screen of PHF8. This section of the peptide sits in the groove formed by the PHD (green) and JmjC (magenta).

The aromatic cage is shown as green sticks. PDB ID: 3KV4.

The protein was pre-processed using the Schrodinger Protein Preparation Wizard, with water
and ethylene glycol molecules removed. The structure contains a H3 peptide consisting of

residues 1-14 with H3M4me3 and H3K9me2 marks. The first six of these residues sit in the site
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between the PHD and the JmjC and were therefore used to define the search area for the virtual

screen (Figure 94).

Results of Virtual Screening

As discussed in Chapter 4, a GlideScore more negative than -10 is considered a good score. In
the case of the tandem PHDs of MYST3 studied in Chapter 4, the highest scoring pose was -7.49,
suggesting a difficult target. This is in line with the results seen in the rest of Chapter 4, where
no primary hits could be identified. In the case of PHF8, nine compounds had a GlideScore of -10
of better, suggesting that PHF8 is a more ligandable target than the tandem PHDs examined in
Chapter 4. It is interesting to note that of these nine compounds with GlideScores better
than -10, seven of them contain a tertiary amine which is predicted to bind the aromatic cage

where H3K4me3 would usually bind (Figure 95).

A

67 68

Figure 95. An example of two high scoring compounds in the PHF8 virtual screen. Top hits from the virtual screen

which shows a molecule with a tertiary amine bound in the aromatic cage of the PHD of PHF8 (green). A. Compound
67 shown with the N-methyl piperazine bound in the aromatic cage of PHF8. B. Compound 68 shown with the

morpholine group bound in the aromatic cage of PHF8.
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The top 500 ligand poses were selected for the PHF8 virtual screening library. This set contained
only 233 unique compounds, as many of these compounds had multiple high scoring poses.
These compounds were inspected for the presence of protein reactive or unstable functional

groups; none were identified, and all compounds were progressed to experimental screening.

Summary of Libraries to be Screened
Two distinct libraries were selected for experimental screening using the AlphaScreen assay
described above. A 1324 member fragment library also used for DPF2 screening in Chapter 4,

and a 233 member library derived from virtual screening experiment described above.

Results of Primary Screen

All compounds were screened in duplicate at a single concentration and the results normalised
against DMSO and water controls. Any compound which showed activity in this initial assay was
tested using the dually His6 tagged and biotinylated peptide counter screen assay as described
in Chapter 4. Compounds which showed a meaningful difference in inhibition between the PHF8

assay and the counter screen were progressed to ICsyo measurement.

Results from Virtual Screening Library

The 233 compounds from the virtual screening library were screened at 100 uM. Four
compounds showed > 80% inhibition at 100 uM (Figure 96). These compounds were tested using
the dually His6 tagged and biotinylated peptide counter screen assay. Compound 69 showed the
greatest difference between PHF8 inhibition and counter screen inhibition, but this was
discounted from further investigation as it is a likely to form an ortho quinone methide species
on hydrolysis. These species are highly reactive and likely to cause assay interference by protein
reactivity. The remaining three compounds showed undesirable activity in the counter screen

assay and were therefore not investigated further.

167



David Bowkett Chapter 5 - Investigating the Ligandability of the PHD-JmjC

of PHF8
L

N R =\ HN§/\|©
HO JN /@NT @Jo NH
26\

69 70 71 72
PHF8 inhibition PHF8 inhibition PHF8 inhibition PHF8 inhibition
at 100 uM = 95% at 100 pM = 91% at 100 uM = 88% at 100 uM = 85%
Counter screen Counter screen Counter screen Counter screen
inhibition inhibition inhibition inhibition
at 100 uM =33% at 100 uM = 89% at 100 uM = 69% at 100 pM = 90%

Figure 96. Most active compounds from virtual screening library. For each compound percentage inhibition at 100 uM
is shown. All four compounds were rejected as primary hits due to activity in the counter screen assay, suggesting

that they are assay interference compounds.

Results from Fragment Library

Fragments were screened in duplicate at 2 mM and compounds that showed greater than
70% inhibition in the DPF2 assay and less than 20% inhibition in the counter screen were
progressed to ICs; measurement. Sixteen compounds were initially selected for ICs
measurement, but on further inspection three were rejected. (Figure 97) Compounds 11 and 14
were rejected on the basis that they also showed activity in the DPF2 AlphaScreen assay, and
were therefore likely to be assay interference compounds or non-selective inhibitors. Compound

73 was rejected as a likely para quinone methide source.”®

0]
| X \\N /N

11 14 73

Figure 97. Compounds that showed a meaningful difference between assay and counter screen inhibition, but were
rejected prior to further investigation. Compounds 11 and 14 appeared as hits in the DPF2 assay and are therefore
likely assay interference compounds or promiscuous inhibitors, and compound 73 is a potential para quinone methide

source.
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Compound Structure ICsq IC5o Upper 95%  1C5o Lower 95%
Number (uM) Confidence Confidence
Limit Limit

75 O 510 uM 630 uM 410 pM

77 @NHZ 270 uM 310 uM 220 uM

79 HN 540 pM 860 pM 340 pM
N
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IC5o Upper 1C5o Lower
Compound 1Cs0 95% 95%
Structure
Number (M) Confidence Confidence
Limit Limit

82 5 510 pM 630 pM 410 pM

84 130 uM 150 uM 110 uM

86 260 uM 310 uM 220 uM

Table 18. Fragment hits from PHF8 AlphaScreen assay. ICsq measurements were taken for thirteen compounds and
ranged from 110 to 790 uM. Compounds where stereochemistry is shown were tested as single enantiomers;

compounds where no stereochemistry is indicated were tested as racemates.
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The remaining thirteen compounds were progressed for ICs; measurement. Of these
compounds, ketopiperazine 86 was the most attractive for further investigation. The
ketopiperazine core is amenable to derivatisation at either nitrogen, and it is also possible add

substituents to the phenyl ring. Compound 86 is also predicted to be uncharged at neutral pH.

Ketopiperazine Series

i) TFA,
0] triethylsilane,
BocHN~ >~ DCM
O ii) Triethylamine,
o NaBH,CN ) DCM 48 h o

Ao
Ao HN Mo

NHBoc
87 88 89

Scheme 3. Synthesis of the enantiomer of compound 86. D-Phenylalanine methyl ester 87 was used as the amine
partner in a reductive alkylation with N-Boc-2-aminoacetaldehyde. The tert-butyloxycarbonyl protecting group of the
resultant product was removed by hydrolysis with trifluoroacetic acid and the resulting primary amine cyclised in the

presence of triethylamine.

The enantiomer of ketopiperazine 86 was synthesised to test if the observed activity of this
compound resided in a single enantiomer. If compound 86 was inhibiting the assay by an
interference mechanism such as aggregation, protein reactivity, or an AlphaScreen specific
mechanism such as singlet oxygen quenching, the enantiomer would be expected to show the
same potency. However, if compound 86 showed inhibition by binding to the protein and
preventing peptide binding, the enantiomer would be expected to show a different level of

activity due to the chirality of the compound binding site.

Compound 89 was synthesised using a method described in a patent granted to Novo Nordisk in
1999 (Scheme 3).°> D-Phenylalanine methyl ester was coupled in a reductive alkylation with
N-Boc-2-aminoacetaldehyde. This reaction gave yields in the range of 30-40% after column
chromatography. However, these low yields proved satisfactory for the purpose of the synthesis

of compound 89. The isolated product was deprotected using trifluoroacetic acid. It was found
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that altering the reported procedure by adding triethylsilane as a tert-butyl cation scavenging
agent reduced the formation of a brightly coloured by-product which had previously proved
difficult to separate. The by-products of this reaction could be removed by trituration in line
with a procedure described by Mehta et al.*®* The addition of triethylamine induced the

cyclisation of the resulting primary amine to give ketopiperazine 89.

100+

80+

60+
404 — Compound 86
— Compound 89

% Inhibition

204

[Cmpd] Log M

Figure 98. Comparison of the activities of compound 86 and its enantiomer compound 89 as measured by the PHF8
AlphaScreen assay. Although a full binding curve could not be obtained for compound 86, it clearly shows greater

activity that its enantiomer.

A resynthesised batch of ketopiperazine 86 was tested alongside its enantiomer
ketopiperazine 89 (Figure 98). Although the resynthesised compound 86 did not show the same
activity as the original screening batch, it clearly shows greater activity than its enantiomer 89.
This evidence was deemed sufficient to provoke further investigation into compound 86 and its

analogues.

SAR by Catalogue

A series of analogues retaining the 3-benzyl ketopiperazine core of compound 86 with alkyl or
acyl substituents at position 4 were purchased and their IC5, values measured. The ICsy of the

counter screen assay was also measured to check for assay interference compounds (Table 19).
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IC5o Upper  1C5o Lower Counter

Compound ICso 95% 95% Screen
Structure
Number (MM)  confidence Confidence Inhibition
Limit Limit (ICso)

91 \/% 190 uM 450 uM 77 uM 120 uM

N WH
93 —S/_F N b 77uM 100 uM 58 UM 290 uM

{ O
No
95 \\l _ 900 uM 1400 pM 700 uM
/ N,/ inhibition

173



David Bowkett Chapter 5 - Investigating the Ligandability of the PHD-JmjC

of PHF8
Compound Structure ICsg IC5o Upper  IC5o Lower Counter
Number (M) 95% 95% Screen

Confidence Confidence Inhibition

96 Q -~ 110uM 180 uM 65uM 280 uM
N

97 750 uM 750 uM
N NH

98 NN 29 uM 33 pM 25 pM 80 uM

«S

N @]

99 150 uM 190 pM 110 uM 800 pM

Table 19. Analogues of compound 86 were purchased and screened using the AlphaScreen assay. The compounds
were also tested using the dually His6 tagged and biotinylated peptide counter screen assay. Compounds where
stereochemistry is shown were tested as single enantiomers; compounds where no stereochemistry is indicated were

tested as racemates.

Of the analogues screened the most promising was compound 94. Compound 94 had a
measured 1Csq of 150 pM with no inhibition observed in the counter screen. This was more
potent than compound 86 (ICs, = 260 uM) and suggests that N-acylation of compound 86 leads
to an increase in potency. However, comparison with N-acyl compound 97 (ICsq = 750 uM)
which contains a phenyl ring in place of a tetrahydropyran suggests that any increase in potency

is dependent on the nature of the acyl group.
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N-alkyl compounds such as compounds 93 (ICso =77 uM) and 96 (ICsy = 110 uM) showed an
even greater increase in potency than N-acyl compound 94. However, these compounds also
showed activity in the counter screen assay making it difficult to determine whether the

inhibition seen in the PHF8 assay is genuine.

Synthesis of Analogues of Compound 86

The analogues of compound 86 purchased for testing gave some insight into the effects of
modifications around the ketopiperazine core on PHF8 inhibition; however, no compounds with
modifications on the phenyl ring of compound 86 were available for purchase. Therefore a
synthetic strategy was devised to allow the parallel synthesis of multiple analogues of

compound 86 with modifications on the phenyl ring.

Diethyl phthalimidomalonate 100 is a commercially available masked amino acid. This substrate
has been previously shown to act as a nucleophile in Sy2 substitution reaction with alkyl iodides

205206 Given this pattern of reactivity it was hypothesised that benzyl

and allyl bromides.
bromides would also act as a suitable substrate for nucleophilic substation. Given the wide
availability of benzyl bromide electrophiles a wide range of analogues of compound 101 could
be prepared. Hydrolysis- decarboxylation of the malonate and removal of the phthalimide
protecting group would then give analogues of amino acid ester 102 (Scheme 4). These

analogues could then be used as a starting material for ketopiperazine synthesis as outlined in

Scheme 3.
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g0

100 101 102

Scheme 4.Proposed synthetic route to phenyl substituted analogues of phenylalanine. Such analogues could be used
for ketopiperazine synthesis using the route outlined in Scheme 3

A selection of sixteen benzyl bromides were used (Table 20). These contained small, common
substituents at ortho-, meta-, and para- positions. These were chosen as they were all
commercially available and would provide sufficient diversity in order to investigate SAR in the

final compounds.

Ortho F Cl CN CF;

Br Br Br Br Br

F Cl CN CF3 O\

Meta

Br Br Br Br Br Br

F Cl CN CF;

Para

Br Br Br Br Br

Table 20. Commercially available benzyl bromides chosen for benzylation of diethyl phthalimidomalonate 100.
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The benzylation of diethyl phthalimidomalonate 100 proved suitable for parallel chemistry as
diethyl phthalimidomalonate 100 and potassium tert-butoxide could be pre-prepared as
solutions in DMF. These solutions could be mixed prior to the addition of the appropriate benzyl

bromide allowing for multiple reactions to be set up in a fast and simple procedure (Scheme 5).

The alkylation reactions were worked up in parallel using phase separators equipped with
hydrophobic frits and the resulting crude residues proved suitable for use without further
purification. Overall the procedure allowed for sixteen reactions to be completed with only two

evaporation steps and without the need for column chromatography in yields of typically

60-80%.
Cl
Br
0 o b o
KO'Bu, DMF O o
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OJ&TJKO 60 °C, 6 h 00
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Scheme 5. Example reaction of diethyl phthalimidomalonate 101 with a substituted benzyl bromide (85% yield).

Following the successful synthesis of sixteen analogues of compound 101, reaction conditions
for the hydrolysis-decarboxylation of the malonate and removal of the phthalimide protecting

group were investigated.

o o R
© 0 i) NaOH, EtOH o
00 o 90°C, 1h
N ii) HCI N
————
o o_N_o
101 104

Scheme 6. Basic hydrolysis followed by acidic work did not deliver analogues of 104 in good yield and purity. Partial

hydrolysis of the phthalimide group was observed, and malonate hydrolysis did not go to completion.
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Initially, a procedure to hydrolyse-decarboxylate analogues of compound 101 to give analogues
of compound 104 was sought. This was on the basis that compound 104 is uncharged and was
therefore hypothesised to be amenable to column chromatography. A procedure based on a
method described in a patent granted to GlaxoSmithKline in 2007 was used,”®” but LCMS analysis
of the reaction mixture indicted that hydrolysis of the malonate was incomplete and the
phthalimide was partially hydrolysed (Scheme 6). Therefore this approach was rejected and an

alternative method for proceeding from analogues of 101 sought.

(@] O
o
~ P
o o 6 N HCI
= 100°C, 14 h OH
—_—
o._N_o Z
NH,
105 R-vigabatrin

Scheme 7. Final step in the synthesis of R-vigabatrin described by Trost et al. This procedure removes the phthalimide

protecting group and performs a hydrolysis-decarboxylation of the malonate in a single step.

208
In

Trost et al. have published a synthesis of the anti-epileptic gamma-amino acid vigabatrin.
this synthesis the final step is the removal of a phthalimide protecting group and hydrolysis-
decarboxylation of a malonate in a single step (Scheme 7). This procedure was hypothesised to
be suitable for the hydrolysis of analogues of compound 101. However, it does have the
disadvantage of hydrolysing both esters of the malonate and therefore requiring an

esterification of the product amino acid before use as a starting material in the ketopiperazine

synthesis shown in Scheme 3.
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The analogues of 101 were found to be sparingly soluble in 5 M HCI, and were therefore
dissolved in neat EtOH prior to dilution with acid. Monitoring of the reaction by LCMS suggested
that the presence of EtOH did not inhibit the hydrolysis of the phthalimide group, but did slow
the hydrolysis of the malonate. It was therefore necessary to allow the EtOH to evaporate in
order to drive the reaction to completion (Scheme 8). The presence of EtOH resulted in mixtures
of amino acid ethyl esters 106 and amino acids 107 being produced. Nitrile containing
compounds were found to be incompatible with the reaction conditions and were not carried

forward to subsequence steps.

R
EtOH, 5 M HCl
90 °C, 48 h
0 o)
o OH
NH, NH,
106 107

Scheme 8. Acidic hydrolysis of analogues of 101 gave mixtures of amino acid ethyl esters 106 and amino acids 107.

This mixture of products did not prove to be problematic as it was possible to esterify the acid
108 in the presence of the ethyl ester 107 to give homogenous samples of amino acid ethyl

esters for use in ketopiperazine synthesis.

Of the remaining thirteen amino acid ethyl esters, seven were successfully carried through to
the corresponding ketopiperazine. Of the six compounds that failed, two were due to

mechanical loss, with four others failing at the reductive alkylation step.

Analogue SAR

The seven ketopiperazine compounds were tested in the PHF8 AlphaScreen assay and also in the
corresponding counter screen (Table 21). None of the compounds tested showed evidence of
being active. Only compound 111 showed activity in the PHF8 assay, but also showed similar

activity in the counter-screen.
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IC5o Upper 1C5o Lower Counter
Compound ICso 95% 95% Screen
Structure
Number (M) Confidence  Confidence Inhibition
Limit Limit (ICso)

No
109 No activity
NH activity

111 360 uM 410 pM 280 uM 350 uMm

No
113 0 No activity
activity
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IC5o Upper IC5o Lower Counter
Compound 1Cs0 95% 95% Screen
Structure
Number (uMm) Confidence Confidence Inhibition
Limit Limit (ICso)
CF4
No
114 (0] No activity
activity
NH

HN ]

Table 21. Analogues of compound 86 were synthesised and screened using the AlphaScreen assay. The compounds
were also tested using the dually His6é tagged and biotinylated peptide counter screen assay. Compounds were

synthesised and screened as racemates.

This data suggest that substitution on the phenyl ring of compound 86 leads to a loss of activity.
The lack of ortho substituted compounds in the library means that the possibility that ortho

substitution would lead to an increase in activity cannot be ruled out.

Secondary Assays for Ketopiperazine Compounds

A secondary assay was sought to test ketopiperazine 86, its enantiomer ketopiperazine 89, and
the tetrahydropyran-4-carboxylate ester 94. A prototype mass spectrometry assay in
development by Finn Wolfreys (Structural Genomics Consortium, University of Oxford) was
tested. The assay involves incubating an enzymatically active PHD-JmjC construct of PHF8 with a
substrate peptide, the necessary co-factors, and varying concentrations of the inhibitor to be
tested. After a suitable incubation period the enzymatic reaction is quenched by the addition of
formic acid and the ratio of substrate peptide to product peptide measured by mass

spectrometry.

The compounds discovered by the PHF8 AlphaScreen assay should prevent peptide binding to

the PHD-JmjC of PHF8. These compounds should therefore inhibit the enzymatic conversion of a
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substrate peptide containing H3K4me3 and H3K9me2 marks to a product peptide containing

H3K4me3 and H3K9me1 marks.

The prototype assay did not prove suitable, probably due to the low enzymatic activity of the
recombinant PHF8 enzyme used coupled to the ion suppressing effects of DMSO. These effects
combined to result in a low product peptide signal, which did not provide a suitable signal to

noise ratio for testing compound inhibition.

Summary and Future Work

The SiteMap analysis of PHDs carried out in Chapter 3 lead to the hypothesis that PHDs are more
ligandable when found in tandem with another domain. Chapter 3 also described an analysis of
novel potential small molecule binding sites at domain-domain interfaces in epigenetic proteins.
The work carried out in this chapter describes screening efforts and subsequence hit
optimisation for the PHD-JImjC of PHF8. An AlphaScreen assay developed at the Structural
Genomics Consortium was used to screen a fragment library and a library designed by virtual

screening against the PHD-JmjC of PHF8.

These screening efforts sought to identify compounds that bound at the PHD-JmjC interface and
therefore prevented these tandem domains engaging their histone peptide substrate. The
targeting of this peptide binding site which is found only in PHF8 would allow inhibitors to be
developed that show a greater degree of selectivity than inhibitors that target the 20G binding

site.

Ketopiperazine 86 was identified from a fragment library as a PHF8 inhibitor. The enantiomer of
this compound was synthesised and tested, with its inactivity suggesting that compound 86 was
a genuine inhibitor rather than an assay interference compound. A series of analogues exploring
SAR around the ketopiperazine ring were selected for purchase and tested. Another set of

compounds with substitutions on the phenyl ring were synthesised in parallel using a six step
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synthetic route. Substitutions on the phenyl ring resulted in a loss of inhibitory activity against
PHF8; however, tetrahydropyran-4-carboxylate ester 94 showed an increase in activity

compared to compound 86.

Further development of the mass spectrometry assay described above would allow these
compounds to be confirmed as PHF8 inhibitors. By varying the concentrations of 20G and
substrate peptide a mass spectrometry assay could be used to confirm the hypothesis that these
compounds are substrate competitive rather than 20G competitive. A co-crystal structure would
also confirm the binding location of this series of inhibitors and provide structural information to

inform compound optimisation.

Overall this chapter describes the discovery of a series of ketopiperazine containing fragments
which inhibit PHF8. It is hypothesised that these compounds bind at the domain-domain
interface of the PHD and JmjC domain. This is consistent with the hypothesis made in Chapter 3

that sites found at domain-domain interfaces are ligandable.
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Chapter 6 - Summary and Conclusions

This thesis set out to provide a family wide analysis of human PHDs and to assess the potential
of members of the PHD family to bind small molecule inhibitors. The purpose of such work was
to allow prioritisation of which PHDs should be subjected to screening campaigns to help

accelerate the development of chemical probes targeting this family of protein domains.
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Figure 99. Phylogenetic tree of the human PHD family constructed in Chapter 2. The 14 sub-families of the PHD tree
are labelled and alternatively coloured red and blue. TRIM66(1) and AIRE(2) are atypical and not part of any sub-
family.

This thesis starts by defining a set of PHDs within the human proteome, this is the first time that
such a list of PHDs has been published and includes full details of how it was compiled. 173

unique human PHDs were identified, and an innovative knowledge based alignhment method was
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used to establish a phylogenetic tree (Figure 99). The phylogenetic tree constructed as a result
of this work can be divided into fourteen sub-families within which is it possible to identify
conserved residues that can be used to predict the binding specificity of PHDs within that sub-

family. For example, sub-family 3 members contain residues capable of forming an aromatic

cage for H3K4me3 recognition (Figure 100).

Aromatic residue
found in 14/23 PHDs
in this sub-group.

Aromatic residue
found in 13/23 PHDs
in this sub-group.

Methionine or aromatic

residue found in 21/23 Tryptophan residue

PHDs in this sub-group. found in 22/23 PHDs
in this sub-group.

Figure 100. Depiction of aromatic cage residues found in sub-family 3. A The trimethylated lysine of histone 3 (green)
is shown in a hydrophobic pocket formed by three aromatic residues and a methionine. B. Depiction of the same
aromatic cage with the histone 3 peptide removed. Each key cage-forming residue is labelled with its prevalence

within sub-family 3. The PHD shown is the PHD of PHD Finger Protein 8 (PHF8, PDB ID: 3KV4).

The phylogenetic tree presented in Chapter 2 will aid the development of screening panels for
determining specificity for future development of PHD inhibitors and provide a valuable

resource for those studying the biochemistry of these domains.

A key conclusion from this family wide analysis is that the majority of PHDs are not predicted to

be H3K4me3 binders. This prediction can be made on the basis that PHDs with aromatic cage
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residues known to be crucial to H3K4me3 recognition are clustered within sub-family 3. For
many of the remaining members of the family, H3 engagement is dependent on the methylation
state of H3K4, as tri-methylation at this position prevents binding. These PHDs should therefore
be thought of as ‘K3K4meO readers’. This contrasts widely held view that PHDs are ‘methyl lysine
readers’, the results of this family wide analysis suggests that it would be more correct to
describe PHDs in general as ‘readers of the modification state of residues near the N-terminus of

histone 3’.

Following on from the identification of 173 human PHDs, an analysis of the family was carried
out to determine which PHDs were more amenable to inhibition by small molecule ligands. The
large size of the PHD family precludes the use of purely experimental means to survey
ligandability; therefore a computational method was sought. The Schrodinger SiteMap
program™®*° was chosen for this purpose as it had previously been used to studying the
ligandability of other epigenetic reader families, allowing for direct comparison between PHDs

and other epigenetic reader domains.”®?%*%

The analysis of individual PHD domains suggested that in comparison to other epigenetic reader
domains, PHDs are difficult targets for small molecule inhibition. However, it was possible to
identify some PHDs that were more ligandable than others. A ranking of PHDs by median
DScore™’ shows that the closely related PHDs of PYGO1 and PYGO2 are ranked fourth and third
respectively in terms of PHD ligandability (Figure 101). Since the completion of this work these
two PHDs were the targets of the first reported small molecule inhibitors with structural
evidence of binding.” This suggests that it is possible to discover small molecule ligands at least

for PHDs towards the top of the ligandability ranking.
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Figure 101. Box plots showing the range of DScores for each apo PHD, calculated using Parameter Set 5 (Chapter 3).

