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Abstract

Epigenetic control of gene expression by histone post-translational modifications (PTMs) is
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histone lysine demethylase (KDM) family of epigenetic enzymes remove methyl
modifications from lysines on histone tails. The Jumonji C domain (JmjC) fayi# the largest
family of KDMs. Investigating the scope and mechanisms of the JmjC KDMs is of interest for
understanding the diverse functions of the JImjC KDMs vivo, as well as for the application

of the basic science to medicinal chemistry design.

The work described in this thesis aimed to biochemically investigate the inhilotr and
substrate diversity of the JmjC KDMs, it led to the identification of new inhibitors and
substrates and revealed a potential combinatorial dependence between adjacent histone
PTMs. Structure activity relationship studies gave rise to am-octyl ester form of IOX1 with
improved cellular potency and selectivity towards the KDM4 subfamily. This compound
should find utility as a basis for the development of JmjC inhibitors and as a tool compalin
for biological studies. The rest of this thesis focused on the biochemical investigais of
potential substrates and inhibitors for KDM3A, a JmjC demethylase with varied
physiological functions. Kinetic characterisation of reported KDM3A substrates was used as
the basis for evaluations of novel substrates and inhibitors. Further studigeund TCA cycle
intermediates to be moderate co-substrate competitive inhibitors of KDM3A. Biochemical
investigations were carried out to study potential protein-protein interactions of KDM3A
with intraflagellar transport proteins (IFTs), non-histone proteins involved in the formation

of sperm flagellum. Work then addressed the exploration of noveh vitro substrates for
KDM3 (KDM3A and JMJD1C) mediated catalysis, including: methylated arginines, lysine
analogues, acetylated and formylated lysines. KDM3A, and other JImjC KDMs, were found to
catalyse novel arginine demethylation reactionin vitro. Knowledge gained from studies
with unnatural lysine analogues was utilised to search for additional novel PTM substrates
for KDM3A. These results constitute the first evidence of JmjC KDM catalysed hydroxylation
of anNBacetyllysine residue. The H3 K4me3 position seems to be required for acetyllysine
substrate recognition, implying a combinatorial effect between PTMs. Preliminary results
provide evidence that JMIJD1C, a KDM3 protein previously reported to be inactive, may
catalyse deacetylationin vitro. An additional novel reaction, observed with both KDM3A and
JMJID1C, is deformylation olNt-formyllysine residues on histone H3 fragment peptides.
Interestingly, H3 K4 methylation was also observed to enhance the apparent deformylation
of both KDM3A and JMJD1C catalysed reactions.

Overall, findings in this thesis suggest that the catalytic activity of JmjC KDMs extends
beyond lysine demethylation. In a cellular context, members of the KDM3 subfamily might
provide a regulatory link between methylation and acylation marks. Such a link will further
highlight the complex relationships between histone PTMs and the epigenetic enzymes that
regulate them. The observed dependency of H3 K9 catalysis on H3 K4 methylation adds
another layer of complexity to the epigenetic regulation by histone PTMs.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Epigenetics

Genetics and developmental biology were almost completely separate fields until the
second half of the twentieth centuryt The term 0%’ <%o e+ twas.fwst named by
Waddington in 1942,it links these two fields and provides a bridge betweemgenotype and
aphenotype2 One definition of molecular epigenetics is that it concerns withow changes
to the phenotype can occur without alternationsin the underlying i DNA nucleotide
sequence, including by modulation of gene expression levél8lore simply, epigenetics can
be viewed as the studies of the detailed chemistry underlying genetics. Epigeneticseasch
aims to explain why the cells in our body may share nearly the same DNA sequence llicere
the same genotype), bt different tissues are distinct in their gene expression profiles and
functions (i.e. have different phenotypes)it has been suggested that if the DNA sequence is
viewed as an instruction manual text, epigenetic marks can be analogues to highlighters,

which emphasise relevant sections in the text and discard othefs.

In the past few decades the molecular mechanisms behind the epigenetic phenomena have

begun to be unravel. These mechanisms include non-coding regulatory RNA, DNA

methylation, and modificationsto histone proteins. The latter are carried outbyi ' <%0 f et —«<...

enzymesis 7 Epigenetic proteins can serve as mediators, they read the genetic information
and regulate gene expression to ultimately determine the phenotype. Thus, epigenetiss

an amended version to the classad view of the central dogma of biology.

The ability of epigenetics to fill in some of the gaps in our scientific understandj has
stimulated a great interest in related research, and the knowledge in this field is expanding
rapidly. On-going research is frequently uncovering the molecular mechanisms

underpinning the role of epigenetics in development and disea9g?
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1.2 Packaging of DNA into a chromatin structure

Each human cell contains approximately two meters of linear DNA. This DNA is
extensively compacted by several levels of packaging into the cell's nuclaonsa volume of
ysrrr J%This compaction is achieved by the formation of nucleo-protein comples in

which the protein mass is nealy double that of the DNA2 In the first level of packaging the

DNA is wrapped around histone proteins to form a nucleosome.

Histones are basic and relatively small (100-150 residues) proteins. Their conserved
structure comprises aGterminal globular core domain containing— S ” 1-Helices separated
by two loops, and an unstructured\-terminal tail that protrudes out of the nucleosome and

is not involved in DNA binding. The standard nucleosome containsl46 base pairs of DNA
wrapped around a histone octamer complex. In animals, a typical octamer comprisedwb
copies of each of histone 3 (H3), histone 4 (H4), histone 2A (H2A) and histone 2B (H2B)
(Figure 1.1).13

Figure 1.1 View from the crystal structure of a nuc leosome (PDB ID 1KX3). View
showing how the DNA superhelix (orange) coils aroue the histone octamer. The histone
octamer comprises copies of each of histone 3 (bl)ge histone 4 (green), histone 2A
(yellow) and histone 2B (red). Histone tails are mgsing because they are intrinsically
unstructured in solution and no electron density wa observed for them 14
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The wrapping of the DNA around the histone complex is enabled by electrostatic
interactions between the negatively charged DNA and the positively charged histonds.
string of nucleosomes forms a 10 nm fibre, sometimes known as @, ff te ‘¢ f *="<*% 0

structure (Figure 1.2).15.16

DNA double helix

il 1' | ‘é
FUA AV N A M /’ , 1,“, /‘:" . i ‘ v Naked duplex DNA
g A4 A'A «‘lj ‘ é

P N
& .
‘// "// /,// \ .
Nudeosome core of O ffte ‘o f e="<e% 0
eight histone molecules 10 nm ﬁbre
r H1 histone
Extended chromatin fibre _— P
. S, 11 nm ’!._5 Chromatosome
300 nm B2
8D
=2 30 nm fibre

30 nm

‘; P PP P e ;4':17;4 ==t "Tl RUNES

Condensed chromatin fibre 1400 nm
Mitotic chromosome

Figure 1.2 Illustration of the different levels of DNA packaging. In the first level of
packaging the DNA is wrapped around histones to for the nucleosome complex. A string
of nucleosomes forms a sr e+ "¢, "f o' ™e fo o tfTe ldnfhe néxtl¥vel HL
histones further fold up the nucleosomes to forma ~30 nm chromatin fibre. Additional
folding and compression forms the chromatin fibre.During cell division the chromatinis
tightly packed to form the mitotic chromosome and #cilitate segregation6t18

In the next level of packaging one molecule of histone H1 binds on top of the nucleosome
where two turns of DNA occur, sealing the DNA to the nucleosome. In addition to binding to
the nucleosome, H1 also binds to the "linker DNA" 20-80 nucleotides in length) region
between nucleosomes, thus allowing the packaging of the nucleosomes againstheather
to form a tight zig-zagged 30 nm fibré?® This fibre is likely to be the template for most

nuclear processes.
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Additional levels of compaction enable these fibres to be packaged into the small volume of
the nucleus 1srrr JP)1 The next high-order structure is the chromatin fibre.
Compaction of the DNA into this structure protects the DNA from damage and allows
regulation of the gene transcription and DNA replication processe8.The tightness of the
packaging depends on the region along the DNA strand as well as on the cell cycle stage
Actively transcribed genes are more loosely packed than inactive genes to allow access t
transcription related proteins. These lightly packed regions of the chromatin are referred
as euchromatin?t Conversely, inactive chromatin regions are more condensed and are
referred as heterochromatin. During cell division the chromatin is tightly packed to form

the mitotic chromosome and facilitate segregatio?

The dynamic nature of chromatin packaging is achieveith three main ways: chromatin-
remodelling complexes, histone variants and post-transcriptional modifications.
Chromatin-remodelling complexes are reported to unpackage chromatin by a number of
mechanisms including sliding nucleosomes, restructuring nucleosomesr replacing
canonical histones with their variants2223 Chromatin-remodelling complexes are divided
into four families which differ in their specific functions: the SWI/SNF (itching
defective/sucrose nonfermenting) family, the ISWI (imitation switch) family, the INO80
(inositol requiring 80) family and the CHD (chromodomain, helicase, DNA binding)
family.24 27 All chromatin-remodelling protein families have a DNA-dependent ATPase
domain, their mechanisms are currently unknown but it is hypothesised that they move

DNA by binding to the nucleosome and then pumping the DNA arounc4t®

The second way cells control chromatin packaging is by the incorporation of histone
variants. Although histones are among the most conserved of all studied proteins, the
canonical histones have variants which share the same histone core structure, buhish
exhibit variations in their primary sequence3® When histone variants replace the canonical
histones in the nucleosome they can alter the structure of the nucleosome, the capacity of
DNA packaging and the post-translational modifications they present (see Section )138
Unlike canonical histones, the amount of the histone variants is not cell cycle-dependent,
but is associated with a specific biological context. For instance, histone H3.3 replaces the
canonical histone in active chromatin regiong2 Table 1.1 summarises some of the reported

histone variants and their function
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Table 1.1 Histone variants and their function. Some of the reported histone
variants that replace the canonical histones, theiorigin, chromatin effect and function?

Histone Variant Species Chromatin Function
effect
SpH1 Sea urchin Chromatm Chromatin packaging
1 condensation
H1t Mouse Open' Histone exchange
chromatin
MacroH2A Vertebrate Condensed X-chromosome inactivation
chromatin
Open i o
H2ABbd Vertebrate chromatin Transcription activation
H2A
- Condensed DNA repair/recombination
H2A. X  Ubiquitous . e :
chromatin [transcription repression
H2A.Z  Ubiguitous Open/closed Transcription actlvatlon/repr_essmn,
chromatin chromosome segregation
H2B SpH2B  Sea urchin Chromatl_n Chromatin packaging
condensation
CenH3  Ubiquitous Kinetochore formation/function
H3 . -
H3.3 Ubiquitous Open . Transcription
chromatin

A third way to regulate chromatin packaging is by post-translational modificationn

histone tails (see next section).

1.3 Histone post-translational modifications

DNA is tightly folded around histones to form the nucleosomal fibre. The key questiard
how the DNA is transcribed under such tight packaging has become vital to our
understanding of epigenetics as a whole. Extensive research has revealkdt chromatin
structure is dynamically modulated by interactions between epigenetic enzymes and post-

translational modifications (PTMs) presentontheSc<e—‘e3 18 f<Z o7&

The N-terminal region of histones protrudes from the compact nucleosome and is largely
disordered in solution. Histone tails are amongst the most highly conserved sequendas
eukaryotes. Although these tails are relatively short (for H4 and H3 the length is 19 and 26

residues, respectively), they are also amongst the most highly post-translationally mdigid
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proteins within the eukaryotic proteome. Of the modified residues along the histone tail,

lysine has been reported to be the most modified residug.

PTMs on histone tails include acetylation of lysines, methylation of lysines and arginge
phosphorylation of threonines and serines, and ubiquitination of lysine& Of these
modifications, lysine acetylation and methylation are the most extensively studied.Over
the past decade, more than twenty novel histone PTMs have been discovered, including
lysine acylation PTMs such as formylation, crotonylation and 2-hydroxyisobutyrylatiof’

40 These discoveries were made possible by recent advances in proteomic and the
development of selective antibodies? 39241 Figure 1.3 outlines the main array of currently

reported PTMs on histones.
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Figure 1.3 Summary of the reported histone marks of H3, H4, H2A, H2B and H1
histones, including the recently identified lysine  acylation marks . Figure reproduced
with permission.3s

Some histone tail PTMs correlate with transcriptional activation while others correlate with

transcriptional repression, depending on the types and the position of the PTMs on the

histone tails4243 The cross-talk between different modifications is also likely to plagrole

in transcription regulation. St o «17"71 f e Bnfltegédther they represent the

TSce—tet .'1T3i S>'*—Stece " 1’ % tinithis.thedry %thesé fmarks &an

dynamically modulate the chromatin structure to either induce or repress gene

transcription. Histone marks can regulate chromatin packaging via two mechanismg4s 47

first, PTMs can alter the chemical properties of their residues and thus directly affettte

DNA-histone interactions. Second, these histone marks can recruit chromatin-modifying

enzymes through binding. Recent studies indicate that histone modifications @ context

dependent effects, making their interplay more like a language within the chromatin

signalling pathway than a code?

Histone marks are regulated by epigenetic enzymes « f"f fttft ,> T™"«—%"74 "F'"F¢
by 137 fet”ei feot <tie—< <t P i s ZH i8S fe%te — —SF 1Sce—"eF . 'tii
dynamic modulation of the chromatin structure that will ultimately define the accessibility

of genes for transcription and will translate into biological outcomeg?

1.4 Histone acetylation

Acetylation on lysyl-residues of histone tails is a well-studied epigenetic modification.
Studies during the nineties have shown that acetylated chromatin has an increased
sensitivity to DNase | due to increased accessibility to interacting proteir85! These
studies were later corroborated by chromatin-immunoprecipitation (ChIP) studies in
yeast52 The conclusion from such studies was that acetylation neutralises the positive
charge on the lysyl-residue, and thereby weakens the interaction between the histones and
the negatively charged DNA $cheme 1.1). The biological implication of loosening
chromatin structure is that the DNA becomes more accessiblso that the transcription
machinery can reach the promoter regionsand initiate transcription. Therefore, histone
acetylation is associated with euchromatin and enhanced gene transcriptionLysine

acetylation is the most studied modification in a growing list of lysine acylation marks whit
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includes crotonylation, malonylation, succinylation, formylation, and the recently

discovered 2-hydroxyisobutyrylation 37 40

+ acetyl
H -H* H
N E/N

o o7

Scheme 1.1  Acetylation neutralises the positive cha rge on the lysyl-residue.

1.5 Histone acetyllysine readers

In addition to direct weakening of histone DNA interactions by the removal of the positive
charge, acetylation also affects the chromatin structure by being recognised by a nueniof

histone reader domains in chromatin-associating proteins.

Most histone acetyllysine readers belong to the bromodomain containing family of protesn
which can selectively interact with acetylated lysinesIn humans there are over ©
bromodomain-containing proteins53 Most of the proteins in this family have multiple
domains and are chromatin-associated. Bromodomain modules share a conserved fold that
consist of a left-S fetft ,—e1Z71 -heliCés+tHat=are linked by diverse loop regions

which surround the acetylated lysine Figure 1.4).54
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Figure 1.4 Representative structure of a bromodomai n acetyllysine reader. View
from the crystal structure of bromodomain 1 of moug Brd4 (green) in complex with
histone H3 K14Ac (cyan), showing the classical broodomains structure that consists of a
left-handed 4 .-helix bundle with a binding cavity surrounding theacetyl moiety (PDB ID
3JVK.55

The plant homeodomains (PHDs) are another important class of histone acetyllysireader
domains. Although PHDs are mainly reported to recognise histone tail methylation, some
PHDs have been found to associate with acetyllysine residues (see Section 1.9 for
methyllysine recognition).56.57 All of the PHD modules share a typical conserved zinc finger
topology (see Section 1.9 for structural information). The ability of PHDs to bind different
substrates depends on variations in the loops that connect the zinc fingers, similatly the

mechanism of recognition of various substrates by bromodomaingg.5®

The pleckstrin homology (PH) domain is also reported as an histone acetyllysine reader
acetylation on histone H3 lysine 56 (H3 K56Ac) has been reported to be recognised by the
double PH domain of the histone chaperone Rtt106? However, PH domains are more

commonly known to bind phosphatidylinositol lipids within biological membranes.

1.6 Histone acetyl-transferases

Acetyl groups can be added to thé&lt-amino group of lysine residues by histone acetyl-
transferases (HATs). HATs utilise acetyl-coenzyme A (acetyl-coA) as their sole domdr

acetyl groups and therefore acetyl-coA levels in cells affect histone acetylati#inSince

10
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acetyl-coA is a key intermediate in the tricarboxylic acid (TCA) cycle, HA@sectly connect

energy homeostasis and gene expressidgh.

HATs are divided into four main subfamilies depending on their sequence similayit the
Gcen5-relatedN-acetyltransferases (GNATshamed after their similarity to the Gne5 HAT
The MYST named for their founding members MOZ, Ybf2, Sas2, and Tip60. The additional
HAT subfamilies are smaller and include the p300/CBP and Rtt109 subfamili&sHATs
differ in their selectivity for various histone positions. Some HATs havalso been reported
to catalyse acetylation of non-histone substrate®. Different families of HATs employ
different catalytic mechanisms to transfer an acetyl group from acetyl-CoA to tiét-amino
group of a target lysine side-chairt® The superfamily of GNAT HATs employ a sequential
mechanism in which acetyl-CoA and the histone substrate form a ternary complex with the
enzyme. A conserved glutamate residue in the active site activates a water molecule far th
removal of a proton from the amine group on the target lysine residueScheme 1.2). The
nucleophilic deprotonated lysine then attacks the electrophilic carbonyl carbon of the
enzyme-bound acetylCoAand the acetylated lysine product is formed, with concomitant

release of CoAs

HAT HAT
Acetyl-coA

0>
o” O )J\S/cm o7 OH

- . o G

H, s~
Lys \/\/\Lys

Unmodified lysine

[ _O. O

HN DN
Lys
Acetylated lysine

Scheme 1.2  Proposed outline catalytic mechanism for the GNAT family of histone

acetyl-transferases (HATs). A conserved glutamate residue in the active sitecéivates a
water molecule for the removal of a proton from theamine group on the target lysine
residue. The nucleophilic deprotonated lysine thenattacks the electrophilic carbonyl
carbon of the enzyme-bound acetyl-CoA and the ace#aged lysine product is formed with
concomitant formation of CoAg5

11
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1.7 Histone deacetylases

Histone deacetylases (HDACSs) remove an acetyl group from tNe-amino groups of lysine
residues on histone tails, thereby promoting a more condensed packaging of the chromatin
and repressing gene expressioff Mammals have 18 reported HDACs which are divided
into four classes based on their sequence homolo§y Similarly to HATs, HDACs differ in
their selectivity for various histone positions and are also reported to accept non-Hisne
substrates. HDACs are therefore involved in a variety of biological procesges® Class I)I

and IV HDACs are proposed to share a conserved zinc-dependent catalytic mechanism,
whereas Class Ill enzymes (also known as sirtuins) are nicotinamide adenine dinuctele
(NAD*)-dependent. The Class Ill HDACs are thus important in thegulation of both

metabolism and transcription.70.71

The proposed mechanism of class I/ll/IV zinc-dependent HDACs is outlined 8theme 1.3
In this mechanism a conserved tyrosine residue at the active site and the catalytini
polarise the carbonyl group of the acetyl to make it more electrophili@ Two histidine
residues at the active site are proposed to activate a water molecule for nucleophilic attack
of the acetyl carbonyl carbon. An unstable tetrahedral intermediate is formed, and
spontaneously fragments to form the deacetylated lysine with concomitant release of an

acetate.

12
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Class I/ll/IV

H , H
N o N
His/\ﬁ_,? < HDACs His/\ﬁ_,f,7 Hio)q\,H

N SN A HN/\NBH
O e
His % N 3 His % N >
o) O
Acetyllysine Tetrahederal intermediate

H-o

N
0O
i ~
His” L Ao NH,
Acetate
_ ’ /RN .
HN Deacetylated lysine
o H
)J\ N\
Hs % N -

Scheme 1.3  Proposed catalytic mechanism of class I/ Il/IV zinc-dependent histone
deacetylases (HDACS). A conserved tyrosine residue at the active site anthe catalytic
zinc polarise the carbonyl group to make it more &ctrophilic. Two histidine residues at
the active site activate a water molecule for nuclephilic attack of the acetyl carbonyl
carbon. An unstable tetrahedral intermediate is fomed which spontaneouslyfragments to
the deacetylated lysine with concomitant release o&n acetate ion’2

Scheme 1.4 shows the proposed mechanism of cladd NAD-dependent HDACs. The first
step of the enzymatic catalysis involves cleavage of NADby reversible adenosine
diphosphate ribose (ADP)-ribosylation of the acetyl carbonyto form nicotinamide and a
peptidylimidate intermediate, in which the acetate group resides on the ribose ring
where the cleavage occurred? This reactive intermediate then undergoes =@
intramolecular attack by the 2'-OH group to yiel®'-O-acetyl-ADP-ribosyl-2'-OAADPR) and
the deacetylated lysine (Steps 5).

13
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O/CONHZ o CONH, - CONH;
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N3 N
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° Sep ! > ﬁ{b\
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OH OH i OH OH @ 0.. 0~
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ADP
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OH O-_ @3
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OH 0 OH
OH O\C*O OH O_ /% OH o\+<
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Scheme 1.4  Proposed outline catalytic mechanism for the class Il sirtuin

catalysed NAD+*-dependent histone deacetylases (HDACs). NAD+ is cleaved by
reversible adenosine diphosphate ribose (ADP)-ribogation of the acetyl carbonyl to form
nicotinamide and a peptidylimidate intermediate. Ths reactive intermediate then
undergoes an intramolecular attack by the 2'-OH gnap to yield 2'-O-acetyl-ADP-ribosyl-
(2'-OAADPR) and the deacetylated lysiné

1.8 Histone methylation

Methylation is one of the most important modifications to proteins and nucleic acids.
Histone methylation has been reported on the side-chains of both arginines and lysines
(arginine methylation is described in Chapter 6). Lysine methylation has been reported on
all histone tails and there is also one example for methylation on a core histone residue (H3
K79).75.76

14
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Unlike acetylation, methylation is considered a subtle modificationas it does not
significantly alter the charge or the polarity of the residue. Therefore, methylation can signal
for either transcription al activation or repression, depending on the position of the mark on
the histone and its methylation state’? The mechanisms by which methylation results in
activation or repression are unclear, though evidence suggests that methylation can recruit
chromatin-modifying enzymes through their methyl-binding domains. For exampleH3
K4me3 is mainly observed on promoter regions associated with transcriptionally active
genes’8 81 TheH3 K4me3 mark can mediate transcriptional activation by association with
the MYST familyof HATSs via their PHD finger domain. These HATs acetylate histone tails
and subsequenty induce transcriptional activation (see Section 1.92:83 By contrast the H3
K9me3 mark is mainly reported to be associated with silent genes and the centromere
region which is largely repressed* H3 K9me3 represses gene transcription by recruiting
heterochromatin protein 1 (HP1), a chromodomain containing protein that facilitates the
formation of heterochromatin leading to repressed gene transcription (see Section 1.9 for

chromodomain).8s

1.9 Histone methyllysine readers

PHDs can bind a number of histone madifications including acetylated and methyldte
lysine residues. Their substrate selectivity is conferred by variations amongghe loops in
the PHD fingers (see Section 1.5 for acetyl recognitioff).Like other histone readers, the
PHDs are commonly found in chromatin remodelling protein&? All PHDs share a conserved
structure with a Cysi-His-Cys ligand motif made up of around 60 amino acids that
coordinates two zinc ions Figure 1.5).86 The PHDs are mainly reported to recognise
unmodified or methylated H3 K4 mark. The catalytic activity of enzymes containing PHD
fingers can be altered by binding of the PHD finger to the substrateFor instance, KDM7B
demethylates H3 K9me1l/2, and its catalytic activity is stimulated by binding to H3 K4me3
via its PHD domairg8 However, there is also evidence that PHDs can recognise other
methylated positions such as H3 K9 which is apparently recognised by the PHD containing
enzyme KDM5G? The PHDs can also recognise the absence of demethylation in the H3 K4
position. For instance, H3 K4meO0, but not methylated H3 K4, is recognised by the PHD
domain protein BHC80 which then facilitates binding of the LSD1 histone demethylage

the chromatin (see Section 1.11 for histone demethylasé).

15
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Figure 1.5 Cross-brace zinc ligation is a conserved pattern in PHD domains. All
PHDs share a conserved structure with a Cys4-His-€3 ligand motif (grey circles) made
up of around 60 amino acids that coordinates two zic ions. Figure adapted with

permission.o!

Many chromatin remodelling proteins contain a chromodomain. Chromodomains bind
methyllysine residues on histone tails in heterochromatin region§29 A typical
chromodomain has 50 amino acids that fold int@ conserved anti-parallel -sheets and a
single .-helix. The histone methyllysine substrate is bound in a cleft formed between a

segment of the -sheets and the loop which connects them to the-helix (Figure 1.6).94

Figure 1.6 Representative view from a structure of a chromodomain methyllysine
reader . View from a crystal structure of theDrosophilapolycomb chromodomain (cyan)
in complex with H3 K27me3 peptide (yellow) showinga typical chromodomain with 50
amino acids that fold into 3 conserved anti:f" fZZ-pB tt—+ fet f <heltha ZThe=
histone methyllysine substrate is bound in a clefformed between a segment of—S >
sheets and the loop which connects them with- S ¥helix (PDB ID 1PFB.94

16
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Other methyllysine readers include: the tudor domains, the MBTs, the PWWP and the WD.
The tudor domains bind di-and tri- methyllysine residues, and can repeat twice the same
protein sequence (tandem tudor domains). The MBTs bind mono- and di- methylated
lysines only when their sequence repeats 2-4 times. The PWWP domain has an aromatic
methyllysine binding pocket composed of the PWWP residues, and the WD has single or
multiple repeats of a propeller-—>'f «—"— ... ——"1 ™ _S ymethylysine birding « f

domain.