The plots are sorted by the median value with the most ligandable number at the top. The box plots are marked with

the median value and the edges of the box represent the inter-quartile range. The whiskers extend to the most

extreme data not considered an outlier, and outliers are plotted individually. An outlier is classed as any data point

more than 1.5 inter-quartile ranges below the first quartile or above the third quartile.
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As many PHDs are known to occur near other epigenetic domains including another PHD, a
SiteMap study was conducted on tandem PHD domains. This suggested that tandem PHDs are
more ligandable than single PHDs, with larger, more enclosed binding sites which are less

hydrophilic than binding sites found in single PHD domains (Figure 102).
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Figure 102. Box plots showing the number of site points, the enclosure, and the hydrophilicity score for tandem and
single PHDs. These results predict that tandem PHDs are more ligandable than single PHDs. All values have been
normalised with respect to the mean values for these parameters derived from 342 sites with submicromolar
inhibitors used to train DScore and SiteScore. The box plots are marked with the median value and the edges of the
box represent the inter-quartile range. The whiskers extend to the most extreme data not considered an outlier, and
outliers are plotted individually. An outlier is classed as any data point more than 1.5 inter quartile ranges below the

first quartile or above the third quartile.
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The results suggesting that tandem PHDs are more ligandable than single PHDs led to two
further computational investigations. The first sought to investigate whether the pattern of
tandem domains being more ligandable than single domains was also observed for Tudor
domains. The second sought to discover novel potential small molecule binding sites at domain-
domain interfaces in other epigenetic proteins. The study of Tudor domains suggested that the
methyl lysine binding aromatic cage found in most Tudor domains was too small to act as a
ligandable site alone. In contrast, potentially ligandable sites were identified in the multiple

Tudor domains of SETDB1, TP53BP1, and SPIN1 spanning both methyl lysine binding sites.

The investigation of domain-domain interfaces revealed a potential small molecule binding site
at the interface of the bromodomain and PWWP domain of ZMYND11. This site specifically binds
residues 29-31 of the H3.3 isoform allowing for differentiation over the more common H3.1
isoform. This study also identified an inter-domain binding site in the PHD-bromodomain of
SP100 (Figure 103). A fragment soaking assay performed by colleagues at the Structural
Genomics Consortium identified three ligands which bound at this site. Although these ligands
would not be expected to orthosterically compete with the natural histone peptide ligand, they
may be allosteric inhibitors. Although inhibitory activity has not been shown for these ligands,
the crystallographic evidence of their binding at the site identified by SiteMap proves some
validation of this computational method. This crystallographic evidence also offers a proof of

principle that sites at domain-domain interfaces are ligandable.
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Figure 103. The PHD-bromodomain of SP100 is shown with the site points as identified by SiteMap (cyan). Ligand 5
was identified by a crystal soaking experiment, and binds in this predicted site (yellow). The PHD is shown in magenta,
and the bromodomain is shown in green. The peptide ligand shown is taken from the structure of the related PHD-Brd

of TRIM33. PDB ID: 3U5M.

As well as the computational investigations summarised above, the result that tandem PHDs are
more ligandable than single PHDs lead to experimental efforts to discover small molecule
inhibitors of tandem PHDs. Chapter 4 described the design and optimisation of an AlphaScreen
assay suitable for identifying molecules which inhibit the binding of the tandem PHD of DPF2 to

histone 3 peptides (Figure 104).
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Owing to the high false positive rates of AlphaScreen assays™° a suitable secondary assay was
sought in order to confirm any primary hits identified in the AlphaScreen assay. Nuclear
Magnetic Resonance (NMR) and crystal soaking assay were investigated as these assays provide
direct evidence of ligand binding and can give structural information which may be used for

ligand optimisation.

Ni-NTA coated

acceptor bead

w

\

Biotinylated i
histone 3 H'%‘Sgge{j
peptide

Figure 104. A schematic representation of an AlphaScreen assay consisting of a biotinylated peptide and His6-tagged
protein. When the protein and peptide are in contact they bring the donor and acceptor beads close together. When
the donor bead is excited with red light, single oxygen is generated, which diffuses to the acceptor bead causing an

emission between 520 nm and 620 nm. This assay was used as a primary assay in screening efforts against DPF2.

Development of an NMR assay was hindered by the failure to express DPF2 in minimal media
therefore efforts were focused on the development of a crystal soaking assay. Initial attempts to
crystallise DPF2 were unsuccessful, but a crystallisable construct of the closely related tandem
PHDs of DPF3b was provided by Jinrong Min (Structural Genomics Consortium, University of
Toronto). Using this construct crystals of DPF3b were produced which allowed the structure to
be solved to a resolution of 1.75 A (Figure 105). However, these crystals could not be produced
in a reproducible, solvent tolerant manner. Therefore a crystal soaking assay for DPF3b could

not be developed.
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Figure 105. A. Crystals of DPF3b produced in crystallisation conditions based on those developed by SGC Toronto. B.

Diffraction pattern of DPF3b crystals showing diffraction to 1.75 A.

Several small molecule libraries were collated for screening against DPF2 using the AlphaScreen
assay. A collection of 1324 fragments were screened at 2 mM which revealed a series of N-mesyl
compounds as promising hits. However, resynthesised batches of the two most potent N-mesyl

compounds 11 and 14 showed no activity (Figure 106).

A 10,000 member library was screened using several virtual screening techniques to prioritise
the library for experimental screening using the AlphaScreen assay. The virtual screening
method used was validated on the triple Tudor domains of SPIN1, using a ligand set with known
active compounds. This virtual screen ranked fourteen of the twenty-four confirmed hits within

the top 5% of ranked compounds.

The tandem PHDs of MYST3 were used as a surrogate for DPF2 as no structure for these tandem

164 and 437 compounds chosen

PHDs were available. The compounds were screened using Glide
for experimental screening. A further two libraries were designed by a collaborator (Jan
Domanski; Department of Biochemistry, University of Oxford). This work used the same MYST3
crystal structure but subjected it to molecular dynamics (MD) simulation. Transient pockets
were identified in the MD trajectory that were not seen in the static crystal structure which

were used for virtual screening. This work provided two further libraries consisting of 398 and

383 compounds respectively. Compound 36 was discovered as a result of this screen. After the
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screening of three purchased analogues, twenty-two analogues were synthesised in parallel with
the resynthesis of compound 36 and two of the purchased compounds. Unfortunately none of

these compounds showed activity.

S
O:(%—C/\l \_/ ;bi:l\ﬁ_'\ H2N—§4©—®|;N{4_©7F

9 12 36
Figure 106. Compounds identified by the DPF2 AlphaScreen assay that showed no activity when resynthesised.

Although the no inhibitor of DPF2 was discovered during the work described in Chapter 4, these
negative results are not sufficient to suggest that DPF2 is unligandable. It is possible that an
alternative primary assay may be more suitable for identifying weak fragment hits which could
be optimised to give potent inhibitors. The use of alternative constructs or surface mutations
may facilitate more consistent crystallisation of DPF3b for use in crystal soaking assays, and use
of alternative plasmid vectors or expression organism may allow for “N-labelled DPF2
expression for NMR assays. These may offer more suitable primary assays that the AlphaScreen
assay as they offer direct evidence of binding. Another possibility for DPF2 inhibitor design
would be to use a peptide mimetic approached similar to the one used for the production of

inhibitors of the chromodomain of CBX7.

A previously identified example of a ligandable PHD found at a domain-domain interface is that
of PHD-JmjC of PHF8.”® This site is involved in the recognition of H3K4me3, and binding of
H3K4me3 at this site directs the nearby H3K9 towards the catalytic site of the JmjC domain,
which is capable of demethylating H3K9me2 (Figure 107). The domain orientation of the PHD
and JmjC of PHF8 is different from that seen in closely related PHD-JmjCs.""* The PHDs of the
other members of the KDM7 demethylase family - PHF2 and KDM7A (KIAA1718) - are very
similar to the PHD of PHF8. Similarly the JmjC of PHF8 is similar to the JmjCs found in PHF2 and

KDM7A, as well as JmjCs found in the KDM2 sub-family.’®® Previously published inhibitors
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targeting the JmjC only of these demethylases show poor selectivity between members of the
KDM2 and KDM7 families.®>**° Therefore targeting the unique PHD-JmjC interface of PHFS8 is a

potential solution for the development of selective PHF8 inhibitors.

%° Dimethyl
lysine )
... Trimethyl mic
lysine
Kdme3 ...

Histone 3
.i. K9me2
®

Figure 107. Schematic representation of the PHD and JmjC of PHF8. H3K4me3 binds at a site at the interface of the

PHD and JmjC. This directs H3K9me2 towards the catalytic site of the JmjC domain.

An AlphaScreen assay for PHF8 had previously been developed within the department. This uses
a H3K4me3K9meO peptide, as the binding to PHF8 is expected to be driven almost entirely by
the interaction of H3K4me3 at the PHD-Jm]C interface. Therefore any compound that displaces
this peptide is likely to be binding at the PHD-JmjC interface, rather than in the JmjC’s active site.
This assay was used to screen the same fragment library used for DPF2, as well as a 233-member

library designed for PHF8 by virtual screening using Glide.

Once again, no hits were identified from the virtual screening library, despite the method being
validated using SPIN1. It is likely that the failure to identify active compounds in the DPF2 and
PHF8 virtual screening libraries may be down to the size and identity of the library used in the

virtual screen.
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Despite the failure of the virtual screening library to produce hits, the fragment screen
performed on PHF8 identified ketopiperazine 86 as a potential fragment inhibitor
(IC50 =260 uM). In order to confirm this as a genuine hit rather than an assay interference
compound its enantiomer, compound 89, was synthesised (Scheme 9) and tested (Figure 108).

i) TFA,

o) triethylsilane,
BocHN" N~ DCM

o) ii) Triethylamine,
NaBH,CN DCM,V48 h o

Ao ,
Mo “ - Mo

NHBoc
87 88 89

Scheme 9. Synthesis of the enantiomer of compound 86. D-Phenylalanine methyl ester 87 was used as the amine
partner in a reductive alkylation with N-Boc-2-aminoacetaldehyde. The Boc protecting group of the resultant product

was removed by hydrolysis with trifluoroacetic acid and the resulting primary amine cyclised in the presence of

triethylamine.
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Figure 108. Comparison of the activities of compound 86 and its enantiomer compound 89 as measured by the PHF8

AlphaScreen assay. Although a full binding curve could not be obtained for compound 86, it clearly shows greater

activity that its enantiomer.
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The inactivity of the enantiomer suggests that compound 86 was inhibiting the PHF8
AlphaScreen assay by binding to PHF8, rather than by an assay interference method which

would be independent of the chirality of the molecule.

On this evidence, a series of analogues were purchased to explore SAR around the
ketopiperazine ring, and a series of analogues synthesised to establish SAR around the phenyl
ring. Substitution at the meta- and para-positions lead to a loss of activity, and of the purchased

analogues only compound 94 showed increased activity of the original hit (Figure 109).
O
%HH

94
IC5q = 150 pM

Figure 109. Compound 94 was the most potent compound in the PHF8 AlphaScreen assay.

The lack of secondary assay meant that these compounds could not be investigated further.
However, it is hoped that the continued development of a PHF8 mass spectrometry assay within
the group may allow these compounds to be studied further. Of particular interest will be the

use of such an assay to determine if these compounds are peptide competitive.

This thesis set out to investigate the ligandability of human PHDs. Initially a definitive list of
human PHDs was compiled, which was aligned and used to estimate a phylogenetic tree of
human PHDs. Following the definition of a definitive PHD family tree, a ligandability analysis was
performed using SiteMap which predicted that PHDs that form part of multi-domain complexes
are more ligandable that single PHDs. A collaboration with colleagues at the Structural Genomics
Consortium identified four small molecule ligands that bind at the PHD-bromodomain interface

of SP100 at a binding site predicted by SiteMap. The tandem PHDs of DPF2 were investigated,
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and although efforts to discover small molecule inhibitors of the tandem PHDs of DPF2 proved
unsuccessful, the scale of the screening performed is not sufficient to suggest that these tandem
PHDs are unligandable. A similar screening campaign was carried out against the PHD-JmjC of
PHF8. This led to the discovery of ketopiperazine 86 as a putative inhibitor. It is hoped that this
may lead to the development of a peptide competitive inhibitor of PHF8 that would be highly

selective over other JmjC containing enzymes.
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General Experimental Details

Virtual Screening

Library Filtering
All ligand sets to be used in virtual ligand screening were filtered to remove compounds with
reactive groups using the Schrodinger REOS (Rapid Elimination of Swill) node in Knime version

2.8.2.%%

Ligand Preparation

3-dimensional ligand structures were prepared from a 2-dimensional SDF file using Schrodinger
LigPrep version 2.6 (Schrodinger, LLC, New York, NY, 2013). Structures were generated in a
desalted form with the ionisation states set at pH 7. Structures were minimised using the

OPLS_2005 force field.

Virtual Ligand Screening

All virtual ligand screening was carried out on an Intel® Core™i7-3770 CPU with 8 GB of RAM
using Schrédinger Glide'®**** version 5.9 (Schrédinger, LLC, New York, NY, 2013). The receptor
site was defined around the co-crystallised peptide. Glide SP (Standard precision) was used.
Ligands were allowed to be flexible, sampling nitrogen inversions and ring conformations. Epik

state penalties were included in the docking score.”™

AlphaScreen

To each well of a 384 assay plate was added the relevant volume of compound solution in
DMSO. Protein and peptide were diluted in assay buffer (100 mM NaCl, 25 mM HEPES, 0.1%
BSA, and 0.05% CHAPS at pH 7.5) to 1.66 times desired final assay concentration and 12 uL of
this solution added to each well and the plates allowed to incubate at room temperature for 30
mins. 8 pL of a solution containing 12.5 pg/mL of donor and acceptor beads were added to each

well and the plates incubated for 1 h at room temperature in the dark. Plates were read using a
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Pherastar plate reader. ICs; measurements were recorded over eleven concentration points,

each measured in duplicate.

Synthetic Organic Chemistry

Reactions involving moisture sensitive reagents were carried out under a nitrogen atmosphere
using standard vacuum line techniques. Water was deionized by an Elga DV 25 system. All other
solvents and reagents were used as supplied (analytical or HPLC grade) without prior
purification. Organic layers were dried over Na,S0,. Thin layer chromatography was performed
on aluminium plates coated with 60 F,s, silica gel. Plates were visualised using UV light (254 nm)
or 1% ag. KMnOy,. Flash column chromatography was performed on a Biotage Isolera One flash
column chromatography platform. NMR spectra were recorded on a Bruker Avance
spectrometer in the deuterated solvent stated. The field was locked by external referencing to
the relevant deuteron resonance. Chemical shifts (6) are reported in ppm and coupling

constants (J) in Hz. Low-resolution mass spectra were recorded on a Waters SQ Detector 2.

LC/MS analysis was carried out on a Waters system equipped with a Waters 2545 Binary
Gradient Module, a SecurityGuard™ ULTRA cartridges for EV0O-C18 UHPLC, column guard a
Kinetex 5 pm EVO €18 100 A 100 x 3.0 mm column, and a Waters SQ Detector 2. The standard
solvent gradient is described below. Solvent A consists of 93 % H,0, 5 % acetonitrile, and 2 % 0.5
M ammonium acetate adjusted to pH 6 with glacial acetic acid. Solvent B consists of 18 % H,0,

80 % acetonitrile, and 2 % 0.5 M ammonium acetate adjusted to pH 6 with glacial acetic acid.

Time (min) Flow rate (mL/min) Solvent A percentage | Solvent B percentage
Initial 2.00 95.0 5.0

0.35 2.00 95.0 5.0

1.35 2.00 5.0 95.0

2.10 2.00 5.0 95.0

2.20 2.00 95.0 5.0

3.00 2.00 95.0 5.0
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The system also included a Waters 2489 UV/Visible Detector and a Waters 2424 ELS Detector.
Retention times are reported based on the relevant peak in the 254 nm spectrum. All
synthesised compounds submitted for screening showed no impurities in the total ion count

chromatogram.

Preparatory scale LC/MS was performed on the same system equipped with a SecurityGuard™
PREP Cartridge column guard, a Kinetex 5pum EVO C18 100 A 150 x 21.2 mm column and a
Waters 2767 Sample Manager. The standard solvent gradient is described below. Solvent A and

Solvent B are as used for analytical LC/MS described above.

Time (min) Flow rate (mL/min) Solvent A percentage | Solvent B percentage
Initial 20.00 90.0 10.0
2.50 20.00 90.0 10.0
5.00 20.00 10.0 90.0
12.00 20.00 10.0 900
12.50 20.00 90.0 10.0
15.00 20.00 90.0 10.0

Melting point analysis was carried out on a Stuart SMP40 apparatus, with the reported melting

point corresponding to the clear point as identified by the Stuart SMP40 system.

High resolution mass spectrometry data was collected on an Agilent 6530 QTOF. Predicted

masses were calculated using http://www.sisweb.com/referenc/tools/exactmass.htm.

Infrared spectroscopy was carried out on a Thermo Scientific Nicolet iS5 FT-IR spectrometer

fitted with a iD7-ATR accessory.
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Experimental Details for Chapter 2 - PHD Family Analysis

HMMER and PSI-BLAST

HMMER version 3.0 (March 2010) was run on a local Linux server. The initial hidden Markov
model was constructed using a multiple sequence alignment of forty-one PHDs whose structures
had been deposited in the Protein Data Bank. The RefSeq database used was updated on
22/10/2012. Output alignments from HMMER were converted from Stockholm to FASTA format
using the web service found at http://sequenceconversion.bugaco.com/
converter/biology/sequences, and manually adjusted using ICM (Molsoft) and used for
subsequent searches using HMIMER. Subsequent protein BLAST searches were ran using Protein-

Protein BLAST 2.2.28+.

Sequence Alignment

PHD sequences were aligned in ICM utilising ICM's structural superimposition function and
secondary structure prediction from http://www.compbio.dundee.ac.uk/www-jpred. Sequence

logos were generated using http://weblogo.berkeley.edu/logo.cgi.

Phylogenetic Tree Construction

Phylogenetic tree construction was performed using MEGAG6 (Build#:6140226) on a Dell OptiPlex
9010 running Windows 7. The ‘Find Best DNA/Protein Models (ML)’ function was used to select
a suitable substitution model. The phylogenetic tree was constructed with the WAG + G + |

model with 500 bootstrap replications.
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Experimental Details for Chapter 3 - Computational Assessment of
the Ligandability of PHDs and Other Epigenetic Reader Domains

General Site Map Procedure

The general procedure for the use of SiteMap on an individual structure is described below.
Structures were imported into the Schrodinger Maestro environment in pdb file format.
Additional chains, domains, and water molecules were removed. In the case of the first
bromodomain of Bromodomain Containing 1 (BRD1) five water molecules were left in place as
these are known to be conserved across the bromodomain family. The structures were process
using the Schrédinger Protein Preparation Wizard, and bound ligands removed. SiteMap was run

using default parameters unless otherwise specified.

In the case of single PHD structures, the structures were superimposed using the ICM
superimpose command with the alignment described in Chapter2 used to guide the
superimposition. The structures were then re-downloaded using PyMol; extra chains, extra
domains, and waters removed; and superimposed with the identical structure created using
ICM. This allowed ICM's superimposition tool to be used (which was found to be superior for
superimposing similar sequences to PyMol's and Maestro's superimposition tools) while
negating an intrinsic problem with .pdb files created by ICM (these files do not contain CONECT
data which causes errors when the file is opened in Maestro). This facilitated separation of
potential ligand binding sites at the protein-peptide interface from sites identified at other

positions.

Schrédinger SiteMap (version 2.8, Schrodinger, LLC, New York, NY, 2013) was run from the
command line using a Linux server, and data extracted from the output files using KNIME 2.8.2.
Sites were clustered using their centroids in Matlab (©1984-2012 MathWorks, version R2012a)
using the kmeans functions. This facilitated selection of potential ligand binding sites at the

protein-peptide interface.
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Experimental Details for Chapter 4 - Assessing the Ligandability of
Tandem PHDs

Virtual Screening

Protein Structure Preparation

The structure of homologous tandem PHDs of KAT6A (MYST3, MOZ) was used as a surrogate for
the tandem PHDs of DPF2, for which no structures were available. The structure (PDB ID 3V43)
was prepared using Schrodinger Protein Preparation Wizard (Epik version 2.4; Impact version
5.9; Prime version 3.2, Schrodinger, LLC, New York, NY, 2013). Missing side chains were not built
as they were not near the peptide binding site. All water molecules were deleted. H-bonds were
optimised for pH 7 ionisation states. The structure was refined using the OPLS_2005 force field

restraining the final structure to a RMSD of 0.3 A compared to the initial structure.

Protein Production

E. coli Rosetta strain cells transfected with a plasmid containing a construct shown to have good
expression were provided as glycerol stocks for each of DPF2 and PHF10 by Pavel Savitsky (SGC).
The constructs used encoded for a His-GST-TEV tagged protein. Overnight cultures were
prepared from glycerol stocks in 100 mL growth media (12 g peptone, 24 g yeast extract, 4 mL
glycerol, 100 mL of buffer containing 0.17 M KH,PO,and 0.72 M K,HPO, in a total volume of 1 L
ddH,0) containing 50 pg/mL kanamycin and 34 pg/mL chloramphenicol. 10 mL of overnight

culture were added to each of 6 x 1 L of growth media. The cultures were grown at 37 °C until a

mean ODgyo of 2 was observed. The cultures were cooled for an hour at 18 °C and induced with
IPTG (to a final concentration of 0.2 mM). After 16 h the media was pelleted, and the pellet
resuspended in 75 mL lysis buffer (50 mM HEPES, 500 mM NacCl, 5% glycerol, 0.5 mM TCEP) per
1 L of culture. The resuspended cells were mechanically homogenised, and the homogenate
pelleted. The resulting supernatant was purified by affinity chromatography at 4 °C using nickel-

NTA resin, and the fractions analysed by SDS-PAGE and a NanoDrop spectrophotometer.
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Combined fractions of suitable purity were incubated overnight at 4 °C with TEV protease at a
molar ratio of 1:20. This step was omitted in the preparation of tagged protein for AlphaScreen.
Size exclusion chromatography was used to further purify the protein; a GE Superdex 200
column was used for the tagged protein and a GE Superdex 75 column used for the untagged

protein.

BioLayer Interferometry

BiolLayer Interferometry experiments were performed using a ForteBio OctetRed384 system
equipped with Streptavidin Dip and Read™ Biosensors. Sensors were loaded with the relevant
biotinylated peptide and allowed to equilibrate in buffer (25 mM HEPES pH 7.5, 100 mM NacCl)
for 60 s prior to use. Tips were submerged in a solution containing DPF2 (20 uM) for 240 s, then

submerged in buffer for 300 s to allow for the dissociation of bound protein.

Chemical Biotinylation

Recombinant protein was chemically biotinylated using an ImmunoProbe™ Biotinylation kit
(Sigma Aldrich) following the supplied procedure. Untagged DPF2 was diluted to 56 UM in the
supplied 0.1 M sodium phosphate buffer (pH 7.2) to a total volume of 1 mL. The supplied BAC-
SulfoNHS reagent (5 mg) was dissolved in 30 uL DMSO, 0.1 M sodium phosphate buffer (pH 7.2)
was added to give a total volume of 0.5 mL (10 mg/mL, 18 mM). 19 uL of BAC-SulfoNHS solution
was added to the DPF2 solution (6:1 molar ratio) and the solution incubated at RT for 30 mins

with gentle shaking.

The supplied 3 mL Sephadex G-25M column was equilibrated with 30 mL of 0.01 M PBS and the
reaction mixture loaded onto the column. The column was eluted with 9 x 1 mL 0.01 M PBS and
the fractions analysed for the presence of protein by measuring absorbance at 280 nm.
Fractions containing protein were pooled and concentrated to 4.99 mg/mL. Analysis of the

concentrated protein by mass spectrometry showed the singly biotinylated protein to be the
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dominant species, with contaminating unmodified protein, as well as doubly and triply

biotinylated protein.

Native Mass Spectrometry for Zinc Ejection Assay

Native mass spectrometry was performed on an Agilent 6530 QTOF. The mass spectrometer was
set to 1 GHz extended mass range mode which is suitable for detecting ions with an m/z ratio up
to 20,000. Once set to this mode the spectrometer was allowed to stabilise for 20 mins before

calibration with the supplied calibration mixture.

Protein samples were desalted by passing through three Micro Bio-Spin columns (Bio-Rad) pre-
equilibrated with 50 MM NH,;OAc. Protein samples were directly infused into the mass
spectrometer, with no chromatography or solid-phase extraction, using a syringe pump set at

1000 pL/h.

Protein Crystallisation

Aliquots of the purified proteins were set up for crystallisation using a mosquito crystallisation
robot (TTP Labtech, Royston UK). Coarse screens were typically setup onto Greiner 3-well plates
using three different drop ratios of precipitant solution to protein solution per condition
(100+50 nL, 75+75 nL and 50+100 nL). The production of multiple DPF3b crystals for solvent
screening was performed using larger drops consisting of 150 nL of protein solution and 150 nL
of precipitant (0.07 M HEPES pH 7.2; 1.4 M sodium citrate tribasic; 3% glycerol). Crystallisation
was carried out using the sitting drop vapour diffusion method at 4 °C. Crystals were harvested

at 4 °C and immediately flash frozen with liquid nitrogen.

Collection of X-ray Diffraction Data and Data Processing

Crystals were tested for diffraction using a Bruker Microstar fitted with an Apex Il detector.

X-ray diffraction data was collected at the Diamond Light Synchrotron beamline 104-1.

Diffraction images were indexed using iMosflm, with further data processing using the CCP4
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package. The crystal structure of DPF3b was solved using Phaser’™ by molecular replacement
using the crystal structure of DPF3b provided by Jinrong Min (Structural Genomics Consortium,

University of Toronto).

Synthesis and Characterisation

General Procedure for the Synthesis of Thioureas

4-isothiocyanatobenzenesulfonamide (25 mg, 0.13 mmol) was suspended in 2.5 mL of dry
acetonitrile. An equimolar amount of the appropriate benzylamine was added and the reaction
mixture allowed to stir at room temperature for 2.5 h. The reaction mixture was analysed by
LC/MS to confirm that it had gone to completion, and the solvent removed in vacuo. The
resultant residue was either recrystallised from hot ethanol, purified using cation exchange
chromatography, or used without further purification, as stated. In the case of compounds that
were recrystallised, the crystals were dissolved in an appropriate solvent in order to transfer
them to a storage container. The solvent was then removed in vacuo prior to the melting point

measurement.

Carbon spectra where the number of peaks observed is less than the number of peaks expected

due to overlap are labelled with an asterisk.

4-(3-(2,4-Difluorobenzyl)thioureido)benzenesulfonamide

o (0] NH Used without further purification. *H NMR (400 MHz, DMSO-d¢) &
\\g/ 2
) s ppm 4.75 (d, J = 5.4 Hz, 2 H, CH,), 7.10 (td, J = 8.4, 2.3 Hz, 1 H), 7.21 -
.
2 4 3 F 726 (m, 1H),7.28 (s, 2 H, NH,), 7.47 (app. q, J = 8.0 Hz, 1 H), 7.68

(app. d, /=8.9 Hz, 2 H), 7.75 (app. d, /=8.7 Hz, 2 H), 8.43 (t, J=5.3
Hz, 1 H, CH,NH), 9.96 (br. s., 1 H, ArNH); *C NMR (101 MHz, DMSO-d6) & ppm 41.09 (CH,),
104.17 (t, J=26.4 Hz), 111.74 (dd, J = 21.3, 3.7 Hz), 121.87 - 122.75 (m), 126.73, 131.33, 139.27,

142.97, 159.25 (d, J = 12.5 Hz), 160.78 (d, J = 11.7 Hz), 161.76 (d, J = 13.2 Hz), 163.15 (d, /= 11.7

206



David Bowkett Experimental Details for Chapter 4 - Assessing the
Ligandability of Tandem PHDs

Hz), 181.34 (C=S); mp 189 °C; LC/MS m/z (ESI*) 358.21 [M + HJ", tz = 1.42 min; HRMS (ESI')
observed 358.0494, calculated for C14H14F,N30,5," [M + H]* 358.0496; Vi cm™ (neat) 3273 (N-

H), 1545 (SO,NH,), 1323 (C=S), 1155 (SO,).

4-(3-(4-Chlorobenzyl)thioureido)benzenesulfonamide
(0] Used without further purification. *H NMR (400 MHz, DMSO-d¢) &
O\\g/NHZ

. . ppm 4.77 (d, J= 5.6 Hz, 2 H, CH,), 7.28 (s., 2 H, NH,), 7.30 - 7.35 (m,
"
2 4H 5 3 2H),7.38(d,J=7.5Hz,1H),7.41 (s., 1 H), 7.67 (app. d, /= 8.8 Hz, 2
HN_ N

\L( R Cl H), 7.72 - 7.78 (m, 2 H), 8.50 (br. s., 1 H, CH,NH), 9.97 (br. s., 1 H,
ArNH); C NMR (101 MHz, DMSO-d6) & ppm 46.95 (CH,), 122.47, 126.62, 126.73, 127.32,
127.67, 130.65, 133.39, 139.28, 141.87, 142.98, 181.36 (C=S); mp 160 °C; LC/MS m/z (ESI')
356.23 [M + H]", tg = 1.43 min; HRMS (ESI*) observed 356.0291, calculated for C;4H15CIN30,S5"

[M + H]* 356.0294; v/, cm™ (neat) 3351 (N-H), 1542 (SO,NH,), 1305 (C=S), 1148 (SO,).

4-(3-(3-Methylbenzyl)thioureido)benzenesulfonamide
o Recrystallised from EtOH. 'H NMR (400 MHz, DMSO-dg) & ppm 2.31
O\\g/NHz _ _
(s., 3 H, CHs3), 4.71 (d, J=5.4 Hz, 2 H, CH;), 7.09 (d, J=7.5 Hz, 1 H),
l@j ! 4 . 7.12 - 7.18 (m, 2 H), 7.24 (d, J = 7.5 Hz, 1 H), 7.27 (s., 2 H, NH,), 7.69
HN HQ\ (app.d,/=8.8Hz, 2 H), 7.74 (m, J=8.9, 2.0 Hz, 2 H), 8.40 (br.s., 1 H,

>

\g/ CH,NH), 9.88 (br. s., 1 H, ArNH); *C NMR (101 MHz, DMSO-d¢) & ppm
21.51 (CHs), 47.65 (CH,), 122.18, 125.15, 126.69, 128.13, 128.62, 128.75, 137.90, 138.89,
143.14, 181.06 (C=S)*; mp 191 °C; LC/MS m/z (ESI") 336.29 [M + H], tg = 1.42 min; HRMS (ESI")

observed 336.0842, calculated for C;5H1gN30,S," [M + H]* 336.084; Ve €M™ (neat) 3267 (N-H),

1535 (SO,NH,), 1315 (C=S), 1157 (SO,).
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4-(3-Benzylthioureido)benzenesulfonamide

o g NH Recrystallised from EtOH. 'H NMR (400 MHz, DMSO-dg) & ppm 4.75 (d,
Nladd 2

L . J=5.4Hz, 2 H, CH,), 7.24 - 7.31 (m, 2 H), 7.33 - 7.38 (m, 4 H), 7.68
"
2 4H 5 3 (app.d,J=9.0 Hz, 2 H), 7.74 (app. d, J=8.8 Hz, 2 H), 8.44 (br.s., 1 H,
HN_ N , .

? T CH,NH), 9.90 (br. s., 1 H, ArNH); >*C NMR (101 MHz, DMSO-ds) & ppm
47.64 (CH,), 122.29, 126.70, 127.48, 128.01, 128.80, 139.03, 143.10, 181.16 (C=5)*; mp 197 °C;
LC/MS m/z (ESI*) 322.25 [M + H]’, tg = 1.37 min; HRMS (ESI*) observed 344.0508, calculated for
C14H15N30,5,Na* [M + Na]® 344.0503; Vo cm™ (neat) 3274 (N-H), 1538 (SO,NH,), 1316 (C=S),

1157 (SO,).

4-(3-(2,6-Dichlorobenzyl)thioureido)benzenesulfonamide

O\\E/NHz Recrystallised from EtOH. *H NMR (400 MHz, DMSO-d¢) & ppm 4.87 (d,
J=3.9Hz, 2 H, CH,), 7.26 (s., 2 H, NH,), 7.43 (dd, /=8.7, 7.5 Hz, 1 H),
7.56 (d, /=7.8 Hz, 2 H), 7.73 (s., 4 H), 8.21 (br. s., 1 H, CH,NH), 9.73 (s.,

1 H, ArNH); *C NMR (101 MHz, DMSO-d¢) 6 ppm 44.40 (CH,), 121.71,

126.66, 129.18, 131.25, 133.06, 136.15, 138.97, 143.21, 180.84 (C=S); mp 205 °C; LC/MS m/z
(ESI") 390.17 [M + H]'tx= 1.46 s; HRMS (ESI") observed 389.9915, calculated for
C1aH14Cl,N30,5," [M + H]* 389.9905; v,ay cm'™ (neat) 3307 (N-H), 1534 (SO,NH,), 1321 (C=S),

1150 (SO,).

4-(3-(2,4-Dichlorobenzyl)thioureido)benzenesulfonamide

Recrystallised from EtOH. ‘*H NMR (400 MHz, DMSO-dg) & ppm 4.78
o

0.1 _NH
<42 (br. s., 2 H, CH,), 7.28 (s., 2 H, NH,), 7.40 (d, J = 8.3 Hz, 1 H, C(5')H),
! 3 7.46 (dd, J = 8.4, 2.0 Hz, 1 H C(4')H), 7.64 (d, J = 2.1 Hz, 1 H, C(2')H),
2 4
h N 7.69 (app. d, J = 8.8 Hz, 2 H), 7.76 (app. d, J = 8.8 Hz, 2 H), 8.46 (br.

s., 1 H, CH,NH), 10.10 (br. s., 1 H, ArNH); **C NMR (101 MHz, DMSO-

d¢) 6 ppm 45.07 (CH,), 122.47, 126.76, 127.73, 129.05, 132.70, 133.33, 135.56, 139.38, 142.91,
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181.56 (C=S)*; mp 203 °C; LC/MS m/z (ESI*) 390.00 [M + H], tg = 1.52 min; HRMS (ESI) observed
389.9905, calculated for C14H14Cl;N30,5," [M + H]" 389.9905; v, cm™ (neat) 3328 (N-H), 3234

(N-H), 1534 (SO,NH,), 1308 (C=S), 1149 (SO,).

4-(3-(2-Chloro-5-(trifluoromethyl)benzyl)thioureido)benzenesulfonamide

o (g) NH Purified using HPLC/MS. *H NMR (400 MHz, DMSO-d¢) & ppm 4.87 (s.,
Nla3d 2

. . 2 H, CH,), 7.28 (br.s., 2 H, NH;), 7.56 - 7.84 (m, 7 H), 8.62 (br. s., 1 H,

2 4 ’ CH,NH), 10.24 (br. s., 1 H, ArNH); *C NMR (101 MHz, DMSO-dg) & ppm
HN N

45.37 (CH,), 122.43, 122.99, 125.70, 125.90, 126.76, 127.98, 128.30,

130.80, 136.83, 138.09, 139.36, 143.00, 181.72 (C=S); mp 203 °C; LC/MS m/z (ESI*) 424.08 [M +
H]’, tr = 1.52 min; HRMS (ESI*) observed 424.0173, calculated for C;sH14CIF3N30,S5," [M + H]*

424.0168; Vs cm™* (neat) 3262 (N-H), 1535 (SO,NH,), 1327 (C=S), 1151 (SO,).

4-(3-(4-(Trifluoromethyl)benzyl)thioureido)benzenesulfonamide
(0] Recrystallised from EtOH. 'H NMR (400 MHz, DMSO-dg) & ppm
O\\g/NHZ
4.85(s., 2 H, CH;), 7.29 (s., 2 H, NH,), 7.56 (d, J = 8.1 Hz, 2 H), 7.67
(d, J=8.8 Hz, 2 H), 7.70 - 7.78 (m, 4 H), 8.56 (br. s., 1 H, CH,NH),

10.02 (br. s., 1 H, ArNH); 3C NMR (101 MHz, DMSO-ds) & ppm

47.12 (CH,), 122.56, 123.48, 125.59, 125.63, 126.76, 127.81, 128.12, 128.46, 139.35, 142.90,
144.27, 181.51 (C=S); mp 194 °C; LC/MS m/z (ESI') 390.19 [M + H]’, tg = 1.48 min; HRMS (ESI")
observed 390.0563, calculated for C;sH15F3N30,S," [M + H]" 390.0558; v, cm™ (neat) 3299 (N-

H), 3161 (N-H), 1526 (SO,NH,), 1320 (C=S), 1159 (SO,).

4-(3-(3-Methoxybenzyl)thioureido)benzenesulfonamide

Recrystallised from EtOH. 'H NMR (400 MHz, DMSO-d¢) & ppm 3.76 (s., 3 H, CH3),4.72 (d, J=5.4
Hz, 2 H, CH,), 6.85 (dd, /= 7.8, 2.2 Hz, 1 H), 6.88 - 6.96 (m, 2 H), 7.22 - 7.31 (m, 3 H), 7.68 (app. d,
J=9.0 Hz, 2 H), 7.74 (app. d, /=8.8 Hz, 2 H), 8.42 (br. s., 1 H, CH,NH), 9.90 (br. s., 1 H,

ArNH); *C NMR (101 MHz, DMSO-dg) & ppm 47.62 (CH,), 55.49 (OCHs), 112.81, 113.73, 120.16,
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O 122.26, 126.70, 129.90, 140.59, 143.10, 159.78, 181.16 (C=S)*; mp
O\g/NHz
191 °C; LC/MS m/z (ESI) 352.26 [M + H]", tg = 1.38 min; HRMS (ESI')

© \Q\ observed 352.0781, calculated for C;sH1sN305S," [M + H]" 352.079;

O Vmax CM (neat) 3260 (N-H), 1540 (SO,NH,), 1316 (C=S), 1158 (SO,).

4-(3-(4-Methoxybenzyl)thioureido)benzenesulfonamide

o Cg) NH Purified using cation exchange chromatography. *H NMR (400 MHz,
Nladd 2

DMSO-ds) & ppm 3.74 (s., 3 H), 4.66 (d, J=5.3 Hz, 2 H, CH,), 6.91

© ﬁ (app. d, J=8.8 Hz, 2 H), 7.26 (s., 2 H, NH;), 7.29 (app. d, /= 8.7 Hz, 2

" H), 7.67 (app. d, J=8.8 Hz, 2 H), 7.73 (app. d, /= 8.8 Hz, 2 H), 8.35
(br.s., 1 H, CH,NH), 9.84 (br. s., 1 H, ArNH); **C NMR (101 MHz, DMSO-d¢) & ppm 47.17 (CH,),
55.56 (OCH3), 114.22, 122.18, 126.70, 129.50, 130.83, 139.04, 143.13, 158.90, 180.85 (C=S)*;
mp 201 °C; LC/MS m/z (ESI*) 352.28 [M + H]", tg = 1.37 min; HRMS (ESI*) observed 352.0786,
calculated for CisH1gN303S," [M + H]' 352.079; Vimax cm™ (neat) 3243 (N-H), 1512 (SO,NH,),

1318 (C=S), 1151 (SO,).

4-(3-(4-Fluorobenzyl)thioureido)benzenesulfonamide

o Recrystallised from EtOH. *H NMR (400 MHz, DMSO-dg) & ppm 4.73
OLiiNH,
(d, J=4.6 Hz, 2 H, CH,), 7.18 (app. tt, J = 8.9, 2.2 Hz, 2 H), 7.27 (s., 2

1 3
2 © 4 o ~3F HNH), 7.37-7.44(m, 2 H), 7.67 (app. d, )= 8.8 Hz, 2 H), 7.74 (app.

1 I

HN\EN N2 d, /=88 Hz, 2 H), 845 (br. 5, 1 H, CH,NH), 9.91 (br. 5, 1 H,
ArNH); C NMR (101 MHz, DMSO-ds) & ppm 46.84 (CH,), 115.50 (d,
CF), 122.35, 126.72, 129.99, 130.07, 135.32, 139.19, 143.02, 160.54, 162.95, 181.15 (C=S); mp
198 °C; LC/MS m/z (ESI') 340.15 [M + H]®, tzx = 1.38 min; HRMS (ESI') observed 340.0584,

calculated for Ci4H1sFN30,5," [M + H]" 340.059; v, cm™ (neat) 3272 (N-H), 1511 (SO,NH,),

1316 (C=S), 1152 (SO,).
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4-(3-(2-(Trifluoromethyl)benzyl)thioureido)benzenesulfonamide

O\\Cg)/NHZ Purified using HPLC/MS. 'H NMR (400 MHz, DMSO-dg) 6 ppm 4.96 (s.,
2 H, CH,), 7.28 (br. s., 2 H, NH,), 7.46 - 7.52 (m, 1 H), 7.55 (d, /= 7.8
Hz, 1 H), 7.65 - 7.78 (m, 6 H), 8.54 (br. s., 1 H, CH,NH), 10.19 (br.s., 1

H, ArNH); *C NMR (101 MHz, DMSO-ds) & ppm 44.25 (CH,), 122.54,

126.29 (m), 126.74, 127.86, 128.98, 133.10, 137.55, 139.34, 142.99,
181.72 (C=S)*; mp 197 °C; LC/MS m/z (ESI") 390.16 [M + H]*, tzx = 1.47 min; HRMS (ESI')
observed 390.056, calculated for C1sH1sF3N30,S," [M + H]" 390.0558; Vs cm™ (neat) 3361 (N-

H), 1531 (SO,NH,), 1307 (C=S), 1146 (SO,).

4-(3-(4-Chlorobenzyl)thioureido)benzenesulfonamide

Recrystallised from EtOH. *"H NMR (400 MHz, DMSO-dg) & ppm 4.74
O\\E/NHZ (d, J=5.5Hz, 2 H, CH,), 7.28 (s., 2 H, NH;), 7.37 (app. d, /= 8.6 Hz, 2

L H), 7.42 (app. d, J=8.8 Hz, 2 H), 7.66 (app. d, J=9.0 Hz, 2 H), 7.74

3
&
2 4 . 3 ClI
H 5 (app. d, J=8.7 Hz, 2 H), 8.47 (br. s., 1 H, CH,NH), 9.95 (br. s., 1 H,
HN_ N >
r s

ArNH); *C NMR (101 MHz, DMSO-d¢) & ppm46.85 (CH,), 122.44,
126.73, 128.70, 129.81, 131.92, 138.27, 139.25, 142.97, 181.28 (C=S)*; mp 204 °C; LC/MS m/z
(ESI") 356.19 [M + H] ¥, tg=1.45 min; HRMS (ESI") observed 356.0289, calculated for
CaH15CIN30,S," [M + HJ* 356.0294; Voo cm (neat) 3258 (N-H), 1534 (SO,NH,), 1320 (C=S),

1159 (SO,).

4-(3-(2-Fluorobenzyl)thioureido)benzenesulfonamide

o Purified by HPLC/MS. *H NMR (400 MHz, DMSO-d¢) & ppm 4.79 (s.,
O\\g/NHZ
2 H, CH,), 7.17 - 7.24 (m, 2 H), 7.27 (s., 2 H, NH,), 7.33 (m, 2 H), 7.42
1 3
2 4 (td, J=7.7, 1.7 Hz, 1 H), 7.70 (app. d, J=8.8 Hz, 2 H), 7.75 (app. d,
H
HN N

J=88 Hz, 1 H), 846 (br. s, 1 H, CH;NH), 999 (br. s, 1 H,

ArNH); *C NMR (101 MHz, DMSO-d¢) & ppm 41.53 (CH,), 115.59 (d,
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J=22.0 Hz), 122.29, 124.78 (d, J = 3.7 Hz), 125.76 (d, J = 14.7 Hz), 126.70, 129.54 (d, J = 8.1 Hz),
130.16, 139.20, 143.06, 159.36, 161.79, 181.35 (C=S); mp 194 °C; LC/MS m/z (ESI*) 340.23 [M +
H]*, tg = 1.38 min; HRMS (ESI*) observed 340.0595, calculated for Ci4H15sCIN;0,S," [M + H]*

340.0590; Vmax cm™ (neat) 3266 (N-H), 1492 (SO,NH,), 1317 (C=S), 1148 (SO,).

4-(3-(2-Methoxybenzyl)thioureido)benzenesulfonamide

O Recrystallised from EtOH. '"H NMR (400 MHz, DMSO-d¢) & ppm 3.85
O\\g/NHZ

(s., 3 H),4.69 (d, J=5.0 Hz, 2 H, CH,;), 6.94 (td, J=7.4, 0.8 Hz, 1 H),

1 3
"
2 4H 5 8 7.03(d,J=7.7Hz,1H),7.22-7.32 (m, 4 H), 7.73 (m, 4 H), 8.21 (br. s.,
HN. N > s
\E b 1 H, CH,NH), 9.92 (br. s., 1 H, ArNH); *C NMR (101 MHz, DMSO-d¢) &
e

ppm 43.25 (CH,), 55.86 (OCH;), 111.07, 120.62, 121.97, 126.21,
126.68, 128.98, 143.22, 157.35, 181.00 (C=S)*; mp 194 °C; LC/MS m/z (ESI") 352.26 [M + H]",

tr = 1.39 min; HRMS (ESI*) observed 352.078, calculated for C;sH1sN305S," [M + H]* 352.0790;

Vmax €M™ (neat) 3345 (N-H), 1522 (SO2NH,), 1311 (C=S), 1149 (S0O,).

4-(3-(4-Cyanobenzyl)thioureido)benzenesulfonamide
0 Triturated with EtOH. "H NMR (400 MHz, DMSO-d¢) & ppm 4.78 (s.,

O\\g/NHZ

2 H, CH,), 7.21 (s., 2 H, NH,), 7.45 (app. d, J=8.3 Hz, 2 H), 7.58

N

© Q/ (app. d, J = 8.7 Hz, 2 H), 7.68 (app. d, J = 8.7 Hz, 2 H), 7.76 app. (d,

H

HN N
\E J=8.4 Hz, 2 H), 848 (br. s.,, 1 H, CH,NH), 9.98 (br. s., 1 H,
ArNH); 3¢ NMR (101 MHz, DMSO-dg) & ppm 47.22 (CH,), 109.99,
119.39, 122.65, 126.77, 128.59, 132.68, 139.41, 142.85, 145.36, 181.58 (C=S); mp 211 °C; LC/MS
m/z (ESI") 347.34 [M + H] ", tg=1.34 min; HRMS (ESI") observed 347.0643, calculated for
CisH1sN40,S5" [M + H]" 347.0636; V ax cm™ (neat) 3309 (N-H), 1541 (SO2NH,), 1302 (C=S), 1157

(SO2).
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4-(3-Benzyl-3-methylthioureido)benzenesulfonamide

o Cg) NH Triturated with EtOH. *H NMR (400 MHz, DMSO-d¢) & ppm 3.21 (s., 3 H),
Nla3d 2

5.18 (s., 2 H, CH;), 7.23 - 7.43 (m, 7 H), 7.55 (app. d, /= 9.0 Hz, 2 H), 7.75

| \/@ (app. d, J=8.9 Hz, 2 H), 9.42 (s., 1 H, ArNH); ®C NMR (101 MHz, DMSO-

HN_ N
\E d¢) & ppm 56.46, 125.41, 126.06, 127.72, 127.74, 129.01, 137.55, 139.76,

144.67, 182.23 (C=S)*; mp 219 °C; LC/MS m/z (ESI*) 336.30 [M + H]", tg = 1.39 min; HRMS (ESI")
observed 336.0837, calculated for C;sH1gN30,5," [M + H]' 336.0840; Vo cm™ (neat) 3245 (N-

H), 1527 (SO,NH,), 1298 (C=S), 1145 (SO,).

4-(3-(4-Fluorobenzyl)-3-methylthioureido)benzenesulfonamide

o (0] NH Triturated with EtOH. *H NMR (400 MHz, DMSO-d¢) & ppm 3.18 (s., 3
\\g/ 2

H, CHs), 5.15 (s., 2 H, CH,), 7.21 (t, J = 8.9 Hz, 2 H), 7.29 (s., 2 H, NH,),
| F 7.39(dd, J=8.7, 5.6 Hz, 2 H), 7.54 (d, J= 8.7 Hz, 2 H), 7.74 (d, /= 8.8

HN_ N s
jsf Hz, 2 H), 9.41 (s., 1 H, ArNH); *C NMR (101 MHz, DMSO-d6) & ppm
26.81 (NCHs), 55.74 (CH,), 115.67, 115.88, 125.49, 126.06, 129.83, 129.91, 133.74, 139.82,
144.62, 160.71, 182.18 (C=S)*; mp 200 °C; LC/MS m/z (ESI") 354.24 [M + H]*, tg = 1.42 min;
HRMS (ESI*) observed 354.0741, calculated for C;sH17FN305S," [M + H]" 354.0746; Via €M

! (neat) 3268 (N-H), 1528 (SO,NH,), 1297 (C=S), 1146 (SO,).

N-(4-Sulfamoylphenyl)-3,4-dihydroisoquinoline-2(1H)-carbothioamide

0.9 Triturated with EtOH. 'H NMR (400 MHz, DMSO-dg) & ppm 2.89 (t,
Sl

L . J=5.9 Hz, 2 H, C(6)H,), 4.01 (t, J=5.9 Hz, 2 H, C(5)H,), 4.98 (s., 2 H,
6 _, 4
2 45 5 3 C(7)H,), 7.11-7.19 (m, 4 H), 7.20 (s., 2 H, NH,), 7.45 (app. d, J = 8.8 Hz,
HN mz 13
\E 7 O 2 H), 7.66 (app. d, J=8.9 Hz, 2 H), 9.48 (s., 1 H, ArNH); >°C NMR (101
MHz, DMSO-dg) & ppm 28.62 (C(6)H,), 46.73 (C(5)H,), 50.70 (C(7)H,), 124.79, 126.15, 126.74,

126.79, 127.26, 128.59, 133.77, 135.47, 139.46, 144.63, 181.22 (C=S); mp 233 °C; LC/MS m/z

(ESI") 384.29 [M + H] %, tg=1.41 min; HRMS (ESI') observed 348.0842, calculated for
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CiH1gN30,S," [M + H]* 348.084; vins cm™ (neat) 3334 (N-H), 3254 (N-H), 1528 (SO,NH,), 1298

(C=S), 1159 (S0O,).