1.10 Histone lysine methyltransferases

Methylation of histone lysine and arginine residues is catalysed by histone
methyltransferases (HMTs) which utilise S-adenosyl methionine (SAM) as their methyl
source. Histone lysine methylation is catalysed by lysine methyltransferases (KMTs) which
contain the SET catalytic domain (with the exception of KMT4%:27 The KMTs have varied

substrates, and their selectivity is dependent on both the sequence and the methylation
state of the lysine, KMTs are also reported to catalyse methylation of non-histone

substrates98.99

For KMT methylation to occur, SAM and the target histone lysine residue need to bind to the
catalytic core of the SET domain in the right orientatiof® The consensus methylation
mechanism is proposed to be & substitution involving nucleophilic attack of the lysine
residue on the electrophilic methyl group on the sulphur atom of the SAM molecule,

resulting in a methyl transfer to the lysine residue $cheme 1.5.

NH; o} NH,

o)
NH NH
HO ’ N~ N HO 2NN
l <l
H /\9§ \/_0: SET domain H H S ;0;
N NH - N N
YIW ? OH OH YI\/\/\ OH OH

HN™ ~O S-adenosylmethionine HN™ SO S-adenosylhomocysteine

Ay v

Umodified lysine residue Methylated lysine residue

Scheme 1.5 Proposed catalytic mechanism for histone lysine methyltransferases
(KMTs). Methyl group is shown in red.S-adenosyl methionine (SAM)and the histone
lysine residue bind to the catalytic core of the SE domain. TheNBamino group of the
lysine residue is deprotonated by an active site tpsine residue. &2 substitution by a
nucleophilic attack of the deprotonated lysine resiue on the electrophilic methyl group
on the sulphur atom of the SAM molecule results irm methyl transfer to the lysine
residue 100
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1.11 Histone lysine demethylation

Lysine methylation was considered irreversible until the discovery of the first histone
demethylase in 200411 The first lysine demethylase to be identified was the Lysine Specific
Demethylase 1 (LSD1, also known as KDM1A), which is a flavin adenine dinucleotide (FAD)

dependent oxygenaseéo!

As a typical FAD dependent oxygenase, the demethylation mechanism of LSD1 involves
oxidation of the methylated lysine histone substrate to imine, with concomitant reduction

of FAD to FADH and reduction of molecular oxygen to hydrogen peroxide to regenerate
FAD. The resulting imine intermediate is the hydroly®d non-enzymatically to produce the

demethylated lysine with release of formaldehyde $cheme 1.6).102

OH
(0] 'T' (0] ICIJHZ H.O O |:
o N— LSD1 NT 2 o NH
zz)l\ N0 R — % OIS ‘R s NS R
HN_ FAD " *" FADH HN_ HN_
¥ % ¥ ¥
Methylated lysine HO Imine
2%2
R=-CH3/H -HCHO
o) Hy
« )J\"‘\\/\/N‘R
HN\rrrr

Demethylated lysine

Scheme 1.6  Proposed catalytic mechanism for LSD1 histone lysine demethylase .
Oxidation of the methylated lysine histone substra¢ to imine, with concomitant reduction
of FAD to FADH, and reduction of molecular oxygen to hydrogen peroixie to regenerate
FAD. The resulting imine intermediate is hydrolysednon-enzymatically to produce the
demethylated lysine with release of formaldehydetot

Since an imine is formed during the catalysis mechanism, and immeannot be readily
formed from the quaternary ammonium species, it is likely that LSD1 can only accepbno-
and dimethylated lysines as substrates but not trimethyllysine residues. The reported
substrates for LSD1 include H3 K4mel/me2 and H3 K9mel/me2 (in a content-dependent
manner) aswell as a number of non-histone substrates such as the DNA methyltransferases
DNMT1 and the transcription factor p53103.104
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Subsequently, another member of this family, LSD2 (also known as KDM1B) was identlfie
as an H3 K4dmel/me2 demethylasé® More recently LSD2 has been reported as an E3
ubiquitin ligase that directly ubiquitylates and thus promotes the proteasome-dependent

degradation of O-GIcNAc transferase (OGT.

Histone lysine demethylases can be divided into two classes depending on their catalytic
mechanism. The second and larger class of histone lysine demethylases are theqhjinC
histone lysine demethylases (JmjC KDMs) which belong to the superfamily of 2-oxoglutarate
dependent dioxygenases (20G oxygenases). 20G oxygenases and JmjC KDMs are described

in the next sections (Sections 1.12 - 1.13).
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1.12 2-Oxoglutarate dependentdioxygenases

The second class of histone lysine demethylases belong to the superfamily of 2-oxoglutarte
dependent dioxygenases (20G oxygenases8).20G dependent oxygenases are noraém
enzymes that utilise 20G and molecular oxygen to catalyse a wide variety of oxidation
reactions including hydroxylation and demethylation Scheme 1.7).108

Ring closure

|

H
R_R X R
Desaturation ('?) / l
\ R }
. " H R.__OH
HJ\TR (n)x } Ring opening
“y R
H
o) 9] His
AN HOMO Fe ‘GIu/Asp
R R |
o) His
Epoxidation

HN-Me
R CHy
R

Cl— Fe “Glu/Asp

20G bound to Ferryl intermediate R H

i HN

His CH2
NH
R , MY
Demethylation CH2 UF\C‘)H His R.C,OH
R CI= F‘e “Glu/Asp H2
His Hydroxylation
H, R...O
RCcl
Chlorination

0:0 -—— Iq,

R"7"OH
Second hydroxylation

Scheme 1.7 The variety of oxidation reactions catal ysed by eukaryotic and
prokaryotic 20G oxygenases. Oxygen atoms derived from molecular oxygen are shm
in red. Figure adapted with permissioni08
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The 20G dependent oxygenase superfamily of enzymes is present in most aerobic
organisms, with varied distribution depending on the selectivity of the catalysed reaction.
The oxidation substrates of 20G oxygenases can be divided to six major categotie20G
oxygenases can act on protein® regulate various processes such as oxygen sensing and
histone modifications109.110 They can also catalyse polynucleotide modifications and are
involved in DNA and RNA repair and transcriptioal regulation 111112 Some 20G oxygenases
catalyse lipid oxidation and are reported to play a role in metabolisrt3 In plants, some 20G
oxygenases specialise in catalysing modifications of plant-specific metabolitesch as
flavonoids and gibberellins!14115 20G oxygenases can also act on small molecules including
free amino acids and nucleosides$.117 Finally, 20G oxygenases are also utilised extensively

for antibiotic biosynthesis.118

Over 60 members of 20G oxygenases have been identified in humans and other animals.
Known catalysis products of these oxygenases are currently limited to hydroxylation and
demethylation products. The most studied reactions by human enzymes are those involved
in collagen biosynthesis (hydroxylation of prolyl- and lysyl- residues in collagen), &
hypoxic response (hydroxylation of hypoxia inducible factors =a -s ¥ and epigenetic

regulation (demethylation of histones)2109.110,119

Despite the diverse array of reactions catalysed by 20G oxygenases, this superfamily of
enzymes shares a similar catalytic domain and atlf their reactions are catalysed by the
same conserved reaction mechanism. Crystallographic studies on 20G oxygenases have
revealed a conserved doubles —" f « T helix (DSBH) or a jelly-roll core foldi2® Most of the
20G oxygenases coordinate the active site'Fat one end of tlis double-stranded >helix by
using a His-X-Asp/Glu-X-His (2-His-1-carboxylate facial triad) motifi2 The 20Gco-
substrate binds within the active site core and the target substrate binds to lessnserved

regions which enable substrate selectivity Figure 1.7).122
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Figure 1.7 Representative structure of a 20G oxygen ase. View from a crystal
structure of ABH2 (an AlkB homolog, in green) in aoplex with its DNA substrate (orange)
showing a typical double-» —" f « T £Helix (DSBH) core fold, with a His-X-Asp/GIUkN-His
catalytic trade. N-oxalyglycine (NOG) is used as a 20G mimic and ikosvn in pink,
Manganese (Mn) is shown in grey (PDB ID 3BUC»

1.12.1 Mechanism of oxidation by 20G dependent oxygenases

The available evidence is that 20G oxygenases employ a consensus oxidation mechanism.
The first comprehensive proposal of the 20G oxygenase catalysed oxidation mechanism
was suggested in 1982 based on the limited experimental data that were available at that
time.123 The validity of this mechanism was later largely confirmed by experimental studse

on 20G oxygenases, including taurine dioxygenases (Tgu#

The consensus mechanism by which 20G dependent oxygenases are proposed to catalyse

hydroxylation is outlined in Scheme 1.8 and the individual steps are as follow$¢7.125

1) The co-substrate 20G binds to the active sitee! in a bidentate manner via its Ck
carboxylate and C2 oxo groups, this binding displaces two water molecules that
were bound theFé! in its resting state.

2) The prime substrate then binds to the active site. This leads to weakening of the
binding between the remaining water molecule and thd=€!. Displacement of this
water molecule causes the iron to react with the oxygen molecule

3) The metal binds molecular oxygen and Be'"-superoxo species is generated.
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4) The molecular oxygen also binds to 20G and a'f¥exo species, also known aa
ferryl intermediate, is formed.

5) Oxidative decarboxylation produces succinate an@Q.

6) The ferryl intermediate is a strong oxidant and it extracts a hydrogen atom from the
prime substrate to generate a radical and &e''-hydroxide.

7) A radical rebound process hydroxylates the radical substrate, to form the
hydroxylated product and recycle the enzyme into its restingre! state.

8) The hydroxylated product and the succinate leave and two water molecules bind to

Fe! in preparation for the next catalytic cycle.
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(B)
HO Prime substrate
Step 1 0, OHy R Step 2
W0 ¢} "r,':eu“H'S ~H
202 + 3 YAsp/Glu H,O
7_09\) O His 2
(o}
Enzyme-20G complex
R.
H
H2Q \_\His HO
Hzo«;e\gAsp/GIu o, i
3 His o gl IS
H,0 Fe“Asp/Glu
His
Enzyme resting state (6]
Enzyme-20G-substrate complex
Succinate
Step 8 Step 3
2H,0 02
. R.
Hydroxylated product HO (o} H
0]
R
> o, | ;
OH o] "'rFem‘H'S
HO OH <« 3 YAsp/Glu
o 1 2 O His
Ie} ”/.,Fe”-\His o
i *Asp/Glu EFell. .
o) His e'!-superoxo species
Step 7 Step 4
R
Radical intermediate R
H
HO O.
HO OH HO o R\H %
g O, \ ‘His < o, |l ) o O,,‘ v His
'Fe\m‘Asp/GIu o Il"Fel\L,\AHIS/GI ; \ FeSasp/Glu
o} His ) Lie PP co, H20 4 O His
Ferryl intermediate
Step 6 Step 5

Scheme 1.8 Proposed catalytic mechanism for hydroxylation by 20G dependent
oxygenases. (A) Overall stoichiometry for a 20G oxygenase catalysed hydroxylation
reaction. (B) Outline of the consensus steps in the hydroxylation mechanism as described
in text. Oxygen derived from molecular oxygen is shown in red, the 2-His-1-carbdate
facial triad is shown in green. Subsequent spontaneous reactions, such as demethylation,
may result from initial substrate hydroxylation.107.125
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To conclude, the main features of is mechanismare: sequential binding of the co-substrate
and the prime substrate leads to a formation of a ternary enzymeFe! 20G substrate
complex. Oxidation of the catalytic iron proceeds via concomitant reduction of molecular
oxygen to generate a reactive ferryl intermediate, and is coupled to conversion of 20G to
succinate. The reactive ferryl intermediate then hydroxylates the substrate by insertion of
the second atom of the molecular oxygen into a C-H bond by a radical mechanism, hence the
name 2-oxoglutarate dependent dioxygenases: these enzymes are dependent on the
tricarboxylic acid (TCA) cycle intermediate 2-oxoglutarge for enzymatic catalysis, and they
also incorporate boh atoms of the molecular oxygen into substrates, with one atom
assimilated in succinate and the other in the hydroxylated producgé Their co-substrate
dependence is proposed to enable 20G oxygenases to interfere with both the TCA cycle and

oxygen sensing as well as additional physiological functiorig? 129

1.13 The Jm|C histone demethylases

St efet —e'e@®c< "<Yocof—te "V'e ['feted IbdrifinatSsofrdm. thefirst” "o
report (1995) on the Jumonji “fe<Z> —Sf— tHe..."¢, ttcrpas-Ze=to ffZ'Ef " fe... T *~
neural grooves inJmjknockout mice corresponding to JARIDZ0

The Jumonji C (JmjC) proteins are a subfamily of the 2-oxoglutarate (20G)-dependent
oxygenases. As members of the 20G oxygenase superfamily the catalytic oxidation
mechanism of the JmjC proteins is dependent on 20G asasubstrate andFe' as a co-
factor. Although the 20G oxygenases are presentrost aerobic organisms and catalyse a
range of reactions, the JmjC enzymes are only present in animals and their catalysis is

currently reported to be limited to hydroxylation and demethylation 13t

Like all 20G oxygenases, the ImjC enzymes contain a conserved jelly-roll motif and the metal
is coordinated by a His-X-Asp/Glu-}His catalytic triad (see Section 1.1p74132 However,

the JmjC domain is distinct from the classical 20G domain in that the ba2©G binding
residue is located in the & >strand of the double- —" f « T hlix (DSBH) fold rather than

on the 8h strand, a difference that might affect substrate selectivity33 Exceptions to this
include KDM3B, in which the 20G binding residue is on theh8>strand (PDB ID: 4LXL).
Another difference between JmjC and many other 20G oxygenases is that the basic 20G
binding residue of the JmjC enzymes is a lysine, rather than the arginyl-residiend in

many 20G oxygenases?

25



Chapter 1. Introduction

In humans, over 30 JmjC proteins have been identified, the majority of which (> 20) have
been validated as demethylases with the remainder being hydroxylases (i.e. givinglse

alcohol products) or haveunidentified catalytic activities.134.135

Hydroxylation by JmjC hydroxylases has been observed on asparginyl, histidyl and lysyl
side-chains in proteins, as well as on tRNA to give stable hydroxylated produéss 138 Prior
to this study, demethylation by JmjC demethylases had only been observed wit
methylated lysyl-residues, although studies with unnatural lysine analogues bearing a
larger N-substituents such as ethyl and isopropyl groups had also been shown to be
catalysed by recombinant KDM$&3® Subsequent studies described in this thesis suggest that

catalysis by JmjC KDMs might not be limited to lysine demethylation (see Chapters 6-9).

JmjC demethylases differ from JmjC hydroxylases in both their reported biological roles and
in their structure. 40 JmjC demethylases mostly act on histones and are known as epigenetic
regulators. JmjC hydroxylases, on the other hand, act on non-histone substrates and
therefore have other biological functions. One example is FIH which hydroxylates the
hypoxia inducible factor (HIF) transcription factor137 Although the JmjC demethylases are
mainly reported to act on histones, emerging data suggest they can also catalyse oxidation
of non-histone substrates and thus are likely to have additional physiological rol€gt.142
There are a number of structural differences between JmjC demethylases and hydroxylases:
first, demethylases are typically 2-3 fold larger than hydroxylases as they possess Ron
catalytic domains, in addition to the catalytic JmjC domain, within their structuré&® Many

of these domains are involved in chromatin binding and therefore aid in the epigenetic
regulation performed by these enzymes. Second, JmjC demethylases are less prone to
dimerization than the JmjC hydroxylases, such as FIH and TYWS5, which contain a
dimerization domain and require dimerization to catalytically function43.144 Interestingly,
biochemical analyses suggest that KDM3A requires a homaodimer to be catalytically active
(reviewed in Chapter 3, Section 31145 Lastly, JmjC demethylases structurally differ fnm
JmjC hydroxylases in their substrate binding site. To accommodalé&-methyllysine, JmjC
demethylases tend to have a ekper substrate binding site than hydroxylases4® The
demethylases also have an extended flexible loop at tieterminus of their DSBH whichis
involved in methylated substrate binding and is not normally present in hydroxylases
The interaction of the demethylases with their substrates is typically more hydrophdb

than the interaction of hydroxylases with their substrates4?

To date, several JmjC hydroxylases have been reported to catalyse both demethylation and

hydroxylation, although these assignments require validationt3s148152 The results
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presented in this thesis involve a JmjC demethylase that can also catalyse hydroxylation (see
Chapter 7).

Demethylation by JmjC demethylases is thought to occur in two stages: first, hydroxylation
of the Nt-methyl groups occurs via the conserved 20G oxygenases radical-based
mechanism, which results in a hydroxymethyl hemiaminal intermediate (see
Section 1.12.1). Second, the unstable hemiaminal spontaneously fragments to release
formaldehyde and the demethylated product Figure 1.8).153 Unlike the LSDs, the
intermediate for JmjC enzymes is hemiaminal, where two methyl groups or a protons can
bond with the nitrogen, therefore the JmjC KDMs can demethylate tri-methylated lysines in

addition to mono- anddi-methylated lysines
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Figure 1.8 JmjC histone lysine demethylation . (A) View from the KDM4A crystal
structure shows the orientation of the co-substratemimic N-oxalylglycine (NOG, yellow)
and the H3 K9me3 substrate peptide (green) with KDMIA active site (grey), Ni' (blue)
replaces Fé& in the crystal structure (PDB ID 20Q6}%3.154 (B) Proposed catalytic
mechanism for the JmjC KDMs. The mechanism for dethglation is proposed to occur in
two stages. First, hydroxylation of theNt-methyl group of the methylated lysyl-reside on
a histone tail occurs via the conserved 20G oxygeses radical-based mechanism. The
resultant hydroxymethyl hemiaminal intermediate is unstable and the second step
involves its spontaneous fragmentation to release drmaldehyde and form the
demethylated product. Oxygen atoms originating frommolecular oxygen are labelled in
red, removed methyl group is labelled in blue. Figne was adapted with permission from
Schiller et al.155

The JmjC demethylases family of the 20G-dependent oxygenase superfamily are the largest
known family of KDMs, with members that can remove most of the reported key methyl
marks on histone tails15¢ Phylogenetic analyse divide the human JmjC family members into

6 subfamilies (KDM2-7) that tend to share common substratesF{gure 1.9 and Table
1.2).13t With a highly conserved catalytic domain, sequence and methylation state

selectivity of JmjC KDMs is regulatedt least three main levels: (i) the cellular protein
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complex in which the JmjC KDM resides. (i)-S* 1St Z’ fcaialytie domains which
mediate localisation to the target histone sequence, and (iii) subtle variations in the
topology of the substrate binding site, which recognises the target methylated lysine resielu

and additional substrate residues that bind along the enzyme binding site surfaé®.
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Figure 1.9 Phylogenetic tree of the 2-oxoglutarate oxygenase superfamily with
various identified subfamilies (KDM2 7) of histone demethylases. Figure adapted
with permission.158

Table 1.2 Summary of the subfamily division, report ed substrates and domain
architecture for human JmjC demethylases. Abbreviations (alphabetical): ARID, AT-rich
interaction domain; FBXL, F-box and leucine-rich meeat protein; GATAL, GATA-like
domain; JARID, Jumonji/AT-rich interaction domain-ontaining protein; JmjC, Jumonji-C;
JMJD, Jumonji domain-containing; JmjN, Jumonji-N DK, lysine-specific demethylase;
LRR, leucine rich repeat; MDC1, mediator of DNA-dage checkpoint 1; PHD, plant
homeobox domain; PHF2/8, plant homeobox domain fingr protein 2/8; TPR,
tetratricopeptide repeat; UTX/Y, ubiquitously transcribed tetratricopeptide repeat, X/Y
chromosome; Zf-C2HC4, zinc finger domai¥0.157.159 Subfamily domain architecture
representation is based on the enzyme labelled withr. Controversial assignments are
labelled with **,
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. Demethylation Histone Non-histone . .
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1.14 The KDM3 subfamily

The KDM3 (also known as JMJD1) subfamily of JmjC KDMevolutionarily conserved, in
mammals this subfamily has four members. KDM3A and KDM3B are H3 K9mel/me2
demethylases while the putative enzymatic activity of JMIJD1C and Hairless remains

controversal.156

All KDM3 members have the same domain structure, which comprises afCH2C4 zinc
finger domain followed by the Leu-Xaa-Xaa-Leu-Leu (LXXLL) motif, a bindisgquence
common in transcriptional regulation, and a JmjC domain at th&terminal region (Figure
1.10).160

Q)
JMIDIC

(®)

68TT O

Figure 1.10 Comparison of domains and motifs between JMJD1C and other
members of the human KDM3 subfamily . C2HC4 zinc finger domain (grey) followed by
the Leu-Xaa-Xaa-Leu-Leu (LXXLL) motif (orange) artie enzymatic JmjC domain at th&-
terminal region (blue). Amino acid residue positiors refer to that of human KDM3s. (A)
JMJDAC (UniProtKB - Q15652(B) KDM3B (UniProtKkB Q7LBC6). (C) KDM3A (UniProtKB
- Q9Y4C1). (D) Hairless (UniProtkB 043593).

* Note regarding formatting of genes and proteins names: gene symbols are italicized,
regardless of the type of organism. Protein symbols are not italicized and all letkeesin
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upper-case (e.gGFAR, regardless of the type of organism. Mice and rats: for gene symbols
only the first letter in upper-case (e.g., Gfap).

Pairwise JmjC domain comparisons indicate that KDM3A and KDM3B are the most similar

(83% protein sequence identity), and both contain the Febinding motif (His-X-Asp/Glu-

Xn-His) and the 20G-binding residuesHigure 1.11).

(A)

Hairless|JmjC|946 - 1157
JMJIDIC|Im|C|2274 - 2498
KDM3A[Jm|C|1058 - 1281
KDM3B|JmjC|1498 - 1721

Hairless|IJmjC|946 - 1157
JMJID1C|Im|C|2274 - 2498
KDM3A|JmjC|1058 - 1281
KDM3B|JmjC|1498 - 1721

Hairless|JmjC|946 - 1157
JMJIDIC|IM|C|2274 - 2498
KDM3A|JmjC|1058 - 1281
KDM3B|JmjC|1498 - 1721

Hairless|IJmjC|946 - 1157
JMJID1C|Im|C|2274 - 2498
KDM3A|JmjC|1058 - 1281
KDM3B|JmjC|1498 - 1721

DTSRVENLAASLPLPEYCALHGKLNLASYLPPGLALRPLEPQLWAAYGVSPIRGHLGT
MPARYEDLLKSLPLPEYCNPEGKFNLASHLPGFFVRPDLGPRLCSAYGVVAAKDHDIE
MPSRFDDLMANIPLPEYTRRDGKLNLASRLPNYFVRPDLGPKMYNAYGLITPEDRKYG]
MPTRFEDLMENLPLPEYTKRDGRLNLASRLPSYFVRPDLGPKMYNAYGLITAEDRRVG

NLCVEVADLVSILVHADTPLPAWHRAQKDFLSGLDG-------- EGLWSPGSQVSTVWHV
NLHIEVSDVVNILVYVGIAKGNGILSKAGILKKFEEEDLDDILRKRLKDSSEIPGALWHI
NLHLDVSDAANVMVYVGIPKGQCEQE - EEVLKTIQDGDSDELTIKRFIEGKEKPGALW
NLHLDVSDAVNVMVYVGIPIGEGAHD - EEVLKTIDEGDADEVTKQRIHDGKEKPGAL)

FRAQDAQRIRRFLQMVCPAGAG----ALEPGAPGSCYLDAGLRRRLREEWGVSCWTLL
YAGKDVDKIREFLQKISKEQGLEVLPEHDPIRDQSWYVNKKLRQRLLEEYGVRTCTLIC
YAAKDTEKIREFLKKVSEEQGQENPADHDPIHDQSWYLDRSLRKRLHQEYGVQGWAI\
YAAKDAEKIRELLRKVGEEQGQENPPDHDPIHDQSWYLDQTLRKRLYEEYGVQGWAN

PGEAVLVPAGAPHQVQGLVSTVSVTQHFLSPETSALSAQLCHQGP
LGDAIVLPAGALHQVONFHSCIQVTEDFVSPEHLVESFHLTQELR
LGDVVFIPAGAPHQVHNLYSCIKVAEDFVSPEHVKHCFWLTQEFR
LGDAVFIPAGAPHQVHNLYSCIKVAEDFVSPEHVKHCFRLTQEFR

(B)
Hairless JMJD1C KDM3A KDM3B
Hairless 38% 35% 36%
JMJD1C 56% 58%
KDM3A 83%
Figure 1.11 JmjC domain comparisons for human KDM3 subfamily m embers. (A)

Sequence alignment of JmjC domains of KDM3 subfapnihembers. The Fé-binding motif

- His-X-Asp/Glu-X-His (blue) and the 20G-binding residues (green) &r conserved
amongst KDM3 subfamily members, with the exceptionf Hairless and JMJD180.162 (B)
Percentage identity between JmjC domains of KDM3 kiamily members based on
sequence alignment. UniProtKB accession numbers famino acids sequences: Hairless -
043593, JIMJID1C Q15652, KDM3A - Q9Y4C1 and KDM3BLBEZ6 Sequence alignment and
percentage identity were analysed using Clustal Onga 163
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1.14.1 KDM3A

Mammalian KDM3A (also known as JMJD1A, Jhdm2a and TS&#)e best characterized
paralog of the KDM3 subfamily. KDM3A was identified in 2006 by Yamar al., and
reported to be a selective H3 K9mel/me2 demethylasé4 The Correspondingihistone
methyltransferase GO#GLP is proposed to catalyse methylation of H3 K27 in addition to
that of the H3 K9 position though reports are controversiali¢s 167 On the other hand,
KDM3A does not catalyse demethylation in the H3 K27 position, and currently H3 K9 is the
only reported KDM3A substrate. KDM3A is also selective for the methylation state of the
substrate, it accepts dimethyllysine and monomethyllysine residues as substrates but does

not accept trimethyllysine residueste2

Although there is not yet a reported crystal structure for KDM3A, a number of epigenetic
pathways regulated by KDM3A have been reportethitial studies by Yamaneet al.in 2006,
found KDM3A to physically interact with the androgen receptor (AR) in a manner that
facilitates transcriptional activation of AR target genes via demethylating transcriptionally
repressive marks H3 K9mel/me2i64 A year later, in 2007, KDM3A has been reported to be
involved in the epigenetic regulation of self-renewal in embryonic stem (ES) cells in mice
KDMS3A was found to upregulate the expression of genes associated with pluripotency by
maintaining their H3 K9 in a demethylated statés8 However, this report shows thatkdm3a
depletion caused differentiation of ES cells in culture, and this is contradictory to other
reports showing thatKdm3aknockout mice are viablelé® 172 Since knockout mice formation
requires self-renewing ES cells, the observed differentiation could be a result of RNAi off-

target effects.