4-(3-(1-(2-Chlorophenyl)ethyl)thioureido)benzenesulfonamide
o (0] NH Triturated with EtOH. 'H NMR (400 MHz, DMSO-d¢) & ppm 1.38 (d, J= 7.0
\\g/ 2

Hz, 3 H), 5.66 (quin, J = 7.1 Hz, 1 H, CHCH3), 7.19 (s., 2 H, NH,), 7.22 (dd,
H J=76,17Hz,1H),7.29 (td,J=7.5,1.3 Hz, 1 H), 7.37 (td, J=8.2, 1.6 Hz,
HN N

\g/ 2H),7.60-7.69(m,4H),8.48(d,/=7.5Hz, 1 H, CHCH3NH), 9.75(s., 1 H,

|
AI’NH);13C NMR (101 MHz, DMSO-dg) 6 ppm 21.25 (CH3), 50.96 (CH,), 121.81, 126.68, 127.46,
127.94, 128.91, 129.83, 132.09, 138.92, 141.97, 143.23, 180.30 (C=S); mp 191 °C; LC/MS m/z
(ESI") 370.18 [M + H]', tg=1.45 min; HRMS (ESI") observed 370.9455, calculated for

C1sH1,CIN30,S,* [M + H]* 370.0451; v,ns cm™ (neat) 3311 (N-H), 1541 (SO,NH,), 1322 (C=S),

1144 (SO,).

4-(3-((Tetrahydro-2H-pyran-3-yl)methyl)thioureido)benzenesulfonamide
o (0] NH Triturated with EtOH. '"H NMR (400 MHz, DMSO-d¢) 6 ppm 1.19 - 1.33
\\g/ 2
(m, 1 H), 1.40 - 1.54 (m, 1 H), 1.55 - 1.66 (m, 1 H), 1.73 - 1.83 (m, 1 H),

HJ/\OJ 1.83 - 1.96 (m, 1 H), 3.08 - 3.20 (m, 1 H), 3.28 - 3.47 (m, 3 H), 3.65 - 3.83

HN_ N
\E (m, 2 H, CH,), 7.26 (s., 2 H, NH,), 7.65 (app. d, J = 8.8 Hz, 2 H), 7.73 (app.

d, J=8.8 Hz, 2 H), 8.07 (br. s., 1 H, CH,NH), 9.74 (br. s., 1 H, ArNH); *C NMR (101 MHz, DMSO-
d¢) 6 ppm 25.24, 27.43, 35.80, 46.38, 67.95, 70.95, 122.00, 126.71, 138.92, 143.17, 181.06 (C=S);
mp 192 °C; LC/MS m/z (ESI') 330.26 [M + H]’, tz = 1.18 min; HRMS (ESI*) observed 330.0937,
calculated for Ci3H,0N305S," [M + H]* 330.0946; Vs cm™ (neat) 3240 (N-H), 1533 (SO,NH,),

1321 (C=S), 1153 (SO,).
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4-(3-(4-Chlorophenyl)thioureido)benzenesulfonamide

o (§3 NH Triturated with EtOH. 'H NMR (400 MHz, DMSO-d) & ppm 7.30 (s., 2 H,
Nla3d 2
NH,), 7.41 (app. d, J=8.7 Hz, 2 H), 7.53 (app. d, /=8.8 Hz, 2 H), 7.68
H (app. d, J=8.7 Hz, 2 H), 7.77 (app. d, J=8.9 Hz, 2 H), 10.10 (s., 1 H),
HN N

\©\ 10.14 (s., 1 H, ArNH); *C NMR (101 MHz, DMSO-d¢) & ppm 123.19,
cl

125.82, 126.66, 128.88, 129.05, 138.68, 139.68, 142.96, 180.14 (C=S);
mp 191 °C; LC/MS m/z (ESI") 342.17 [M + H] ", tx = 1.40 s; HRMS (ESI*) observed 342.0133,
calculated for C13H13CIN30,5," [M + H]* 342.0138; Ve cm™ (neat) 3339 (N-H), 3198 (N-H), 1530

(SO,NH,), 1338 (C=S), 1157 (SO,). Data consistent with literature values.**

4-(3-(4-Methylbenzyl)thioureido)benzenesulfonamide
o (0] NH Purified using HPLC/MS. *H NMR (400 MHz, DMSO-d¢) & ppm 2.22 (s.,
\\g/ 2

3H),462(d,J=4.4Hz,2H, CH,),7.09 (d,/=7.8Hz,2H),7.16 (s., 2 H,
NH,), 7.19 (br. s., 2 H), 7.60 (app. d, J=8.8 Hz, 2 H), 7.66 (app. d,
H
HN N\/©/

\g/ J=8.7 Hz, 2 H), 8.31 (br. s.,, 1 H, CH,NH), 9.79 (br. s., 1 H, ArNH);

3¢ NMR (101 MHz, DMSO-d;) 6 ppm 21.17 (CH3), 47.43 (CH,), 122.18, 126.70, 128.04, 129.34,
135.91, 136.59, 139.07, 143.12, 181.02 (C=S); mp 216 °C; LC/MS m/z (ESI') 336.21 [M + H]",
tr = 1.42 min; HRMS (ESI*) observed 336.0831, calculated for C;sH15N30,S," [M + H]" 336.084;

Vmax €M™ (neat) 3333 (N-H), 3255 (N-H), 1494 (SO,NH,), 1317 (C=S), 1152 (SO,).

4-(3-(2-Methylbenzyl)thioureido)benzenesulfonamide
o) Purified using HPLC/MS. *H NMR (400 MHz, DMSO-d¢) & ppm 2.32 (s., 3

O\\g/NHZ

H), 4.70 (d, J=5.0 Hz, 2 H, CH,), 7.20 (m, 2 H), 7.27 (m, 2 H), 7.73 (s., 4

© H), 8.29 (br. s., 1 H, CH,NH), 9.85 (br. s., 1 H, ArNH); *C NMR (101 MHz,
H
HN\ENI)

DMSO-d¢) & ppm 19.18 (CHs), 45.88 (CH,), 126.30, 126.68, 127.64,

130.50, 181.00 (C=S)*; mp 176 °C; LC/MS m/z (ESI') 336.23 [M + H] ",
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tg = 1.40 min; HRMS (ESI*) observed 336.0830, calculated for C;sH15N30,S," [M + H]" 336.084;

Vmax €M™ (neat) 3333 (N-H), 3254 (N-H), 1493 (SO,NH,), 1329 (C=S), 1159 (S0O,).
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Experimental Details for Chapter 5 - Investigating the Ligandability
of the PHD-JmjC of PHF8

Virtual Screening

Protein Structure Preparation

The structure of PHF8 containing the PHD and JmjC domains (PDB ID 3KV4) was prepared using
Schrodinger Protein Preparation Wizard (Epik version 2.4; Impact version 5.9; Prime version 3.2,
Schrodinger, LLC, New York, NY, 2013). Missing side chains were not built as they were not near
the peptide binding site. All ethylene glycol molecules were deleted. Four water molecules were
retained, as they appeared to form a well-defined network in the peptide binding cavity. The
retained waters are residues 487, 491, 659, and 660 in the original PDB file. H-bonds were
optimised for pH 7 ionisation states. The structure was refined using the OPLS_2005 force field
restraining the final structure to a RMSD of 0.3 A compared to the initial structure. The
N-oxalylglycine and residues 7-14 of the bound peptide were deleted after structure

minimisation.
Synthesis and Characterisation

Synthesis of Diethyl 2-Benzyl-2-(1,3-Dioxoisoindolin-2-yl) Malonates

General Procedure

Diethyl 2-(1,3-dioxoisoindolin-2-yl)malonate (14 g, 46 mmol) was dissolved in anhydrous DMF
(20 mL) to give a 2.3 M solution. Potassium tert-butoxide (5.12 g, 46 mmol) was dissolved in
anhydrous DMF (20mL) to give a 2.3 M solution. 1 mL of each of 2.3M diethyl
2-(1,3-dioxoisoindolin-2-yl)malonate solution and 2.3 M potassium tert-butoxide were added to
a sealed vial and the mixture allowed to stir at room temperature for 1 h. The appropriate
benzyl-bromide (1 equiv.) was added either as a solution in 0.5 mL of DMF for solid benzyl
bromides or as a neat liquid for liquid benzyl bromides. The mixture was allowed to stir at 60 °C

for 7 h. The solvent was removed in vacuo. The crude material was dissolved in 2 mL of DCM and
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2 mL of H,0. The biphasic mixture was extracted with 3 x 2 mL DCM and the combined organic

layers washed with 3 x 5 mL of H,0, 5 mL of brine, and dried in vacuo.

Carbon spectra where the number of peaks observed is less than the number of peaks expected

due to overlap are labelled with an asterisk.

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(2-fluorobenzyl)malonate

L /' 'H NMR (400 MHz, CDCl5) & ppm 1.29 (t, J=7.2 Hz, 6 H, CH3), 3.87
O O
(s., 2 H, CH,Ar), 4.20 - 4.44 (m, 4 H, CH,CH;), 6.70 (t, J = 9.3 Hz, 1 H),
00 o)
N 7.03 (td, J=7.5, 1.1 Hz, 1 H), 7.09 - 7.17 (m, 1 H), 7.61 (td, J= 7.7,
1
o)

1.7 Hz, 1 H), 7.69 - 7.82 (m, 4 H, C(1-4)H); *C NMR (101 MHz, CDCl,)
& ppm 13.84, 31.03 (d, J = 1.5 Hz), 61.96 - 64.11 (m), 67.86, 114.58
(d, J=22.7 Hz), 122.06 (d, J=14.7 Hz), 123.31, 123.84 (d, J=2.9 Hz), 129.01 (d, J=8.1 Hz),
131.58, 133.98 (d, J = 4.4 Hz), 134.11, 161.77 (d, J = 248.0 Hz), 165.60, 166.69; LC/MS m/z (ESI")
414.32 [M + HI', tg = 1.79 min; HRMS (ESI*) observed 436.1191, calculated for Cy,H,oFNOgNa*

[M + NaJ* 436.1172.

Diethyl 2-(2-chlorobenzyl)-2-(1,3-dioxoisoindolin-2-yl)malonate

'H NMR (400 MHz, DMSO-dg) & ppm 1.15 (t, J= 7.1 Hz, 6 H, CHs),

Lo o) 3.87 (s., 2 H, CH,Ar), 4.12 - 4.32 (m, 4 H, CH,CH;), 7.17 - 7.25 (m, 3
00 o H), 7.55 (d, J=7.3 Hz, 1 H), 7.84 - 7.91 (m, 4 H, C(1-4)H); *C NMR
N
! o ¢ (101 MHz, CDCl3) 6 ppm 14.07, 34.83, 63.21, 67.85, 124.02, 127.45,
2
3 4 129.40, 129.51, 130.93, 133.00, 133.56, 134.62, 135.78, 165.54,

166.77; LC/MS m/z (ESI) 430.29 [M + H]%, tg = 1.93 min; HRMS (ESI") observed 452.0899,

calculated for C,,H5CINOgNa* [M + Na]* 452.0876.
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Diethyl 2-(2-cyanobenzyl)-2-(1,3-dioxoisoindolin-2-yl)malonate

L ) 'H NMR (400 MHz, CDCl;) 8§ ppm 1.29 (t, J= 7.1 Hz, 6 H, CH3), 4.09

O O
(s., 2 H, CH,Ar), 4.26 - 4.42 (m, 4 H, CH,CH;), 7.25 - 7.31 (m, 1 H),

00 o)
N 7.42-7.48 (m, 2 H),7.68 (d, J= 7.8 Hz, 1 H), 7.73 - 7.83 (m, 4 H, C(1-
1
o)

) /] 4)H); *C NMR (101 MHz, CDCl5) & ppm 13.81, 36.68, 63.21, 67.92,

114.53, 117.89, 123.58, 127.61, 131.44, 132.15, 132.30, 132.70,
134.39, 139.07, 165.40, 166.81; LC/MS m/z (ESI) 421.35 [M + H]*, tg = 1.68 min; HRMS (ESI*)

observed 443.124, calculated for Cy3H,oN,0¢Na* [M + Na]" 443.1219.

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(2-(trifluoromethyl)benzyl)malonate
'H NMR (400 MHz, CDCl3) & ppm 1.23 (t,J = 7.2 Hz, 6 H, CH;), 4.21 (s.,

Lo OJ 2 H, CH,Ar), 4.24 - 4.36 (m, 4 H, CH,CH3), 7.30 (t, J = 7.8 Hz, 1 H), 7.41

00 O

N (t, J=7.8 Hz, 1 H), 7.56 (d, J=7.8 Hz, 1 H), 7.64 (d, J=7.9 Hz, 1 H),

(@) Fa 7.72 -7.75 (m, 2 H), 7.78 - 7.83 (m, 2 H); *C NMR (101 MHz, CDCl5) &

ppm 13.69, 33.88, 62.94, 68.89, 123.48, 125.53 - 126.18 (m), 126.89,

131.29, 131.46, 132.06, 134.30, 134.47 (d, J =5.1 Hz), 166.05, 167.24; LC/MS m/z (ESI*) 464.34
[M + HJ', tg= 1.91 min; HRMS (ESI") observed 486.1161, calculated for Cy3H,oF3sNOgNa®

[M + Na]" 486.1140.

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(2-methylbenzyl)malonate

'H NMR (400 MHz, CDCl5) & ppm 1.27 (t, J=7.2 Hz, 6 H, CH3), 2.26

Lo o) (s., 3H, ArCHs), 3.97 (s., 2 H, CH,Ar), 4.17 - 4.39 (m, 4 H, CH,CH3),

00 N 0o 6.91-6.96 (m, 1 H), 6.96 - 7.03 (m, 2 H), 7.30 (d, J = 7.2 Hz, 1 H), 7.68

! o - 7.79 (m, 4 H, C(1-4)H); *C NMR (101 MHz, CDCl;) & ppm 13.81,
2 s 19.86, 34.29, 62.90, 68.62, 123.33, 125.42, 126.88, 130.17, 130.91,

131.41, 133.65, 134.18, 137.78, 166.25, 166.92; LC/MS m/z (ESI*) 410.37 [M + HY', tg = 1.87 min;

HRMS (ESI*) observed 432.1438, calculated for C,3H,3NOgNa* [M + Na]* 432.1423.
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Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(3-fluorobenzyl)malonate

L /' 'H NMR (400 MHz, CDCl5) & ppm 1.30 (t, J = 7.3 Hz, 6 H, CH3), 3.79
O o
(s., 2 H, CH,Ar), 4.26 - 4.47 (m, 4 H, CH,CH;), 6.74 - 6.83 (m, 1 H),
00 o)
N 6.96 - 7.06 (m, 3 H), 7.67 - 7.81 (m, 4 H, C(1-4)H); **C NMR (101
1 o =
, MHz, CDCl;) & ppm 13.86, 37.49 (d, J=1.5 Hz), 62.99, 68.24,

113.99 (d, J = 21.3 Hz), 117.97 (d, J = 21.3 Hz), 123.39, 126.55 (d,
J=2.9 Hz), 129.19 (d, J = 8.1 Hz), 131.27, 134.27, 137.41 (d, J = 7.3 Hz), 162.33 (d, J = 245.8 Hz)
165.72, 166.69; LC/MS m/z (ESI*) 414.33 [M + H]*, t = 1.83 min; HRMS (ESI*) observed 436.1189,

calculated for C,,H0FNOgNa® [M + Na]* 436.1172.

Diethyl 2-(3-chlorobenzyl)-2-(1,3-dioxoisoindolin-2-yl)malonate

L ) 'H NMR (400 MHz, CDCl;) & ppm 1.31 (t, J=7.3 Hz, 6 H, CHs),
O O
3.77 (s., 2 H, CH,Ar), 4.23 -4.45 (m, 4 H, CH,CH3), 7.02 (d, /= 7.6
00 (@]
N Hz, 1 H), 7.07 (dt, J=8.1, 1.3 Hz, 1 H), 7.17 (dt, J=7.6, 1.6 Hz, 1
1
e Cl

H), 7.20 (t, J = 1.7 Hz, 1 H), 7.70 - 7.79 (m, 4 H, C(1-4)H); °C NMR
(101 MHz, CDCl3) &6 ppm 13.87, 37.44, 63.02, 68.24, 123.42,
127.20, 129.09, 129.17, 131.03, 131.27, 133.64, 134.30, 136.99, 165.68, 166.73; LC/MS m/z
(ESI") 430.31 [M + H], ta= 1.92 min; HRMS (ESI") observed 452.0896, calculated for

C,,H0CINOgNa* [M + Na]* 452.0876.

Diethyl 2-(3-cyanobenzyl)-2-(1,3-dioxoisoindolin-2-yl)malonate

L ) 4 NMR (400 MHz, CDCl5) & ppm 1.21 (t, J= 7.1 Hz, 6 H, CH),
o o
3.73 (., 2 H, CH,Ar), 4.17 - 4.34 (m, 4 H, CH,CH3), 7.08 - 7.13 (m,
00 0
N 1H),7.31 (dt, J= 7.8, 1.3 Hz, 1 H), 7.46 (s., 2 H), 7.62 - 7.69 (m, 4
. o CN

H, C(1-4)H); C NMR (101 MHz, CDCl;) & ppm 13.86, 37.44,

63.17, 67.96, 111.98, 118.52, 123.54, 128.70, 130.87, 131.06,
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134.54, 135.53, 136.63, 165.53, 166.67; LC/MS m/z (ESI*) 421.33 [M + HJ*, ts = 1.74 min; HRMS

(ESI*) observed 443.1239, calculated for C,3H,0N,0sNa* [M + Na]* 443.1219.

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(3-methoxybenzyl)malonate

L J '"H NMR (400 MHz, CDCl3) & ppm 1.31 (t, J=7.2 Hz, 6 H, CH3),
O O
3.54 (s., 3 H, OCH3), 3.77 (s., 2 H, CH,Ar), 4.25 - 4.46 (m, 4 H,
00 @]
N CH,CH3), 6.63 (dd, J=7.8, 2.0 Hz, 1 H), 6.79 - 6.84 (m, 2 H),
1
0) OMe

6.95 (d, J=7.8 Hz, 1 H), 7.68 - 7.80 (m, 4 H, C(1-4)H); °C NMR
(101 MHz, CDCl;) & ppm 13.89, 37.71, 54.87, 62.90, 68.49,
113.47, 115.74, 123.29, 123.39, 128.78, 131.45, 134.13, 136.37, 159.07, 165.87, 166.67; LC/MS
m/z (ESI') 426.34 [M + H]', tg = 1.80 min; HRMS (ESI*) observed 448.1387, calculated for

C23H23NO;Na* [M + Na]* 448.1372.

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(3-(trifluoromethyl)benzyl)malonate

L J 'H NMR (400 MHz, CDCl5) & ppm 1.31 (t, J= 7.2 Hz, 6 H, CHs),
O (@]
3.84 (s, 2 H, CH,Ar), 4.25 - 4.44 (m, 4 H, CH,CHs), 7.26 (t,
(0]0) (@)
N J=7.8Hz, 1 H), 7.31 (s, 1 H), 7.35 (d, J= 7.7 Hz, 1 H), 7.62 (d,
1
o} CF3

J=7.7 Hz, 1 H), 7.72 (m, 4 H, C(1-4)H); *C NMR (101 MHz,
CDCl;) & ppm 13.85, 37.43, 63.07, 68.16, 123.40, 123.84 (q,
J=3.7 Hz), 127.39 (q, J = 3.7 Hz), 128.40, 131.17, 134.34, 134.73 (app. d, J=1.5 Hz), 136.02,
165.62, 166.71; LC/MS m/z (ESI") 464.34 [M + H]", ty = 1.92 min; HRMS (ESI') observed 486.1161,

calculated for Cp3H,0FsNOgNa* [M + Na]* 486.1140.
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Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(3-methylbenzyl)malonate

L /' 'H NMR (400 MHz, CDCl3) 6 ppm 1.31 (t, /= 6.6 Hz, 6 H, CH3),

O O
2.00 (s., 3 H, ArCHs), 3.75 (s., 2 H, CH,Ar), 4.21 - 4.43 (m, 4 H,

00 o)
N CH,CH;), 6.88 (d, J=7.5 Hz, 1 H), 6.93 (s., 1 H), 6.97 (t, J=7.5
1
o)

) Hz, 1 H), 7.09 (d, J=7.6 Hz, 1 H), 7.68 - 7.80 (m, 4 H,

C(1-4)H); *C NMR (101 MHz, CDCl3) & ppm 13.89, 20.94, 37.54,
62.84, 68.62, 123.24, 127.64, 127.78, 128.07, 131.49, 131.64, 134.08, 134.81, 137.28, 165.87,
166.71; LC/MS m/z (ESI') 410.37 [M + H]%, tg = 1.87 min; HRMS (ESI") observed 432.1438,

calculated for C,3H3NOgNa* [M + Na]* 432.1423.

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(4-fluorobenzyl)malonate

L J 'H NMR (400 MHz, CDCl3) 6 ppm 1.30 (t, J= 7.0 Hz, 6 H, CH5),

0O o
3.76 (s., 2 H, CH,Ar), 4.25 - 4.43 (m, 4 H, CH,CH;), 6.74 (t, J = 8.7

00 o) F
N Hz, 2 H), 7.22 (dd, J=8.8, 5.6 Hz, 2 H), 7.68 - 7.78 (m, 4 H,
1
o)

) C(1-4)H); °C NMR (101 MHz, CDCl;) & ppm; 13.87, 36.96, 62.94,

68.32, 114.71 (d, J=21.3 Hz), 123.38, 130.65 (d, J=2.9 Hz),
131.25, 132.48 (d, J = 8.1 Hz), 134.26, 161.97 (d, /= 244.3 Hz), 165.82, 166.70; LC/MS m/z (ESI)
414.34 [M + H]’, tg = 1.83 min; HRMS (ESI*) observed 436.1186, calculated for C,,H,oFNOgNa*

[M + Na]" 436.1172.

Diethyl 2-(4-chlorobenzyl)-2-(1,3-dioxoisoindolin-2-yl)malonate

L J 'H NMR (400 MHz, CDCl5) & ppm 1.30 (t, J= 7.2 Hz, 6 H, CH3),

O O
3.76 (s., 2 H, CH,Ar), 4.22 - 4.43 (m, 4 H, CH,CH;), 7.04 (dt,

00 o) Cl
N J=8.6,2.7 Hz, 2 H), 7.20 (dt, J = 8.6, 2.4 Hz, 2 H), 7.70 - 7.77 (m,
1
0

) 4 H, C(1-4)H); *C NMR (101 MHz, CDCl3) 6 ppm 13.87, 37.15,

62.97, 68.19, 123.44, 128.04, 131.23, 132.27, 133.02, 133.46,
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134.31, 165.77, 166.70; LC/MS m/z (ESI*) 430.30 [M + H]", tg = 1.92 min; HRMS (ESI*) observed

452.0896, calculated for C,,H,0CINOgNa* [M + Na]* 452.0876.

Diethyl 2-(4-cyanobenzyl)-2-(1,3-dioxoisoindolin-2-yl)malonate

L ) 'H NMR (400 MHz, CDCl;) 6 ppm 1.30 (t, J = 7.2 Hz, 6 H, CH3),

O O
3.84 (s., 2 H, CH,Ar), 4.23 - 4.43 (m, 4 H, CH,CH;), 7.38 (d,

00 0O CN
N J=4.9 Hz, 4 H), 7.75 (s., 4 H, C(1-4)H); *C NMR (101 MHz,
1
0

) CDCl;) 6 ppm 13.86, 37.91, 63.18, 67.89, 111.01, 118.78,

123.53, 127.30, 131.71, 132.64, 134.52, 140.70, 165.54,
166.62; LC/MS m/z (ESI') 421.38 [M + H]*, tg = 1.74 min; HRMS (ESI') observed 443.1237,

calculated for C,3H,0N,0¢Na [M + Na]* 443.1219.

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(4-(trifluoromethyl)benzyl)malonate

L /' 'H NMR (400 MHz, CDCl3) 6 ppm 1.29 (t, J=7.0 Hz, 6 H,

O o
CHs), 3.84 (s., 2 H, CH,Ar), 4.22 - 4.42 (m, 4 H, CH,CH;),

00 o)
CFs
N 7.34 (dd, J=27.6, 8.4 Hz, 4 H), 7.66 - 7.81 (m, 4 H,
1
o)

C(1-4)H); *C NMR (101 MHz, CDCl;) & ppm 13.85, 37.61,
63.06, 68.09, 123.42, 124.73 (q, J = 3.7 Hz), 126.87, 129.27
(9, /= 33.0 Hz), 131.17, 131.29, 134.38, 139.15, 165.69, 166.70; LC/MS m/z (ESI") 464.37 [M +
H]*, tg = 1.94 min; HRMS (ESI*) observed 486.116, calculated for C,sH,oF3NOgNa® [M + Na]*

486.1140.