In the same year (2007), Okada and coworkers have reported thKdm3a knockoutmice
displayed maleinfertility . KDM3A was first found to be essential for the packaging of sperm
chromatin in mice during spermatogenesis throughupregulating the expression of
associated genes and maintaining their H3 K9 in a demethylated staié174 This phenotype
was not unexpected due to the high levels dfdm3ain rat testis observedby Héoget al
(1991).175 More recently, in 2013,Kdm3awas found to be essential for sex determination:
mice lacking Kdm3a were observed to undergo a malée-female sex reversats® KDM3A
was observed to demethylate the transcriptionally repressive marks H3 K9mel/me2 of the
Y chromosomeSrygene, which results in upregulation oSryexpression. Interestingly, ChiP
analyses in this study have repeatedly found coordinated H3 K4 methylation / H3 K9
demethylation in KDM3A target genes. KDM3A deficiency perturbed H3 K4 methylation on

the locus of KDM3A target genes. These results indicate a possible cross-talk between these
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two PTMs and suggest that H3 K9 demethylation might be required for subsequent H3 K4
methylation, which is a hallmark for gene activation (see Section 1.8h 2014, KDM3A was
also found to be essential for the proper development of the cytoplasmic structures
required to elongate the sperm head in mic&® Remarkably in this study, KDM3A was found
to be localised in the cytoplasm of maturing spermatids during spermatogenesis. KDM3A
was also recently found to exit the nucleus in carcinoma cells exposed to normal
extracellular matrix (ECM) resulting in growth restriction of these cells76 These two
reports of cytoplasmic localised KDM3A suggest that a biological function using nbistone

substrates might exist, in addition to the known role of KDM3A in epigenetic regulation.

In recent years, non-histone and non-catalytic rolesfor KDM3A have been identified.
KDMS3A has been reported to bind to the transcription factor Glil and protect it from
proteosomal degradatiori’’. Glilis reported to activate the transcription of hedgehog
responsive genes, reduced hedgehog signalling is associated with Down syndro¥selso
Another reported non-histone and non-catalytic regulation by KDM3A is its interaction with
the SWI/SNF nucleosome remodelling complex to regulate acute chromatin dinamiés.
Interestingly, a KDM3A non-histone substrate has been recently identified. KDM3&
reported to promote breast cancer invasion by demethylation of protein P53 (p53-
K372mel) in addition to H3 K9 methylationis® KDM3A involvement in breast cancer
promotion is further highlighted by modulation of ER target gene expression in the absence
of oestrogen in breast cancer cell&? In this study KDM3A was observed to be
phosphorylated by tyrosine kinase 2 (TNK2). KDM3A has also been found to be serine
phosphorylated by the mitogen- and stress-activated protein kinase 1 (MSK1) in heat-
shocked cellste3 In addition to promoting breast cancer, KDM3A is reported to trigger the
growth of a number of cancerous cell lines including multiple myelom&wing sarcoma, and

ovarian cancer cells84 187

Other studies on the regulation of energy homeostasis and oxygen level by KDM3A have
found that KDM3A upregulates the expression of genes associated with fat storage and
glucose transportby H3 K9me1/2 demethylation17t Loss of KDM3A function was observed
to disrupt oxygen consumption in brown fat, resulting in decreased fat oxidation. Mécwith

Kdma3aknockout suffer from obesity172

KDM3A has been reported to induce tumour growth in renal cell and colon carcinoma cell
lines by enhancing hypoxic gene expression. Regulation WDM3Aexpression in these cell
lines was shown to be regulated by Hypoxia--t —...<,Zf f ... —&% sanscription

factor.188 KDM3A regulation under hypoxia was later found to be independent of the cell
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type.18¢ KDM3A was also found to be recruited to the locus of genes that are associated with
glycolysis during hypoxia in an HIF1-dependent manneit® KDM3A demethylates the H
K9me2 repressive marks in these loci, and upregulates glycolysis-related gene
expressionis® KDM3A was also reported to induce the growth of bladder cancer cells

through activation of the transcription of the oncogeneHOXA120

To conclude, the mechanismby which KDM3A & suggestedto carry out epigenetic
regulation is by demethylation of the repressive marks H3 K9mel/me2, which facilitate the
transcriptional upregulation of KDM3A target genest4 KDM3A reported target genes are
associated with a number of physiological processes including embryonic stem lceklf-
renewal, spermatogenesis sex determination, tumour growth promotion and skeletal
muscle and brown fat metabolisni59.168 174,182,184 187 |n addition to epigenetic regulation,
KDM3A has been recently observed to upregulate gene expression in a non-histone
dependent manner via interaction with Glil and demethylation of P532.177 Regulationof
KDMS3A appears to be mediated by different factors such as interactions with HI§=by

phosphorylation on at least two sites as well as by factors found in the intra cellular

maitrix.176,183,188,189

1.14.2 KDM3B

KDM3B (also known as JMJD1B, Jhdm2b and 5gNCA) is reported to have the same substrate
preference as KDM3A, i.e. catalysing the demethylation of H3 K9mel/2 ma#ks.The
physiological functions of KDM3B are less well understood than that of some other KDMs.
Although KDM3A has been reported to promote tumor growth, KDM3B has been reported

to act either as a tumor suppressor or as an oncogene. Two repeftom 2012 have shown

that KDM3B is frequently upregulated in prostate cancer cells and in leukemia celfs$.192

On the other hand, it is reported that KDM3B can act as a tumor suppressor in leukemia,

colorectal and breast cancers, as well as being an angiogenesis supre$&o#9

Similarly to KDM3A, KDM3B is reported to have a regulatory role in stem cell formation.
KDMS3B is involved in the induction of somatic cells reprogramming leading to pluripotent
stem cells (iPSCs)7 Another similarity to KDM3A is that KDM3B is also required for

normal mouse reproductive function, KDM3B was found to be essential for fertility in

female mice and for normal spermatogenesis in male miges.19°
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Interestingly, a recent study has been reported on the associatiaf KDM3B with histone
H3 Lys91o0-Met variants (H3 K9M)200 Histone lysineto-methionine mutation occur in a
subtype of aggressive paediatric brain cancers at positiodd3 K27M. Since both the H3 K9
and the H3 K27 positions are associated with transcriptionally silenced chromatin, H3 K9M
mutation may be biologically relevant201.202 |n this study, KDM3B was found to be recruited
to H3 K9M-containing nucleosomes, where it demethylates wildtype H3 K9 and promotes
decompression of the chromatin. This study suggests that recognition of mutations thie
H3 K9 position can result in aberrant recruitment, and affect chromatin accessibilitgnd
therefore gene expression. KDM3B is likely to recognise other amino acid residues in
addition to lysine, positioned instead of the H3 K9, and that such recognition might be
biologically relevant in the case of histone mutations in cancers. The study did not tes8 H
K9M as a substrate of KDM3B.

1.14.3 JMJD1C

The roles of IMID1C (also known as KDM3C and Thyroid Receptor-Interacting Protein 8
TRIP8 are even less defined than those of KDM3A and KDM3B. The reported H3
K9mel/me2 demethylation by JMJD1C is controversial and requires validation. A study
published in 2010 reported on JMJD1C-catalgd H3 K9mel/me2 demethylationin vitro
(based on MALDI-TOF MS analyses of histone fragment peptides) and in cells (based on
immunofluorescence experiments using over-expressedMID1(.203 However, subsequent
studies reported of an absence of demethylation activity as determined based dmjdle
deficient-mice, cellular assays and mass spectrométr measurementsts2.204205 |n
agreement with these latter studiesareport by Watanabeet al. stated that IMIJD1C is not a
histone demethylase, but instead it catalyses demethylation of Mediator of DNA damage
Checkpoint protein 1 (MDC1)at Lys45, thereby promoting response to DNA double-strand
breaks206.207 This demethylase activity was also observed in cells using proteomic analysis;
however, no directin vitro validation using isolated JMJD1C and MDC1 fragment peptides
was performed. MDC1 demethylation catalysis by JMJID1C was also highlighted in another
study, patients with Rett syndrome and autism were shown to harbor critical mutations in
the N-terminal region of JIMJD1C and have reduced MDC1 demethylat®®hJMJID1Gvas
observed to be highly expressed in the brain, seven critical mutations were identified in
these patients and most are located in th&-terminal region of JMJD1CHowever, the

laboratory that published this study is under investigation for scientific fraudzo®
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Like other KDM3 members, JMJD1C inhibits stem cell differentiation. JMJD1C hasnbe
reported to block neural differentiation, providing an additional indication for its
physiological function in the brain2i© An additional similarity of IMJD1C to its subfamily
members is a requirement for its expression during spermatogenesig4 A recent study
supports this involvement and suggests that IMID1C may participate in the maintenance of
spermatogonial stem cell self-renewal by up-regulating the expression of Oct4 transcription
factor, a marker for undifferentiated cells?!! Like KDM3A, JMJID1C is reported to interact
with the androgen receptor and promote its transcription19s.212 Similar to KDM3B, JMJD1C
is reported to act as an oncogene as well atumour suppressor: JIMJD1C is reported to be
required for leukemia maintenance in mice and human cells, and has been suggesisa@
putative tumor suppressor of breast cancer based on qRT-PGR healthy and diseased

human tissues?205.212,213

1.14.4 Hairless

Hairless is the fourth member of the KDM3 subfamily. Hairless was first identified in 199
and is mainly expressed in the brain and skin, where it was found to be involved in

hereditary hair loss (alopecias) in mice and humang4.215

Similarly to that of JMJD1Cdemethylation by Hairless is controversial and requires
validation. Hairless was described as an H3 K9mel/me2 demethylase based on restdifom
in vitro demethylation assays and immunofluorescence stainirigé Analyses of data from
both methods were dependat on the selectivity of antiH3 KO9mel and antiH3 K9me2
antibodies. However, loss of conservedré!-binding site and 20G-binding site indicate that

Hairlessis likely to be enzymatically inactive (see Section 1.)410

Hairless has been reported to act as a co-repressor for a number of nuclear receptors,
including the thyroid hormone receptor, the retinoic acid receptor-related orphan
receptors and the vitamin D receptor, which play a critical role in the maintenance of hair

growth 217 224

Like other KDM3 members, Hairless has been reported to be involved in stem cell
differentiation. Hairless was observed to control the timing of Wnt signalling required for
hair cycling225.226 Similarly to KDM3A, Hairless was observed to regulate energy storage as

fat and maintenance of energy homeostas#s?
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1.15 Objectives

The introduction presented in this chapter ained to summarise the current knowledge on
epigenetic regulation with a focus on the KDM3 subfamily of JmjC histone lysine
demethylases. The work reported in the subsequent chapters of this thesis describes
investigations on the inhibitor and substrate diversity of the JmjC histone demethylase

with the aim of identifying novel inhibitors and substrates.
The specific aims of the research described in this thesis were to-

1) Explore inhibitor structures of JImjC KDMsand improve the cellular permeability of
the broad-spectrum inhibitor IOX1 (Chapter 2,

2) Biochemically and kinetically characterise KDM3A, including the characterisation of
a KDM3A selective IOX1 derivative inhibitor (Chapter 3),

3) Evaluate TCA cycle intermediates as inhibitors for KDM3A (Chapte),4

4) Analyse KDM3A putative interaction with intraflagellar transport proteins as a
potential role of KDM3A in non-epigenetic regulation (Chapter 5),

5) Investigate novel substratesfor KDM3 (KDM3A and JMJD1C) mediated catalysis,
including: methylated arginines, lysine analogues, acetylated and formylated lysines
(Chapters 6-9).
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Chapter 2. A cell-permeable ester derivative of IOX1

Chapter 2
Development of a cell-permeable ester derivative of
the JmjC inhibitor IOX1

2.1 Introduction

Aberrant histone methylation states are associated with a number of diseases,
predominantly in cancer but alsoin neurological disorders such as autism and X-linked
mental retardation (XLMR)!5 Although histone methylation was once considered
irreversible, it is now known to be reversible, increasing its importance for pharmaceutical

studies$

The Jumonji C domain (JmjC) family is the largest family of histone lysine demethyladd&sl
JmjC subfamilies contain the conserved JmjC catalytic domain, however, each subfamily
differs in their Fe' and 20G binding sites, properties that can be potentially exploited for
the development of selective inhibitors8 10 Understanding the enzymatic mechanism of the
JmjC KDMs has stimulated work to develop small-molecule inhibitors, which can be used
for therapeutic intervention as well as chemical probes that modulate JmjC catalyactivity

in order to investigate their biological roles.11

Chemical probes can be useful tools in deducing the underlying mechanish biological
processest2 Small-molecule inhibitors can be administered in a reversible, dose-dependent

manner, whereas the use of genetic methods is often less controllabte.

The vast majority of the reported small-molecule inhibitors for JmjC KDMs are 20G
competitors.13 Commonly used broad-spectrum inhibitors includeN-oxalylglycine (NOG)
which is an amide analogue of 20G, as well as 2,4-pyridinedicarboxylic acid (2,4-PDCA) and
5-carboxy-8-hydroxyquinoline (I0X1) (Figure 2.1).1t All of these broad-spectrum
inhibitors occupy part of the 20G binding site and are acids with iron-chelating
pharmacophores. The polarity due to the acid often reduces the cell-permeability necessary

for biological work.1°© Nevertheless, these molecules have been used as broad-spectrum
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inhibitors as well as a template for derivatisationof more cell-permeable and selective

inhibitors. 14 16

(A) 0 0

oA~

O
2-Oxoglutarate (20G)

(B)

o} 0 OH 0 N
H N/

(0] N OH
NOG 2,4-PDCA I0X1

Figure 2.1 2-Oxoglutarate (20G) analogues reported as broad-spectru m JmjC histone
lysine demethylase (KDM) inhibitors . (A) 2-Oxoglutarate (20G)(B) N-Oxalylglycine (NOG), 2, 4-
pyridinedicarboxylic acid (2, 4-PDCA) and 8-hydroxyquinoline-5-ceboxylic acid (I0OX1).

Among these broad-spectrum inhibitors, I0OX1 is reported to be the most potent against a
representative panel of JmjC KDMs. IOX1 was discovered by a quantitative high-
throughput screening where it demonstrated clear structure activity relationships and was
shown to inhibit KDM4E (Cso value 0f0.3 J in vitro).28Since its discovery, IOX1 has been
found to inhibit not only KDM4E, but also a broad panel of 20G dependent oxygenases
(KDM4A/C/D/E ,KDM3A, KDM6A, KDM2A, PHF8 and KDMBC Therefore, IOX1 has been
declared a tool compound for 20G oxygenas&slOX1 was found to chelate with the active-
site iron via its quinoline nitrogen and phenolic hydroxyl in a bidentate manner, causm
iron translocation.'” The carboxylic acid at the C-5 position of IOX1 was observed to interact
with Tyrl32 and Lys206 of KDM4A, similar to binding of the 20G C-5 carboxylatéigure
2.2).18

Although I0X1 exhibits an I in the submicromolar to micromolar range against the tested
20G oxygenasedts efficiency in cells is about two orders of magnitude lower (for KDM4A
ICso value of0.2 J in vitro vs. EGp value of 86uM in HelLa cells), possibly due to low cell

permeability resulting from its polar C-5 carboxyl groupt?.18.20
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Figure 2.2 View from a crystal structure of I0X1 bo und to KDM4A. Active site
residues are shown as grey sticks, 10X1 is shown green sticks. The Ni ion (replacing
Fe') is shownas a blue sphere. Hydrogen bonds are shown in yello@PDB ID - 3NJY.18

For cellular studies,asmall-molecule tool compound must be sufficiently polar to be soluble
in aqueous conditions, yeit should also be sufficiently lipophilic to cross cell membranes.
Therefore, the compound needs to have both hydrophilic and lipophilic characteriss. A

prodrug is a compound that on administration undergeschemical conversion by metabolic

processes before becoming an active age#it.

When a carboxylic acid is involved in target binding, as was assumed to be tase of IOX1,

it might interfere with the membrane permeability of the compound as it is polar and
ionisable 22 Ester prodrug derivatives can be used to mask polar groups and therefore they
decrease polarity and increase the hydrophobic character. Since esters are often readily
hydrolysed by esterases to acids, the formation of an ester prodrug should aid in inaséng
transmembrane permeability without affecting the activity of the parent acid compound?
Providing that the alcohol leaving group is non-toxic, the use of a prodrug ester derivedi
can therefore be used as a general technique to increase membrane permeability in

carboxylic acid chemical probes and drugst

In oral drug delivery, ester prodrugs are commonly used to enhance transepithelial
transport of hydrophilic drugs by increasing the lipophilicity of the parent compound,
resulting in enhanced transmembrane transport by passive diffusiofr26 The parent
compound is expected to be released ia the plasma through cleavage of the prodrug. An
example for such a prodrug is the anti-viral agent Oseltamivir (Tamiflu) where the ethyl

ester masks the carboxylic acid, resulting in improved oral bioavailabilitgFigure 2.3 A).27
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Another example is the monoethyl ester Enalapril, which is orally bioavailable as opposed

to its parent compound which requires administrationby injection (Figure 2.3 B).28

(A) (B)
0 EtOOC
prcas 4
HNT H,C N
/Ko NH, HOOC'O

Tamiflu Enalapril

Figure 2.3 Structures of two commercially available ester prodrugs. (A) The anti-
viral agent Oseltamavir (Tamiflu) ethyl ester. (B)Enalapril monoethyl ester for the
treatment of hypertension.27.28

2.2 Objectives

The work described in this chapter aimed to improve the transmembrane permeability of
IOX1. Ester derivatives with different lengths of alkoxy groups were synthesised as
potential prodrugs. Characterisation of the IOX1 derivatives was carried out vian
vitro inhibition studies as well as activity vs. cytotoxicity analysis in celluftures. Further
work investigated a feadicompound for intracellular uptake and stability using mass
spectrometric studies. Finally, structure activity relationship (SAR) studies were carried out
to investigate the in vitro selectivity against representatives of JmjC subfamilies with

increased ester chain length

AlphaScreen measurements were carried out by Dr. Anthony Tumber (Structural Genomics
Consortium (SGC), Oxford) and Dr. Tzu-Lan .X&mpound® and6 were provided by Prof.
David Maloney (National Center for Advancing Translational Sciences (NCATS), NIH);
Compound3 was synthesisedyDr. Clarisse Lejeune. Dr. James Wickens provided guidance on
mass spectrometc studies. This work was published by Schiller et°al.
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2.3 Synthesis of IOX1 and its ester derivatives

With the aim of improving the transmembrane permeability of I0X11, ester derivatives
with different lengths of alkoxy groups were synthesised. To study the effect of increasing
the alkoxy chain length, methyl2, ethyl-3, n-butyl- 4 andn-octyl- 5 esters were synthesised
(Scheme 2.1). To test whether improved permeability could be obtained, both the
carboxylic acid and the phenol group were protected (methyl acetate diested), and the
activity of this compound was to be compared with the methyl ester derivativg. In
addition, di-tert-butyl diacetate 7 was synthesised as it provides several hydrolysis
pathways. See Chapter 11, Section 11.1, for detailed experimental procedures and

compound characterization.

Oy _OH

O._OH
. 2 a
S
NH, N/

OH

OH
1
b C d / \g

OO~ Oy O~ OO O O~ O O~ )ﬁ(o\/o o
(2 ® ® ® ® o @5
NZ i N7 N N T,

OH o OH OH OH ~
Y ;
2 6 3 4 5 7

Scheme 2.1  Ester derivatives of I0X1. Reagents and conditions: (a) 6N HCI, 100°C,
reflux, 2 h; (b) and (c) - providedby Prof. David Maloney (NCGC, NIH()d) synthesised by Dr.
Clarisse Lejeune(e) cat. SO, butanol, reflux, 120°C, 21 h; {fcat. SQ, octanol, reflux,
120°C for 20 h; (9 choloromethyl pivalate, Et3N, 1:1 acetone / DMF, feux, 50°C for 3 h
See Chapter 11, Section 11.1, for more information.

2.3.1 Synthesis of IOX1

The Skraup reaction was employed to synthesise the quinolone ring of 10X1 from
commercial 3-amino-4-hydroxybenzoic acid and acrolein§cheme 2.1 a; Figure 2.4. In

this reaction, acrolein underwent an 1,4-addition and was added slowly over 30 minutes to
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reduce polymerisation side reactions. The product was purified based on the difference in
solubility in water depending on the pH. In a basic pH the molecule is negativelyariyed
and therefore soluble in water. Acidification of the molecule in pH 4-5 neutraliséke charge
and makes the compound insoluble. The desired product, I0X] was obtained with 95%
purity as was determined by liquid chromatography mass spectrometry (GMS and

therefore was used without further purification.

Base

H* H*
O« OH ( O OH .M O _OH /ﬂ

o OH :Base
o qu/
OH HOH © OHOH
e
e R
| ) )
OH
OH | OH
(0] OH (0] OH
H* A [O] N
-H,O -2H* —
rr N
OH H OH

Figure 2.4 Skraup reaction mechanism to form I0OX1 1 . Acrolein undergoes 1,4-
addition, intramolecular electrophilic aromatic substitution, then dehydration and
oxidation.30

2.3.2 Synthesis ofn-butyl- 4 andn-octyl- 5 ester derivatives

Synthesis of n-butyl- 4 and n-octyl- 5 ester derivatives was carried out by Fischer
esterification of 10X11, wherein the carboxylic acid was treated with the appropriate
alcohol in the presence of an inorganic acid catalysE¢heme 2.1e-f; Figure 2.5). The acid

(H2SQ) reversibly protonates a small percentage of the carboxylic acid molecules, and the
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protonated carboxylic acids are then susceptible to attack by the alcohol. The appropriate
alcohol (e.g.n-Butanol for n-butyl ester 4 derivative) was used as the reaction solvent to
drive equilibrium towards ester formation, following &e Chéatelier's principled Similarly,
the n-octyl ester derivative 5 was prepared by Fischer esterification, by using-octanol as
the solvent. After successful identification of reaction conditions to yiel8, optimisations of
purification conditions were carried out. Sincen-octanol has a high boiling point (195°C), it
was evaporated by rotary evaporation at 70°C and 15 mbar. The residual traces were

washed with cyclohexane and purified by column chromatography affording produd.

+
O+_OH H-O._ZOH H-O.__OH
LS + ‘o
N +HY N X H R
— b —
N N N
OH OH OH
H H
o R ) Q-H o
. H-0 _ _
oL 30/R H-O___O-R
N H
AN tautomerism X -H,0 X
—
N7 N N"
OH OH OH
@] O-R
-H* X
b
N
OH
Figure 2.5 Fischer esterification mechanism to form n-butyl- 4 and n-octyl- 5

ester derivatives of IOX1 .31

2.3.3 Synthesis of ditert-butyl diacetate derivative 7

Di-tert-butyl diacetate 7 was synthesised from I0X1 using chloromethyl pivalate based on
an optimised reaction conditions reported by Nudelman and co-workers, using
triethylamine as a base in a solution of acetone / dimethylformamide (1:1) under reflux

conditions (Scheme 2.1g; Figure 2.6).3233 Although equimolar quantities of I0X11 and
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chloromethyl pivalate were used, a mixture of three products was detected. The main
product appeared to be the diacetate7, which is formed via the double addition of
chloromethyl pivalate. In addition, the mixture also contained the mono-addition product
on either the phenol or on the acid. The propensity of to undergo substitution on both
positions might be explained by its poor solubility, making the actual concentrain of IOX1
1 in solution low in comparison with the concentration chloromethyl pivalate. Substitution
on one position made the molecule less polar and therefore more soluble in the solvent,
resulting in a preference towards double substitution. Esterification on both positions

might provide improved cell permeability through increased lipophilicity.

- | +2Cr

Figure 2.6 Mechanism of synthesis of di-tert-butyl diacetate 7 from 10X1 1.
Deprotonation of the phenol and the carboxylic acidby trimethylamine enables
nucleophilic substitution and the formation of di-tert-butyl diacetate derivative of
10X132.33
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2.4 Investigating the cellular toxicity of IOX1 ester

derivatives

IOX1 has been reported to be non-toxic to HelLa cells over a range of concentrations where
it is active as a KDM inhibitor (C¢ value of 291.6uM, EG, value of 86.5 uM for KDM4A.18

In order to test the toxicity of the ester derivatives of IOX1, and to compaitto that of IOX1,
cytotoxicity tests were conducted using the CellTiter 96® AQueous One Solution
cytotoxicity assay (Promega). This is a colorimetric method which enables determinati of

the number of viable cells using a tetrazolium compoun@3-(4,5-dimethylthiazol-2-yl)-5-

(3- carboxymethoxyphenyl)-2{(4-sulfophenyl)-2H-tetrazolium, MTS.3435 The MTS
compound is bioreduced by metabolically active cells into a coloured Formazan product
which is soluble in tissue culture mediun®® Thus, measuring the absorbance at 490 nm is

directly proportional to the number of living cells in culture (Figure 2.7).

HOOCH,CO : NADH NAD* HOOCH,CO
N—NH
4
N

4 E‘
N+ =N
S
s
/ N~
MTS Formazan

Figure 2.7 Structures of MTS and coloured Formazan product. 36

Prior to use of the MTS tetrazolium assay, calibration of the cell seeding number was
performed in order to achieve absorbance signal in the linear range after 24 hourf
incubation. The value of 2000 cells/well was chosen to be the seeding number for
cytotoxicity assays Figure 2.8 A). Staurosporine, a natural product that inhibits protein
kinases in cells and induces apoptosis, was used as a control for cytotoxicity and\skd

dose-response dependencyHigure 2.8 B).37
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Figure 2.8 Cell viability control measurements. (A) Calibration of the cell seeding
number needed for the absorption signal to be in té linear range after 24 h incubation.
All measurements were conducted in technical tripkkate and values represent mean and
standard deviation. (B) Staurosporine at concentrations of 0.03 -sr J -"1f-2da34a
control for cytotoxicity. See Chapter 11, Section112.4.2, for more information.

The viability of HeLa cells was analysed after 24 hours following incubation with different
concentrations (1 300 uM) of IOX11 or its ester derivatives2 7. A vehicle DMSO was used
to determine 100% cell viability. Media only wells were used as a baseline to normalise the

signal intensity (see Chapter 11, Section 11.2.4.2, for more informatipn

Methyl ester derivative 2 was the most cytotoxic compound, with a G&ralue of 10uM
(Figure 2.9; seeTable 2.1 in Section 2.7.2). Di-substituted compound$é and 7 had CG
values of 29 and 17uM, respectively. Ethyl3 andn-butyl 4 esters had similar C& values of
50 and 66 uM, respectively. Out of the tested compounds, only resulted in complete
toxicity at the highest concentration tested, while treatment with the other compounds led
to between 25% and 60% viable cellsn-Octyl ester5 was not cytotoxic within the tested
concentration range, with a C& value greater than 300uM and with over 50% viable cells
at the highest concentration tested. This G&alue is similar to the C&value obtained here
for IOX11 (> 300 uM), which is in agreement with the reported valueof IOX1 (291.6uM).18
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Figure 2.9 HelLa cell viability analysed following dosing with IOX1 ester

derivatives. Cytotoxicity measurements of 1I0X11 and its ester derivatives at varied
concentrations (1 - 300 M). All measurements were conducted in triplicate ad values

represent mean and standard deviation (see Chaptefll, Section 11.2.4.2, for more
information). Figure reused with permission from Sdiller et al.2®

2.5 Investigating the cellular potency of I0X1 ester

derivatives

Ester derivatisation of IOX1 was carried out in order to improve the transmembrane

permeability of I0X1, and consequently to improve its cellular potency.

To quantitatively assess the effect of the IOX1 esters on the demethylation activity in eell
the reported immunofluorescence assay was adapted using KDM4A as a representative
JmjC KDM#8 FLAG-tagged KDM4A was transiently overexpressed in HelLa cells, and these
were then treated with either a vehicle control (DMSO) or varying concentrations (1300
pMM) of IOX11 or IOX1 ester derivative2 7. After 24 hours of compound dosing, the cells
were analysed by indirect immunofluorescence using an anti-FLAG tag antibody to identify
cells overexpressing KDM4A, and an antibody for endogenous H3 K9me3 to quantify the
level of this histone modification, reported to be regulated by KDM4&As a control, cells
overexpressing the H188A catalytically deficient KDM4A variant were also analyd¢see

Chapter 11, Section 11.4.3, for more information).
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Treatment with increasing concentrations of IOX1L or the ester derivatives caused a dose-
response-dependent increase in H3 K9me3 fluorescence intensity, implying KDM4A
inhibition in cells. The cellular EGvalue of1 was determined to be 100uM (Figure 2.10;
seeTable 2.1 in Section 2.7.2), correlating with the reported value (Ec=86.5 uM).18

20004

I0X1 (1)

f

methyl-ester (2)
ethyl-ester (3)

1500 n- butyl ester (4)
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methyl-ester acetate (6)

betd

t-butyl diacetate (7)

- Catalytically inactive KDM4A

1000 A o KDM4A

500 T T T 1

Log [Inhibition (M)]

Figure 2.10  Analysis of H3 K9me3 inhibition of demethylation u sing
immunofluorescence assays. Indirect immunofluorescence with anti-FLAG (Sigma
F1804), anti-H3 K9me3 (Abcam Ab8898), and DAPI (Sigma D9564) stairy in HelLa cells
overexpressing FLAG-tagged KDM4A or the H188A caydk inactive variant of KDM4A.
Quantitation of H3 K9me3 levels are reflected in Rative Fluorescence Units (RFU). Data
outside the quantification range were removed. E& values are listed inTable 2.1 in
Section2.7.2. All measurements were conducted in triplicate andralues represent mean
and standard deviation (see Chapter 11, Section L3, for more information). Figure
reused with permission from Schilleret al.2®

The apparent cellular EG values of derivatives2, 4 and5 were substantially lower than

that of IOX11, indicating better inhibition of KDM4A enzymatic activity. The smallest ester

- methyl ester2 - was the least active with an EGvalue *~ zz J 4 —Sdeeondchain in

size- the ethyl-ester3 - ™ «— S w \Thé@ methyl-ester acetat® in which both the carboxylic

acid and the phenolic position are substituted showed an EGvalue *~ us J & fef- —St
butyl ester 4 had the same E@valueas the ditert-butyl diacetate7 *~ tw J & ,‘veanS f
alkoxy chain length of four carbons. The most potent derivative was-octyl ester 5 which

was approximately 30-fold more active than I0X1, with an EG, value of 3.8J (Figure

2.11).
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Neg. Ctrl Pos. Ctrl

n-Octyl ester 5
10uM

DMSO I0X1300 pM  H188A variant

Enzyme
(KDM4A, anti-FlagAb)

Substrate
(anti-H3K9me3 Ab)

All cells
(DAPI)

Figure 2.11  n-Octyl ester 5 increases H3 K9me3 levels in HelLa cells via KDM4A
inhibition. Indirect immunofluorescence assays with anti-FLAG green) and antiH3
K9me3 (red) antibodies and with DAPI nuclear staimg (blue) in HeLa cells overexpressing
FLAG-tagged KDM4A. DMSO treatment has no effectkDM4A demethylase activity, while
IOX11 (300 J ) and n-octyl ester5 (10 J ) treatment resulted in increased H3K9me3
substrate levels (white arrows indicate transfectedcells, higher intensity of red signal
indicates more substrate is present in the nucleus]ikely due to decreased KDM4A
enzymatic catalysis). The H188A catalytically inacte KDM4A variant does not affect H3
K9me3 levels (see Chapter 11, Section 11.4.3, for neoinformation). Figure reused with
permission from Schiller et al.2®

2.6 Intracellular delivery measurements

n-Octyl ester5 exhibited the highest apparent inhibitory potency in cellsand was30-fold
more active than IOX1L (EGovalue 0of3.8J & <11+ 12.5) dotest whether the improved
cellular potency of 5 is due to 5 being a prodrug form of 1 with improved cellular
permeability, intracellular delivery assays were then performed. In this experiment the
cellular permeabilities of compoundsl and 5 were compared and the level of hydrolysis of
5 to the parent compound (I0X11) in cells was investigatedby Liquid chromatography-

mass spectrometry/mass spectrometry (GMS/MS).

The principles of the LGMS/MS analysis method used here, and the development of the

intracellular delivery assay are described in Sections 2.6.1 -2.6.3
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2.6.1 Principles of LGMS/MS

Liguid chromatography (LC) is a robust separation technigue which is based on compwi

interactions between analytes in solution (the mobile phase) and a bed of packed particles
in a column (the stationary phase}® Mass spectrometry (MS) is a sensitive technique used
to detect, identify and quantitate molecules based on their mass and charge (m/z) rati®.

Coupling of liquid chromatography (LC) with mass spectrometry (MS) began to be
commonly used in the early 19908° Nowadays, LC-MS is being routinely used in research
providing a simple and robust technique which can be applied to a wide range of biological

molecules4!

To improve the selectivity and sensitivity of the detection, triple quadrupoles, or tandem
mass spectrometry (MS/MS) is often applied.nl T — Z — < Adtion Monitoring i (MRM)
mode, two stages of mass filtering are employéd At the first stage of MS/MS molecules are
ionised in the ion source and separated based on their m/z (QScheme 2.2). The selected
analytes (parent ions) are then filtered and transferred to a collision cell (Q2). In Q2 the
parent ions collide with a neutral gas at high pressure and fragment via collision-induced
dissociation (CID). The resultant daughter ions are transferred into another scanning mass

filter (Q3) and then detected on the basis of theim/z.

Q1 filter only 402 Q2 Collision cell Q3 filter only* 106
o—
gO ® — —
(] ) ®
O (R P

o %402 — 0 %106

@ Random chemical noise

Scheme 2.2  Triple quadrupole mass spectrometer work flow. For high specificity,
multi reaction monitoring (MRM) employing two massanalysers (Q1, Q3) and a collision
cell (Q2) for collision-induced dissociation (CID)}to fragment the analyte (parent ion) into
multiple daughter ions. m/z 402 and 106 are examples for parent and daughteions
respectively.
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LGMS/MS was chosen as the preferred analytical technique to measure the intracellular
quantities of I0OX11 and its n-octyl ester derivative 5 as it allows detection of specific
molecules out of the cellular content ira highly sensitive and accurate manner. Howevea

thorough method development was required as described in Sectie2.6.2 and 2.6.3.

2.6.2 Development of an intracellular delivery assay

An intracellular delivery assay was developed based on a protocol from that of Kruidenier
et al43 HelLa cells were dosed with IOX1 or n-octyl ester 5 at a concentration of 200uM

and incubated for 24 hours Gcheme 2.3. The same cell line and cell culturing technique
were used as described for IF experiments to allow comparison between the intracellular

levels and the cellular inhibition potencies of the compounds (see Section 2.5

Hela cells Isolation of the Normalized Calculate
dosed intracellular calibration intracellular
with 200 uM content standards compound
compound concentration
for24 h

Scheme 2.3  Outline for intracellular delivery assay procedure. See Chapter 11
Section 11.2.4.4, for more information.

The cells were then counted to enable measurements of moles per cell. Media dosed with
compounds was washed to remove excess of compounds that did not enter the cells (last

wash was analysed by LC-MS/MS as a control). The cells were lysed using 80% agseou
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methanol for a compatible lysis methodor LGMS analysis4445 Samples were then vacuum
concentrated and dissolved with water in proportion to the cell count. Each sample was
mixed with 1000 ng/mL caffeine as an internal standard and relative quantitative data were
collected byLGMS/MS. To eliminate carry-over of compounds from one sample to another
during LGMS/MS, a wash with 10% formic acid (aq) was implemented at the end of each
run. In addition, blank runs were performed in between measurements to test for any
present residues from a previous run. To calculate the intracellular levels of the two forms,
IOX11 and n-octyl ester of I0X15, mass and retention times were compared with values
for calibration standards (see Section 2.6.3 for calibration standard curves and Chapter, 11

Section 11.2.4.4, for more information).

2.6.3 Calibration standards

To correct for variability between the samples, calibration standards were used in the
intracellular delivery assay to identify and measure the intracellular levels of IOXILand n-
octyl ester of IOX15.

Calibration standards were prepared by mixingl and 5 at a concentration range of 0-200
UM with caffeine as an internal standard (1000 ng/mL), which was chosen as it ésstable
and easily detectible compound. To eliminate any ion suppression effects, dilutions were
carried out using cell lysate of cells dosed with DMS®ifure 2.12, see Chapter 11, Section

11.2.4.4, for more information)

Quantitative analysis was then carried out by measuring the peak integral in the mass
spectra of each compound in the biological samples, then normalising the results usihg
peak integral of caffeine and performing a linear regression analysis to calculate the number

of moles of compound per cell.
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Figure 2.12 Normalised calibration curves used to determine pr edicted

intracellular levels of 1 and 5 by linear regressio n. Data pointsrepresent number of
moles compound in analyte vs. normalised peak areaNormalisation of peak area using
caffeine internal standard. (A) Calibration curve ér IOX1 1. (B) Calibration curve for n-

octyl ester 5. See Chapter 11, Section 11.2.4.4, for more infoathon. Figure reused with
permission from Schiller et al.29

2.6.4 Intracellular levels and stabilitiesof IOX11 and itsn-octyl derivative 5

Following assay development as described in Sections 2.6.2 - 2.6.3, tests to pam@ the
intracellular levels of 1 and5, as well as to measure hydrolysis in cells were carried out. The
n-octyl ester5 was found to be significantly more abundant in cells than IOXIL (~six-fold,

1 r 3 indicating better cell permeability for 5 than 1 (Figure 2.13 A). Interestingly, only
a small fraction (~2%) of 5 was observed to be hydrolysed to the parent compound 10X11
(Figure 2.13 B). These results imply that the unhydrolysed form of5 might account for at

least some of the KDM inhibitory activity observed in cells treated with estés.
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10X1 n-Octyl ester

(B)

150

100

% Compound

50

10X1 n-Octyl ester

Figure 2.13 Intracellular delivery of IOX1 1 and n-octyl ester 5. (A) To measure the
intracellular delivery of IOX11 and then-octyl ester5 the compound were detected in the
lysates of HelLa cells 24 h after the administratiorof either IOX11 or n-octyl ester5 ata
concentration of 200 M. (B) To measure then-octyl ester 5 hydrolysis to I0X11 the
compounds were detected in the lysates of HeLa celk4 h after the administration of the
n-octyl ester 5 at a concentration of 200 M. All measurements were conducted in
triplicate and values represent mean and standard elviation. P-values were obtained from

a two-tailed t-—fe— —ece% "f'S fT “<ee x& 0.05 foee-Ghapteff 11, Section
11.2.4.4, for more information). Dr. James Wickens provided guidance on the mass
spectrometric studies.

2.7 Comparison ofin vitro inhibition between I0X11

and its ester derivatives

To test whether the unhydrolysed 10X1 ester derivatives can inhibit KDMs, &n vitro
inhibition assays were carried out. On the basis of crystallographic analysis, the5C-
carboxylic acid of IOX1 was hypothesised to be important for active site bindintherefore
it might be expected that the ester derivatives would be substantially less potent than

10X122
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To test this proposal, the ability of the compounds to inhibit the H3 K9me3 denteglation
activity of isolated KDM4C was tested using an amplified luminescent proximity

homogeneous assay (ALPHA) screen optimised for KDMs study.

2.7.1 AlphaScreen technology

St 1 «'Z< uminescent Proximity Homogeneous Assay(ALPHA) screen is a bead-
based technology which uses laser irradiation of donor beads at 680 nm to convert oxygen
to an excited @. When fe« oOf ... ... T LFfT G Ot fr % f 10 nnytemergy

transfer occurs, which results in a luminescent signal at 520 to 62@m .47

AlphaScreen protocols can be set up such that a biotinylated analyte is bound to
streptavidin donor beads, and an antibodys conjugated to acceptor bead$ To measure
KDM catalysis, the AlphaScreen assay was adapted to measure demethylation of the
biotinylated histone peptide fragments when these are bound to donor beads, aral

methylation state specific antibody bound to acceptor beadd={gure 2.14).46

Excitation

@m

Aission
Acceptor 520-620nm
Bead

Protein A

Biotin H3 K9me2 antibody

Histone peptide

Figure 2.14  Principle of the AlphaScreen assay as adapted to measure KDM4

demethylation activity . Biotinylated-H3 K9me3 peptide is demethylated by KDM4
catalysis to give a biotinylatedH3 K9me2 product. The product peptide is then recognised
by a methyl-state specific antibody (antiH3 K9me2), allowing energy transfer due to
proximity between the donor and acceptor beads. Fige adapted with permission from

Kawamura et al.46

2.7.2 Determination of thein vitro inhibition of IOX11 and its ester derivativesby

AlphaScreen

71



Chapter 2. A cell-permeable ester derivative of IOX1

The inhibitory potency of the unhydrolysed compounds was testeth vitro by measuring

the catalytic activity of KDM4C histone demethylase using the AlphaScreen method

KDMA4C (5 nM) was pre-incubated with or without inhibitors, followed by incubation with
the biotinylated substrate peptide (30 nM), co-factors and co-substrates at room
temperature. The reaction was then quenched (EDTA). The AlphaScreen beads were
incubated with peptide product and an antibody selective for the product (H3 K9me2,
mADb1220, Abcam).

The resultant fluorescence signal was read usiragn 680 excitation / 570 emission filter, and
ICso values of the resultant inhibition curves were calculated using GraphPad Prism 6 after

normalisation with DMSO controls.

Increasing the 10X1 concentration showed a dose-response decrease in demethylated H3
peptide, indicating that H3 K9me3 demethylation by KDMA4C is inhibited by IOX1 The |Cso
value was r & x Jidentical to that reported in the literature (Figure 2.15; Table 2.1).17
Apart from the bulky di-tert-butyl diacetate derivative, 7, the esters displayed similar

activities in the micromolar range, with5 being the most potent (1G=3.9 J ).
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1207
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t-butyl diester (4)
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% KDMA4C inhibition
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Figure 2.15 KDMA4C peptide turnover assayed by AlphaScreen. Evaluation of thein
vitro inhibition of KDM4C catalytic activity by 10X11 and its ester derivatives. A counter
screening with vehicle (DMSO) was used for normaléion. 1Cso values are listed inTable
2.1. All measurements were conducted in quadruplicatend values represent mean and
standard deviation. In vitro activity measurements were carried out byr. Anthony Tumber
(SGC, Oxford).Figure reused with permission from Schilleret al.29

The n-octyl ester5 was shown to be stable to hydrolysis in the AlphaScreen buffer according
to LC-MS analysis results Rigure 2.16; see Chapter 11, Section 11.3.1, for more

information).

The activity of derivative 5 and the other esters, as determined by the AlphaScreen assay,
indicates that the C-5 ester derivatisation can be tolerated, while preserving some KDM
inhibitory activity. Together with the results from the intracellular delivery assay wtich
show that 5 is mainly present in cells in its unhydrolysed form (see Section 2.6.4) séems
likely that the detected inhibition in cells is due to5 serving as an inhibitor as wells as a

prodrug of IOX1.
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Figure 2.16  Measurements of the stability of IOX1 1 and n-octyl ester 5 in the

AlphaScreen buffer by LC-MS. mAU: milliabsorbance units. Average retention timg for
observed species are(A) AlphaScreen buffer (50 mM HEPES pH 7.5 supplemedtevith
0.1% BSA, 0.01% Tween20, Fe(10 uM), ascorbate (100uM) and 20G (10 uM)),tR= 2.0
and 8.5 minutes;(B) IOX11 in AlphaScreen buffer, R=7.0 minutes; (C) Compound5 in
AlphaScreen buffer, R=14.8 minutes. See Chapter 1, Section 11.3.1, foore information.
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Table 2.1 Structure activity relationships for IOX1 1 and its ester der ivatives 2
7. Cell toxicity and activity measurements were conduted in triplicate, in vitro activity
measurements were conducted in quadruplicate; valuge represent the mean (seerigure
2.9, Figure 2.10 and Figure 2.15). In vitro activity measurements were carried out br.
Anthony Tumber (SGC, Oxford).

0._OR4
| X
N/
OR,
Cell toxicity  Activity in cells Enzyme inhibition
HelLa HelLa KDM4A KDM4C
Compd R R caum EGS® [uM] 1G4 [um]
1 H H
2 S H
3 AN H
4 sf\/\/ H
5 ?5‘ SN H 3.9
6 AL S 29 10.5
7 e )ﬁ;"v“* 17 ND
o

[a] CGo values derived from Hela cell viability assays. Green highlight represents low
cytotoxicity, red highlight represents high cytotoxicity. [b] Efvalues derived from
immunofluorescence assays of KDM4A enzymatic activity in HelLa cells. Green highlight
represents high inhibition potency, red highlight represents no effect. [e¢h Malues derived
from AlphaScreen assays of isolated KDM4C (5 nM). Green highlight represents high inhibition
potency, red highlight represents no effect.

2.8 In vitro selectivity profiling

n-Octyl ester5 was found to be the most potent ester derivative of IOX1 in its unhydrolysed
form against isolated KDM4CTable 2.1). A more extended set of AlphaScreen assays were
then used to compare the selectivity oh-octyl ester5 with that of I0OX11 and the shorter

ester derivatives (methyl ester2 andn-butyl ester 4) against additional 20G oxygenases.

AlphaScreen assays were performed using representatives of different JmjC KDM
subfamilies (KDM4C, KDM4E, KDM2A, KDM3A, KDM5C and KDM6B) and the catalytic
domain of a HIF prolyl hydroxylase (PHD2). The results support the classification of IOX1
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as a broad-spectrum 20G oxygenase inhibitor, with ivalues in the micromolar range

against all of the tested oxygenasesl@able 2.2).17

Modification of IOX1 to methyl este gave an apparent relatively non-selective increase in
IGso values, all the I& values are higher compared to IOX1 though the extent of the increase
is varied from < 2-fold increase for PHD2 to > 100-fold increase for KDM3A. Increagithe
length of the ester alkoxy group to four carbons (as id) created apparent selectivity
towards a subset of the JmjC KDMs, and in particular the KDM4 subfamily. Further
increasing the length of the alkoxy-group to eight carbons (as B) narrowed the observed
inhibitory activity to the KDM4 subfamily. Specifically, KDM4C was the most potently
inhibited enzyme by then-octyl ester derivative of IOX1 §).

Table 2.2 In vitro selectivity for JmjC subfamilies depending on I0X1 1 ester

chain length. 1Cso values derived fromin vitro AlphaScreen assays using representative
JmjC KDMs (5 nM)Green highlight represents high inhibition potency, red highlight
represents no effect. All measurements were conducted in quarduplicate and values
represent the mean.Measurements were carried out by Dr. Anthony Tumber (SGC, Oxford)
and Dr. Tzu-Lan Yeh.

JmjC protein 10X1 1 1Cso[uM] Methyl ester 2 ICso[uM]  n-Butyl ester 41C50[uM]  n-Octyl ester § ICso[uM]

KDM4C 107
KDMA4E on
KDM2A i
KDM3A e
KDMS5C o
KDM6B

PHD2 i
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2.9 Discussion

The 2-oxoglutarate (20G)-dependent Jumonji C domain (JmjC) family is the largest family
of histone lysine demethylases$.There is interest in developing small-molecule probes that
modulate JmjC enzymatic activity to investigate their biological roles. 5-Carboxy-8-
hydroxyquinoline (I0X1) is the most potent broad-spectrum inhibitor of 20G oxygenasge
including the JmjC demethylases, reported to daté.The inhibition efficiency of IOX1 in cells
is about two orders of magnitude lower in compared to it$n vitro potency (for KDM4A 1Go
value of rat Jin vitro vs.EGp value of86 uM in HelLa cells), possibly in part due to low cell
permeability resulting from its polar C-5 carboxyl groupt”.18.20 |t was hypothesised that the
difference between the in vitro potency and the cellular potency is due to low
transmembrane permeability, likely due to its C5 carboxylic acid group. Designing ester
derivatives as prodrugs is a common method to increase the cell permeability of an inhihito

while keeping the original structure once the prodrug is inside the ce#

The work described in this chapter ained to improve the cellular permeability of IOX1 using
ester derivatisation as potential prodrugs. These studies led to the discovery of an-octyl
ester form of IOX15 with enhanced cellular potency compared to 1I0X1L (~30-fold),
substantially improving its usability as a JmjC inhibitor for studies in cells. Thedandings
are supported by a comparison of several IOX1 derivatives usitigvitro inhibition studies,
activity vs. toxicity analysis in cell cultures and mass spectrometric stues measuring

intracellular uptake.

In vitro inhibition studies have shown that C-5 ester derivatives of IOX1 can retain JmjC KDM
inhibitory activity. Of the tested esters, then-octyl derivative 5 was the most potentin vitro
against KDMA4C. In cells, esté&s was the least cytotoxic of the tested compounds and the
most potent inhibitor of H3 K9me3 demethylation (EG = 3.8 M). This is likely to be, at
least in part, due to improved cell permeability ob compared with that of1, as detected in

an intracellular delivery assay.

Interestingly, it seems that5 is not, at least efficiently, hydrolysed in HelLa cells, though
esterases are reported to be present and there are reported examples of short-chain ester
hydrolysis.4950 |t was noted however that enzymatic hydrolysis of esters decreases when
the chain length is longer than six carbon# Thus, it seems likely that at least some of the

cellular activity of n-octyl ester5 results from inhibition by the intact ester form.
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An extended AlphaScreen with JImjC KDMs and PHD2 as a prolyl hydroxylase representative
indicates that increasing the ester chain length to four carbons improves the selectivity
towards JmjC KDMs. Most importantly, a chain length of eight carbons - as in derivatbtve
creates selectivity towards the KDM4 subfamily. The apparent relative selectivity &f for
the KDM4 subfamily, at least compared with the parent IOXIL, might be due to differences

in the active sites of the JmjC proteins. Crystallographic evidence implies that the active site
opening of the KDM4 demethylases is larger than that of other JmjC subfamilies, and in
particular compared with the narrow binding pocket of the PHD family of hydroxylase.32
Notably, docking predictions based on crystallographic analysis of KDM4A bound to 10X1
support the viability of n-octyl ester5 binding KDM4, with the alkyl group occupying part
of a region leading to the active sitesimulations byDr. Hwanho Choi}? Trials to verify these
predictions by crystallography met with difficulties in obtaining suitable crystallisation
conditions (crystallisation trails by Sarah MadderBt Nonetheless, this initial
characterisation suggests that an appropriate substitution of the I0X1 C-5 position could

enable the generation of potent and selective JmjC KDM inhibitors that are active in cells.