Diethyl 2-(1,3-dioxoisoindolin-2-yl)-2-(4-methylbenzyl)malonate

L ) 'H NMR (400 MHz, CDCl5) & ppm 1.29 (t, J=7.3 Hz, 6 H, CH3),

O O
2.17 (s., 3 H, ArCHs;), 3.74 (s., 2 H, CH,Ar), 4.23 - 4.43 (m, 4 H,

00 o)
N CH,CHs), 6.85 (d, J= 7.9 Hz, 2 H), 7.10 (d, J = 8.1 Hz, 2 H), 7.65 -
1
o)

) 7.76 (m, 4 H, C(1-4)H); *C NMR (101 MHz, CDCl;) & ppm 13.89,
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20.97, 37.29, 62.82, 68.56, 123.30, 128.57, 130.77, 131.44, 131.75, 134.08, 136.53, 165.92,
166.75; LC/MS m/z (ESI') 410.37 [M + HJ*, tx = 1.88 min; HRMS (ESI*) observed 432.1441",

calculated for C,3H23NOgNa [M + Na]® 432.1423.

Hydrolysis of Diethyl 2-(1,3-Dioxoisoindolin-2-yl)-2-Benzyl Malonate

The crude residue of the proceeding synthesis of diethyl 2-benzyl-2-(1,3-dioxoisoindolin-2-
yl)malonate was dissolved in 7.5 mL of EtOH. The material was transferred to a 20 mL vial
equipped with a stirrer bar and 7.5 mL of 5 M HCl| was added. The vials were sealed and the
mixture stirred at 80 °C for 48 h. At this point the vial caps were loosened and the mixtures
heated at 80 °C for a further 24 h. Ortho-phthalic acid was precipitated by the addition of cold
water, and extracted with 3 x 5 mL of EtOAc. Samples of the aqueous layer were neutralised
with 1 M NaOH and submitted for LC/MS and HRMS analysis. The remaining aqueous layer was
evaporated in vacuo to give the desired product. In some cases the product was isolated as a
mixture of free acid and ethyl ester. These cases were carried through to the next step without

purification. No NMR data is given for these examples.

Carbon spectra where the number of peaks observed is less than the number of peaks expected

due to overlap are labelled with an asterisk.

2-Amino-3-(2-fluorophenyl)propanoic acid. HCI
F 'H NMR (400 MHz, D,0) & ppm 3.13 (dd, J = 14.8, 7.3 Hz, 1 H), 3.28 (dd,
J=14.9, 6.0 Hz, 1 H), 4.23 (dd, J=7.3, 6.0 Hz, 1 H), 6.98 - 7.12 (m, 2 H),
OH
HCI. HoN 7.14 - 7.33 (m, 2 H); 3C NMR (101 MHz, D,0) & ppm 29.40, 53.08, 115.63
(d, J=22.0 Hz), 120.75 (d, J = 15.4 Hz), 124.88 (d, J= 2.9 Hz), 130.24 (d, J = 8.1 Hz), 131.79 (d,
J=3.7 Hz), 161.19 (d, J = 244.3 Hz), 171.06; LC/MS m/z (ESI) 184.16 [M + H]", tz = 0.28 min;

HRMS (ESI*) observed 228.0418, calculated for CsHoFNO,Na,™ [M + 2Na - H]* 228.0408. 'NMR

data consistent with literature values.**
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2-Amino-3-(2-chlorophenyl)propanoic acid. HCI
Cl '"H NMR (400 MHz, D,0) & ppm 3.19 (dd, J = 14.5, 8.6 Hz, 1 H), 3.45 (dd,
J=145, 6.4 Hz, 1 H), 4.21 (dd, J=8.7, 6.5 Hz, 1 H), 7.24 - 7.34 (m, 3 H),

OH
HCI. HoN 7.41 -7.48 (m, 1 H); 3C NMR (101 MHz, D,0) & ppm 34.00, 53.45, 127.60,

3

129.61, 129.87, 131.76, 132.24, 133.92, 172.08; LC/MS m/z (ESI*) 200.16 [M + H]", tz = 0.45 min;
HRMS (ESI*) observed 244.0124, calculated for CoHsCINO,Na,* [M + 2Na - H]" 244.0112. 'NMR

data are consistent with literature values.”*

2-Amino-3-(2-trifluoromethylphenyl)propanoic acid. HCI
LC/MS m/z (ESI") 234.19 [M + H]%, tg =0.69 min; HRMS (ESI") observed

3
278.0389, calculated for C;oHsF3NO,Na," [M + 2Na - H]" 278.0376.

HCI. H,N

ﬁ"
.
@)
T

2-Amino-3-(2-methylphenyl)propanoic acid. HCI

'H NMR (400 MHz, D,0) & ppm 2.28 (s., 3 H), 3.07 (dd, J = 14.7, 9.0 Hz, 1

H), 3.35(dd, J=14.5, 6.1 Hz, 1 H), 4.14 (dd, J = 8.8, 6.4 Hz, 1 H), 7.16 - 7.19

OH
HCI. H,N

3

(m,2H),7.21-7.25(m, 2 H); B¢ NMR (101 MHz, D,0) 6 ppm 18.28, 33.59,
53.40, 126.50, 128.11, 130.17, 130.93, 132.71, 137.29, 171.95; LC/MS m/z (ESI*) 180.20 [M + H]",
tg = 0.46 min; HRMS (ESI*) observed 224.0668, calculated for C;oH;;,NO,Na,” [M + 2Na - H]"

224.0659. 'NMR data consistent with literature values.**

2-Amino-3-(3-fluorophenyl)propanoic acid. HCI
'H NMR (400 MHz, D,0) & ppm 3.14 (dd, J = 14.5, 7.8 Hz, 1 H), 3.28 (dd,

F J=14.4,5.1 Hz, 1 H), 4.20 (dd, J = 7.8, 5.5 Hz, 1 H), 6.99 - 7.08 (m, 3 H),

OH
HCI. H,N 5
7.34 (td, J=7.9, 6.2 Hz, 1 H); *C NMR (101 MHz, D,0) & ppm 35.42,

ks

54.32,114.72 (d, J= 21.3 Hz), 116.09 (d, J = 21.3 Hz), 125.24 (d, J = 2.2 Hz), 130.87 (d, J = 8.1 Hz),

136.66 (d, J=8.1 Hz), 162.75 (d, J=243.6 Hz), 171.79; LC/MS m/z (ESI') 184.16 [M + HJ’,
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tg =0.39 min; HRMS (ESI*) observed 228.0418, calculated for CoHoFNO,Na," [M + 2Na - HJ"

228.0408. 'NMR data are consistent with literature values.**?

2-Amino-3-(3-chlorophenyl)propanoic acid. HCI
'H NMR (400 MHz, D,0) & ppm 3.12 (dd, J = 14.7, 7.7 Hz, 1 H), 3.26 (dd,

- J=14.7,5.6 Hz, 1 H), 4.17 (dd, J = 7.7, 5.6 Hz, 1 H), 7.13 - 7.20 (m, 1 H),

HCI. H,N OH 726 - 7.34 (m, 3 H); ®C NMR (101 MHz, D,0) & ppm 35.40, 54.42,

127.74, 127.91, 129.22, 130.55, 134.11, 136.38, 171.87; LC/MS m/z
(ESI") 200.17 [M + H], tg = 0.57 min; HRMS (ESI") observed 244.0123, calculated for

CoHyCINO,Na," [M + 2Na - H]" 244.0112. *"NMR data are consistent with literature values.?*®

2-Amino-3-(3-methoxyphenyl)propanoic acid. HCI
'H NMR (400 MHz, D,0) & ppm 3.12 (dd, J = 14.5, 7.7 Hz, 1 H), 3.25
MeO (dd, J=14.5,5.9 Hz, 1 H), 3.76 (s., 3 H), 4.23 (dd, J=7.8, 5.5 Hz, 1 H),
H
HCI. H,N © i
6.82 - 6.93 (m, 3 H), 7.29 (t, J = 8.0 Hz, 1 H); *C NMR (101 MHz, D,0) &
ppm 35.62, 54.24, 55.30, 113.46, 114.94, 122.08, 130.45, 135.80, 159.27, 171.68; LC/MS m/z

(ESI") 196.20 [M + H]*, tz=0.43 min; HRMS (ESI") observed 240.0622, calculated for

C1oH12NO3Na," [M + 2Na - H]* 240.0608. 'NMR data are consistent with literature values.”*

2-Amino-3-(3-methylphenyl)propanoic acid. HCI
LC/MS m/z (ESI*) 180.20 [M + H]’, tg = 0.43 min; HRMS (ESI") observed,

calculated for C;gH1,NO,Na,"* [M + 2Na - H]* 224.0659.

OH
HCI. H,N
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2-Amino-3-(4-fluorophenyl)propanoic acid. HCI
- LC/MS m/z (ESI*) 184.18 [M + H]", tz = 0.43 min; HRMS (ESI*) observed
228.0422, calculated for CoHgFNO,Na,* [M + 2Na - H]" 228.0408.

OH
HCI. H,N

2-Amino-3-(4-chlorophenyl)propanoic acid. HCI
Cl LC/MS m/z (ESI') 200.19 [M + H]*, tg = 0.63 min; HRMS (ESI*) observed

244.0124, calculated for CsHsCINO,Na," [M + 2Na - H]" 244.0112.

OH
HCI. H,N

2-Amino-3-(4-trifluoromethylphenyl)propanoic acid. HCI
FsC LC/MS m/z (ESI*) 234.19 [M + H]’, tg = 1.02 min; HRMS (ESI*) observed

278.0392, calculated for C;oHgF3NO,Na," [M + 2Na - H]* 278.0376.

OH
HCI. H,N

2-Amino-3-(4-methylphenyl)propanoic acid. HCI
LC/MS m/z (ESI) 180.22 [M + H]’, tg =0.43 min; HRMS (ESI*) observed

224.0676, calculated for C;oH1,NO,Na,™ [M + 2Na - H]* 224.0659.

OH
HCI. H,N

Esterification of Phenylalanine Analogues

The amino acid HCI salt or mixture of amino acid HCl salt and ethyl ester were suspended in
2 mL of EtOH, and cooled to 4 °C. Thionyl chloride (1.4 equiv. based on total mass of starting
material) was added dropwise, and the suspension allowed to stir at room temperature for 48 h.
The solvent was removed in vacuo giving the desired product as a HCl salt that was used without

further purification unless stated.
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Carbon spectra where the number of peaks observed is less than the number of peaks expected

due to overlap are labelled with an asterisk.

Ethyl 2-amino-3-(2-fluorophenyl)propanoate
'H NMR (400 MHz, D,0) & ppm 1.16 (t, J = 7.2 Hz, 3 H), 3.24 (dd, J = 14.7,
= o 7.0 Hz, 1 H), 3.33 (dd, /= 14.7, 6.5 Hz, 1 H), 4.19 (q, J = 7.2 Hz, 2 H), 4.35
0 (app.t,J=6.8 Hz, 1 H), 7.09 - 7.14 (m, 1 H), 7.14 - 7.18 (m, 1 H), 7.25 (td,

NH,

J=7.6,1.7 Hz, 1 H), 7.34 (tdd, J=7.8, 7.8, 5.6, 1.8 Hz, 1 H); *C NMR (101 MHz, D,0) & ppm
13.05, 29.53 (d, J=2.9 Hz), 53.13, 63.68, 115.65 (d, J=21.3 Hz), 120.63 (d, /= 16.1 Hz), 124.91
(d, J=3.7 Hz), 130.33 (d, J=8.8 Hz), 131.82 (d, J=4.4 Hz), 161.21 (d, J=242.1 Hz), 169.40;

LC/MS m/z (ESI*) [M + H]" 212.31, tg = 1.26 min; HRMS (ESI*) observed 212.1093, calculated for

C11H1sFNO,* [M + H]" 212.1087; Ve cm™ (neat) 2871 (C-H), 1741 (C=0), 1493 (phenyl).

Ethyl 2-amino-3-(2-chlorophenyl)propanoate
The resultant solid was dissolved in a 1:1 mixture of ethyl acetate and
water. A saturated aqueous solution of KHCO; was added dropwise until

Cl O

O~ ™\ the aqueous layer reached pH 10 as indicated by pH paper. The aqueous
NH,

layer was extracted with 3 x 5 mL EtOAc. The combined organic layers

were washed with brine and the solvent removed in vacuo to give the product as a free
amine. 'H NMR (400 MHz, DMSO-ds) & ppm 1.02 (t, J = 7.1 Hz, 3 H), 2.89 (dd, J=13.4, 7.2 Hz, 1
H), 2.95 (dd, J=13.6, 7.5 Hz, 1 H), 3.56 (app. t, J=7.3 Hz, 1 H), 3.95 (q, /=7.1 Hz, 2 H), 7.20 -
7.30 (m, 3 H), 7.35 - 7.41 (m, 1 H); ®°C NMR (101 MHz, DMSO-ds) & ppm 14.24, 54.36, 60.71,
127.47, 128.88, 129.58, 132.28, 133.67, 135.78, 175.28; LC/MS m/z (ESI') [M + H]" 228.22, tg =

1.34 min; HRMS (ESI*) observed 228.0797, calculated for C;;H1sCINO,* [M + H]* 228.0791; vy

cm™ (neat) 2922 (C-H), 1736 (C=0), 1474 (phenyl).
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Ethyl 2-amino-3-(2-trifluoromethylphenyl)propanoate
'H NMR (400 MHz, CD;0D) & ppm 1.10 (t, J= 7.2 Hz, 3 H), 3.38 (dd,
F3C o J=14.3,7.5 Hz, 1 H), 3.45 (dd, J = 14.4, 8.6 Hz, 1 H), 4.09 - 4.20 (m, 2

o
H), 4.29 (dd, J=8.5, 7.5 Hz, 1 H), 7.52 - 7.59 (m, 2 H), 7.65 - 7.71 (m, 1

NH,
H), 7.78 (d, J = 7.6 Hz, 1 H); *C NMR (101 MHz, CD50D) & ppm 12.59, 33.11, 53.51, 62.13, 126.18
(g, = 5.9 Hz), 127.99, 128.51, 128.80, 131.95, 132.41, 132.93, 168.23; LC/MS m/z (ESI*) [M + H]*
262.26, tz = 1.42 min; HRMS (ESI*) observed 262.1053, calculated for C;,HisFsNO," [M + H]*

262.1055; Ve €M™ (neat) 2923 (C-H), 1744 (C=0).

Ethyl 2-amino-3-(2-methylphenyl)propanoate
'H NMR (400 MHz, D,0) & ppm 1.13 (t, J = 7.2 Hz, 3 H), 2.27 (s., 3 H), 3.12

O (dd, J=14.4, 8.6 Hz, 1 H), 3.31 (dd, J = 14.4, 7.1 Hz, 1 H), 4.17 (qd, J=7.2,
o

NH 1.2 Hz, 2 H), 4.24 (dd, J=8.5, 7.2 Hz, 1 H), 7.10 - 7.26 (m, 4 H); °C NMR
2

(101 MHz, D,0) 6 ppm 13.04, 18.27, 33.54, 53.06, 63.58, 126.52, 128.23, 130.20, 130.93, 132.32,
137.22, 169.73; LC/MS m/z (ESI) [M + H]* 208.29, tg = 1.30min; HRMS (ESI") observed 208.1346,

calculated for C;,HigNO," [M + H]" 208.1338; vy Cm™ (neat) 2873 (C-H), 1741 (C=0), 1494

(phenyl).

Ethyl 2-amino-3-(3-fluorophenyl)propanoate
1H NMR (400 MHz, D,0) 6 ppm 1.18 (t, J= 7.2 Hz, 3 H), 3.19 (dd, J = 14.5,
7.3 Hz, 1 H), 3.28 (dd, J=14.7, 6.2 Hz, 1 H), 4.22 (q, J= 7.2 Hz, 2 H), 4.34

o)
o~ (dd,J=7.3,6.3 Hz, 1 H),6.99 (app. dt, J = 9.9, 2.0 Hz, 1 H), 7.02 - 7.08 (m,

NH

2 2 H), 7.32 - 7.39 (m, 1 H); 13C NMR (101 MHz, D,0) & ppm 13.10, 35.26,
53.88, 63.66, 114.86 (d, J=22.0 Hz), 116.14 (d, J=21.3 Hz), 125.28 (d, J = 2.9 Hz), 130.94 (d,
J=8.1 Hz), 136.18 (d, J=7.3 Hz), 162.76 (d, J = 246.5 Hz), 169.36; LC/MS m/z (ESI*) [M + H]*

212.27, tg = 1.27 min; HRMS (ESI*) observed 212.1093, calculated for C;;H;sFNO," [M + H]*

212.1087; Vpmax M’ (neat) 2982 (C-H), 1741 (C=0), 1489 (phenyl).
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Ethyl 2-amino-3-(3-chlorophenyl)propanoate
Cl 'H NMR (400 MHz, D,0) & ppm 1.17 (t, J=7.2 Hz, 3 H), 3.17 (dd,

) J=14.4,7.2 Hz, 1 H), 3.24 (dd, J=14.7, 6.6 Hz, 1 H), 4.20 (q, /= 7.1 Hz, 1

AN
JH o H), 4.33 (app. t,J=6.8 Hz, 1 H), 7.13 - 7.16 (m, 1 H), 7.26 (s., 1 H), 7.29 -
2

7.35 (m, 2 H); C NMR (101 MHz, D,0) & ppm 13.13, 35.24, 53.87, 63.66, 127.79, 128.05,
129.29, 130.61, 134.12, 135.85, 169.33; LC/MS m/z (ESI*) [M + H]* 228.22, ti = 1.37 min; HRMS
(ESI") observed 228.0794, calculated for C1;H1sCINO,* [M + H]* 228.0791; Vpnax cm™* (neat) 2870

(C-H), 1739 (C=0), 1477 (phenyl).

Ethyl 2-amino-3-(3-methoxyphenyl)propanoate

e 'H NMR (400 MHz, CD;0D) & ppm 1.28 (t, J=7.2 Hz, 3 H), 3.18 (dd,

0 J=14.2,7.2 Hz, 1 H), 3.25 (dd, J = 14.2, 6.5 Hz, 1 H), 3.82 (s., 3 H), 4.28
o
NH,
6.91 (ddd, J=8.2, 2.2, 1.1 Hz, 1 H), 7.30 (t, J = 8.4 Hz, 1 H); **C NMR (101 MHz, CD;0D) & ppm

(9, J=7.1 Hz, 2 H), 4.33 (app. d, J=6.8 Hz, 1 H), 6.83 - 6.88 (m, 2 H),

14.44,37.61, 55.30, 55.87, 63.78, 114.49, 116.30, 122.73, 131.35, 136.87, 161.81, 170.14; LC/MS
m/z (ESI") [M + H]" 224.29, tz = 1.24 min; HRMS (ESI*) observed 224.129, calculated for

C1oH1gNO3* [M + H]" 224.1287; Vyax M (neat) 2836 (C-H), 1739 (C=0), 1490 (phenyl).

Ethyl 2-amino-3-(3-methylphenyl)propanoate

'H NMR (400 MHz, D,0) & ppm 1.18 (t, J = 7.2 Hz, 3 H), 2.26 (s., 3 H), 3.15
O (dd, J=14.4, 7.2 Hz, 1 H), 3.22 (dd, J = 14.4, 6.2 Hz, 1 H), 4.21 (g, J=7.1
o
NH Hz, 2 H), 4.30 (dd, J=7.2, 6.3 Hz, 1 H), 7.02 (d, J= 7.3 Hz, 1 H), 7.05 (s., 1
2

H), 7.16 (d, J = 7.8 Hz, 1 H), 7.24 (d, J = 7.6 Hz, 1 H); *C NMR (101 MHz, D,0) & ppm 13.11, 20.33,
35.56, 54.13, 63.57, 126.30, 128.65, 129.15, 129.98, 133.70, 139.38, 169.59; LC/MS m/z (ESI*) [M
+ H]" 208.28, tz = min 1.32; HRMS (ESI*) observed 208.1340, calculated for C;,HsNO," [M + H]*

208.1338; Vymax ¢’ (neat) 2924 (C-H), 1741 (C=0), 1489 (phenyl).
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Ethyl 2-amino-3-(4-fluorophenyl)propanoate
F 'H NMR (400 MHz, D,0) 6 ppm 1.18 (t, J = 7.2 Hz, 3 H), 3.17 (dd, J = 14.5, 7.3
Hz, 1 H), 3.25 (dd, J=14.5, 6.1 Hz, 1 H), 4.21 (g, J=7.2 Hz, 2 H), 4.31 (dd,

0]
J=7.2,6.2 Hz, 1 H), 7.04 - 7.11 (m, 2 H), 7.20 - 7.25 (m, 2 H); *C NMR (101

o)

NH> MHz, D,0) & ppm 13.10, 34.82, 54.07, 63.61, 115.88 (d, J = 22.0 Hz), 129.56
(d, J=2.9 Hz), 131.17 (d, J = 8.1 Hz), 162.25 (d, J = 242.8 Hz), 169.48; LC/MS m/z (ESI') [M + H]*
212.27, tg = 1.23 min; HRMS (ESI*) observed 212.1090, calculated for Ci;H;sFNO," [M + H]"

212.1087; Vpmax cm’™* (neat) 2906 (C-H), 1740 (C=0), 1510 (phenyl).

Ethyl 2-amino-3-(4-chlorophenyl)propanoate
Cl 'H NMR (400 MHz, D,0) & ppm 1.17 (t, J= 7.2 Hz, 3 H), 3.17 (dd, J = 14.9, 7.3
Hz, 1 H), 3.24 (dd, J = 15.0, 6.4 Hz, 1 H), 4.20 (q, J= 7.1 Hz, 1 H), 4.32 (t, /= 6.8
i o Hz, 1 H), 7.17 - 7.21 (m, 2 H), 7.33 - 7.38 (m, 2 H); *C NMR (101 MHz, D,0) &
NH; ppm 13.09, 34.99, 53.91, 63.64, 129.09, 130.91, 132.40, 133.30, 169.40;
LC/MS m/z (ESI) [M + H]" 2.28, tz = 1.37 min; HRMS (ESI*) observed 228.0797, calculated for

C11H1sCINO," [M + H]* 228.0791; Vs cm™ (neat) 2870 (C-H), 1739 (C=0), 1492 (phenyl).

Ethyl 2-amino-3-(4-trifluoromethylphenyl)propanoate
CF; The resultant solid was dissolved in a 1:1 mixture of ethyl acetate and water.
The aqueous layer was acidified with 1 M HCl and the combined layers

]
washed with 3x5mL 0.2M HCl. The combined aqueous layers were

o
NH; evaporated in vacuo to give the desired product as a HC salt. '"H NMR (400
MHz, CD;0D) 6 ppm 1.25 (t,J=7.2 Hz, 3 H), 3.29 (dd, /= 14.3, 7.5 Hz, 1 H), 3.35 (dd, J = 14.4, 6.8
Hz, 1 H), 4.27 (q, J=7.1 Hz, 2 H), 4.39 (app. t, J=7.1 Hz, 1 H), 7.51 (d, /=8.2 Hz, 2 H), 7.71 (d,

J=8.1Hz, 2 H); *C NMR (101 MHz, CD;0D) & ppm 12.80, 35.78, 53.41, 62.38, 125.53 (q, /= 3.7

Hz), 129.85, 138.74, 168.35; LC/MS m/z (ESI') [M + H]" 262.27, tz = 1.45 min; HRMS (ESI*)

231



David Bowkett Experimental Details for Chapter 5 - Investigating the
Ligandability of the PHD-JmjC of PHF8

observed 262.1057, calculated for C1,H1sF3NO," [M + H]* 262.1055; Ve cm™ (neat) 2985 (C-H),

1725 (C=0), (phenyl).

Ethyl 2-amino-3-(4-methylphenyl)propanoate
'H NMR (400 MHz, D,0) 6 ppm 1.18 (t, J = 7.2 Hz, 3 H), 2.25 (s., 3 H) 3.14 (dd,
J=14.5,7.2 Hz, 1 H), 3.22 (dd, J = 14.2, 6.1 Hz, 1 H), 4.21 (g, J = 7.2 Hz, 2 H),

0 4.29 (dd, J=7.2, 6.3 Hz, 1 H), 7.11 (app. d, J=8.4 Hz, 2 H), 7.19 (app. d,

o
NH, J=8.3 Hz, 2 H); 3C NMR (101 MHz, D,0) & ppm 13.10, 20.10, 35.21, 54.16,
63.57, 129.34, 129.75, 130.53, 138.28, 169.61; LC/MS m/z (ESI") [M + H]" 262.36, tz = 1.33 min;
HRMS (ESI) observed, 208.1350 calculated for C;,H1gNO,* [M + H]* 208.1338; Ve cm™ (neat)

2829 (C-H), 1737 (C=0), 1500 (phenyl).