In contrary to initial expectations, C-5 derivatisation of IOX1 in this work was shown toeb
tolerated, while preserving some KDM inhibitory activity?2 Another C-5 derivatisation of
I0X1, which led to a potent and selective KDM3A inhibitor, is described in Chapter 3, Section
3.6.

n-Octyl ester5 could be used as a starting point for the developmermtf new JmjC inhibitors
as well as a cell-permeable toatompound in studies investigating the role of JmjC histone

demethylases as therapeutic targets.

Notably, some other histone demethylase inhibitors reported in the literature contain an
aliphatic chain possibly reflecting a general binding of aliphatic groups in this régn.52 54

The activity of 5 raises the question of whether other available ester prodrugs of JmjC
inhibitors, such as NOG, 2,4-PCDA, GSK-J4, Methylstat and 2-hydroxyglutarate for which the
cell permeable form commonly used is an octyl ester, could also be active in theiters
prodrug forms, and whether systematic ester derivatisation could lead to increased cellular
potencies435255 57 |t is important to note, however, that the results with different 20G
oxygenases reveal that ester derivatisation of IOX1, and possibly of other broad-spectrum
KDM inhibitors including the aforementioned compounds, may confer selectivity not

apparent in the parent inhibitor.
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On a broader aspect, this work emphasises the importance of cell-based assays in defoc
inhibitors. Cell-based assays inform not only on inhibition potency, but also provide

information on transmembrane permeability and toxicity 58

This work also highlights the need to take into consideration the biological activity that the
prodrug itself or its pro-moieties might have when designing prodrugs for enhanced
delivery of a compound of interes®? If the prodrug itself is also an inhibitor, as in the case
of 5, the inhibitory profile may change over time depending on the hydrolysis state of the
prodrug.
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Chapter 3

Biochemical characterisation of KDM3A

3.1 Introduction

KDMS3A was first identified in 2006 by Yamane and colleagues as an H3 K9mel/me2
KDM1 H3 K9mel/me2 are the only two reported KDM3A substrates, although KDM3A
arginine demethylation of an artificial peptide sequence (H3 R9) was recently reported as

a reaction catalysed by purified KDM3A (see Chapter 6, Section &3).

KDMS3A is a relatively large JmjC KDM, with a maskl®0 kDa. Although there is no crystal
structure for KDM3A, a crystal structure for the JmjC domain of KDM3B in complex with
NOG has been determined (PDB ID 4C8D). KDM3A domain architecture comprises a
CH2C4 zinc finger domain followed by the Leu-XaaazLeu-Leu (LXXLL) motif which is
reported to mediate associations with nuclear receptorgé4 As inall members of the KDM3
subfamily, the JmjC catalytic domain is located in th€terminal region of the overall
protein (Figure 3.1 A).5 The construct used in this study, KDM3#s 1317,contains all the
assigned domains and motifs in KDM3ARigure 3.1 B, for more information see Materials

and methods, Chapter 11, Section 11.2.2)
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Figure 3.1 Domains and motifs in human KDM3A. (A) Full length KDM3A. (B) The
KDM3A construct used in this study. CH2C4 zinc fieg domain (grey) followed by the
Leu-Xaa-Xaa-Leu-Leu (LXXLL) motif (orange) and thenzymatic JmjC domain at theC
terminal region (blue). Both CH2C4 and JmjC are e=mstial for KDM3A demethylation
activity.2 LXXLL motifs are reported to mediate the associath of KDM3A with nuclear
receptors#4 Amino acid residue positions refer to that of huma KDM3A (UniProtkKB -
Q9Y4C1l).

The zinc finger domain of KDM3As reported to be essential for its catalytic activitysince
truncations or deletions in this region abolish substrate demethylatiori.2 Kinetic studies
by Goda and colleagues, using recombinant enzymes, have shown thds thinc finger
domain is involved in homodimerization of KDM3A in vitrof In these studies,
homodimerization of KDM3A was proposed to take part ina substrate channelling
mechanism, in which two active sites cooperatively demethylate H3 K9me2 into the
unmodified state by a two-step mechanisn®. In this model, each domain in each monome
interacts with both the zinc finger and the JmjC domain of the other monomer, hence the

requirement for zinc finger for efficient catalysis Figure 3.2).
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me2 Anel Substrate
Channeling

Figure 3.2 Proposed model of two-step demethylation. JmjC catalytic domain
(yellow) and zinc finger (Zf) domain (green) are slbbwn for each monomerof the KDM3A
homodimer. Methylation of the H3 K9me2 substrate isepresented by blue balls. Each
site in the KDM3A homodimer has an equal chancef initial binding of the H3 K9me2
substrate. A conformational change occurs as a result of substta binding. Me2 is
converted to mel by one monomer, and then mel is owerted to meO by the other
monomer. Figure was adapted with permission from Gaa et al. ¢

Since its discovery in 2006the physiological functions of KDM3A continue to unravel.a
date KDM3A has been reported to be involved in hypoxic response, cancer, metabolism,
spermatogenesisand sex determination (see Introduction, Chapter 1, Section 1.14.1, for
more information, the potential roles of KDM3A in spermatogenesis is described in
Chapter 5.7 15

Considering its varied physiological functions, development of selective inhtors for
KDMS3A is of interest from both research and clinical perspectives. The siaolecule JIB-
04 is a broad-spectrum JmjC KDM inhibitor, an¢h vitro and in vivo studies using this
inhibitor have enabled the identification of a novel non-catalytic function for KDM3A
(Figure 3.3).16.17

Figure 3.3 JIB-04 is a broad-spectrum JmjC KDM inhi bitor. 16.17

KDMS3A is also inhibited by broad-spectrum 20G analogue inhibitors such ds-
oxalylglycine (NOG), which is an amide analogue of 20G, its mimetic 2,4-
pyridinedicarboxylic acid (2,4-PDCA) and 5-carboxy-8-hydroxyquinoline (I0X1% Among

these inhibitors IOX1 was shown to be the most potent against KDM3#Avitro (ICso value
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of 0.17 M by AlphaScreen assays, see Chapter 2, Section 2.R.2To date, there is no
selective inhibitor for the KDM3 subfamily, an appropriate derivatisation of I0X1 might
lead to increased selectivity towards these enzymes, similar to the findings describéd
Chapter 2.

3.2 Objectives

The work in this Chapter describes the expression, purification and characterisatioof
KDMS3A, a JmjC histone demethylase with varied physiological functions. MALDI-TOF MS
and FDH coupled assays were utilised for the kinetic characterisation of KDM3A. Kinetic
measurements for KDM3A substrates (H3 K9me2 and H3 K9mel) and co-substrate (20G)
are described. Studies investigating the effect of H3 K4me3 modification on the kinetiok
KDM3A H3 K9 demethylation are also includedPreliminary characterisation of a KDM3A

selective inhibitor was carried out

KDMS3A recombinant baculovirus expression and purification were carried out under the
guidance of Dr. James Dunford and Carina Giladi, respectively (Oppermann grotgrdiOx
pFB-CTHF10-LIC transfer vector was provided by Dr. Nicola Burgess-Brown, SGC.
Formaldehyde standard curve for FDH was generated by Dr. Akane Kawamura. Cogo

was provided by Prof. David Maloney (NCGC, NIH), compofraisd 10 were synthesised

and tested by MALDI-TOF MS by Pauline Lang. AlphaScreen selectivity measurements were
carried out by Dr. Anthony Tumber (SGC, Oxford).
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3.3 Expression of KDM3A

KDM3A requires both the catalytic JmjC and the CH2C4 zinc finger domains for its
enzymatic activity2 For recombinant expression of a construct which accommodates both
domains, the baculovirus system was chosen due to its suitability for the expression of
large human genes$? The baculovirus is an insect-specific virus, which is used an
expression vector. In this expression system, a target gene is inserted irgmonessential
genomc region of the virus via homologous recombination with a transfer vector
containing the target gene! The recombinant baculovirus is then used to infect cultured

insect cells, resulting in the production of the target recombinant protein

Baculovirus expression offers a number of advantages over other systems suchEsoli
and mammalian expression. First and foremost, it is suited for the expressiaf large
genes, whichis essential for active recombinant KDM3A&? Second, since expression is
performed in eukaryotic cells baculovirus expression ensures proper protein folding and
post-translational modifications.22 In terms of practicality, baculovirus is essentially non-
pathogenic to mammals and therefore very safe to usg Also, it is easy to scale up protein
production using baculovirus and get high levels of recombinant gene expressiéhThe
main drawback for producing recombinant protein in baculovirus is that the procedurés
laborious and technically demanding. In fact, it takes a minimum of 19 days in order to get
initial expression.25 Homologous recombination of the target gene into the virus might
require a few trials and the infected insect cells must be kept under optimal conditions to

allow recombinant protein production.

KDM3As1s.1317 was produced as anN-terminally Hises-tagged protein in Sf9 insect cells
using the Bacto-Bac® baculovirus expression system (Invitrogen) following the procedure
described by Roseet al26 The first step included cloning of DNA encoding for the catalytic
domain of KDM3A, comprising residues T515 through S1317, into the pFastBac donor
plasmid, which is the pFB-CTHF10-LIC transfer vecto6¢heme 3.1, provided by Dr. Nicola
Burgess-Brown, SG@& The resultant plasmid was then transformed into DH10bak.coli
host strain. This strain contains a baculovirus shuttle vector (bacmid) o which the
target gene is transformed. The resultant recombinant bacmid was isolated using klu
white colony screening® The bacmid was then used to transfect healthy Sf9 insect cells.
Infected cells were identified by light microscope, loss of the round cell shape compared to
the null controls indicated virus infection (Figure 3.4). Recombinant virus was harvested

from infected cells and was used to generate a high titer baculovirus stock in three
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amplification cycles of cells infection (PO, P1, P2). P2 virus was used to generate protain
a large scale expression over 72 hours (see Materials and methods, Chapter 11, Section

11.2.3, for more information).

Gene of interest

l

Cloning in pFastBac donor plasmid

l

Transformation into E. coli host to generate recombinant bacmid

l

Recombinant bacmid
Isolation using blue-white colony screen

l

Transfection into Sf9 insect cells

l

Harvest virus from infected cells (P0)

l

Virus amplification (P1)

l

Virus amplification (P2)

l

Protein expression

Scheme3.1  Experimental outline for gene expression using th e Bacto-Bac®
baculovirus expression system (Invitrogen). 23 See Materials and methods, Chapter 11,
Section 11.2.3, for more information.

89



Chapter 3. Biochemical characterisation of KDM3A
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Figure 3.4 Identification of Sf9 insect cells infec ted with baculovirus using a
light microscope . (A) Healthy cells.(B) Infected cells. 300X magnification. Figure reused with
permission.2s
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3.4 Purification of KDM3A

Recombinant KDM3Aus-1317 protein is unstable and tends to degrade according to previous
results by the SGC, Oxforddr. Catrine Johanssomanuscript in preparatior). For optimal
purity and catalytic activity, the protein was kept at 4°C during purification and the

procedure be completed within a day.

The purification was adapted from the procedure describethy Roseet al26 Sf9 insect cells
were harvested and lysed by freeze thawing (50 mM HEPES-KOH pH 7.5, 300 mM KCI, 10
mM imidazole and 5% glycerol,... *'Z%—1; - free Protease Inhibitor Cocktail Sigma-
Aldrich, 0.2 mg/mL DNAse |; Roche) and the homogenatél) sample was collected for
analysis. The lysate was clarified by high speed centrifugation (56086 for 45 minutes),

and the pellet P) and supernatant § samples were collected. The protein was then
purified by Ni-Sepharose (GE Healthcare) chromatography using batch binding. For
protein binding, beads were incubated with lysate with slow rotation for 60 minThe flow-
through (FT) was removed and beads were loaded into an empty column and washed
using 20CV of Wash 1W1) buffer (50 mM HEPES-KOH pH 7.5, 300 mM KCI, 5% glycerol
and 10 mM imidazole), followed by 4CV of Wash 2\2) buffer (30 mM imidazole).
Protein was eluted with 5CV of elution buffer (250mM imidazole). Fractions containing
protein were pooled and purified by gel filtration on a HiLoad 16/60 Superdex 200
column (GE Healthcare) equilibrated with 20 mM HEPES-KOH pH 7.5, 300 mM KCI and 5%
glycerol (Figure 3.5). Fractions B5 and C1-C2 from gel filtration were chosen for KDM3A
assays. They were pooled and concentrated to 8V, aliquoted, then rapidly frozen in
liquid nitrogen and then stored for long term at 80°C (see Materials and methods, Chapter
11, Section 11.2.3
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Figure 3.5 Gel filtration chromatogram of KDM3A pur ification. Gel filtration on a
HiLoad 16/60 Superdex 200 column (GE Healthcare) edlibrated with 20 mM HEPES-
KOH pH 7.5, 300 mM KCI and 5% glycerol.e& Materials and methods, Chapter 11,
Section 11.23, for more information. mAU signal (280 nM) vs. elution volume (mL).
Letter and a number in red indicates fraction nameEluted fractions are in frame (B5, C1,
C2.

Samples from the different purification steps and the eluted protein were analysed using
mass spectrometry, Coomassie staining and western blot analysdsdure 3.6 andFigure
3.7).
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Figure 3.6 Mass spectrometr ic analysis of the eluted KDM3A. The calculated mass
of KDM3As1s 1317 is 94.4 KDa. The main peak observed in this spectm is 94.5 kDa,
confirming that the eluted protein is KDM3A.Mass spectrometic analyss was carried out
by Carina Giladi (SGC, Oxford).

The expected band size for the KDM34 1317 construct by SDS-PAGE analysisis ~95 kDa
However, the observed band size was higher than 100 kDa. The observed band size was
also higher than the predicted size for a full length KDM3%&.KDM3A protein degradation
was also observed in this purification, in agreement with previous work, as can be seen
from Coomassie staining and western blot analyses-igure 3.7). Bands from the SDS-
PAGE gel corresponding to KDM3A and the lower molecular bands (5570 kDa) were
analysed by Bruker HCT ion trap. MASCOT search results confirmed that these bands
contain KDM3A, consistent with the western blot data (seAppendix 1 , analysisby Carina
Giladi and Dr. Rod ChalBurgess-Brown group, SGC, Oxforihese results validate that the

low molecular weight bands are indeed degradation products of KDM3A
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Figure 3.7 Samples collected during KDM3A purificat ion. (A) Coomassie staining
of SDS-PAGE protein gel. (B) Fluorescent westernoblof SDS-PAGE protein gel usingx-

His epitope tag antibody as a primary antibody (L& Technologies, 710286, 1:1000
shown in green) and a Rabbit IgG as a secondary antibody (Life Techlogies, 35568,
1:20,000). L denotes the ladder, H the homogenate, Setlsupernatant, P the pellet, FT the
flow-through, W1 the wash 1, W2 the wash 2, GF thgel filtration fractions with a letter

+ number indicate the fraction name loaded in eaclane and E the eluted protein (pooled
from fractions B5, C1, C2). Numbers on the left afie gels present the molecular weight
of each standard in KDa. Homogenate sample was 10 @iluted, all other samples were

1:10 diluted. See Materials and methods, Chapter 11, Sem 11.2.3, for more
information.
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3.5 Kinetic characterisation of KDM3A

In order to design assays to measure égvalues of inhibitors, and to explore the catalytic
efficiency for new substrates, knowledge of the steady-state kinetic parameterky, Kcar) of
KDM3A is required. KDM3A demethylation reactions were analysed using the Michaelis-
Menten model to determine the apparentku and kcatfor the 20G co-substrate and for
histone fragment peptides. Apparent kinetic parameters for 20G ang9-methylated H3
(H3(1-15)K9me2) peptide were determined by both matrix-assisted laser
desorption/ionisation-time of flight mass spectrometry (MALDI-TOF MS) assay and a
formaldehyde dehydrogenase (FDH) coupled assay. Kinetic data were compared between
the two methods and with data from previous studies. Kinetic characterisation of

additional substrate peptides was carried out using the FDH coupled assay only

3.5.1 Kinetic characterisationby MALDI-TOF MS assay

Matrix-assisted laser desorption/ionisation-time of flight mass spectrometry (MALDI-TOF
MS) assay can be used to analyse changes in the mass of peptide substeaths Matrix
Assisted Laser Desorption/lonization (MALDI), the sample is mixed with a saturating
amount of matrix that absorbs UV (337 nm) and transfers it to heat. The surface of the
analyte heats rapidly and evaporates. In Time of Flight Mass Spectrometry (TOF MS),
charged ions are generated on the sample slide and accelerated by an electric field of
fixed potential difference. Due to the law of conservation of energy, the time of flight for
the ions differs according to thér massto-charge ratio (m/z), and is utilised for mass

spectrometric characterisation?®

In MALDI-TOF MS activity assay, the enzyme is incubated with varying concentrations of
the substrate or theco-substrate together with appropriate co-factors. The demethylation
reaction is then stopped at different time points for mass spectrometric analyse3ime
courses are then used to determine the initial rates of the reaction. This assay provides
direct substrate to product ratio with high sensitivity and accuracy. However, it i

discontinuous assay which makes the results more prone to errors

Conditions for KDM3A MALDI-TOF MS activity assay were adapted based on procedures
for KDM3A activity assays reported by Roset al. and Godaet alt26 All reaction
components were dissolved in 50 mM HEPES-KOH, pH 7.5 and standaadfactors

concentrations are described inTable 3.1. Enzyme and substrate mixes were prepared
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separately and combined to initiate the demethylation reaction, which was carried ot
37°C. Reactions were quenched with 1% formic acid, prior to spotting onto a MALDI-TOF
MS plate and co-crystallisation with the MALDI-TOF MS matrix, alpha-cyano-4-
hydroxycinnamic acid, CHCA. MALDI-TOF MS analysisaipositive ionisation mode was
used to determine the extent of demethylation of substrate peptides by KDM3A. The
percentage of enzymatic activity was calculated usingquation 3.1, and then normalised
based on the no enzyme control reaction(see Materials and methods, Chapter 11, Section

11.3.3, for more information).

Table 3.1 Standard concentrations of components in KDM3A MALDI-TOF MS
demethylation assay. The following conditions were used to measure KDM3A catalytic activity
using MALDI-TOF MS unless otherwise stated. Assays were carried ouB87°C(see Materials and
methods, Chapter 11, Section 11.3.3, for more information).

Component Concentration in reaction
KDM3A varied (single-digit M)
Enzyme mix
Fe! 50 uM
Ascorbate 100 pM
Peptide varied (5-500 uM)
Substrate mix
20G 100 uM

Aa
" %=P=HUPE? =ﬁgp9§%ﬁspmrt
U@

Equation 3.1 Calculation of the percentage of enzym atic activity based on MALDI-
TOF MS analyses.P is the relative intensity of the peak of the prodct peptide and S is
the relative intensity of the peak of the remainingsubstrate peptide in the sample. In
cases where several products were observed, theirusn of intensities is used to calculate
the percentage of catalytic activity.
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3.5.1.1 Time courses for KDM3A demethylation activity

MALDI-TOF MS activity assays were utilised to measure the extent of demethylation loé t
dimethylated substrate (H3(1-15)K9me2) as a function of time. Time courses were then

used to determine the initial rates of the reaction for Michaelis-Menten kinetics.

Assays were carried out under the standard reaction conditions (see Section 3.5.1), with
J u and varying H3(1-15)K9me2 peptide concentrations (see Materials and
methods, Chapter 11, Section 11.3.3, for more informationPercentage demethylation

was calculated according tdequation 3.1 . Figure 3.8 presents example time courses of 10
fet srrJ "f'—<tta

Demethylation by KDM3A reached saturation after five minutes, however the reaction was
not complete and just over 50% of the substrate was catalysed into product. Interestingly,
throughout the reaction the level of the intermediate substrate mel- stayed constant and
close to zero. These results are consistent with findings by Godaalé and supports their
model for a processive mechanism, in which consecutive demethylation reactions occur

without releasing the substrate.
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Figure 3.8 MALDI-TOF MS analyses of KDM3A demethylation activity using
H3(1-15)K9me2 peptide as a substrate. Assays were carried out under the standard
conditions described in Section3.5.1 with 1 M KDMS3A. Percentage demethylation was
calculated according toEquation 3.1 (see Materials and methods, Chapter 11, Section
11.3.3, 7'" ' f e e f_c'e § sr J o —, =" fIJt8e—, sTfi—Fa
measurements were conducted in triplicate and valug represent mean and standard
deviation.
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3.5.1.2 Determination of 20G kinetic parameters for KDM3A

MALDI-TOF MS assays were used to determine the Michaelis-Menten constants fordbe
substrate 20G. To reduce the variability of the data, all measurements were performed
simultaneously on a 96-well plate (see Materials and methods, Chapter 11, Section 11.3.3,
for more information). 20G concentrations were varied from 0 to 1000 uM, while the
H3(1-15)K9me2 peptide concentration was kept inexcess (100uM, see Section 3.5.2) to
ensure it is not a limiting factor for the initial reaction rate. Initial rates were plotted
against 20G concentration and fitted using the Michaelis-Menten equation using GraphPad
Prism 6 to give an apparentky value of 22 + 10 uM and Kca value of 701 + 39 10-3s1
(Equation 3.2 i in Section 3.5.2.3Figure 3.9 andTable 3.2).31 The 20GKy value observed

in this experiment is slightly higher than the reported value of 20®8y (5 £ 2 uM), where
kinetic determination was carried out using the FDH coupled assay (same enzyme
construct and peptide substrate were used in both experimentsf. Therefore it was
envisaged that additional measurements are required for the kinetic characterisation of
KDM3A.

60
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Figure 3.9 Kinetic characterisation of 20G KDM3A using MALDI-TOF MS assay. Assays
were carried out under the standard conditions described in SectioB.5.1 Initial velocity vs. 20G
concentration data were fitted with Michaelis Menten curve using GraphPad Prism 6 (see Materials
and methods, Chapter 11, Section 11.3.3, for more information). All measurememtere conducted
in triplicate and values represent mean and standard deviation.
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Table 3.2 Apparent kinetic parameters for KDM3A determined by MALDI-TOF MS

assays. Assays were carried out under the standard conditions described in &gn 3.5.1. Apparent
kinetic parameters were calculated by the substrate inhibition model usingsraphPad Prism 6 (see
Materials and methods, Chapter 11, Section 11.3.3, for more information). Alleasurements were

conducted in triplicate and values represent mean and s.e.m. (n=3).

Enzyme | Model V, Keat Keat /K
zy max 3 106
Substrate (J) used Kv(J ) (UM/min) (XiO (
s1) /sd)
206G 100 |Michaelis- oy 0| 42:2 | 791% | 31450
Menten 39

3.5.2 Kinetic characterisationby the FDH coupled assay

As an orthogonal screen to retest the apparent kinetic parameters determined by MALDI-
TOF MS assay, kinetic measurements were performed using the formaldehyde
dehydrogenase (FDH) coupled assay. The FDH coupled assay was first usedizcanoet

al. for methylamine oxidase (MAQO) kinetic measuremens. This assay was later adapted
to quantify formaldehyde release during KDM demethylation reaction by using
formaldehyde as a substrate for a coupled enzyme reactiéh.The coupled reaction is
catalysed by the FDH enzyme, which oxidises formaldehyde to formic acid, with a
concomitant reduction of NAD to NADH Scheme3.2). NADH production is then detected

by fluorescence spectroscopy using excitation at 355 nm and emission at 460 am.

Histone-Lys Histone-Lys Histone-Lys
JmiC KDM .
" Felll) Ny \
20G Succinate HCHO
+ + .
o co NAD 355 nm
+ 2 2 \—R FDH }(f"'( N R
N —_
R J/ NADH
R/ \ R \ /
CHs HCOOH 460 nm R
HO
R =Hor CH;

Scheme 3.2  Principle of formaldehyde dehydrogenase (FDH)-coupled KDM assay.
Formaldehyde produced by demethylase activity is agpled to oxidation to formic acid by
formaldehyde dehydrogenase with the concomitant redction of nicotinamide adenine
dinucleotide (NAD*) to NADH. Demethylase activity is measured by utilisg NADH
fluorescence (excitation at 355 nm and emission a460 nm).
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The main advantage of the FDH coupled assay over the MALDI-TOF MS asséyatsit
allows for real-time measurements of the reactiorie " %o "biy ccontinuously monitoring

it over time, making this method especially suitable for kinetic measurements. Theie,
there is no need for manual quenching of the reaction and the method is less prone to
errors. Another advantage is the low enzyme concentrations required for measurements
by the FDH coupled assay compared with the MALDI-TOF MS assay. The drawback of this
method is that monitoring KDM catalysis is dependent on the performance of another
enzyme, FDH. Therefore, saturating amounts of FDH and NAdde used so that the second
reaction is not rate limiting for the demethylation reaction. In addition, when screening for
KDM inhibitors a preliminary screen to test for FDH inhibition is required.

The assay conditions were chosen based on procedures for KDM3A activity assays
reported by Roseet al. and Godaet al526 Reaction components were dissolved in 50 mM
HEPES-KOH, pH 7.5 and standard concentrations are described able 3.3. Enzyme and
substrate mixes were prepared separately and combined to initiate the demethylation
reaction, which was carried outat 37°C. Production of NADH was fluorescently monitored
and readings were taken over 60 cycles with a cycle time of 30 seconds. A formaldehyde
standard curve was used to convert fluorescence to demethylated product concentration
(see Section 3.5.2.1). The linear range for the KDM reaction was used to calculate initial
rates, which were plotted against substrate concentrations using GraphPad Prism 6 (see

Materials and methods, Chapter 11, Section 1143for more information).

Table 3.3 Standard concentration of components in the KDM3A FDH coupled assay.
The following conditions were used to measure KDM3A catalytic activity using ¢hFDH coupled
assay throughout the study unless otherwise stated. See Materials and metho@hapter 11,
Section 11.3.4for more information.

Component Concentration in reaction
KDM3A varied (hundredths nM)*
Enzyme mix Fel 50 uM
Ascorbate 100 uM
FDH 0.5 U/50 pl reaction
Peptide varied (5-500 uM)
Substrate mix 20G 100 pM
NAD* 500 uM

* See Section 3.5.2.1
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3.5.2.1 Assay calibration for measurements of KDM3A catalis

To convert fluorescence to product concentrationa formaldehyde standard curve was
made. Reaction mixture was prepared under standard conditions, as described in
Section 3.5.2, omitting KDM3A while introducing formaldehyde at varying concentrations
(0 160 M) to the substrate mixture. Fluorescence levels due to FDH catalysis were
plotted against formaldehyde concentrations, and the slope of the linear range was used as
a rate of conversion between the relative fluorescence units RFU and product

concentration (Figure 3.10).
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Figure 3.10 The linear range in formaldehyde standard curve fo r FDH enzyme. All
measurements were conducted in triplicate and valug represent mean and standard
deviation. Measurements were carried out by Dr. Akane Kawamura

A preliminary assay to select a suitable KDM3A concentration was carried out for each
new substrate or KDM3A purification batch. KDM3A concentration was calibrated such
that the fluorescence signal in the FDH coupled assay is significantly higher thaneth
background noise while the linear range of the reaction is not too short.

The reaction mixture was prepared under standard conditions, as described in
Section 3.5.2, with 25 M H3(1-15)K9me2 peptide (apparentKy, see Section 3.5.1.2) and
varying concentrations of KDM3A (0 500 nM); the fluorescence was plotted against time.
Figure 3.11 presents an example for an assay to determine a suitable KDM3A
concentration prior to FDH coupled activity measurements. The reaction mixture without
KDM3A had a flat fluorescence signal over time, at the range of 60000 relative

fluorescence units (RFU)This pilot reaction with 100 nM KDM3A did not reach saturation
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over 30 minutes, while reactions with 250 and 500 nM KDM3A both reached saturation
with a linear range of 9 and 2.5 minutes respectively. A concentratioof 250 nM was
chosen for following experiments as the linear range is long enough and the difference
between the reaction slope and the no enzyme control measurement is clear (although
lower KDM3A concentrations between 100-250 nM could have also been usedhe
described calibration procedure to find a suitable KDM3A concentration was performed
prior to any measurement of new KDM3A substrates, as well as after each production of a

new batch of recombinant KDM3A protein

= no KDM3A
800001 = 500 nM KDM3A

= 250 nM KDM3A

= 100 nM KDM3A

Time (min)

Figure 3.11 Calibration of KDM3A concentration for the F DH coupled assays.
Reaction mixture was prepared under standard condibns, with varying concentrations
of KDM3A (0 500 nM). Fluorescence (RFU) was plotted againstniie (see Materials and
methods, Chapter 11, Section 11.3,4for more information). All measurements were
conducted in triplicate and values represent meanrad s.e.m.

3.5.2.2 Determination of 20G kinetic parameters for KDM3A

The FDH coupled assay was used as an orthogonal screen to re-determine Kheand Kea
values for KDM3A with the co-substrate 20G. FDH coupled assays were carried out under
the standard conditions as described in Section 3.5.2. The H3(1-15)K9me2 substrate
peptide was used in excess to ensure it was not limiting the reaction rate, yet below
inhibiting concentrations srr J, see Section 3.5.1.2). Initial rates were plotted against
20G concentration and the data were fittedo the Michaelis-Menten equation Equation

3.2 1) using GraphPad Prism 6 to give an apparent 20 value of 30 + 10 pM and an
apparentkea valueof 161 + 8 10-3 st (Figure 3.12, Table 3.4).
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Rate ( PM/min)
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Figure 3.12 KDMS3A catalysis of 20G as determined by the FDH coupled assay. Assays
were carried out under the standard conditions as described in SectioB.5.2.1 Michaelis-Menten
plot of initial velocity vs. concentration data were fitted using GraphPad Prism @ee Materials and
methods, Chapter 11, Section 11.3.4, for more informatipnAll measurements were conducted in
triplicate and values represent mean and standard deviation.

Table 3.4 Apparent kinetic parameters for 20G determined by FDH coupled assays.
Assays were carried out under the standard conditions described iBection3.5.2 Apparent kinetic
parameters were calculated by the substrate inhibition model usingGraphPad Prism 6 (see
Materials and methods, Chapter 11, Section 11.3fr more information). All measurements were
conducted in triplicate and values represent mean and s.e.m. (n=3).

E Model V, Kear | Kear IKu
Substrate nzyme ode Ku J max (x10-3 (10-6
J used (UM/min) N
s1) [ o J
Michaelis-
20G 0.50 30+10 | 48+02 | 161+8 5325
Menten

The apparentKv value of 20G closely resembles kinetic data from the MALDI-TOF MS
assay (30 = 1QuM by the FDH coupled assay vs. 22 + M by the MALDI-TOF MS assay)
Notably, both of these values are higher than the reported 2QG value by Roseet al. (5 +

2 pM), which was also determined by the FDH coupled assay using the same enzyme
construct, expressed and purified using the same procedure, and peptide substr&teOn

the other hand, the apparentk..: determined by the FDH coupled assay is over four-fold
lower than the value determined by MALDI-TOF MSL61 £+ 8 103 s vs.701 + 39 103s1

respectively). Since the FDH coupled assay is less prone to technical error due to
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automated real-time measurements, the appareritca determined by this assay is likely to
be closer to the actuakca value than the value determined by MALDI-TOF MS.

3.5.2.3 Determination of H3(1-15)K9me2 kinetic parameters

FDH coupled assays were used to determine the kinetic parameter&w and Kkca) for
KDMS3A with the substrate peptide H3(1-15)K9me2. The assays were carried out under
the standard conditions as described in Section 3.5.2. Increasing concentrations of the
H3(1-15)K9me2 peptide (0 - 300 uM) were used, while 20G was kept in excess to ensure
it was not limiting the reaction rate (> three-fold Kna srr Jlnitial rates were plotted

against peptide concentration and the data were fitted using GraphPad Prism 6.

Substrate inhibition by the H3(1-15)K9me2 peptide was observed at elevated peptide
concentrations (>160 uM, Figure 3.13). Substrate inhibition usually occurs at high
substrate concentrations were the substrate starts to bind a second site on the enzyme
and thus blocks its catalytic activitys® In the case of KDM3A, the substrate can bind the
second unit of the dimer and block substrate channelling (see Introduction Section 3.1).
Due to the observed substrate inhibition at concentrations abov&60 puM, the Ky and Keat
values were calculated using a substrate inhibition modd[Table 3.5 in Section 3.5.2.4). In
this model, the Michaelis-Menten equationEquation 3.2 i) is adjusted to includekK;, the

dissociation constant for inhibitor binding (Equation 3.2 ii).3132
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(i)
R-7[ 3
RE T+ %2
(i)
Re R-7[3

- 2
-m+ SB?2ULl+ ét)

Equation 3.2 The Michaelis-Menten and the substrate inhibition e quations. (i) The
Michaelis-Menten equation, showing the relation betveen the substrate concentration
and the initial reaction rate under steady-state caditions. (ii) The substrate inhibition
equation. Kvis the Michaelis-Menten constant (the substrate casentration at which the
reaction velocity is 50% of theVmax), [S] denotes substrate concentration and waxthe
maximal enzyme velocity. Ki is the dissociation constant for the substrate (tk
concentration required to produce half maximum inhbition). 31.32

The apparentKy value was calculated to be 54 + 13 uM and the apparekyd:value was
790 + 112 103 si. Notably, previous studies by Godat al. did not identify substrate
inhibition by H3(1-15)K9me2 for KDM3A: the apparentKy value was higher (106 + 12
uUM) and the apparentkca value was lower (275+ 12 103s1).6 Data were obtained by the
FDH coupled assay using a full length KDM3A (1-1321). The measurements by Geidal.
were taken every 3 minutes, while the linear range according to their report lasted 9
minutes.s Therefore, calculation of the initial rates used only three data-points which is
likely to introduce errors. In the FDH coupled assays described herein, measurements
were taken every 30 seconds to have a significant number of points for initial rate
calculation. Another difference between the current study and that of Godeat al.is the
expression and purification methods: Godaet al. expressed full length KDM3A in 293T
cells and then used immunoprecipitation. Differences in construct and enzyme

purification may also account, at least in part, for the observed differences.
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Figure 3.13 KDMB3A catalysis of H3(1-15)K9me2 . Assays were carried out under the
standard conditions described in Section 3.5.2.1 foFDH coupled assaylnitial velocity

vs. concentration data were fitted with substrate mhibition curve using GraphPad Prism
6 (see Materials and methods, Chapter 11, Section Bl4, for more information). All

measurements were conducted in triplicate and valug represent mean and standard
deviation.

3.5.2.4 Investigating the effect of H3 K4me3 modification n H3 K9me2 catalysis
by KDM3A

Like KDM3A, KDM7B (PHF8) and KIAA1718 are KDMs that catalyse demethylation of H3
K9me2/mel substrates3s Both have been reported to have modified enzymatic activity in
the presence of H3 K4me3? Both KDM7B and KIAA1718 bind H3 K4me3 via their plant
homeodomain (PHD). However, the presence of the PTM on the substrate peptides
promotes the catalytic activity of KDM7B, but diminishesit for KIAA171837 This
difference is proposed to be due to different effects on the enzyme conformati®hThe H3
K4me3 modification has also been observed to be important in KDM3A catalysis with
potentially novel substrates (oxidation of acetyllysines, as described in Chapter, 7
oxidation of formyllysines, as described in Chapter © Although KDM3A does not have a
PHD finger like KDM7B and KIAA1718, it might harbour a different cryptic methyl-reader
like motif which interacts with H3 K4me3. Interestingly, Kuroki et al. have reported that
ChIP analyss have reproducibly found correlation between H3 K4 methylation / H3 K9
demethylation in KDM3A target gene$® To test whether H3 K4me3 changes the catalytic
efficiency of KDMS3A for its H3 K9me2 substrate, kinetic analysis using H3(1-
15)K4me3K9me2 peptide was carried out for comparison with the kinetic parameters of

H3(1-15)K9me2.
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The FDH coupled assays were used for determination of the apparent kinetic parameters
of H3(1-15)K4me3K9me2 peptide The assays were performed under the standard
conditions described in Section 3.5.2 (see Materials and methods, Chapter 11, Section
11.3.4, for more information).

Comparison between the H3(1-15)K9me2 and H3(1-15)K4me3K9me2 substrates shows
that, while there is an increase in rate with increasing substrate concentrations at lower
substrate concentrations, at high substrate concentrations, the rate is decreased in with
both peptides (Figure 3.13 and Figure 3.14). This observation implies that the reaction
does not follow Michaelis Menten kinetics but rather has a more complex kinetic profile. In
this analysis, data were analysed using a substrate inhibition modeT#ble 3.5); however
one cannot rule out product inhibition or any other complex kinetic models - and further
detailed kinetic analysis (e.g. kinetics in the presence of differing concentrations of
product in the case of product inhibition model), will be needed to identify the optimal
kinetic model. Inhibition was more pronounced for H3(1-15)K4me3K9me2, as apparent
by a lowerkK; value (59 + 17 vs. 256 + 7for H3(1-15)K9me2) with inhibition starting ata
lower concentration (>80 uM vs. > 160 uM for H3(1-15)K9meR

Using the substrate inhibition model, theK; of the H3(1-15)K4me3K9me2 peptide is much
lower than that of the H3(1-15)K9me2 peptide, indicating more potent inhibition of
KDMS3A in the presence of K4 methylation. Th&y values for the H3(1-15)K9me2 and
H3(1-15)K4me3K9me2 peptides are similar (54 £ 13uM and 68 +20 uM, respectively)
However, thekea value of the H3(1-15)K4me3K9meds more than double than thekcs for
H3(1-15)K9me2; this may reflect a faster turnover rate for KDM3A H3 K9me2
demethylation in the presence of H3 K4me3 (790 + 11203 s vs.2591 + 570 103 s?,
respectively). As a result, KDM3A catalytic efficiency, i.e. thes/ Kuratio, is more than
doubled in the presence of H3 K4me3 (3833810-6s1 J -1 for H3(1-15)K4me3K9me2 vs.
14649 x10-6s1 J -1for H3(1-15)K9me?2).
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Figure 3.14 KDMS3A catalysis of H3(1-15)K4me3K9me2 . Measurements were
carried out under the standard conditions describedin Section 3.5.2.1 for FDH coupled
assay. Initial velocity vs. concentration data werditted with substrate inhibition curve
using GraphPad Prism 6 (see Materials and methodGhapter 11, Section 11.3.4, for more
information). All measurements were conducted in tiplicate and values represent mean
and standard deviation.

Table 3.5 Comparison of apparent kinetic parameters between H3(1-15)K9me2
peptide substrates with and without H3 K4me3 modifi cation. Kinetic analyses using
the FDH coupled assay. Measurements were carried bunder the standard conditions
described in Section 3.5.2.1Apparent kinetic parameters were calculated by fiting the
substrate inhibition model using GraphPad Prism 69ee Materials and methods, Chapter
11, Section 11.3.4, for more information). All measumaents were conducted intriplicate
and values represent mean and s.e.m. (n=3).

kcat
[ K
Enzyme Ki K Keat
Substrate Y '\3223' ' g (pM\?rnr?;(n) (x10- | (10°®
(3) (3)(3) is)) | s
J
Substrate 790
256 | 54 +
H3(1-15)K9me2 0.06 inhibition | + 72 13 28+04 + 14649
112
H3(1- 0.06 Substrate 50+ | 68+ - 25+91 £6330
15) K4me3K9me2 ' inhibition 17 20 - 5;0
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3.5.2.5 Preliminary analysis of H3(1-15)K9me1l kinetics

Kinetic characterisation of an additional reported KDMS3A substrate, H3 K9
monomethyllysine, was carried out using the H3(1-15)K9mel fragment peptide.lt was
envisaged that determination of the kinetic parameters for this substrate would enable the
comparison of the affinity, turnover rate and substrate inhibition to the corresponding
dimethylated substrate peptide. The FDH coupled assay was chosen as the preferred
methods for measurement as it allows for continuous real-time measurements over the
course of the reaction. The assays were carried out under the standard conditions
described in Section 3.5.2 (see Materials and methods, Chapter 11, Section 11f8rdmore
information). 20G was used in excess to ensure it did not limit the reaction rate (> three-
foldKva srr J &

Similarly to the H3(1-15)K9me2 kinetic characterisation, substrate inhibition of KDM3A
by the H3(1-15)K9mel substrate peptide was observedHigure 3.15 A). Inhibition by
H3(1-15)K9mel was more pronounced than inhibition by H3(1-15)K9me2, starting aa
concentration of 50 0 compared to H3(1-15)K9me2 where inhibition was detected only at
concentrations over60 0 (Figure 3.13). Previous kinetic studies of this substrate did not

identify substrate inhibition although the same peptide sequence was uséd.

Data from the H3(1-15)K9mel assays were fitted using the substrate inhibition model;
however, the error was large Table 3.6), likely due to insufficient number of data-points
in this experiment. In order to get preliminary prediction for apparent Kyand kcavalues
the Lineweaver Burk plot was used to calculate the kinetic parameters based on data-
points below the substrate inhibition range (> 50 M, Figure 3.15 B); the ratio of keat/ Ky

was then calculated as a measure of the catalytic efficiency for the substrate.

The preliminary apparent Ky value of H3(1-15)K9mel was 9 £ 5 uM, which is lower than
the apparent Ku value of H3(1-15)K9me2 (54 + 13uM, Table 3.5). A previous study
reported a much higherKy value of H3(1-15)K9mel (95 + 13uM), this discrepancy could
be due to differences in the number of measurements taken for determination of the initial
rates as discussed in Section 3.5.2.8nd it could also be due to an insufficient number of
data-points used for analysi$. The kca value of H3(1-15)K9mel was 306+ 92 pM.
Interestingly, the apparent catalytic efficiency for H3(1-15)K9mel KDM3A as indicated by
the kear /Kmvalue was double than that of the catalytic efficiency for H3(1-15)K9me2
(29428 106 s1 J -1ys, 14649106st J 1),
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Figure 3.15 Michaelis-Menten plots for KDM3A measur ing initial rates of
reactions with H3(1-15)K9me1l using the FDH coupled assay. Assays were carried out
under the standard conditions described in Sectior8.5.2.1 for FDH coupled assaynitial
velocity vs. concentration data were fitted using @aphPad Prism 6 (see Materials and
methods, Chapter 11, Section 11.3.4, for more inforation). (A) Dotted line, fitted using a
substrate inhibition curve. (B) Lineweaver Burk plot analysing only the substrate
concentration ranges with the assumption that the knetics obeys the standard Michaelis-
Menten in this concentration range (< 50uM). All measurements were conducted in
triplicate and values represent mean and standard elviation.

Table 3.6 Preliminary prediction of apparent kineti ¢ parameters for H3(1-

15)K9mel. Assays were carried out by FDH coupled assays undethe standard
conditions described in Section 3.5.2.1Apparent kinetic parameters were calculated by
fitting either the substrate inhibition model or by a Lineweaver Burk plot for
concentrations below the substrate inhibition range(< wr J) using GraphPad Prism 6
(see Materials and methods, Chapter 11, Section Bl4, for more information).
Measurements were conducted in technical triplicate

Enzyme Kwm Vmax Kecat Kear / Ku
Model used : (10 /s

3 J (UM/min) | (x10-3 s?1) J
Lineweaver Burk 14 + 4 60+07 398 + 45 29428

0.95 (Michaelis-Menten)

Substrate inhibition 67 +51 20+ 12 1312 + 803 19644
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3.6 Preliminary characterisation of a KDM3A inhibitor

KDM3A is inhibited by broad-spectrum 20G analogue inhibitors (see Secti@.1)1° I0X],

(A~

a broad-spectrum inhibitor, was shown to be potent against KDM3A (g~ f Z — £ rasy J
using AlphaScreen assays), however, its polar C-5 carboxyl group might reduce
transmembrane permeability1938 To date, there is no selective inhibitor for KDM3A. A
appropriate derivatisation of 10X1 might lead to increased selectivity towards this
enzyme, similar to findings described in Chapter 2, where increased selectivity towards

the KDM4 subfamily was observed with increasing the ester chain length at the5C-

position.

In previous work by Dr. Anthony Tumber (SGC, Oxford), I0X1 derivativeprévided by
Prof. David Malony (NCATS, NIH)yere screened as potential KDM3A inhibitors using
AlphaScreen assays. In these screens(BH-tetrazol-5-yl)quinoline-8- ol (8) was identified
as the lead compound for KDM3A with an I§ value of 0.29uM (Figure 3.16, Dr. Anthony
Tumber(SGC, Oxford)manuscript in preparatior).

8 is an IOX1 derivative in which the C-5 carboxylic acid is replaced by the commonly used
bioisosteric tetrazole ring. A tetrazole ring is a good substitute for carbg¥c acid as the
acidity between the structures is comparable (pKa = ~4.51.9).3° One advantagé¢o using a
tetrazole over a carboxylic acid is that the anioiis more lipophilic than the corresponding
carboxylate, which may aid in increasing transmembrane permeabilit$>. However a
tetrazole is slightly larger than a carboxylic acid, therefore the active site might need to
expand to accommodateit. A cross screen for the tetrazole bioisostere8 over 20G
dependent oxygenase representatives using AlphaScreen revealed an apparent selectivity
for the tetrazole-bioisostere towards KDM3A over the tested 20G dependent oxygenases
(Table 3.7). This selectivity was not apparent in AlphaScreen cross screen for |OXI, $ee
Chapter 2, Section 2.7)2
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Table 3.7 Cross screen for compound 8 over 20G dependent oxygenases.
Enzyme concentration was 5 nM for all tested enzynse Selectivity measurements were
carried out using AlphaScreenExperiments were carried out by Dr. Anthony TumbgEgGGC

Oxford).

KDM3A | KDM4C | KDM4E PEDZ KDM2A KDM5C FIH
ICso [UM] | 1Cs0 [UM] | ICs0 [UM] [ul\jﬁ ICs0 [UM] | ICso [UM] | ICso [UM]
34% 43% No
0.29 4.3 3 23.6 inhibition inhibition inhibition
at 20 uM at 20 uM

Following this work, an additional IOX11 derivative was synthesised, in which the
tetrazole group is located on the C-2 position instead on of the C-5 positiocofnpound 9,
Figure 3.16). In addition, a compound which lacks the 8HQ structure, and thereby should
not chelate Fé, was used as a negative controhiKDM3A inhibition assays ¢ompound
10).

N=N
O.__OH N« NH
A S N N-N
| | | I N
— — ,N\ N/ N
N N N\\ H
OH OH N-NH OH
1 8 9 10

Figure 3.16 10X1 and I0X1 derivatives to be tested for inhibition of KDM3A. 1
I0X1, 8 - tetrazole bioisostere of IOX19 an isomer of8 and 10 a compound lacking
the 8HQ structure. 8 was provided by Professor David Maloney (NCATS, NI®#i)and 10
were synthesised by Pauline Lang.

3.6.1 Measuring the efficiency of the FDH coupled assay in the presence of IOX1
derivatives

Prior to the 1G5 analyses of IOX1l and its derivatives 8-10, the efficiency of the FDH
coupled assay in the presence of these compounds was tested. Since the FDH assay is
enzyme-coupled assay, which is dependent on the catalytic activity of FDH, there is a
possibility that inhibition by these small-molecule inhibitors may be the result of
inhibition of FDH itself.
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To ensure that the inhibitory effect reflects inhibition against KDM3A, IOX1 and its
derivatives 8-10 were pre-screened for FDH inhibition at 300 uM. The FDH concentration
™ fe . Stefe —* |t thiglids within the linear range of the enzymatic activity for
FDH (see Section 3.5.2.1). Co-factor and co-substrate concentrations were kaptthe
standard conditions (see Section 3.5.2). Catalytic activity in all complement assayss

compared with the no inhibitor control and no FDH control experiments.

Measuring the initial rate of FDH activity indicated that most of the tested compounds
substantially inhibited FDH, at least at high concentrationswvith I0OX1 1 and the tetrazole
bioisostere 8 being the most potent (over 80% inhibition Figure 3.17). Therefore, the

FDH coupled assay was deemed as invalid fi@so determination of these compounds.
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204

N
~ Q,q N z% S
K Q + -Q 2
< S o 8 S
O > N > &
Q0 & & °
N ¢ et S
2 S S
3 2
4 o" o"
@) N N

Figure 3.17 FDH catalytic activity in the presence of compounds to be evaluated

as KDMS3A inhibitors. Compounds were screened at 300 puM. Formaldehyde
concentration was 50 uM. FDH catalytic activity was normalised according nadnhibitor

and no enzyme controls All measurements were conducted in triplicate and alues
represent mean and standard deviation. P-values werobtained from a two-tailed t-test
compared with no inhibitor control using GraphPad Pism 6. the'—%e Tand t*&*
THe' —Fe DOLATr
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3.6.2 IG5 values determinationby MALDI-TOF MS assay

Since the FDH coupled assay was found to be unsuitable fogl@easurements, MALDI-

TOF MS assay was used as an alternative direct method to test for inhibition.

MALDI-TOF MS assays were carried out under the standard conditions described in
Section 3.5.1A preliminary assay to determine the linear range of the enzymatic activity
was conducted, where the linear range was observed to be 5 minutes. To test whether the
compounds inhibit KDM3A-catalysed demethylation, inhibition assays were carried out
with I0X1 1 and its derivatives 8-10 with varying concentrations (0 1000 uM). 20G
concentration was kept at the apparenKy value 30 uM), while the peptide was used in
excess to ensure it was not limiting the initial reaction rate. The reaction was quenched at
different time points over the linear range and analysed by MALDI-TOF MS. Initial rates
and I1Gyo values were calculated using GraphPad Prism 6 (see Materials and methods

Chapter 11, Section 11.3,3r more information).

As expected, compoundlO, which lacks the 8HQ structure did not inhibit KDM3A
demethylation (Figure 3.18 andTable 3.8). I0X11 was the most potent inhibitor with an
IGsovalue of 14uM, while the tetrazole bioisostere8 displays a slightly weaker inhibition
at the micromolar range (Cso value of 26 uM). Compound9 seems to inhibit KDM3A

catalysis only at1000 uM.

< = |0X1 derivative 8 & = |OX1 derivative 9
=100 i
z - |OX11 3.100 T 4 |OX1 derivative 10
2 Z
@ Q
8 : f
z £
E 50 T 50
@ g A
o =l
< <
(] o
= =
a o
X 0 I T X 0

0 1 2 3 4 0 1 2 3 4

Inhibitor [Log(uM)] Inhibitor [Log(uM)]

Figure 3.18 ICso determination assayed by MALDI-TOF MS assays for 10X1 and
derivative compounds tested against KDM3A. Evaluation of thein vitro inhibition of
KDMS3A catalytic activity by I0X1 and analogues. Comund 10 was used as a negative
control. All measurements were conducted in tripliate and values represent mean and
standard deviation (measurements of derivative® and 10 were carried out byPauline
Lang under my supervision
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Table 3.8 ICso values for IOX1 and derivative compounds determine d by KDM3A
inhibition curves. Enzyme, peptide and 20G concentrations were J, srr J and 30
J respectively.