Reductive Alkylation of Ethyl Esters of Phenylalanine Analogues

The amino acid ethyl ester was dissolved in a 5:1 solution of dry MeOH:Acetic Acid to give a
solution of 0.5 M. 3 g of activated 4 A molecular sieves were added. A 0.5 M solution of tert-
butyl (2-oxoethyl)carbamate was prepared in dry MeOH and 1.33 equiv. added to the reaction
mixture. A 0.6 M solution of sodium cyanoborohydride was prepared in dry MeOH and 1.4

equiv. added to the reaction mixture which was left for 20 h without stirring.

The reaction mixture was filtered and the molecular sieves washed with 10 mL MeOH. 10 mL
aqueous sodium hydrogen carbonate/sodium carbonate (pH 9) was added and the mixture
extracted with 3 x 10 mL DCM. The combined organic layers were washed with 10 mL brine and

the solvent removed in vacuo.

Impurities were removed using preparative scale HPLC, however for many examples it was not
possible to isolate pure product. These cases were carried through to the next step without

purification. No NMR or IR data are given for these examples.
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Carbon spectra where the number of peaks observed is less than the number of peaks expected

due to overlap are labelled with an asterisk.

Ethyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-(2-fluorophenyl)propanoate
'H NMR (400 MHz, CDCl;) 6 ppm 1.19 (t, J = 7.2 Hz, 3 H, CH,CH5), 1.46

F O (s., 9 H, C(CH3)3), 2.57 (ddd, J = 12.0, 7.0, 4.9 Hz, 1 H), 2.78 (ddd, J = 12.0,
HN

1

1 H) 7.01 - 7.11 (m, 2 H), 7.17 - 7.27 (m, 2 H); **C NMR (101 MHz, CDCl;) & ppm 14.10, 28.41,

7.3, 4.5 Hz, 1 H), 2.98 (ddd, J=20.9, 13.4, 7.1 Hz, 2 H), 3.05 - 3.22 (m, 2
NHBoC H),3.51(t,J=7.2Hz,1H)4.13(q,/=7.1 Hz, 2 H, CH,CH3) 4.79 - 4.90 (m,
33.1, 47.20, 60.87, 61.15, 115.26 (d, J=22.0 Hz) 123.94 (d, J=3.7 Hz) 128.56 (d, J=8.1 Hz)
131.54 (d, J = 4.4 Hz) 155.99, 174.43*; LC/MS m/z (ESI') [M + H]" 355.39, tz =2.13 min; HRMS

(ESI") observed 299.1396, calculated for C14H,0FN,0," [M + 2H - ‘Bu]* 299.1407.

Ethyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-(2-methylphenyl)propanoate
'H NMR (400 MHz, CDCl;) & ppm 1.08 (t, J=7.2 Hz, 3 H), 1.45 (s., 9 H),

o 2.36 (s., 3 H), 2.58 (m, 1 H), 2.64 - 2.71 (m, 1 H), 2.91 (dd, J = 13.6, 8.7 Hz,

O~ ™\ 1H),3.02(dd,J=13.6, 6.6 Hz, 1 H), 3.14 (app. t, J = 6.2 Hz, 2 H), 3.53 (dd,

HN
\L J=8.6,6.7 Hz, 1 H), 4.03 (m, 2 H), 7.08 - 7.18 (m, 4 H); *C NMR (101 MHz,

NHBoc
CDCl;) 6 ppm 14.11, 19.49, 28.42, 37.26, 47.33, 60.78, 125.87, 126.84,
129.89, 130.40, 136.39, 156.01, 174.89*; LC/MS m/z (ESI*) [M + H]" 351.42, tg = 2.13 min; HRMS

(ESI*) observed 295.1648, calculated for C;sH23N,0," [M + 2H - ‘Bu]* 295.1658.

Ethyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-(3-fluorophenyl)propanoate
F LC/MS m/z (ESI") [M + H]® 355.40, tg =2.12 min; HRMS (ESI*) observed

o) 299.1400, calculated for C14H,0FN,0,* [M + 2H - ‘Bu]* 299.1407.

o
HN

NHBoc
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Ethyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-(3-chlorophenyl)propanoate
Cl LC/MS m/z (ESI') [M + H]" 371.38, tz =2.21 min; HRMS (ESI*) observed

o] 315.1103, calculated for C14H5CIN,0,* [M + 2H - ‘Bu]* 315.1111.

o
HN

1

NHBoc

Ethyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-(3-
methoxyphenyl)propanoate

O LC/MS m/z (ESI") [M + H]" 367.42, tg =2.01 min; HRMS (ESI*) observed

0] 311.1601, calculated for C1sH,3N,05" [M + 2H - '‘Bu]* 311.1607.

o
HN

1

Ethyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-(3-methylphenyl)propanoate

NHBoc

LC/MS m/z (ESI") [M + H]" 351.43, tg =2.16 min; HRMS (ESI*) observed

o 295.1650, calculated for C1sH,3N,0," [M + 2H - ‘Bu]* 295.1658.
o
HN

1

Ethyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-(4-fluorophenyl)propanoate

NHBoc

F LC/MS m/z (ESI") [M + H]" 355.42, tg =2.00 min; HRMS (ESI") observed

299.1399, calculated for C14H,0FN,0,* [M + 2H - ‘Bu]* 299.1407.

NHBoc
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Ethyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-(4-chlorophenyl)propanoate
Cl LC/MS m/z (ESI') [M + H]" 371.37, tzg =2.17 min; HRMS (ESI') observed

315.1102, calculated for C14H,0CIN,0,* [M + 2H - ‘Bu]* 315.1111.
(0]

o
HN

1

Ethyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-

NHBoc

(4-trifluoromethylphenyl)propanoate
CF, LC/MS m/z (ESI") [M + H]" 405.41, tg =2.20 min; HRMS (ESI*) observed

349.1363, calculated for C1sH,0F3N,0," [M + 2H - ‘Bu]* 349.1375.
]
o
HN

1

Compound 89: Methyl 2-((2-((tert-butoxycarbonyl)amino)ethyl)amino)-3-

NHBoc

phenylpropanoate
'H NMR (400 MHz, CDCl3) & ppm 1.46 (s., 9 H), 2.50 - 2.62 (m, 1 H), 2.76
) (ddd, /=11.9, 6.8, 4.7 Hz, 1 H), 2.90 (dd, J=13.6, 7.6 Hz, 1 H), 2.99 (dd,
//,'HJ\O/
J=13.6,6.1 Hz, 1 H), 3.05 -3.22 (m, 2 H), 3.50 (dd, J=7.4, 6.4 Hz, 1 H), 3.69

HN

\L (s., 3 H),4.82 (br.s., 1H),7.20 (d, J=6.8 Hz, 2 H), 7.22 - 7.28 (m, 1 H), 7.29 -
NHBoc

7.35 (m, 2 H); *C NMR (101 MHz, CDCl5) & ppm 28.35, 39.53, 47.74, 52.09, 62.13, 127.05,

128.59, 129.27, 156.42, 160.42*; LC/MS m/z (ESI) [M + H]" 323.26, tz = 1.12 min; HRMS (ESI*)

observed 267.1349, calculated for Ci;3H»,N,0," [M + 2H - ‘Bu]" 267.1345. 'NMR data are

consistent with literature values.”®
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Preparation of Ketopiperazines

Ethyl 2-amino-3-phenylpropanoates prepared in the preceding step were dissolved in DCM to a
concentration of 0.35 M. Triethylsilane (2.5 equiv.) was added, followed by trifluoroacetic acid
(13 equiv.). The reaction mixture was stirred at room temperature in a sealed vial for 1 h. The
solvent was removed in vacuo and the resulting gum triturated with diethyl ether. The resulting
solid was washed once with diethyl ether, dissolved in 3 mL DCM and 300 pL triethylamine. The
resulting mixture was stirred at 60 °C in a sealed vial for 48 h. Solvent was removed in vacuo and
the resultant solid dissolved in 2 mL DCM and 2 mL H,0. Additional H,O was added until the
aqueous phase was clear, and the biphasic mixture was extracted with 3 x3 mL DCM. The
combined organic phase was dried in vacuo and the desired product isolated using preparative

scale HPLC.

Carbon spectra where the number of peaks observed is less than the number of peaks expected

due to overlap are labelled with an asterisk.

Compound 109: 3-(3-Fluorobenzyl)piperazin-2-one
F 'H NMR (400 MHz, DMSO-ds) & ppm 2.70 (ddd, J = 13.0, 9.0, 4.4 Hz, 1 H), 2.79
o (dd, J=13.9, 9.1 Hz, 1 H), 2.91 (dt, J=12.7, 3.9 Hz, 1 H), 3.02 - 3.20 (m, 3 H),
NH 344 (dd, J=8.9, 3.7 Hz, 1 H), 6.97 - 7.04 (m, 1 H), 7.06 - 7.11 (m, 2 H), 7.26 -

HN ]

7.34 (m, 1 H), 7.65 (br. s., 1 H); *C NMR (101 MHz, DMSO-d¢) & ppm 37.35,
41.43, 42.56, 59.79, 113.16 (d, J=21.3 Hz), 116.50 (d, J = 22.0 Hz), 125.96 (d, J = 2.2 Hz), 130.23
(d, J=8.1 Hz), 162.48 (d, J = 244.3 Hz)*; LC/MS m/z (ESI") [M + H]" 209.26, tg = 1.02 min; HRMS

(ESI*) observed 209.1082, calculated for C;;H1,FN,O" [M + H]" 209.1090; V. cm™ (neat) 3233

(N-H), 1656 (C=0).
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Compound 110: 3-(3-Chlrorobenzyl)piperazin-2-one
Cl 'H NMR (400 MHz, DMSO-ds) & ppm 2.69 (ddd, J =13.3, 8.9, 4.5 Hz, 1 H), 2.78

0] (dd, 4=13.9, 8.9 Hz, 1 H), 2.90 (dt, J=12.7, 4.0 Hz, 1 H), 3.01 - 3.18 (m, 3 H),

NH

HN ]

3.41 (dd, J=8.9,3.7 Hz, 1 H), 7.19 - 7.23 (m, 1 H), 7.23 - 7.26 (m, 1 H,) 7.27 -
7.30 (m, 1 H), 7.30 - 7.33 (m, 1 H), 7.63 (br. s., 1 H); *3C NMR (101 MHz, DMSO-
ds) 6 ppm 37.31, 41.46, 42.68, 59.84, 126.35, 128.59, 129.73, 130.23, 133.02, 142.53, 170.66;
LC/MS m/z (ESI*) [M + H]" 225.25, tg = 1.13 min; HRMS (ESI) observed 225.0801, calculated for

C11H;CIN,O" [M + H]* 225.0795; Vo cm™ (neat) 3247 (N-H), 2934 (C-H), 2871 (C-H), 1659 (C=0).

Compound 111: 3-(3-Methoxyobenzyl)piperazin-2-one
O 'H NMR (400 MHz, DMSO-d¢) & ppm 2.64 - 2.73 (m, 2 H), 2.90 (dt, /= 12.6, 3.9
o) Hz, 1 H), 3.01 - 3.18 (m, 3 H), 3.39 (dd, /=9.4, 3.5 Hz, 1 H), 3.73 (s., 3 H), 6.68 -
NH  6.84 (m, 3 H), 7.19 (t, J=8.1 Hz, 1 H), 7.62 (br. s., 1 H); *C NMR (101 MHz,

HN ]

DMSO-dg) 6 ppm 37.84, 41.49, 42.66, 55.32, 60.11, 111.87, 115.40, 122.00,
129.53, 141.35, 159.57, 170.81; LC/MS m/z (ESI') [M + H]" 221.30, tg = 1.08 min; HRMS (ESI")
observed 221.1282, calculated for C;,H17N,05" [M + H]" 221.1290; Ve cm™ (neat) 3295 (N-H),

2937 (C-H), 1660 (C=O0).

Compound 112: 3-(3-Methylbenzyl)piperazin-2-one
'H NMR (400 MHz, DMSO-dg) & ppm 2.28 (s., 3 H), 2.62 - 2.71 (m, 2 H), 2.90 (dt,

o J=12.6,3.8 Hz, 1 H), 3.02 - 3.19 (m, 4 H), 6.97 - 7.07 (m, 3 H), 7.12 - 7.20 (m, 1

NH H); ®C NMR (101 MHz, DMSO-dg) 6 ppm 21.51, 37.77, 41.48, 42.69, 60.23,

HN

H]" 205.30, tg = 1.12 min; HRMS (ESI*) observed 205.1328, calculated for C;,H;7FN,O" [M + H]"

126.79, 127.08, 128.47, 130.44, 137.50, 139.71, 170.88; LC/MS m/z (ESI*) [M +

205.1341; Vpnax cm™ (neat) 3269 (N-H), 2916 (C-H), 2848 (C-H), 1664 (C=0).
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Compound 113: 3-(4-Fluorobenzyl)piperazin-2-one
F 'H NMR (400 MHz, DMSO-dg) 6 ppm 2.68 (ddd, J = 13.1, 9.2, 4.4 Hz, 1 H), 2.75
(dd, J=13.8, 9.0 Hz, 1 H), 2.89 (dt, J=12.7, 4.0 Hz, 1 H), 3.01 - 3.15 (m, 3 H),

o)
3.37 (dd, J=9.0, 3.7 Hz, 1 H), 7.03 - 7.12 (m, 2 H), 7.23 - 7.30 (m, 2 H), 7.61 (br.
NH

HNJ s., 1 H); C NMR (101 MHz, DMSO-ds) & ppm 36.88, 41.46, 42.69, 60.08, 115.10
(d, J=19.8 Hz), 131.58 (d, J=8.1 Hz), 135.88 (d, J=2.9 Hz), 161.26 (d, J = 241.4 Hz), 170.77;

LC/MS m/z (ESI*) [M + H]" 209.26, tz = 1.08 min; HRMS (ESI*) observed 209.1081, calculated for

C11H14FN,O" [M + H]" 209.1090; Vo cm™ (neat) 3240 (N-H), 2934 (C-H), 2872 (C-H), 1656 (C=0).

Compound 114: 3-(4-Chlrorobenzyl)piperazin-2-one
Cl 'H NMR (400 MHz, DMSO-d¢) 6 ppm 2.68 (ddd, J=12.9, 9.0, 4.4 Hz, 1 H), 2.76
(dd, J=13.8, 9.2 Hz, 1 H), 2.88 (dt, J=12.6, 3.9 Hz, 1 H), 3.01 - 3.18 (m, 3 H),

o)
3.38 (dd, J=8.9, 3.7 Hz, 1 H), 7.24 - 7.28 (m, 2 H), 7.29 - 7.34 (m, 2 H), 7.61 (br.
NH

HNJ s., 1 H); *C NMR (101 MHz, DMSO-d¢) & ppm 37.04, 41.47, 42.69, 59.96, 128.35,
131.03, 131.74, 138.89, 170.70; LC/MS m/z (ESI*) [M + H]* 225.24, tg = 1.13 min; HRMS (ESI*)

observed 225.0794, calculated for C1;H14CIN,0" [M + H]" 225.0795; V. cm™ (neat) 3235 (N-H),

2934 (C-H), 2872 (C-H), 1661 (C=0).

Compound 115: 3-(4-Trifluoromethylbenzyl)piperazin-2-one
CF, 'H NMR (400 MHz, DMSO-dg) 6 ppm 2.69 (ddd, J = 13.1, 8.9, 4.3 Hz, 1 H), 2.82 -
2.93(m, 2 H),3.02-3.13 (m, 2 H), 3.16 - 3.23 (m, 1 H), 3.44 (dd, /=8.9,3.7 Hz, 1
o
H), 7.47 (d, J= 8.1 Hz, 2 H), 7.62 (d, J = 8.1 Hz, 2 H); *C NMR (101 MHz, DMSO-
NH
HNJ de) & ppm 37.54, 41.44, 42.68, 59.85, 125.22, 130.67, 145.01, 153.76, 170.63%;

LC/MS m/z (ESI*) [M + H]" 259.26, tg = 1.22 min; HRMS (ESI*) observed 259.1051, calculated for

C1,H14F3N,0" [M + H]* 259.1058; V oy cm™ (neat) 3243 (N-H), 3019 (C-H), 1665 (C=0).
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Compound 90: 3-Benzylpiperazin-2-one
'H NMR (400 MHz, CDCl3) & ppm 2.83 - 2.96 (m, 2 H), 3.09 (dt, J = 12.4, 3.5 Hz, 1
O H), 3.27 (dg, /=11.4, 3.5 Hz, 1 H), 3.39 (dd, J=10.7, 4.5 Hz, 1 H), 3.45 (dd,
;NHJ\NH J=13.8, 3.4 Hz, 1 H), 3.64 (dd, J=9.9, 3.4 Hz, 1 H), 6.01 (br. s., 1 H), 7.23-7.36
(m, 4 H); *C NMR (101 MHz, CDCl5) 6 ppm 37.80, 41.71, 43.18, 60.46, 126.72, 128.72, 129.37,
138.24*; LC/MS m/z (ESI') [M + H]" 191.25, tg = 0.81 min; HRMS (ESI") observed 191.1176,

calculated for Ci1HisN,O" [M + H]" 191.1184; v, cm™ (neat) 3243 (N-H), 3019 (C-H), 1665

(C=0). 'NMR data are consistent with literature values.”®
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Appendices for Chapter 2 - PHD Family Analysis

Appendix 2.1 - PHDs with Known Structures used for Initial HMM Model

PDB ID Gene ID PHD Name Protein GI Sequence Sequence End
Start

1XWH AIRE AIRE(1) 4557291 295 342
3RSN ASH2L ASH2L 157412280 103 160
1F62 BAZ1B BAZ1B 14670392 1184 1232
2RI17 FALZ FALZ(2) 38788260 2724 2773
2143 BRD1 BRD1(1) 11321642 213 263
1MM2 CHD4 CHD4(2) 51599156 448 494
215U CHD4 CHD4(1) 51599156 369 416
1WEM DIDO1 DIDO1 18375617 268 320
2KWO DPF3 DPF3(1) 60459281 260 317
2KWO DPF3 DPF3(2) 60459281 318 356
4BBQ FBXL11 FBXL11 16306580 616 677
2QIC ING1 ING1 38201661 352 400
2G6Q ING2 ING2 4504695 211 259
1X41 ING3 ING3 38201655 359 407
1WEN ING4 ING4 38201670 194 243
3cew ING5 ING5 18644730 185 234
1WEV INTS12 INTS12 21361851 161 214
2KGI JARID1A JARID1A(3) 110618244 1606 1660
3KV6 KIAA1718 KIAA1718 90093355 38 86
2YSM MLL3 MLL3(2) 91718902 340 389
2YSM MLL3 MLL3(3) 91718902 340 389
2LNO MYST3 MYST3(1) 150378463 206 263
3v43 MYST3 MYST3(2) 150378463 264 311
307A PHF13 PHF13 167466270 234 279
3Kal PHF2 PHF2 117190342 6 55
1WEQ PHF7 PHF7(2) 21361543 252 301
3kv4 PHF8 PHF8 32698700 6 54
2VPG PYGO1 PYGO1 30911103 342 397
2XB1 PYGO2 PYGO2 23510333 330 383
2V86 RAG2 RAG2 151301080 416 482
2K16 TAF3 TAF3 151301171 864 914
3036 TRIM24 TRIM24 47419909 791 837
1FPO TRIM28 TRIM28 5032179 625 670
3ASK UHRF1 UHRF1 115430233 330 378
2E6R JARID1D JARID1D(1) 33356560 315 361
2YT5 MTF2 MTF2(1) 6678764 103 155
2KYU MLL MLL(3) 56550039 1570 1626
2LV9 MLL5 MLL5 33636768 119 164
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PDBID Gene ID PHD Name Protein GI Sequence | Sequence End
Start

2yaL PHF21A PHF21A 156546894 487 534

2E6S UHRF2 UHRF2 23312364 344 393

Appendix 2.2 -

PHDs Identified by HMMER Search

Gene ID PHD Name Protein GI Sequence Start Sequence End
AIRE AIRE(1) 4557291 295 342
ASH1L ASH1L 110349788 2577 2629
ATRX ATRX 20336205 180 238
BAZ1A BAZ1A 32967603 1149 1196
BAZ1B BAZ1B 14670392 1184 1232
BAZ2A BAZ2A 91176325 1676 1724
BAZ2B BAZ2B 94681063 1931 1979
BRD1 BRD1 11321642 213 263
BRPF1 BRPF1 51173720 272 322
BRPF3 BRPF3 148727368 211 261
CHD3 CHD3(1) 52630322 378 425
CHD3 CHD3(2) 52630322 455 501
CHD4 CHDA4(1) 51599156 369 416
CHD4 CHD4(2) 51599156 448 494
CHD5 CHD5(1) 24308089 342 389
CHD5 CHD5(2) 24308089 415 461
CXXc1 CXXC1 156142180 27 75
DIDO1 DIDO1 18375617 268 320
DNMT3A DNMT3A 12751473 528 587
DNMT3B DNMT3B 5901940 466 536
DNMT3LO03 DNMT3LO03 28872778 93 150
DPF1 DPF1(1) 205830430 299 353
DPF1 DPF1(2) 205830430 354 401
DPF1B DPF1B(2) 205830432 310 367
DPF2 DPF2(1) 5454004 270 328
DPF2 DPF2(2) 5454004 327 375
DPF3B DPF3B(1) 60459281 260 317
DPF3B DPF3B(2) 60459281 318 356
FALZ FALZ(1) 38788260 390 435
FALZ FALZ(2) 38788260 2724 2773
FBXL10 FBXL10 54112380 627 693
FBXL11 FBXL11 16306580 616 677
FBXL19 FBXL19 157168349 84 150
ING1 ING1 38201661 352 400
ING2 ING2 4504695 211 259
ING3 ING3 38201655 359 407
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Gene ID PHD Name Protein GI Sequence Start Sequence End
ING4 ING4 38201670 194 243
ING5 ING5 18644730 185 234
INTS12 INTS12 21361851 161 214
JARID1A JARID1A(1) 110618244 294 341
JARID1A JARID1A(2) 110618244 1161 1217
JARID1A JARID1A(3) 110618244 1606 1660
JARID1B JARID1B(1) 57242796 310 357
JARID1B JARID1B(2) 57242796 1176 1223
JARID1B JARID1B(3) 57242796 1483 1536
JARID1C JARID1C(1) 109255243 324 372
JARID1C JARID1C(2) 109255243 1185 1249
JARID1D JARID1D(1) 33356560 315 361
JARID1D JARID1D(2) 33356560 1172 1236
JMID2A JMID2A(1) 98986459 704 783
JMID2A JMID2A(2) 98986459 826 888
JMID2B JMID2B(1) 45504380 726 805
JMID2B JMID2B(2) 45504380 847 910
JMID2C JMID2C(1) 109255247 684 763
JMID2C JMID2C(2) 109255247 806 868
KIAA1718 KIAA1718 90093355 38 86
LOC93349 LOC93349 134133279 404 447
MLL2 MLL2(1) 148762969 226 274
MLL2 MLL2(2) 148762969 275 321
MLL2 MLL2(3) 148762969 1377 1428
MLL2 MLL2(4) 148762969 1429 1475
MLL2 MLL2(5) 148762969 1501 1562
MLL3 MLL3(1) 91718902 340 389
MLL3 MLL3(2) 91718902 390 436
MLL3 MLL3(3) 91718902 957 1008
MLL3 MLL3(4) 91718902 1007 1055
MLL3 MLL3(5) 91718902 1081 1142
MLL4 MLL4(1) 7662046 1200 1250
MLL4 MLL4(2) 7662046 1251 1302
MLL4 MLL4(3) 7662046 1338 1394
MLL5 MLL5 33636768 119 164
MLL MLL(1) 56550039 1428 1484
MLL MLL(2) 56550039 1481 1532
MLL MLL(3) 56550039 1570 1626
MLLT10 MLLT10 4757726 24 73
MLLT6 MLLT6 57222568 8 56
MTF2 MTF2 6678764 103 155
MYST3 MYST3(1) 150378463 206 263
MYST3 MYST3(2) 150378463 264 311
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Gene ID PHD Name Protein GI Sequence Start Sequence End
MYST4 MYST4(1) 100816397 213 270
MYST4 MYST4(2) 100816397 271 318
NSD1 NSD1(1) 19923586 1545 1597
NSD1 NSD1(2) 19923586 1707 1749
NSD1 NSD1(3) 19923586 2118 2163
PHF10 PHF10(1) 194328734 377 434
PHF10 PHF10(2) 194328734 435 480
PHF11 PHF11 94681065 109 158
PHF12 PHF12(1) 30842829 56 103
PHF12 PHF12(2) 30842829 272 319
PHF13 PHF13 167466270 234 279
PHF14 PHF14(1) 55769548 318 378
PHF14 PHF14(2) 55769548 727 778
PHF15 PHF15 40556370 198 247
PHF16 PHF16 7662006 199 248
PHF17 PHF17 19923609 202 251
PHF19 PHF19 58331161 97 148
PHF1 PHF1 4505777 88 140
PHF20 PHF20 18034775 654 698
PHF20L1 PHF20L1 111120331 681 727
PHF21A PHF21A 156546894 487 534
PHF21B PHF21B 19923937 351 398
PHF23 PHF23 116268091 341 385
PHF2 PHF2 117190342 6 55
PHF3 PHF3 7662018 718 770
PHF8 PHF8 32698700 6 54
PHRF1 PHRF1 221139764 183 231
PRKCBP1 PRKCBP1 34335262 108 152
PYGO1 PYGO1 30911103 342 397
PYGO2 PYGO2 23510333 330 383
RAG2 RAG2 151301080 416 482
RSF1 RSF1 38788333 891 940
SHPRH SHPRH 27436873 661 707
SP100 SP100 122939208 701 746
SP110 SP110 190343006 533 579
SP140 SP140 217330601 691 734
TAF3 TAF3 151301171 864 914
TCF19 TCF19 117414152 295 340
TIF1 TIF1 47419909 791 837
TRIM28 TRIM28 5032179 625 670
TRIM33 TRIM33 74027249 886 932
TRIM66 TRIM66 209977097 969 1015
UBR7 UBR7 154426322 134 188
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Gene ID PHD Name Protein GI Sequence Start Sequence End
UHRF1 UHRF1 115430233 330 378

UHRF2 UHRF2 23312364 344 393

WHSC1 WHSC1(1) 19913348 666 711

WHSC1 WHSC1(2) 19913348 831 873

WHSC1 WHSC1(3) 19913348 1239 1284
WHSC1L1 WHSC1L1(1) 13699811 700 746

WHSC1L1 WHSC1L1(2) 13699811 1320 1366
ZMYND11 ZMYND11 238814385 98 146

Appendix 2.3 -

Complete List of PHD Sequences

Gene ID PHD Name Protein GI Sequence Start Sequence End

AIRE AIRE(1) 4557291 295 342
AIRE AIRE(2) 4557291 434 475
ASH1L ASH1L 110349788 2577 2629
ASH2L ASH2L 157412280 103 160
ASXL1 ASXL1 29570782 1503 1540
ASXL2 ASXL2 153792780 1397 1434
ASXL3 ASXL3 149944526 2210 2247
ATRX ATRX 20336205 180 238
BAZ1A BAZ1A 32967603 1149 1196
BAZ1B BAZ1B 14670392 1184 1232
BAZ2A BAZ2A 91176325 1676 1724
BAZ2B BAZ2B 94681063 1931 1979
BRD1 BRD1(1) 11321642 213 263
BRD1 BRD1(2) 11321642 326 388
BRPF1 BRPF1(1) 51173720 272 322
BRPF1 BRPF1(2) 51173720 385 447
BRPF3 BRPF3(1) 148727368 211 261
BRPF3 BRPF3(2) 148727368 324 386
CHD3 CHD3(1) 52630322 378 425
CHD3 CHD3(2) 52630322 455 501
CHD4 CHD4(1) 51599156 369 416
CHD4 CHD4(2) 51599156 448 494
CHD5 CHD5(1) 24308089 342 389
CHD5 CHD5(2) 24308089 415 461
CREBBP CREBBP 119943104 1235 1314
CXXC1 CXXC1 156142180 27 75
DIDO1 DIDO1 18375617 268 320
DNMT3A DNMT3A 12751473 528 587
DNMT3B DNMT3B 5901940 466 536
DNMT3L03 DNMT3L03 28872778 93 150
DPF1 DPF1(1) 205830430 299 353
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DPF1A DPF1(2) 205830430 354 401
DPF1B DPF1B(2) 205830432 310 367
DPF2 DPF2(1) 5454004 270 328
DPF2 DPF2(2) 5454004 327 375
DPF3B DPF3B(1) 60459281 260 317
DPF3B DPF3B(2) 60459281 318 356
EP300 EP300 50345997 1198 1278
FALZ FALZ(1) 38788260 390 435
FALZ FALZ(2) 38788260 2724 2773
FBXL10 FBXL10 54112380 627 693
FBXL11 FBXL11 16306580 616 677
FBXL19 FBXL19 157168349 84 150
ING1 ING1 38201661 352 400
ING2 ING2 4504695 211 259
ING3 ING3 38201655 359 407
ING4 ING4 38201670 194 243
ING5 ING5 18644730 185 234
INTS12 INTS12 21361851 161 214
JARID1A JARID1A(1) 110618244 294 341
JARID1A JARID1A(2) 110618244 1161 1217
JARID1A JARID1A(3) 110618244 1606 1660
JARID1B JARID1B(1) 57242796 310 357
JARID1B JARID1B(2) 57242796 1176 1223
JARID1B JARID1B(3) 57242796 1483 1536
JARID1C JARID1C(1) 109255243 324 372
JARID1C JARID1C(2) 109255243 1185 1249
JARID1D JARID1D(1) 33356560 315 361
JARID1D JARID1D(2) 33356560 1172 1236
JMID2A JMIJD2A(1) 98986459 704 783
JMID2A JMID2A(2) 98986459 826 888
JMID2B JMID2B(1) 45504380 726 805
JMID2B JMID2B(2) 45504380 847 910
JMID2C JMID2C(1) 109255247 684 763
JMID2C JMID2C(2) 109255247 806 868
KIAA1045 KIAA1045 149944593 129 190
KIAA1333 KIAA1333(1) 33620749 78 132
KIAA1333 KIAA1333(2) 33620749 229 290
KIAA1718B KIAA1718B 90093355 38 86
LOC93349 LOC93349 134133279 404 447
MLL2B MLL2B(1) 148762969 169 222
MLL2B MLL2B(2) 148762969 226 274
MLL2B MLL2B(3) 148762969 275 321
MLL2B MLL2B(4) 148762969 1377 1428
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Gene ID PHD Name Protein GI Sequence Start Sequence End

MLL2B MLL2B(5) 148762969 1429 1475
MLL2B MLL2B(6) 148762969 1501 1562
MLL2B MLL2B(7) 148762969 5089 5141
MLL3B MLL3B(1) 91718902 284 331
MLL3B MLL3B(2) 91718902 340 389
MLL3B MLL3B(3) 91718902 390 436
MLL3B MLL3B(4) 91718902 466 518
MLL3B MLL3B(5) 91718902 957 1008
MLL3B MLL3B(6) 91718902 1007 1055
MLL3B MLL3B(7) 91718902 1081 1142
MLL3B MLL3B(8) 91718902 4461 4507
MLL4 MLL4(1) 7662046 1200 1250
MLL4 MLL4(2) 7662046 1251 1302
MLL4 MLL4(3) 7662046 1338 1394
MLL4 MLL4(4) 7662046 1638 1689
MLL5 MLL5 33636768 119 164
MLL MLL(1) 56550039 1428 1484
MLL MLL(2) 56550039 1481 1532
MLL MLL(3) 56550039 1570 1626
MLL MLL(4) 56550039 1932 1978
MLLT10 MLLT10(1) 4757726 24 73
MLLT10 MLLT10(2) 4757726 134 210
MLLT6 MLLT6(1) 57222568 8 56
MLLT6 MLLT6(2) 57222568 125 185
MTF2 MTF2(1) 6678764 103 155
MTF2 MTF2(2) 6678764 203 253
MYST3 MYST3(1) 150378463 206 263
MYST3 MYST3(2) 150378463 264 311
MYST4 MYST4(1) 100816397 213 270
MYST4 MYST4(2) 100816397 271 318
NSD1 NSD1(1) 19923586 1545 1597
NSD1 NSD1(2) 19923586 1592 1639
NSD1 NSD1(3) 19923586 1640 1693
NSD1 NSD1(4) 19923586 1707 1749
NSD1 NSD1(5) 19923586 2118 2163
PHF10 PHF10(1) 194328734 377 434
PHF10 PHF10(2) 194328734 435 480
PHF11 PHF11 94681065 109 158
PHF12 PHF12(1) 30842829 56 103
PHF12 PHF12(2) 30842829 272 319
PHF13 PHF13 167466270 234 279
PHF14 PHF14(1) 55769548 318 378
PHF14 PHF14(2) 55769548 439 502
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PHF14 PHF14(3) 55769548 727 778
PHF14 PHF14(4) 55769548 870 919
PHF15 PHF15(1) 40556370 198 247
PHF15 PHF15(2) 40556370 310 364
PHF16 PHF16(1) 7662006 199 248
PHF16 PHF16(2) 7662006 306 370
PHF17 PHF17(1) 19923609 202 251
PHF17 PHF17(2) 19923609 317 373
PHF19 PHF19(1) 58331161 97 148
PHF19 PHF19(2) 58331161 197 247
PHF1 PHF1(1) 4505777 88 140
PHF1 PHF1(2) 4505777 188 238
PHF20 PHF20 18034775 654 698
PHF20L1 PHF20L1 111120331 681 727
PHF21A PHF21A 156546894 487 534
PHF21B PHF21B 19923937 351 398
PHF23 PHF23 116268091 341 385
PHF2 PHF2 117190342 6 55
PHF3 PHF3 7662018 718 770
PHF6 PHF6(1) 28557677 81 132
PHF6 PHF6(2) 28557677 279 330
PHF7 PHF7(1) 21361543 97 145
PHF7 PHF7(2) 21361543 252 301
PHF8 PHF8 32698700 6 54
PHRF1 PHRF1 221139764 183 231
PRKCBP1 PRKCBP1 34335262 108 152
PYGO1 PYGO1 30911103 342 397
PYGO2 PYGO2 23510333 330 383
RAG2 RAG2 151301080 416 482
RAI1 RAI1 40807477 1856 1903
RSF1 RSF1 38788333 891 940
SHPRH SHPRH 27436873 661 707
SP100 SP100 122939208 701 746
SP110 SP110 190343006 533 579
SP140 SP140 217330601 691 734
TAF3 TAF3 151301171 864 914
TCF19 TCF19 117414152 295 340
TCF20 TCF20 31652244 1886 1933
TIF1 TIF1 47419909 791 837
TRIM28 TRIM28 5032179 625 670
TRIM33 TRIM33 74027249 886 932
TRIM66 TRIM66(1) 209977097 4 69
TRIM66 TRIM66(2) 209977097 969 1015
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UBR7 UBR7 154426322 134 188
UHRF1 UHRF1 115430233 330 378
UHRF2 UHRF2 23312364 344 393
WHSC1 WHSC1(1) 19913348 666 711
WHSC1 WHSC1(2) 19913348 717 762
WHSC1 WHSC1(3) 19913348 761 821
WHSC1 WHSC1(4) 19913348 831 877
WHSC1 WHSC1(5) 19913348 1239 1284
WHSC1L1 WHSC1L1(1) 13699811 700 746
WHSC1L1 WHSC1L1(2) 13699811 751 798
WHSC1L1 WHSC1L1(3) 13699811 799 851
WHSC1L1 WHSC1L1(4) 13699811 1320 1366
ZMYND11 ZMYND11 238814385 98 146

Appendix 2.4 - RING Domains

Gene ID RING Name Protein GI Sequence Start Sequence End

AMFR AMEFR 21071001 339 380
BFAR BFAR 7706091 30 76
BRAP BRAP 1.88E+08 263 305
BRCA1B BRCA1B 2.38E+08 15 68
CBL CBL 52426745 380 423
CBLB CBLB 54112420 372 415
CBLCB CBLCB 1.96E+08 304 347
CHFRB CHFRB 2.39E+08 255 302
COMMD3BMI1 COMMD3BMI1 3.23E+08 153 202
DTX1 DTX1 41352718 408 473
DTX2 DTX2 1.57E+08 409 474
DTX3 DTX3 30425428 159 203
DTX3L DTX3L 19923717 557 602
DTX4 DTX4 1.48E+08 406 469
DzIP3 DZIP3 7662244 1143 1189
LNX1B LNX1B 1.88E+08 34 80
LNX2 LNX2 24025688 42 90
LOC120824 LOC120824 3.31E+08 8 57
LOC283116 LOC283116 3.31E+08 8 58
LOC642446 LOC642446 2.57E+08 12 58
LOC646754 LOC646754 3.31E+08 9 58
LOC646862 LOC646862 3.04E+08 60 113
LOC653192 LOC653192 2.57E+08 12 58
LOC729384 LOC729384 1.58E+08 12 57
LOC93312 LOC93312 1.48E+08 468 509
LONFR3 LONFR3A(1) 37622896 154 197
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LONFR3 LONFR3A(2) 37622896 423 465
LONRF1 LONRF1A(1) 87080813 121 160
LONRF1 LONRF1A(2) 87080813 476 519
LONRF2 LONRF2 1.49E+08 446 489
LTN1 LTN1 2.32E+08 1759 1810
MEX3B MEX3B 47716512 517 560
MEX3C MEX3C 1.48E+08 605 650
MGRN1 MGRN1 3.35E+08 276 319
MID1B MID1B 15451852 2 61
MID2 MID2 2.24E+08 22 80
MKRN1 MKRN1 2.23E+08 277 336
MKRN2 MKRN2 32880199 235 292
MKRN3 MKRN3 5032243 309 366
MYCBP2 MYCBP2 2.91E+08 4425 4481
NHLRC1 NHLRC1 40255283 24 73
OR5R1 OR5R1 38045931 91 137
PCGF1 PCGF1 1.09E+08 39 88
PCGF2 PCGF2 6005964 10 59
PCGF3 PCGF3 31742478 11 57
PCGF5 PCGF5 33300663 12 59
PCGF6 PCGF6 37655165 127 173
PDZRN3 PDZRN3 57529737 12 54
PDZRN4B PDZRN4B 2.57E+08 10 54
PEX10 PEX10 4505715 270 313
PHRF1 PHRF1 2.21E+08 106 150
PJA1 PJA1 41281725 592 638
PJA2 PJA2 1.57E+08 631 677
PXMP3 PXMP3 1.21E+08 242 286
RAD18 RAD18 2.57E+08 17 64
RAG1 RAG1 4557841 292 334
RAPSN RAPSN 15619013 360 404
RBBP6B RBBP6B 33620716 250 301
RBCK1 RBCK1 1.45E+08 279 326
RC3H1 RC3H1 73695473 9 55
RC3H2 RC3H2 1.56E+08 9 55
RCHY1 RCHY1 58331195 143 188
RFPL4B RFPL4B 1.54E+08 3 54
RFWD2B RFWD2B 21359963 132 174
RFWD3 RFWD3 71143112 285 333
RING1 RING1 51479192 42 90
RLIM2 RLIM2 34452684 569 613
RNF103 RNF103 3.12E+08 616 660
RNF10 RNF10 34452681 224 268
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RNF111 RNF111 3.95E+08 940 986
RNF113 RNF113 5902158 261 302
RNF113B RNF113B 30578416 255 296
RNF114 RNF114 8923898 27 69
RNF115 RNF115 33859668 221 271
RNF11 RNF11 7657520 98 143
RNF121 RNF121 21361732 223 279
RNF125 RNF125 37595555 34 77
RNF126 RNF126 37622894 223 272
RNF128B RNF128B 37588873 275 320
RNF130 RNF130 29788758 263 306
RNF133 RNF133 21040269 254 299
RNF135C RNF135C 2.97E+08 16 64
RNF138 RNF138 21361539 13 59
RNF139 RNF139 21314654 545 589
RNF13 RNF13 6005864 238 285
RNF141 RNF141 21361493 146 194
RNF145 RNF145 3.14E+08 552 593
RNF146 RNF146 33636758 35 77
RNF148 RNF148 37675277 255 301
RNF149 RNF149 2.84E+08 267 311
RNF150 RNF150 58331204 276 321
RNF151 RNF151 87241872 13 60
RNF152 RNF152 27734873 9 55
RNF157 RNF157 58743365 275 318
RNF165 RNF165 3.78E+08 99 146
RNF166 RNF166 30520320 27 73
RNF167 RNF167 14149702 228 275
RNF168 RNF168 31377566 11 57
RNF169 RNF169 1.49E+08 65 108
RNF170 RNF170 2.38E+08 84 133
RNF175 RNF175 27734859 224 280
RNF180 RNF180 1.66E+08 427 476
RNF181 RNF181 7706039 70 118
RNF182 RNF182 2.59E+08 14 68
RNF183 RNF183 1.53E+08 10 62
RNF185 RNF185 31542783 35 81
RNF186 RNF186 9506663 37 87
RNF187 RNF187 2.56E+08 8 54
RNF208 RNF208 1.19E+08 139 192
RNF213B RNF213B 3.66E+08 3996 4036
RNF215 RNF215 63025220 323 367
RNF219 RNF219 88759348 17 58
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RNF220 RNF220 46397375 512 554
RNF222 RNF222 2.26E+08 12 66
RNF223 RNF223 3.27E+08 44 103
RNF224 RNF224 2.98E+08 21 73
RNF24C RNF24C 6857791 76 121
RNF2 RNF2 6005747 45 93
RNF32 RNF32 13569903 290 354
RNF38 RNF38 37577185 377 422
RNF39 RNF39 2.97E+08 80 134
RNF41 RNF41 37588861 12 58
RNF43 RNF43 56711322 271 313
RNF44 RNF44 7662486 375 422
RNF4 RNF4 2.97E+08 128 180
RNF5 RNF5 5902054 24 69
RNF6 RNF6 5174653 631 676
RNF7 RNF7 3.19E+08 48 89
RNF8 RNF8 4504867 395 444
RNFT1 RNFT1 1.09E+08 372 415
SCAF11 SCAF11 1.18E+08 39 84
SH3MD4 SH3MD4 1.5E+08 52 98
SH3RF1 SH3RF1 51988887 6 54
SH3RF2 SH3RF2 2.22E+08 6 54
SMARCA3B SMARCA3B 21071052 757 804
SPRYD5 SPRYD5 2.1E+08 9 57
SYVN1 SYVN1 27436927 289 332
TMEM118B TMEM118B 1.58E+08 382 423
TOPORS TOPORS 3.07E+08 35 79
TRAF2 TRAF2 22027612 26 73
TRAF3 TRAF3 22027616 43 95
TRAF4 TRAF4 22027622 9 58
TRAF5 TRAF5 11321603 35 86
TRAF6 TRAF6 22027630 61 111
TRAIP TRAIP 40807469 6 53
TRIM10 TRIM10 1.57E+08 8 62
TRIM11 TRIM11 21630277 8 58
TRIM13 TRIM13 55953112 6 63
TRIM15 TRIM15 1.49E+08 15 62
TRIM17C TRIM17C 1.98E+08 8 67
TRIM21 TRIM21 15208660 9 57
TRIM22 TRIM22 3.14E+08 8 61
TRIM23 TRIM23 4502197 26 77
TRIM25 TRIM25 68160937 6 55
TRIM26B TRIM26B 3.39E+08 9 58
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TRIM27 TRIM27 5730009 9 58
TRIM2 TRIM2 1.94E+08 48 93
TRIM31 TRIM31 62865604 6 59
TRIM32B TRIM32B 1.54E+08 11 67
TRIM35 TRIM35 94536782 15 62
TRIM37 TRIM37 15147333 14 57
TRIM38 TRIM38 5454014 8 64
TRIM39 TRIM39 25777696 20 71
TRIM3 TRIM3 32454739 20 65
TRIM40 TRIM40 20162564 9 58
TRIM43 TRIM43 20270353 8 57
TRIM47 TRIM47 54792146 8 60
TRIM48 TRIM48 2.02E+08 28 74
TRIM49 TRIM49 9966829 8 58
TRIM4 TRIM4 15011941 4 54
TRIM50 TRIM50 30023818 9 59
TRIM54 TRIM54 78482626 18 84
TRIM55 TRIM55 34878852 18 84
TRIM56 TRIM56 30794216 19 63
TRIM58 TRIM58 1.12E+08 9 61
TRIM59 TRIM59 27436877 3 61
TRIM5 TRIMS 2.83E+08 7 61
TRIM60 TRIM60 22749269 8 57
TRIM61 TRIM61 60099474 9 57
TRIM62 TRIM62 2.17E+08 5 55
TRIM63 TRIM63 19924163 20 82
TRIM64 TRIM64 2.1E+08 8 58
TRIM65 TRIM65 3.71E+08 6 52
TRIM68 TRIM68 37622899 8 62
TRIM69 TRIM69 88999601 33 82
TRIM6 TRIM6 51477692 36 90
TRIM6TRIM34 TRIM6TRIM34 51477690 362 416
TRIM72 TRIM72 2.7E+08 8 58
TRIM73 TRIM73 65285121 9 57
TRIM74 TRIM74 38524612 9 57
TRIM77 TRIM77 2.26E+08 10 57
TRIM7 TRIM7 16076875 26 84
TRIM8 TRIM8 1.49E+08 9 58
TRIML1 TRIML1 31542779 8 57
TTC3B TTC3B 49640009 1956 1997
UHRF1C UHRF1C 1.15E+08 715 765
UHRF2B UHRF2B 23312364 723 774
VPS11 VPS11 17978477 819 860
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ZNF179 ZNF179 2.65E+08 56 99
ZNRF1 ZNRF1 14150005 183 222
ZNRF2 ZNRF2 23821044 198 237
ZNRF3B ZNRF3B 1.5E+08 191 236
ZNRF4 ZNRF4 1.5E+08 307 354
ZSWIM2 ZSWIM2A(2) 71043932 340 386
ZSWIM2 ZSWIM2A(1) 71043932 139 200
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Ligandability of PHDs and Other Epigenetic Reader Domains

Appendix 3.1 - PHD Structures Used

Gene ID PDB ID
AIRE(1) 1XWH
AIRE(1) 2KE1
AIRE(2) 2KFT
ATRX 2JM1
ATRX 2LBM
ATRX 2LD1
ATRX 3QL9
ATRX 3QLA
ATRX 3QLC
ATRX 3QLN
BAZ1B 1F62
BRD1 2KU3
BRD1 2143
CHD4(1) 2L5U
CHD4(2) 1MM2
CHD4(2) 2L75
DIDO1 1WEM
DNMT3A 3A1A
DNMT3A 3A1B
DNMT3L03 2PVO
DNMT3L03 2PVC
DPF3B(1) 2KWJ
DPF3B(1) 2KWK
DPF3B(1) 2KWN
DPF3B(1) 2KWO
FALZ(2) 2F6)
FALZ(2) 2F6N
FALZ(2) 2FSA
FALZ(2) 2FUI
FALZ(2) 2FUU
FALZ(2) 2RI7
FALZ(2) 3Qzv
ING1 2QIC
ING2 1WES
ING2 2G6Q
ING3 1X41
ING4 1WEN
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Gene ID PDB ID
ING4 1WEU
ING4 2K1J
ING4 2PNX
ING4 2VNF
ING5 3C6WwW
JARID1A(3) 2KGG
JARID1A(3) 2KGI
JARID1A(3) 3GL6
JARID1D(1) 2E6R
KIAA1718 3KV5
KIAA1718 3KV6
MLL3(1) 2YSM
MLL5 2LV9
MLL(3) 2KU7
MLL(3) 2KYU
MLL(3) 3LQH
MLL(3) 3LQl
MLL(3) 3LQJ
MTF2A 2YT5
MYST3(1) 2LNO
MYST3(1) 3v43
PHF13 3070
PHF13 307A
PHF21A 2PUY
PHF21A 2YQlL
PHF2 3KQl
PHF8 3KV4
PYGO1 2DX8
PYGO1 2VP7
PYGO1 2VPB
PYGO1 2VPD
PYGO1 2VPE
PYGO1 2VPG
PYGO1 2YYR
PYGO2 2XB1
RAG2 2JWO
RAG2 2V83
RAG2 2V85
RAG2 2V86
RAG2 2V87
RAG2 2V88
RAG2 2V89
TAF3 2K16
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Gene ID PDB ID
TAF3 2K17
TIF1A 3033
TIF1A 3035
TIF1A 3036
TIF1A 3037
TRIM28 1FPO
TRIM28 2R0O1
TRIM33 3U5M
TRIM33 3U5SN
TRIM33 3U50
TRIM33 3U5P
UHRF1 2LGG
UHRF1 2LGK
UHRF1 2LGL
UHRF1 3ASK
UHRF1 3ASL
UHRF1 3SHB
UHRF1 350U
UHRF1 350w
UHRF1 350X
UHRF1 3T6R
UHRF1 3ZvY
UHRF1 4GY5
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Appendix 3.2 - Tudor Domain Structures Used