Compound ICs0  J {w” fetcttet e—%"7f
IOX11 14 9to 23
8 26 18 to 37
9 > 1000pM -
10 > 1000pM -

3.7 Discussion

The work described in this chapter describes the initial biochemical charactemgion of
KDMS3A. The work started with the productionof an active KDM3A recombinant enzyme
using a baculovirus expression system. This system was chosen due to itenpatibility
with expression of large genes, thus enabling expression of both the catalytic JmjC and the
CH2C4 zinc finger domains of KDM3A which are necessary for its enzymatic atfiv
(Figure 3.1).2 Purification was carried out at 4°C, using affinity chromatography

immediately followed by gel filtration to reduce protein degradation

Initial kinetic characterisation of the isolated KDM3A enzyme was then carried out, with a
focus on the steady-state kinetic parametersky, kea) for the co-substrate 20G and the
methylated lysine substrates (using H3 fragment peptides). This characterisation was then
used as the basis fola comparison between the catalytic efficiencyof KDM3A for new
substrates, and also for the determination of the saturating concentration to be used in

inhibition studies.

The initial approach for kinetic characterisation was to usea MALDI-TOF MS activity
assay. Time course measurements of the lysine demethylation reaction have identified low
and constant levels of the mono-methylated intermediate. This data are consistent with
the processive mechanism suggested by Godaal, in which KDM3A catalyses consecutive

demethylation reactions without releasing its substrate?

Kinetic measurements by MALDI-TOF MS activity assays is labour intense, with mahnua

quenching of reactions needed at each time-point and can introduce error. Therefore, an
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orthogonal assay was used to determine the steady-state kinetic parameters using the

FDH coupled activity assay, in which measurements are taken continuously in real-time.

Notably, substrate inhibition at elevated substrate concentrations was observed, although
it had not been reported in a previous study. Therefore, the kinetic parameters were
calculated using the substrate inhibition model described ifequation 3.2 ii. Inhibition by
the monomethylated substrate (H3(1-15)K9mel) was observed at lower concentrations
than by the dimethylated substrate (50 puM vs. 160 pM respectively). Preliminary
prediction of the kinetic parameters for this substrate was carried out using the
Lineweaver Burk plot by calculating the kinetic parameters based on data-points below
the substrate inhibition range (> 0 M); Interestingly, the apparent catalytic efficiency for
H3(1-15)K9mel KDM3A as indicated by theék.. /Kvvalue was double than that of the
catalytic efficiency for H3(1-15)K9me2 (29428106 st J -1 vs.14649 106st J -1). It is
important to note that product inhibition and/or substrate inhibition needs to be further
investigated because both types of inhibition are not distinguishable with the current data.
Moreover, it should be noted that experiments were carried out with fragment peptides of
the natural substrates and therefore the kinetic characterisations is likely to vary from

that of the full proteins.

The presence of H3 K4me3 was observed to be crucial in the KDM3A catalysed
hydroxylation catalysis of novel substrates(see Chapter 7, Section 7.4.2 and Chapter 9
Section 9.4), although the enzyme lacks a PHD finger present in other H3 K9me2/1 KDMs
(KDM7B and KIAA1718.37 Kinetic analyses were carried out to test the effect of H3
K4me3 on lysine demethylation by KDM3AThe results reveaéd that an additional H3
K4me3 mark does not change the H3 K9md&, value for KDM3A, but substrate inhibition
appeared to be enhanced Kigure 3.13, Figure 3.14 and Table 3.5). However, the
turnover rate for catalysis is more than doubled for H3 K9me2 peptide with an additional
H3 K4me3 mark relative to the corresponding peptide without this mark Therefore, it
might be possible that the turnover rate is increased in the presence of the H3 K4me3
mark due to faster product formation and release.

Following kinetic characterisations, studies then focused on preliminary characterisation
of a selective inhibitor for KDM3A,a tetrazole bioisoster (8) of the broad-spectrum
inhibitor I0X1 (1). Notably, IOX1 and its tested derivatives were observed to inhibit the
FDH enzyme and therefore 1§ measurements could not be determined using the FDH
coupled assay. These results emphasise the neefl performing control FDH inhibition

tests prior to any inhibition studies by the FDH coupled assay, which is a commonly used
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method for measuring inhibitor potencies for KDMs. MALDI-TOF MS activity assays
suggest that8 is an inhibitor for KDM3A with potency in the micromolar range Figure
3.18). AlphaScreen measurements indicate tha8 might exhibit selectivity for KDM3A
over other 20G dependent oxygenasesTdble 3.7). 8 was observed to be technically
challenging to synthesise @ata not showr), however this preliminary data require further
exploration. Testing the selectivity of the compound with additional 20G enzymes
desirable. The potency of compoun@ in cells should also be tested, as well as its potency

for the inhibition of novel reactions catalysed by KDM3A.
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Chapter 4
Investigations into KDM3A inhibition by TCA cycle

intermediates and 20G analogue metabolites

4.1 Introduction

The tricarboxylic acid (TCA),or citric acid, cycle isa central metabolic pathway in all
aerobic organisms. Tl cycle uses a series of enzymes to convert acetyl-Cioko carbon
dioxide (Figure 4.1). The energy released in these series of reactions is eventually used to

synthesise ATP.

Figure 4.1 A scheme showing enzymes and metabolite s in the tricarboxylic acid
(TCA) cycle.l Reprinted under copyright licence?
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The intermediates in the pathway are also used fdoiosynthetic purposes Chromatin
modifying enzymes utilise TCA cycle intermediates (TCAI) and common metabolites
(Table 4.1). The TCA cycle intermediates, and associated enzymes, thus have the potential

to function as metabolic sensorgo directly link metabolism and gene expressioA.

Table 4.1 Epigenetic histone modifications catalysed by enzymes that utilis e common
metabolites as co-substrates. 4
Histone Metabolite
e Enzymes
modification co-factors
Methylation Histone methyltransferases (HMT) SAM
Demethylation Histone lysine demethylase (KDMs) FAD, 20G
Acetylation Histone acetyltransferases (HAT) Acetyl-CoA
Deacetylation Histone deacetylases (HDACs ) NAD+

The abundanceof TCAI and the rates of the reactions linking them indicates the energetic
state of the celt Modulation of the activity of @&pigenetic enzyme§ mediating
transcription al activation or repression, can thus be harnessed to maintain homeostasis.
For example, changes in acetylation levels depend on glucose levels; under high glucose
concentrations the NADB/NADH ratio is low, which decreases the sirtuins HDACs activity
that require NAD-. In turn, this leads to higher histone acetylation levels that promotes

gene transcription5

The link between metabolism and epigenetics is also manifested in disease states wher
the normal homeostatic balance is broken. Altered metabolism is a hallmark of cancer,
contributing to rapid proliferation and tumour growth. 8 Some tumours have abnormally
elevated levels of fumarate and succinate resulting from mutation® the genes encoding
the TCA cycle enzymes fumarate hydratase-if) and succinate dehydrogenase (SDH)
respectively” These elevated concentrations of fumarate and succinate are proposed to be
sufficient for the inhibition of the 20G dependent oxygenaseBHDs (hypoxia-inducible
factor prolyl hydroxylases) by competitively binding into the active site instead of the co-
substrate 20@. 10 Since thePHDs are negative regulators of the hypoxia-inducible factor
(HIF) and HIF target genes encode for proteins needed for tumour growth, accumulation

of fumarate and succinate is proposed to promote tumour growtB101l Similarly,
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mutations in either of the two isoforms of the TCA cycle enzyme isocitrate dehydrogenase
(IDH1/2) are common in glioma and acute myeloid leukemi& These mutations cause
gain-of-function in IDH1/2 such that they additionally catalyse production of 2-
hydroxyglutarate (D-2HG)13 In some brah tumours, increased levels 0b-2HG andL-2HG
are also caused by mutations irbor L-2HG dehydrogenase$t15 Accumulation of these
proposed T'e... ‘et —f, " Z<—fei —* «'"IMM-if fsomsrcases) can inhibit 20G
dependent oxygenases with varying potencies suggesting that 2HG elevation might

modulate chromatin modifications16.17

4.2 Objectives

The work described in this chapter aimed to investigate the extent by which KDBWA is
sensitive to inhibition by TCA intermediates and related metabolitesThe work initially
involved screening of a panel of 20G dependent oxygenases against TCA cycle
intermediates and other 20G analogue metabolites by measuringm, Tshifts using
Differential Scanning Fluorimetry (DSF). Work was then focused on KDM3A inhibition,
with single concentration inhibitor screen by the FDH coupled assay to parallel results
from the DSF measurements. Control experiments were carried out to ensure that
inhibition detected by this assay not due to FDH inhibitionlCso determinations were then

conductedby FDH coupled assays with selected potent metabolites.

The initial DSF screen with 20G dependent oxygenases, except for measurements with
KDMS3A, were carried out by Dr. Inga Pfeffer.
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4.3 Screening for TCAI thermal stabilisation witha

panel of 20G dependent oxygenases

Given the reported ability of fumarate, succinate and 2HG to inhibit a number of 20G
dependent oxygenases, it was considered possible that other 20G dependent oxygesase
might be able to bind TCAI and 20G analogue metabolités8 A panel of fifteen

recombinant 20G dependent oxygenases was screened for interaction with twenty

metabolites using T, shift measurements by Differential Scanning Fluorimetry (DSFS.

DSF measures the stabilisation of a protein by a ligand during thermal denaturation, it is
fast and requires low concentrations of protein compared to other screening methods.
The assay uses a fluorescence dye, SYPRO Orandech has affinity for hydrophobic
areas which in turn affect its fluorescenceDuring a denaturation process hydrophobic
parts in the protein become exposed. The assay monitors the thermal unfolding of
proteins by measuring the increase in the fluorescence of the dyEigure 4.2). A potential
inhibitor would be expected to interact with the protein, hence stabilising it, resulting in
an increased melting temperature (T). An increase in T in most cases therefore

correlates with ligand interactions with the protein that promotes protein stability.

Figure 4.2 A typical protein melting curve obtained from DSF. The Sypro-Orange
dye is symbolised as orange stars. Melting of thergtein (in blue) exposes hydrophobic
patches allowing dye molecules to bind and emits dbrescent light at 610 nm. Following
the fluorescent peak a gradual decrease in fluoresoce is observed due to protein
aggregation. Reprinted under copyright licencé&?
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Thermal shift values are calculated as the difference between the, Th the presence of a
ligand and the T,of the protein alone. Thermal shift valuesof different ligands are not
always a good indication of their relative binding affinities. The thermal shift is
determined by the contribution of enthalpy and entropy during the interactiont® In a
hydrophobic interaction the entropy component is dominant and results in a largé@, shift
compared to a more polar interaction. On the other hand, since the dye used is
hydrophobic it can compete with a hydrophobic ligand and cause a decrease in the
apparent interaction between the ligand and the proteir#! All in all, comparison between
hydrophobic and polar compounds might not reflect the actual binding affinity. In
addition, since the method involves protein denaturation, the nature of the binding might
be altered with the change in protein structure. A further caveat is that the fluorescent
compounds being screaed may interfere with the fluorescence readout. Taking into
account the potential drawbacks, DSF allows ranking of compounds with similar

physiochemical properties based on their relative stabilisatior?

All compounds were tested fo thermal stabilisation of 20G dependst oxygenases at 10
mM concentration, and the T, shift is calculated relative to the protein alone (se
Materials and methods, Chapter 11, Section 11.3.2, for more informatiord 200 mM
Hepes buffer was used at pH 7.5, pH was measured to verify that the metabolites in the
concentration used for the assay do not reduce the pH value below 7. Conditions for the
screening procedure were optimised for 20G dependent oxygenases. Results for screening
of the tested metabolites with KDM3A are presenteth Figure 4.3; results from screening

with a panel of 20G dependent oxygenases are summarisedliable 4.2.
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Figure 4.3 Tm measurements by DSF for TCAl and 20G derivative metabolites
against recombinant KDM3A. All measurements were conducted in triplicat and
reported as averages with standard deviations. Stidtical analyses were carried out
using a two-tailed t-test compared with KDM3A onlycontrol using GraphPad Prism 6. NS
denotes P > 0.05, * denote® 10.05, ** denotes P10.01, tTfe'—%- I arddr ¢
tTie'—F- TO0t&rr

Table 4.2 Tm shift measurements by DSF for TCAIl and 20G derivati ve
metabolites against a recombinant 20G depende nt oxygenase panel. Tm shift data
coloured according to a heat map, whereby red indates a positive T shift and green
indicates negative T shift. Average Tm shift for each enzyme is highlighted in blue at t&
end of each row and column. All measurements wereoaducted in triplicate and reported
as averagesAll measurements, except for KDM3A, were carried by Dr. Inga Pfeffegs3

125



Chapter 4. KDM3A inhibition by TCA cycle intermediates

T Shift (°C)
FIH | PHD2| KDM4A KDM4{ KDM4H JMJD§ FBXL1]ogfoD1] BBOX PHF§Mina53| ycfD | NO66| ol P E|KDM3A
Compound Structure
"9 1ho tag| Histag His ta His ldg His fag His fag His|tag nd g | no ta I no ta no ta His tag
tag l¢) g 1} a9 g g g Ita% g tag g| g q

o on
N-Oxalyl glycine (NOG) D)H‘/E\/E\o 6.03 11.07 4.49 3.y7 3162 277 192231 1.88|-2.183 528 216 7.70 10.71 1.8
°

Pyruvate JYO 0.09 502 3.87 6.43 7.0 124 011 6.04 -014 0.25 31{10.13] 6.61 1.39 0.28
o
o o
I o
Citrate m -1.29 -5.65 -091 -1.3 099 -150 -3.68 -0.11 -23589 1.63| -1.47 -0.1 -0.71 0.53
o 0 o
o o
o o
cis-Aconitate P 135 -1.61 2.03 0.49 2.1 241 -229 894 0[3935[.-2.39 | 3.05 0.36 6.31 0.88

d

trans-Aconitate -0.1% -0.34 1.08| 0.18 13! 292 -235 7.09 0f57.97B -3.63| 3.02 0.66 6.60 0.42

Fumarate © - 0.87 7.17 1.54 0.57 312 434 277 1152 0[78 -4.61904 3.47| 6.31 6.67 1.90
o o
Maleate U -0.11 -1.64 -2.17 -1.4 -0.0p 368 -287 526 03551l -1.07| 1.19 1.70 -0.29 0.14
x o
I
~-Malate -0.78§ 0.42| 0.98 058 116 258 043 884 049 -2.81560{ 1.98| 4.56 4.40 1.03

;i:

of
o

o
o

Oxaloacetate .68 0.8 3.24 422 461 060 -0p9 4017 -1.825 0.68 | -1.30 1.84 0.45 1.29

o
4
5
()]

o
o

08 1.2 251 325 875 594- 16.62| -1.59| 1.02 10.16 3.04 10.01 6.55 1.1

D)
5
o

L-2-Hydroxyglutarate (L-2H

o

o
o

D-2-Hydroxyglutarate (D-2H| 0.01| 6.89| 4.17 6.22| 6.86 2.6 1.4 10.71 0.99 -0.81 445 .6531 4.40 1.09

7

o

3-Oxoglutarate (30G) w 332 951 308 345 526 405 137 210. - - | 423|108 474 651 0.68
o o
o o
L-Glutamate M 055 133 -036 005 135 1.03 -047 1p9 |- - op8.11| 1.36| 021 0.19
o 0
D-Glutamate w 078 323 023 013 108 128 085 147 |- - 0J77210.0.87| 081 -0.56
Glutarate M 501 953 366/ 358 403 421 314 898 - 446 38889 | 1375 | 280
o o
o
Adipic acid M 325 563 232 278 314 303 189 754 | - 255012.323| 7.83 0.49
8
o
Acetyl-Coenzyme A (AcCop) )L -1.04 025 -385 -433 -p3@52-064| 062| -1.43 045 -164 -0.80 0.01  7.07 -0.

’ o
SIEEITL UG | 185 007 120| 152 158 227 016 517 286 442 353 9B6.85| 6.83 -
(SuccCoA) scoA
o
o
Succinate OND 0.20 4.90 2.61 1.6 523 483 241 11,06 122 D.3258 3 4.10| 6.29 8.67 1.82
S
o
Itaconic acid ”"NOH - - - - - - - - - E - 0.7,
]
Average for each enzyme 0.82| 3.04| 1.57 1.67 3.2 2.6 0.2 736 -0p6 -1.49 2.p5 3464 5.17 0.86

126



Chapter 4. KDM3A inhibition by TCA cycle intermediates

Overall, the results indicate that a number of compounds interact with 20G dependent
oxygenase to varying degrees, suggesting a possible relationship between metabolism in

the cell and this superfamily of enzymes.

N-Oxalylglycine (NOG) was used as a positive control compound in this screen. NOG is a
close structured analogue of 20G and is commonly utilised as a broad spectrum inhibitor

of 20G dependent oxygenasé4 NOG caused a relatively highmTshift of 1.81°Cfor KDM3A
compared to the other tested metabolites ( T r§rand its stabilisation effect was also
apparent in some other 20G dependent oxygenases such as PHD2 and OgfoD1. The most
Te—f, <Zcoce% ..fowKDM3A ivasglutarate, with a value of 2.86C( T r§r20Gis a
derivative of glutarate, with an additional carbonyl group at the C-2 (se&able 4.2 for
structure). Like NOG, glutarate probably mimics 20G quite well and therefore is likely to

fit into the 20G binding site. The relatively high stabilisation by glutarate was also

observed in a number of 20G dependent oxygenases, including AldB11 and KDMA4A.

Interestingly, the 2HG enantiomers were relatively good stabilisers for KDM3A (1.13°C
with 1 rGrfor the L-form of 2HG, and 1.09°C with 9§ r@G0d4 for its D-form).
Additional KDMs, such as KDM4E and Mina53 were also stabilised by 2HGese results
support those of the results described in Chowdhurgt al.which indicate that a number d
20G dependent oxygenasamight interact with these oncometabolites which are reported

to accumulate in glioma, malignant glioblastoma and acute myeloid leukaentia.

Similar to the general pattern, the addition of maleate had little effect on the stabilisation
of KDM3A (0.14C no statistically significant stabilisation) possibly due to its relatively
rigid cis structure that prevents it from binding to the 20G site. Therefore, the general
trends detected for the panel of oxygenases were also apparent in the KDM3A
measurements. Itaconic acid, an analogue of 20G produced in cells of macrophage lineage

was also tested® Itaconic acid was a weak stabiliser for KDM3A (0.75°C*<-S Y. rars

The DSF screen presented iiable 4.2 highlighted two enzymes. OgfoD1(2-Oxoglutarate
and Iron-Dependent Oxygenase Domain Containing 1) was found to be stabilised by most
of the TCAI and 20G analogue metabolites, as indicated dy average T, shift value of
~7°C. OgfoD1lis a prolyl 3-hydroxylase of the small ribosomal subunit RPS23 that
regulates protein translation termination efficiency.2627 It would be interesting to further
investigate inhibition of this enzyme by metabolites as it may uncover a new lirtketween
metabolism and protein translation. The second enzyme is BBOX (Butyrobetaine

(Gamma), 2-Oxoglutarate Dioxygenase). BBOX is an 2-oxoglutarate dependent oxygenase
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that catalyses the final hydroxylation step in the biosynthesis of carnitingg BBOX
manifested an average & shift value which was close to zero (-0.26°C), indicating no
stabilisation of the protein by 20G analogues. Consistent with these observations, BBOX is
reported to have a high Knaer value of 20G which suggests low affinity of 20G to this

enzyme, and consequently that it could act as a 20G sen&or.

4.4 Single concentration inhibitor screen for KDM3A

Following the screening of a broad panel of 20G dependent oxygenases using, BF
focused on KDM3A aiming to build on the thermal stability results and examine the
inhibitory effect of the tested metabolites. The panel of TCAI and 20G analogues was then
screened for inhibition of H3 K9me2 demethylation activity of isolated KDM3A using the
FDH coupled assay as described in Chapter 3, Section 3.5.2. Compounds were screened for
inhibition at a single fixed concentration of 1 mM, and their inhibition was normalised
relative to a control reaction containing no inhibitor as the baseline, and NOG as ssjtive
control for inhibition. 50 mM Hepes buffer was used at pH 7.5; the pH was measured to
check that the concentration of the acidic metabolites useid the assay do not reduce the

pH below 7.

KDMS3A (250 nM) was incubated with the tested metabolites fol5 minutes prior to the
addition of co-factors and H3(1-15)K9me2 peptide The substrate peptide concentration
was kept in excesof > 2x Kyaep (see Chapter 3, Section 3.5.2.3). The 20G concentration in
measurements was kept at the keep concentration (20G Ikgare value is 30 £ 10 uM, see
Chapter 3, Section 3.5.2.2The fluorescence signal was analysed every 30 seconds over 30
minutes at 37°C. Initial rates were calculated over the linear range of the obtained curves
by linear regression (see Materials and methods, Chapter 11, Section 11.3.4, for more

information ).

Figure 4.4 summarises the results of the screen D-2HG exhibited similar inhibition
potency to that of NOG. Similar to the affinity screen data, the?HG enantiomer was also
a strong inhibitor (76% inhibition at 1 mM); however, it was slightly less potentthan the
D-form of 2HG (88% inhibition at 1 mM). The DSF data indicated a stabilisation of KDM3A
by the 2HG enantiomers, glutarate and oxaloacetatehich correlates with results of the
single concentration inhibitor screen. Interestingly, pyruvate was a weak stabiliser for
KDM3A with a T, shift value that was a third than that of the average((28°C versus

128



Chapter 4. KDM3A inhibition by TCA cycle intermediates

0.86°C no statistically significant stabilisation of KDM3A). Howeverpyruvate exhibited

high inhibition potency (81% at 1 mM,

ra ) rcempared to NOG. Another difference

)l
between the thermal stability and the inhibition data was in the case of fumaratavhich

1 rajrsut showed

exhibited thermal stabilisation (1.9°Cversus the average of 0.8&,

M rdrs
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Figure 4.4 Single concentration inhibitor screen of KDM3A by T CAI and additional

20G derivatives using the FDH coupled assay. All compounds were tested as KDM3A
inhibitors at 1 mM concentration, and percentage ihibition normalised to a control

reaction without inhibitor addition and to inhibition by NOG. 20G concentration in
measurements was kept at Kmapp concentration (seeh@pter 3, Section 3.5.2.2). H3-
15)K9me2 peptide substrate concentration was kept &> 2x Kmapp All measurements

in triplicate and values represent rmman and standard deviation.

Statistical analyses were carried out using a twodiled t-test compared with no inhibitor

were conducted
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4.5 Efficiency of the FDH coupled assay in the

presence of 2DGanalogues

Prior to 1Cso analyses of selected 20G analogy#se efficiency of the FDH coupled assay in
the presence of these compounds was tested. Since the FDH assay is a couplsayas
which depends on the activity of FDH, there is a possibility that inhibition of 20G
analogues may be a result of inhibition of FDH itself. To ensure that the inhibitory effect
observed in the previous section reflects inhibition against KDM3A, compounds that
demonstrated over 50% inhibition were first screened for FDH inhibition. All compounds
were screened at ImM, whichs the same concentration used for the inhibitor screen and
also the highest concentration used in subsequet€so evaluations. The FDH concentration
was chosen to be 50J , asit lies within the linear range of activity for FDH (see Chapter,3
Section 3.5.2.1) Cofactor and co-substrate concentrations were kept at the same
concentrations as used for the previous KDM3A inhibition measurements (Section 4.4)
FDH enzymatic actiiy was determined by measuring the initial rate of NADH production,
as described in Chapter 3, Section 3.5.2. Activity was normalised accomglito no inhibitor
and no enzyme control experimentsMeasuring the initial rate of FDH activity indicated
that none of the tested compounds substantially inhibited FDHR{gure 4.5), allowing the
use of this method forlCso determination. These results correlate with those reported by

Chowdhury et al.stating that no inhibition is observedfor FDH itselfby D- or L-2HG?
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100 4

50

FDH activity (%)

Figure 4.5 FDH activity in the presence of compound s to be evaluated as KDM3A
inhibitors (1 mM). Formaldehyde concentration was 50 puM. FDH activity was
normalised according no inhibitor and no enzyme contols. All measurements were
conducted in triplicate and values represent mean rad standard deviation. Statistical
analyses were carried out using a two-tailed t-testtompared with no inhibitor control
using GraphPad Prism 6. NS denotes P > 0.05.

4.6 ICso values determination of selected metabolites
with KDM3A

After confirming that the inhibitory effect of the six most potent metaboliteswas due to
KDMS3A inhibition rather than FDH, these compounds were further evaluated by
determining their ICso values Figure 4.6, Table 4.3). Assay conditions were similar to
that of the previous assay. The 20G concentration was kept at thea# concentration
(20G Kqer value is 30 = 10pM, see Chapter 3, Section 3.5.2,2)vhile inhibitors
concentrations were varied between 3.7J and 1 mM Initial rates were plotted against

log (inhibitor concentration (M)) ; GraphPad Prism 6 was used to fit the resultant dose-

response curves.
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Figure 4.6 ICso determination assayed by the FDH coupled assay for selected
compounds tested against KDM3A . Evaluation of thein vitro inhibition of KDM3A (250
nM) catalytic activity by selected TCAIl and 20G alggues. NOG was used as a positive
control. All measurements were conducted in tripliate and values represent mean and
standard deviation.

Table 4.3 ICso0 values of selected compounds determined by inhibition curves
KDMB3A concentration was 250 nM.
Compound ICso J (W™ fe ctte.t e—1""fZ
NOG 22 20-25
D-2HG 169 77-373
Citrate 176 130-237
Pyruvate 193 182-205
Oxaloacetate 294 253-342
L-2HG 300 188-478
Glutarate 388 287-526

The 1Go of NOG was measured as a control. NOG had ap \@lue of 22 J for KDM3A as
determined by the FDH coupled assayn this assay glutarate was the weakest inhibitor

and D-2HG the most potent (388 and 169J respectively). However, theD- andL- forms
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of 2-HG were less potent inhibitors of KDM3A compared to the reported values of the
KDM4 representatives (169/ 300 J for KDM3A compared with tv tx J 7" %
fet y{ {y J ~'" ,fowD- and theL- 2-HG respectively).l” Focusing on KDM3A
inhibition, the tested metabolites displayed similar potencies withiCso values within the
range of hundredsof micromolar and an averagelCsg value of 253 uM, an order of

magnitude higher than NOG.