Gene ID PDBID
ccbciol 3MEW
ccbciol 3MEA
ccbciol 3MET
ccbciol 3MEU
ccbciol 3ME9
ccbciol 3LX7
JMJC2C(1&2) 2XDP
JMID2A(1&2) 2QQS
JMID2A(1&2) 2QQR
JMID2A(1&2) 2GFA
JMID2A(1&2) 2GF7
MTF2 2EQJ
PHF19 4BD3
PHF1 2M00
PHF1 4HCZ
PHF1 2E5P
PHF20(1) 3sD4
PHF20(1) 3Q1J
RNF17(2) 2EQK
SETDB1(1&2) 3DLM
SMN1 4AAE
SMN1 4A4G
SMN1 1MHN
SMN1 1G5V
SMNDC1 4AAF
SMNDC1 4A4H
TDRD3 3PMT
TDRD3 3PNW
TDRD3 2LTO
TDRD3 3S6W
TDRD3 2DoT
TDRKH 2DIQ
TDRKH 3FDR
TP53BP1(1&2) 2G3R
TP53BP1(1&2) 21G0
TP53BP1(1&2) 3LGL
TP53BP1(1&2) 3L1D
TP53BP1(1&2) 2LVM
TP53BP1(1&2) IXNI
TP53BP1(1&2) 3LHO
TP53BP1(1&2) 1SSF
UHRF1(1&2) 4GY5
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Gene ID PDB ID
UHRF1(1&2) 3ASK
UHRF1(1&2) 2L3R
UHRF1(1&2) 3DB3
UHRF1(1&2) 3DB4
ZGPAT 4111
SPIN1 2NS2
SPIN1 4H75
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Appendix 3.3 - Multi-domain Structures Used

Gene Name Domain Architecture PDB ID
ASH2L PHD-Setl 3RSN
CCDC101 Tudor-Tudor 3MEW
CCDC101 Tudor-Tudor 3MEA
Ccbc101 Tudor-Tudor 3MET
CCDC101 Tudor-Tudor 3MEU
Ccbc101 Tudor-Tudor 3ME9
CCDC101 Tudor-Tudor 3LX7
CHD1 Chromo-Chromo 2B2T
CHD1 Chromo-Chromo 2B2U
CHD1 Chromo-Chromo 2B2v
CHD1 Chromo-Chromo 2B2W
CHD1 Chromo-Chromo 2B2Y
CHD1 Chromo-Chromo 4ANW2
CHD1 Chromo-Chromo 4042
CREBBP Bromo-PHD ANAF
DPF3B PHD-PHD 2KWJ
DPF3B PHD-PHD 2KWK
DPF3B PHD-PHD 2KWN
DPF3B PHD-PHD 2KWO
EP300 Bromo-RING-PHD-HAT 4BHW
FALZ PHD-Bromo 2F6)
FALZ PHD-Bromo 2F6N
FALZ PHD-Bromo 2FSA
FALZ PHD-Bromo 2RI17
FALZ PHD-Bromo 3Qzv
JMIC2A Tudor-Tudor 2QQS
JMIC2A Tudor-Tudor 2QQR
JIMIJC2A Tudor-Tudor 2GFA
JMIC2A Tudor-Tudor 2GF7
JMJCc2C Tudor-Tudor 2XDP
KIAA1718 PHD-JmjC 3KV5
KIAA1718 PHD-JmjC 3KV6
L3MBTL MBT-MBT 30Q5
L3MBTL MBT-MBT 10YX
L3MBTL MBT-MBT 1022
L3MBTL MBT-MBT 10z3
L3MBTL MBT-MBT 2PQW
L3MBTL MBT-MBT 2RHI
L3MBTL MBT-MBT 2RHX
L3MBTL MBT-MBT 2RIC
L3MBTL MBT-MBT 2RID
L3MBTL MBT-MBT 2RIJE
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Gene Name Domain Architecture PDB ID
L3MBTL MBT-MBT 2RJF
L3MBTL MBT-MBT 3P8H
L3MBTL MBT-MBT 3UWN
L3MBTL MBT-MBT 2RHU
L3MBTL MBT-MBT 2RHY
L3MBTL MBT-MBT 2RHZ
L3MBTL MBT-MBT 2RI2
L3MBTL MBT-MBT 2RI3
L3MBTL MBT-MBT 2RI5
L3MBTL2 MBT-MBT 3CEY
L3MBTL2 MBT-MBT 3F70
L3MBTL3 MBT-MBT 3UT1
L3MBTL3 MBT-MBT 4FL6
L3MBTL3 MBT-MBT 4159
MBTD1 MBT-MBT 3FEO
MBTD1 MBT-MBT 4G5I
MLL3B PHD-PHD 2YSM
MLL PHD-Bromo 3LQH
MLL PHD-Bromo 3LQl
MLL PHD-Bromo 3LQJ
MYST3 PHD-PHD 2LNO
MYST3 PHD-PHD 3v43
MYST3 PHD-PHD 4LKA
MYST3 PHD-PHD 41LK9
MYST3 PHD-PHD 4LJN
MYST3 PHD-PHD 411B
PHF8A PHD-JmjC 3Kv4
PRKCBP1 PHD-Bromo-PWWP 4COS
SCMH1 MBT-MBT 2POK
SCMH2 MBT-MBT 2BIV
SCMH2 MBT-MBT 1011
SCMH2 MBT-MBT 2VYT
SCMH2 MBT-MBT 4EDU
SETDB1 Tudor-Tudor 3DLM
SP100 PHD-Bromo 4PTB
SPIN1 Tudor-Tudor 2NS2
SPIN1 Tudor-Tudor 4H75
TAF1 Bromo-Bromo 1EQF
TIF1A PHD-Bromo 3033
TIF1A PHD-Bromo 3034
TIF1A PHD-Bromo 3035
TIF1A PHD-Bromo 3036
TIF1A PHD-Bromo 3037
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Gene Name Domain Architecture PDB ID
TP53BP1 Tudor-Tudor 2G3R
TP53BP1 Tudor-Tudor 21G0
TP53BP Tudor-Tudor 3LGL
TP53BP1 Tudor-Tudor 2LVM
TRIM28 PHD-Bromo 2RO1
TRIM33 PHD-Bromo 3USM
TRIM33 PHD-Bromo 3U5N
TRIM33 PHD-Bromo 3U50
TRIM33 PHD-Bromo 3U5P
UHRF1 Tandem-tudor-PHD 3ASK
UHRF1 Tandem-tudor-PHD 4GY5
WHSC1L1 PHD-PHD-like 4GND
WHSC1L1 PHD-PHD-like 4GNE
WHSC1L1 PHD-PHD-like 4GNF
WHSC1L1 PHD-PHD-like 4GNG
ZMYND11 Bromo-PWWP 4AN4G
ZMYND11 Bromo-PWWP 4AN4H
ZMYND11 Bromo-PWWP 4N4|
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PHDs

Appendix 4.1 - BLI Screening of Peptide Partners for DPF2

Key
Acetyl lysine A
Monomethyl lysine )
Dimethyl lysine Mn
Trimethyl lysine o
Phospho serine 3
Phospho threonine 0
Monomethyl arginine =
Asymmetric dimethyl arginine Wy
Aminohexanoic acid Spacer
N-terminal acetylation Ac-
Shiftin
Histone | Residues Sequence wavelength
(nm)
Control 1 0.0687
ARTKQTARKSTGGKAPRKQLA -spacer-Biotin 0.7539
A=TKQTARKSTGGKAPRKQLA -spacer-Biotin 0.6508
AWYTKQTARKSTGGKAPRKQLA -spacer-Biotin 0.7149
AVYOKQTARKSTGGKAPRKQLA -spacer-Biotin 0.1617
AYQOQTARKSTGGKAPRKAQLA -spacer-Biotin 0.2558
AWYTOQTARKSTGGKAPRKQLA -spacer-Biotin 0.4008
ARQKQTARKSTGGKAPRKQLA -spacer-Biotin 0.3785
ARQOQTARKSTGGKAPRKQLA -spacer-Biotin 0.2768
ARTOQTARKSTGGKAPRKQLA -spacer-Biotin 0.7777
_ ARTNQTARKSTGGKAPRKQLA -spacer-Biotin 0.7638
H'S:'gne 1-21 ARTOQTARKSTGGKAPRKQLA -spacer-Biotin 0.5928
ARTOQTARASTGGKAPRKQLA -spacer-Biotin 0.6731
ARTOQTAROSTGGKAPRKQLA -spacer-Biotin 0.4402
ARTKQTARASTGGKAPRKQLA -spacer-Biotin 0.0052
ARTKQTARAZTGGKAPRKQLA -spacer-Biotin 0.6757
ARTKQTARASQGGKAPRKQLA -spacer-Biotin 0.9845
ARTKQTARAZQGGKAPRKQLA -spacer-Biotin 0.6369
ARTKQTAR®STGGKAPRKQLA -spacer-Biotin 0.905
ARTKQTARIISTGGKAPRKQLA -spacer-Biotin 0.767
ARTKQTAROSTGGKAPRKQLA -spacer-Biotin 0.624
ARTKQTAROSQGGKAPRKQLA -spacer-Biotin 0.9738
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Shiftin

Histone | Residues Sequence wavelength
(nM)

ARTKQTARGOZTGGKAPRKQLA -spacer-Biotin 0.8648
ARTKQTAROZQGGKAPRKQLA -spacer-Biotin 0.7938
1-21 ARTKQTARKETGGKAPRKQLA -spacer-Biotin 0.7969
ARTKQTARKSQGGKAPRKQLA -spacer-Biotin 0.9246
ARTKQTARKZQGGKAPRKAQLA -spacer-Biotin 0.5936
Ac-KQTARKZQGGAAPRKQLATKA -spacer-Biotin 0.0106
Ac-KQTARKZQGGOAPRKQLATKA -spacer-Biotin 0.017
4-24 Ac-KQTARKSQGGAAPRKQLATKA -spacer-Biotin 0.0576
Ac-KQTARKSQGGOAPRKQLATKA -spacer-Biotin 0.0879
Ac-KQTARASTGGAAPRKQLATKA -spacer-Biotin 0.088
Ac-RKSTGGAAPRKQLATKAARKS -spacer-Biotin 0.3663
Ac-RKSTGGAAPWKQLATKAARKS -spacer-Biotin 0.1225
Ac-RKSTGGPAPRKQLATKAARKS -spacer-Biotin 0.3835
Ac-RKSTGGIAPRKQLATKAARKS -spacer-Biotin 0.2907
8-28 Ac-RKSTGGOAPRKQLATKAARKS -spacer-Biotin 0.2306
Ac-RKSTGGOAPWKQLATKAARKS -spacer-Biotin -0.0084
Ac-RKSTGGKAP=KQLATKAARKS -spacer-Biotin 0.5753
Ac-RKSTGGKAPWKQLATKAARKS -spacer-Biotin 0.384
Ac-RKSTGGAAPRAQLATKAARKS -spacer-Biotin 0.3173
. Ac-GGKAPWAQLATKAARKSAPAT -spacer-Biotin 0.0381
Histone 3 Ac-GGKAPRAQLATKAARKSAPAT -spacer-Biotin 0.0749
12-32 Ac-GGKAPRAQLATOAARKSAPAT -spacer-Biotin 0.0464
Ac-GGKAPRAQLATAAARKSAPAT -spacer-Biotin 0.0344
Ac-KQLATAAARKSAPATGGVKKP -spacer-Biotin 0.0631
Ac-KQLATAAAWKSAPATGGVKKP -spacer-Biotin 0.0171
Ac-KQLATAAAWASAPATGGVKKP -spacer-Biotin 0.0041
Ac-KQLATOAARKSAPATGGVKKP -spacer-Biotin 0.106
18-38 Ac-KQLATTIAARKSAPATGGVKKP -spacer-Biotin 0.101
Ac-KQLATOAARKSAPATGGVKKP -spacer-Biotin 0.1199
Ac-KQLATOAAWKSAPATGGVKKP -spacer-Biotin 0.0359
Ac-KQLATOAAWASAPATGGVKKP -spacer-Biotin 0.0068
Ac-LATKAARKSAPATGGVKKPHR -spacer-Biotin 0.2157
Ac-LATKAA=KSAPATGGVKKPHR -spacer-Biotin 0.2513
Ac-LATKAAWKSAPATGGVKKPHR -spacer-Biotin 0.1182
Ac-LATKAAWASAPATGGVKKPHR -spacer-Biotin 0.0609
20-40 Ac-LATKAAWAZAPATGGVKKPHR -spacer-Biotin 0.0265
Ac-LATKAAWKZAPATGGVKKPHR -spacer-Biotin 0.0409
Ac-LATKAARASAPATGGVKKPHR -spacer-Biotin 0.0911
Ac-LATKAARAZAPATGGVKKPHR -spacer-Biotin 0.0153
Ac-LATKAAROSAPATGGVKKPHR -spacer-Biotin 0.1425
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Shiftin
Histone | Residues Sequence wavelength
(nM)
Ac-LATKAARISAPATGGVKKPHR -spacer-Biotin 0.3438
Ac-LATKAAROSAPATGGVKKPHR -spacer-Biotin 0.2803
) Ac-LATKAAYOSAPATGGVKKPHR -spacer-Biotin 0.1177
Histone 3 20-40
Ac-LATKAAROZAPATGGVKKPHR -spacer-Biotin 0.0284
Ac-LATKAAWYOZAPATGGVKKPHR -spacer-Biotin 0.0335
Ac-LATKAARKZAPATGGVKKPHR -spacer-Biotin 0.0597
SGRGKGGKGLGKGGAKRHRKY -spacer-Biotin 0.3729
>GRGKGGKGLGKGGAKRHRKY -spacer-Biotin 0.3066
SG=GKGGKGLGKGGAKRHRKY -spacer-Biotin 0.3145
SGWGKGGKGLGKGGAKRHRKY -spacer-Biotin 0.2784
SGYGAGGKGLGKGGAKRHRKY -spacer-Biotin 0.1622
2GWYGAGGKGLGKGGAKRHRKY -spacer-Biotin 0.1463
SGRGAGGKGLGKGGAKRHRKY -spacer-Biotin 0.37
SGRGAGGAGLGAGGAKRHRKY -spacer-Biotin 0.0004
1-21 SGRGAGGAGLGKGGAKRHRKY -spacer-Biotin 0.2382
SGRGKGGAGLGKGGAKRHRKY -spacer-Biotin 0.3858
SGRGKGGAGLGAGGAKRHRKY -spacer-Biotin 0.2976
SGRGKGGKGLGPGGAKRHRKY -spacer-Biotin 0.3076
SGRGKGGKGLGIMNGGAKRHRKY -spacer-Biotin 0.2924
i SGRGKGGKGLGOGGAKRHRKY -spacer-Biotin 0.2843
Histone 4 SGRGKGGAGLGOGGAKRHRKY -spacer-Biotin 02936
SGRGKGGAGLGOGGAKRHRKY -spacer-Biotin 0.2524
Ac-GGKGLGPGGAARHRKVLRDNI -spacer-Biotin -0.015
6-26 Ac-GGKGLGOGGAARHRKVLRDNI -spacer-Biotin 0.1523
Ac-GGKGLGKGGAARHRKYLRDNI -spacer-Biotin 0.1596
Ac-GKGGAKRHRKVLRDNIQGITK -spacer-Biotin 0.0843
Ac-GKGGAKRHRAVLRDNIQGITK -spacer-Biotin 0.1406
Ac-GKGGAARHRAVLRDNIQGITK -spacer-Biotin 0.0848
Ac-GKGGAARHRO®VLRDNIQGITK -spacer-Biotin 0.0312
11-31 Ac-GKGGAARHROVLRDNIQGITK -spacer-Biotin 0.0812
Ac-GKGGAKRHR®VLRDNIQGITK -spacer-Biotin 0.2116
Ac-GKGGAKRHRITVLRDNIQGITK -spacer-Biotin 0.1688
Ac-GKGGAKRHROVLRDNIQGITK -spacer-Biotin 0.1469
Control 2 0.0077
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Shiftin

Histone | Residues Sequence wavelength

(nM)
Control 3 0

SGRGKGGKGLGKGGAKRHRKY -spacer-Biotin 0.7566
SGRGAGGKGLGKGGAKRHRKY -spacer-Biotin 0.5385
SGRGKGGAGLGKGGAKRHRKY -spacer-Biotin 0.6713
SGRGKGGKGLGAGGAKRHRKY -spacer-Biotin 0.4928
SGRGKGGKGLGKGGAARHRKY -spacer-Biotin 0.4898
SGRGAGGAGLGKGGAKRHRKY -spacer-Biotin 0.4703
SGRGAGGKGLGAGGAKRHRKY -spacer-Biotin 0.4216
191 SGRGAGGKGLGKGGAARHRKY -spacer-Biotin 0.4149
SGRGKGGAGLGAGGAKRHRKY -spacer-Biotin 0.4853
SGRGKGGAGLGKGGAARHRKY -spacer-Biotin 0.4607
Histone 4 SGRGKGGKGLGAGGAARHRKY -spacer-Biotin 0.3505
SGRGAGGAGLGAGGAKRHRKY -spacer-Biotin 0.5527
SGRGKGGAGLGAGGAARHRKY -spacer-Biotin 0.5523
SGRGAGGKGLGAGGAARHRKY -spacer-Biotin 0.4593
SGRGAGGAGLGKGGAARHRKY -spacer-Biotin 0.5012
SGRGAGGAGLGAGGAARHRKY -spacer-Biotin 0.3271
Ac-GLGKGGAKRHRKVLRDNIQGI -spacer-Biotin 0.2231
Ac-GLGKGGAKRHRAVLRDNIQGI -spacer-Biotin 0.1951
Ac-GLGKGGAARHRKVLRDNIQGI -spacer-Biotin 0.1666
9-29 Ac-GLGAGGAARHRKVLRDNIQGI -spacer-Biotin 0.1222
Ac-GLGKGGAARHRAVLRDNIQGI -spacer-Biotin 0.0544
Ac-GLGAGGAARHRAVLRDNIQGI -spacer-Biotin -0.0086
SGRGKQGGKARAKAKTRSSRA -spacer-Biotin 0.5094
SGRGAQGGKARAKAKTRSSRA -spacer-Biotin 0.6783
SGRGKQGGAARAKAKTRSSRA -spacer-Biotin 0.744
SGRGKQGGKARAAAKTRSSRA -spacer-Biotin 0.6117
SGRGKQGGKARAKAATRSSRA -spacer-Biotin 0.5603
SGRGAQGGAARAKAKTRSSRA -spacer-Biotin 0.5393
SGRGAQGGKARAAAKTRSSRA -spacer-Biotin 0.4645
Histone 2A 191 SGRGAQGGKARAKAATRSSRA -spacer-Biotin 0.3473
SGRGKQGGAARAAAKTRSSRA -spacer-Biotin 0.4119
SGRGKQGGAARAKAATRSSRA -spacer-Biotin 0.3853
SGRGKQGGKARAAAATRSSRA -spacer-Biotin 0.3521
SGRGAQGGAARAAAKTRSSRA -spacer-Biotin 0.3236
SGRGAQGGKARAAAATRSSRA -spacer-Biotin 0.2684
SGRGKQGGAARAAAATRSSRA -spacer-Biotin 0.3394
SGRGAQGGAARAKAATRSSRA -spacer-Biotin 0.4629
SGRGAQGGAARAAAATRSSRA -spacer-Biotin 0.2459
PEPAKSAPAPKKGSKKAVTKA -spacer-Biotin 0.2527
Histone 2B 1-21 PEPAASAPAPKKGSKKAVTKA -spacer-Biotin 0.0716
PEPAKSAPAPAKGSKKAVTKA -spacer-Biotin 0.0648
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PEPAKSAPAPKAGSKKAVTKA -spacer-Biotin 0.0928
PEPAKSAPAPKKGSAKAVTKA -spacer-Biotin 0.0591
PEPAASAPAPAKGSKAAVTKA -spacer-Biotin -0.0252
PEPAASAPAPKAGSKKAVTKA -spacer-Biotin 0.0278
PEPAASAPAPKKGSAKAVTKA -spacer-Biotin -0.0036
PEPAASAPAPKKGSKAAVTKA -spacer-Biotin 0.0421
PEPAKSAPAPGSKKAVTKA -spacer-Biotin -0.0085
PEPAKSAPAPAKGSAKAVTKA -spacer-Biotin -0.003
1-21 PEPAKSAPAPAKGSKAAVTKA -spacer-Biotin -0.0037
PEPAASAPAPAAGSKKAVTKA -spacer-Biotin -0.0069
Histone 2B PEPAASAPAPKKGSAAAVTKA -spacer-Biotin -0.0302
PEPAKSAPAPAAGSAAAVTKA -spacer-Biotin -0.0347
PEPAKSAPAPAKGSAAAVTKA -spacer-Biotin -0.0343
PEPAKSAPAPKAGSAAAVTKA -spacer-Biotin -0.0455
PEPAKSAPAPAAGSAKAVTKA -spacer-Biotin -0.0264
PEPAKSAPAPAAGSKAAVTKA -spacer-Biotin 0.0041
PEPAASAPAPAAGSAAAVTKA -spacer-Biotin -0.0612
Ac-GSKKAVTKAQKKDGKKRKRSR -spacer-Biotin 0.9105
Ac-GSKKAVTAAQKKDGKKRKRSR -spacer-Biotin 1.0681
13-33 Ac-GSKKAVTKAQAKDGKKRKRSR -spacer-Biotin 1.0752
Ac-GSKKAVTKAQKADGKKRKRSR -spacer-Biotin 0.9499
Ac-GSKKAVTAAQAADGKKRKRSR -spacer-Biotin 0.7628
ARTKQTARKSTGGKAPRKQLA -spacer-Biotin 0.6969
ARTAQTARKSTGGKAPRKQLA -spacer-Biotin 0.2993
ARTKQTARASTGGKAPRKQLA -spacer-Biotin 0.496
101 ARTKQTARKSTGGAAPRKQLA -spacer-Biotin 0.6536
ARTAQTARASTGGKAPRKQLA -spacer-Biotin 0.2429
ARTAQTARKSTGGAAPRKQLA -spacer-Biotin 0.3065
ARTKQTARASTGGAAPRKQLA -spacer-Biotin 0.6154
ARTAQTARASTGGAAPRKQLA -spacer-Biotin 0.3286
Ac-TGGKAPRKQLATKAARKSAPA -spacer-Biotin 0.1311
Ac-TGGAAPRKQLATKAARKSAPA -spacer-Biotin 0.1835
H3 Ac-TGGKAPRAQLATKAARKSAPA -spacer-Biotin 0.1081
Ac-TGGKAPRKQLATAAARKSAPA -spacer-Biotin 0.0669
Ac-TGGKAPRKQLATKAARASAPA -spacer-Biotin 0.068
11.31 Ac-TGGAAPRAQLATKAARKSAPA -spacer-Biotin 0.1382
Ac-TGGAAPRKQLATAAARKSAPA -spacer-Biotin 0.0436
Ac-TGGAAPRKQLATKAARASAPA -spacer-Biotin 0.0482
Ac-TGGKAPRAQLATAAARKSAPA -spacer-Biotin 0.023
Ac-TGGKAPRAQLATKAARASAPA -spacer-Biotin 0.0495
Ac-TGGKAPRKQLATAAARASAPA -spacer-Biotin 0.024
Ac-TGGAAPRKQLATAAARASAPA -spacer-Biotin 0.0263
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Ac-TGGKAPRAQLATAAARASAPA -spacer-Biotin -0.008
11-31 Ac-TGGAAPRAQLATKAARASAPA -spacer-Biotin -0.0084
Ac-TGGAAPRAQLATAAARASAPA -spacer-Biotin -0.0201
Ac-KAARKSAPATGGVKKPHRYRP -spacer-Biotin 0.4517
Ac-KAARKSAPATGGVAKPHRYRP -spacer-Biotin 0.3467
H3 Ac-KAARKSAPATGGVKAPHRYRP -spacer-Biotin 0.2835
93.43 Ac-KAARKSAPATGGVAAPHRYRP -spacer-Biotin 0.1125
Ac-KAARASAPATGGVKKPHRYRP -spacer-Biotin 0.3221
Ac-KAARASAPATGGVAKPHRYRP -spacer-Biotin 0.1612
Ac-KAARASAPATGGVKAPHRYRP -spacer-Biotin 0.159
Ac-KAARASAPATGGVAAPHRYRP -spacer-Biotin 0.0554
Control 4 0.0112

267




David Bowkett

Appendices for Chapter 4 - Assessing the ligandability of
tandem PHDs

Appendix 4.2 - X-ray Crystal Structure Statistics for DPF3b

DATA COLLECTION
X-ray source DIAMOND-104-1
Resolution 30.7-1.7
Space group P3
a=56.1A
Cell dimensions [A] b=56.1A
c=153.6 A
Unique reflections 60852
Completeness [%] 99.1
Rmerge [%] 16.4
Rpim [%] 8.3
CCyp 0.990
I/ol 7.8
REFINEMENT
Resolution range [A] 30.1-1.7
Number of reflections 58206
No. of atoms
(protelln/sulphate(atrate/ 3424/0/0/0/0/
chloride/MPD/nitrate/ 0/0/0/71/0/0
EG/sugar/H,0/tartrate/
acetate)
B factors [A’] 11.369
Rfactor [%)] 22.5
Rfree [%] 25.9
r.m.s.d. bonds [A] 0.032
r.m.s.d. angles [deg] 2.998
Ramachandran statistics
Favoured [%] 89.68%
Disallowed [%] 2.52%
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