4.7 Discussion

The work in this chapter describes the initial characterisation of 20G dependent
oxygenase inhibition by TCAI and related 20G analogue metabolites. The work adrio
investigate the link between this family of proteins and metabolism, and to test whiegr

20G dependent oxygenasehave the potential to be metabolic sensors.

The initial approach to screening these compounds was to use thermal shift
measurements by DSF to assess compounds stabilisation using a panel of fifteen
recombinant 20G dependent oxygerses. This work demonstrates that metabolites, other
than the ones used as co-substrates, can also interact with 20G-dependent oxygenases in a
potentially much broader scope than reported in literature. Thermal shift analyses
revealed a relatively strong stabilisation of some 20G dependent oxygenases to the
oncometabolite 2HG in its two enantiomeric forms compared with the other tested
metabolites. 2HG is of particular interest in brain cancer research due to its common
accumulation in glioblastomal415 DSF data show that OgfoD1, which regulates protein
translation, was stabilised by most of the tested metabolites. Further investigations shalil

be carried out to determine whether OgfoD1 is regulated by these metabolites.

KDM3A thermal stability was moderately sensitive to the tested metabolites. Further
analyses were carried out for KDM3A measuring inhibition at a fixed concentration. Potent
compounds were tested against FDH alone at their highest concentration to be used for
subsequentlCsp measurements to confirm that they do not inhibit the reporter enzyme
(FDH). IGso values were then determired for selected compounds discovered in the
inhibitor screen. Values were allin a similar range of hundreds micromolar, and within
this range there were some differences in the potency ranking in comparison to the

previous assay.
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The physiological relevance of thesen vitro results is unknown. If metabolites indeed
regulate 20G dependent oxygenases in cells it is probably context dependant, with respect
to their subcellular concentrations and the intracellular concentration of 20G. Notably, the
apparent Ky value for 20G (30 £ 1QuM, Chapter 3 Table 3.4) of KDM3A is an order of
magnitude lower than the average 16s (measured with 20G at th&y value, see Chapter
3, Section 3.5.2.2), suggesting that significam vivo inhibition of KDM3A by the tested
metabolites under normal conditions is unlikely. However, physiologically relevant
inhibition is probable in disease states where the normal metabolite balance is disturbed
and specific metabolites accumulate, as is proposed in the case of the PBIDBsirther
studies on the connection between 20G dependent oxygenases and metabolism are
needed. Knowledge gained by such studies might be useful in the early phase detectibn o

disease states and for the development of 20G dependent oxygenases inhibitors.

Although systematic inhibition studies as well as quantitative cellular assays hawot yet
been reported, the available inhibition data reveal that TCA cycle intermediates inhibit
20G dependent oxygenases with varying degrees of potency withsd@alues ranging from

the micromolar to the millimolar range 18 This work is part of an ongoing study on TCAI
and 20G dependent oxygenases. Inhibition data for 20G demethylases other than KDM3A
are currently being collected Kinetic characterisation of these enzymes would be usefui
understanding the biological relevance of the results. Enzymes that showed relatively high
stabilisation by certain metabolites, such as OgfoD1 and AIkBN11, might be prioritised

for cellular work . Metabolomic studies that provide concentration profiles for metabolites

in healthy and diseased tissues are also emerging, and will help in identifying the extent to

which specific 20G dependent oxygenases are inhibited by TGA.
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Chapter 5

Investigations into KDM3A mediated regulation of

intraflagellar transport proteins

5.1 Introduction

An emerging body of evidence suggests that KDM3A is required for male fertility and sex
determination through its role in chromatin remodelling. Mice lacking KDM3A can
undergo maleto-female sex reversaln non-Mendelian frequenciesa property which was
shown to be due to the KDM3A epigenetic regulation of the mammalian Y chromosome

sex-determining geneSry1

Round-headed spermatozoa are characteristic of globozoospermia, a severe disorder
causing male infertility (Figure 5.1).2 Kdm3aknockdown in mice results in these round-
headed spermatozoa, which lack the acrosome cup required for fusion with the plasma
membrane of the oocye.3 In addition, the abnormal sperm head inKdm3a knockdown
mice could be due to misregulation of DNA condensation by KDM3A, as a result of poor
histone replacement by protamines, which gives rise to loose packaging of DNA during

spermatogenesists

Figure 5.1 Sperm morphology affects male fertility . (A) Normal sperm head. (B)
Abnormal sperm head. (C) Globozoospermia, a seveend rare infertility syndrome in
which sperm heads lack acrosome caps. Figure usedtlvpermission.2
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High levels of KDM3A were found in mice testes and are observed to be localised not only
in the nucleus but also in the sub-compartments of sperm cells, which change during
spermatid maturation.24 These observations suggest a possible developmentally regulated
cytoplasmic role for KDM3A that may contribute to the round headed phenotype &fdm3a
mutant spermatids. Interestingly, although KDM3A has been reported to regulate non-
histone proteins (for additional information see Introduction, Chapter 1, Section 1.14)1
and was also observed to be localised in the cytoplasm during spermatogenesis, its
potential non-histone related cytoplasmic roles in spermatogenesis, and in particular in

flagella formation, are still largely unexplored

Ciliogenesis is the process by which cilia are built and regulatédCilia, or flagella (the
terms are interchangeable), are microtubule-based structures that extend from the cell
surface. There are a numbeof functional roles for cilia. The best known role is to propel a
cell, asis the function of the sperm flagelim.” Another role for cilia is in sensory
signalling, including the nutrient sensors found in neurons that respond to leptirevelss
Although there is a large variety of cilia, their structure is highly conserved and is
composed of a cytoskeletal scaffold with microtubules arrayed in specific configurations;

these structures are termed axoneme.

Ciliogenesis is highly coordinated with the cell cycle, and emerging data indicateratual
regulation between the two processes.The cilium resorbs by disassembly and gradulg
becomes shorter before cell division begins. After cell division, the cilium grows againyb
gradual assembly. Ciliogenesis requires a bidirectional transport along the axonemal
microtubules. This transport is mediated by intraflagellar transport proteins (IFT) which
form multi-subunit complexes0 IFTs are divided into two complexes; IFT complex B is
required for anterograde transport contributing to flagellar assembly, while IFT complex A

is required for retrograde transport during disassembly.

Intraflagellar transport is proposed to occur in several step$! IFT-B proteins, the

anterograde IFT, are assembled in the cell body around the neck of the cilidtnPowered

by the motor protein kinesin-2, they then transport cargo and inactive retrograde IFT-

dynein 2 motor protein from the cell body to the cilium tip3® The next steps involve events

—treft T——"ef " —eti ™MSt "t —St . f "% <o —eZ'fTIT -Arthe—ST tretce
retrograde IFT, retums dissembled ciliary turnover proteins and inactive kinesin2

motors back to the cell body for degradation or recycling, and the complex issdssembled

(Figure 5.2).9

138



Chapter 5. KDM3A mediated regulation of intraflagellar transport proteins

IFT particle

Kinesin-2

Cytoplasmic dynein 2
Axonemal precursor
Microtubule

Flagellar membrane protein

Figure 5.2 Diagram describing the mechanism of intr aflagellar transport
proteins (IFT). Intraflagellar transport is proposed to occur in seeral steps. IFT-B, the
anterograde IFT, gather around the basal body regio IFT-B transport is then powered

by motor protein kinesin-2. They transport cargo, mcluding axonemal and membrane
precursors and inactive retrograde IFT-dynein motorprotein, from the cell body to the
cilium tip. When IFT-B reactes — St ... <Zc—e —<’ f T——"ef"" —eti "7 Siee
cargo is unloaded and dynein 2 is activated. Powedeby dynein 2, IFT-A, the retrograde
IFT, returns turned over proteins and inactive kinesin-2 motorsback to the cytoplasm
for degradation or recycling, and the complex is diassembled. Figure adapted with
permission.?

IFT proteins are highly conserved among eukaryotes. Mutations in IFT disrupt ciliogenesis
and are linked to various diseases such as Bardet-Biedl syndrome (BBS) and polycystic
kidney disease (PDK}#15 |FT proteins were first identified in the single-cell green alga
Chlamydomoias reinhardtii.1é In this alga,six IFT proteins were found to comprise the IFT-

A complex: IFT144, IFT140, IFT139, IFT122A, IFT122B and IFT48aple 5.1). IFTB
contains IFT88, IFT81, IFT74/72 variants, IFT52, IFT46 and IFT27 in its core, and
dissociated components IFT172, IFT80, IFT57 and IFT20. Within the cord=T74/72
variants interact with a dimer of IFT81 to form a tetramer!” IFT88 was shown to be
essential in ciliogenesig81® Another essential interaction in the IFT-B core is the
interaction between IFT74 and IFT81, which together form a tubulin-binding module

through the actin binding domain Calponin in IFT81 and a highly basic domain in IFT74.
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Table 5.1 Components of the IFT complexes found in Chlamydomonas
reinhardtii .16
Retrograde IFT-A | Anterograde IFT- B
IFT144 IFT172
IFT140 IFT88
IFT139 IFT81
IFT122A IFT80
IFT122B IFT74/72
IFT43 IFT57
IFT52
IFT46
IFT27
IFT20

Although components of these complexes have been identified, important questions about
the intraflagellar transport process remainié In particular, the process by which these
components assemble to form a functional complex is largely unknown. One hypothesis is
that IFT are regulated by post-translational modifications (PTMs). PTMs change the
chemical properties of the modified residues and therefore are likely to affect protein-
protein interaction.2! In addition, PTMs offer a rapid, controllable and dynamic response
mechanism. Such response is needed in bidirectional transport during ciliogenesis, wher
assembly and disassembly of the IFT complex is constantly turned over. Thisapter
describes work on lysine methylation of IFT and its effect on interactions with KDM3A.
Slobodai« %o " haveé also identified methylated arginine residues in IFT, as will be further
described in Chapter 6Section 6.122223

Previous work by Dr. Patricia Yeyati and Dr. Holger Kramer has revealed a possible
relationship between IFT and KDM3A proteins during ciliogenesis. Studies with mouse
models have revealed thatKdm3a mutant mice have abnormal length sperm flagella
(Figure 5.3).
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Figure 5.3 Kdm3a mutant mouse models present short flagella . Spermatozoa from
wildtype (WT) and three Kdm3a mutants lacking the catalytic domain.Kdm3a mutant
spermatozoa have rounded heads and short flagellgstudy by Dr. Patricia Yeyati,
manuscript acceptedl.

Analysis of the IFT-B complex from mouse testes extracts by immunopurification and
liquid chromatography-tandem MS (LC-MS/MS) has indicated the presence of
methyllysine residues in a number of IFT proteins. The highest score predictions for
methyllysines were detected for IFT74, IFT81 and IFT88 proteins; these methyllysine
positions were then validated using synthetic peptides Pr. Patricia Yeyati and Dr. Holger
Kramer, manuscript accepteyl Differential centrifugation of cytoplasmic extracts from

adult mouse testes showed that KDM3A co-purifies with IFT88 and IFT8D(. Patricia

Yeyati manuscript in preparation.

Work with the human retinal epithelium cell line hTert-RPE1 has also suggested a possible
interaction between KDM3A and IFT. Reciprocal immunopurifications provide evidence of
an interaction between IFT81 with KDM3A within hTert-RPE1 cells. IFT81 was pulled-
down with KDM3A, and in the reciprocal experiment KDM3A was pulled-down with IFT81
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(Dr. Patricia Yeyati manuscript acceptel In addition, over-expressing IFT81 promotes
ciliogenesis in KDM3A null cells (CRISPR/Cas9), but not WT KDM3Acells Dr. Patricia
Yeyati manuscript acceptedl This increase, which could not be explained by differences in
cell density, suggests that WT cells have an intrinsic constraint on ciliogenesis
independent of the increased availability of IFT81 protein, whileKkDM3Anull cells do not

have such a constraint

Together with previous observations of cytoskeletal defects in KDM3A mutant spermatids,
it was hypothesised that KDM3A might regulate ciliogenesis by associating with

methyllysine containing IFT proteins3

5.2 Objectives

The work described in this chapter involved the characterisation of a potential
relationship between KDM3A and IFT proteins from complex B.his work investigated the
potential regulatory role of this interaction at several levels. First, direct protein-protein
interactions were studied by measuring the impact of lysine methylated IFT fragment
peptides on the activity, inhibition and thermal stability of isolated KDM3A usig a panel

of biochemical assays. Then, the potential regulation of KDM3A on IFT at the protein level
was tested in cells. Finally, the possibility that IFT regulation occur at the transcriptional
level via an epigenetici role of KDM3A was investigated. This study required the
development of a robust gRT-PCR assay. This work was extended to test the ability of
KDM3A to recognise other potential IFT PTMs. Further work investigated the ability of
other KDMs to demethylate methylated IFT fragment peptides.

Identification of putative lysyl-methylated residues in IFT proteins from mice was caroet

by Dr. Patricia Yeyati and Dr. Holger Kramer. hTERT RPE-1 cell culturing, qudivita
protein level determination and cloning of FLAG-tagged full length WT and H1120¥1BA
constructs were carried out by Dr. Patricia Yeyati. JMIJD1C was produced by Dr. Catrine
Johansson and KDM4C was produced by Dr. Akane Kawamura. Expression engih |
KDMS3A and production of KDM4A and KDM7B, were performed by Dr. Louise Walport.
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5.3 Screening for IFT thermal stabilisationof KDM3A

Following results by collaborators indicating that a cytoplasmic pool of KDM3A might be
associated with dimethyllysine-containing IFT proteins, the potential thermal stabisation

of KDM3A by dimethylated IFT fragments was tested. Differential scanning fluorimetry
(DSF) was used to test for thermal stabilisation between recombinant KDM3A and IFT
synthetic peptide fragments containing dimethylated lysine residues. The assay focused
on IFT74(71-90)K81me2, IFT81(536-555)K545me2 and IFT88(61-80)K71me2 peptides

which were considered most likely to be methylated according thtG-MS/MS analyses Dr.

Patricia Yeyati and Dr. Holger Kramer, manuscript accepyed

For DSF, 2 uMKDM3A was treated with 200 uMof the different peptides in the presence of
SYPRO orange, and heated from 25°C to 80NzOxalylglycine (NOG) was used as a 2-
oxoglutarate mimic to prevent demethylation of the ligand peptides by KDM3&.A sample

of KDM3A with no ligand was used as a baseline for thermal stabilisation determination
and a sample KDM3A in the presence of H3(1-15)K9me2 substrate peptide was used as a

positive control.

The observed melting temperature(Tm) of KDM3A in the absence of peptides was 42.1 +

0.2°C Figure 5.4). There was a thermal stabilisation of 1.7°C in the presence of the H3(1-

15)K9me2 substrate peptide. IFT74(71-90)K81me2 and IFT88(61-80)K71me2 peptides

both showed an increase in T,, similar in intensity to the thermal shift value of the

positive control ( m values of 1.6 and 1.5, respectively). The IFT81(536-555)K545me2

peptide caused a smaller increase injfa *— %o %ot e—<*% fe f''f"Te— TWhlfiet” f""coc—>
of 1.0°C)
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Figure 5.4 Thermal stabilisation of KDM3A by IFT peptides. Tm  shift

measurements by DSF indicating thermal stabilisatio of KDM3A by synthetic peptide

fragments of H3(1-15)K9me2 (control) and the dimetlylated IFT proteins IFT74(71-

90)K81me2, IFT81(536-555)K545me2 and IFT88(61-80)K1me2. Bars are plotted as the

mean of triplicate with standard deviation. Statistcal analyses were carried out using a

two-tailed t-test compared with no peptide control using GraphPad Prism 6. *** denotes
T rarrsa

These observations indicate that the IFT peptides likely interact with KDM3A. However
DSF alone does not provide information regarding the site and type of interaction and
does not always reflect the actual binding affinities and therefore additional

characterisation was required to rank between the tested IFT peptides

5.4 Screening for lysine demethylation of IFT by
KDM3A

Following immunopurification results by collaborators which indicated that a cytoplasmic
pool of KDM3A might be associated with dimethyllysine-containing IFT proteins, it &
proposed to test whether KDM3A can post-translationally regulate IFT proteins by lysine

demethylation.
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To test whether IFT proteins might be non-histone substrates of KDM3A, an vitro

MALDI-TOFMSbased peptide demethylation assays were performed using recombinant
KDMS3A (Table 5.2). Dimethylated IFT fragment peptides were designed based on
predictions of lysine methylation sites in IFT-B proteins according to LC-MS/MS analyse

(prediction by Dr. Patricia Yeyati and Dr. Holger Kramenanuscript acceptel

Table 5.2 Methylated IFT peptides screened against recombin ant KDM3A.
Target lysyl residues are shown in bold.

Target
Peptide name Protein lysyl Peptide sequence
residue
i PVTQQGLSGMme2-
IFT74(71-90)K81me2 IFT74 K81 TGMKGPOR®
AAGLESNREme2-
IFT81(536-555)K545me?2 IFT81 K545 LEQEVRRLRE
IFT81(556-570)K563me2 IFT81 K563 EALQEESXme2- YHYTNAM*
IFT81(642-656)K649 IFT81 K649 LEQLMEAKme2- KQAFLKQ*
IFT81(642-656)K650 IFT81 K650 LEQLMEAKKme2- QAFLKQ*
SRPIATGYGEme2-
IFT88(61-80)K71me2 IFT88 K71 TSLTSSMGR
IFT88(131-145)K138me2 IFT88 K138 PASPLEAKme2-KKDSPEE
IFT88(325-349)K332me2 IFT88 K332 FAIGDREKme2- MKKAFQK

*Cysteine residues in the original protein sequence were replaced with alanine residues t
block the formation of a disulfide bond. **Activity was tested with a 20 mer peptide instead of
the standard length of 15 mer.

The demethylation assays were carried out with IFT peptides, while the H3(1-15)K9me2
substrate peptide was used as a positive control. Peptides (10M) were incubated with
recombinant KDM3A (2 uM) and co-factors under standard demethylation conditions for
one hour at 37°C (see Materials and methods, Chapter 11, Section 11.308 more
information). Analyses were carried out by MALDI-TOF MS. A shift in peptide mass Hi4-
Da and -28 Da, compared to the negative controls with no enzyme, indicated mono- and di-

demethylation, respectively.
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Although KDM3A was shown to be active according to the positive histone fragment
control which underwent > 80% demethylation, no observed demethylation or other
enzymatic activity was detected with the dimethyllysine IFT peptides under the tested
assay conditions Figure 5.5). ‘=t —Sf— eefZZ7 ~f'F Pa)+in thk absolute
experimentally observed values compared with the calculated values of the peptides was
observed (see Chapter 11, Section 11.3.3).

Figure 5.5 Representative MALDI-TOF MS spectra from IFT screen. (A)
Demethylation of positive control peptide H3(1-15)KOme2. (B) Absence of demethylation
of IFT81(536-555)K545me2 peptide. Peptides (10 uM) were incubated with KDM3A (2
uM) for one hour at 37°C, followed by analyses by M_.DI-TOF MS (see Materials and
methods, Chapter 11, Section 11.3.3 for more information). Reactions with enzyme are
shown in red, control reactions with no enzyme aresshown in black.

5.5 Screening for lysine demethylation of IFT by full
length KDM3A

Section 5.4 describes activity tests using recombinant KDM3A in which thé-terminal
domain is truncated (KDM3Aas.1317, sSee Materials and methods, Chapter 11, Section
11.2.2, for more information). To test whether lysine demethylation activity can be
observed by the full length KDM3A (KDM34Auws21), constructs encoding forN-terminally
FLAG-tagged full length WT and H1120Y catalytically inactive variant proteins were
overexpressed in HEK293T cell®2 The recombinant proteins were then
immunoprecipitated using their FLAG-tags. Both the WT and mutant forms of KDM3A

showed degradation similar to that previously observed for recombinant KDM3A protein
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(see Chapter 3Figure 3.7 and Chapter 6Figure 6.5). Assays focused on the IFT74(71-
90)K81me2, IFT81(536-555)K545me2 and IFT88(61-80)K71me2 peptides which were
considered more likely to be methylated according to LC-MS/MS characterisatiomr
Patricia Yeyati and Dr. Holger Kramer, manuscript acceptetysine demethylation activity
was analysed by MALDI-TOF MS&ee Materials and methods, Chapter 11, Section 11.3.3

for reaction conditions).

As a positive control, full length WT KDM3A was used and found to be catalytically active
catalysing demethylation of the H3(1-15)K9me2 peptide substrate, while the full length
H1120Y variant KDM3A was found to be inactiveHigure 5.6). No activity was detected
with any of the screened IFT peptides under the tested conditions, consistent with the

absence of activity observed in assays with truncated recombinant enzyme.
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Figure 5.6 MALDI-TOF MS spectra showing a lack of demethylatio n of IFT
peptides by full length KDM3A . FLAG-tagged full length (FL)WT and the catalytically
inactive H1120Y variant KDM3A were immunoprecipitaed from HEK293T cells and
incubated with 10 uM of peptide for one hour under standard conditions(see Materials
and methods Chapter 11, Section 11.3.3for more information). (A) An H3(1-15)K9me2
histone peptide used as a positive control, (B) IFF1(536-555)K545me2, (C) IFT74(71-
90)K81me2 and (D) IFT88(61-80)K71me2 peptides. Foeach peptide, (i) MALDI-TOF MS
analysis following incubation with FLAG-tagged FIWT KDM3A and (ii) MALDI-TOF MS
analysis following incubation with FLAG-tagged FL HL20Y catalytically inactive KDM3A.
Reactions containing enzyme are shown in red, cont reactions with no enzyme are
shown in black. Cloning of FLAG-tagged full length WT and H1120DM3A constructs
were carried out by Dr. Patricia Yeyati. Expressiai recombinant full length KDM3A was
performed by Dr. Louise Walport.

5.6 KDM3A inhibition by IFT

The results described in Sections 5.3 - 5.5 suggest that the tested methyllysitier
peptides are not substrates of KDM3A, but might still interact witlit. The co-purification

of IFT proteins with KDM3A and thermal stability data might therefore may reflect
relationships that are independent of KDM3A catalysis (see Sections 5.1 and 5.3). There is
precedent for non-histone, demethylase-independent regulation by KDM3A. Recent
findings suggest that KDM3A stabilises Glil protein levels in a demethylase-independent
manner2é In light of these findings, it was envisaged to determine whether KDM3A binds
and regulates IFT in a demethylase-independent manner similar to Glil regulation.
Binding of IFT might occur outside of KDM3A active site (whether via spedfior
unspecific binding), or IFT may bindto the KDM3A active site without undergoing

demethylation, in a similar manner to the binding of a competitive inhibitor

To test whether IFT peptides can bind to the KDM3A active site, MALDI-T@®F-based
KDMS3A inhibition studies were carried out. Inhibition was measured at the linear range of
activity for lysine demethylation, which was determined to be five minutes for the reaction
of 1 J u with sr J @-15)K9me2 peptide (see Chapter 3, Section 3.5.1.1).
¢S, c—<'s foesfse ™ErE frrctt TimefhyBysinel IFT peptiilés together
™-S sr J1-15)K9me2 peptide and the reactions were incubated for 8 minutes
before quenching. KDM3A demethylation activity was normalised according to control
experiments with no enzyme or no IFT peptideAssays were carried out in triplicate and
analysed using MALDI-TOF MS and GraphPad Prism 6.0 (see Materials and methods

Chapter 11, Section 11.3,3or more information).
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The IFT74(71-90)K81me2 peptide had the weakest apparent inhibition(8% decrease in
KDMS3A activity compared to positive control), while the IFT81(536-555)K545me2
peptide had the strongest apparent inhibitory effect 48%, Figure 5.7). Although the DSF
data suggested different stabilizing effectsthe inhibition assay may better reflect the
actual interaction between KDM3A and IFT peptides as it demonstrates that the peptide
interactions with KDM3A affects demethylation activity Interference with KDM3A
enzymatic activity suggests that the tested IFT peptides, and in particular the IFT81(536
555)K545me2 peptide, bind to the KDM3A.

120 q

100

80 —

60 —

40 -

KDM3A demethylase activity (%)

20

< v v v
") o < e
S & &
NS » @ 4\'&
& ° & &=
N N
N o o )
N b
o’ ¢ &
> ™ @
G A ?
& <
N & A
<@ N\ NS
N

Figure 5.7 In vitro inhibition assay of IFT peptides against KDM3A. MALDI-TOF
MS based demethylation assays on the histone subate peptide H3(1-15)K9me2 in the
presence or absence of synthetic methylated IFT pépes. Strongest inhibition was
observed with the IFT81 peptide, harbouring methyléed lysine 545. Inhibition assays
™It L f"ctt ™c—S srr ) et1-SH>Zf-%t-S1t" t™M<S s HFI9)K9med
peptide and the reactions were incubated for 8 mintes before 1:1 quenching with
methanol. See Materials and methods, Chapter 11, c3i@en 11.3.3 for more information.

Points are plotted as the mean of triplicate with tandard deviation. Statistical analyses
were carried out using a two-tailed t-test comparedwith no inhibitor control using

GraphPad Prism 6, tFe'—fe T réarrsa
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5.7 Investigating the importance of IFT& lysine
methylation on inhibition of KDM3A

The results described in Section 5.6 indicate that the IFT81(536-555)K545me2 pepéd
inhibits KDM3A. One option for demethylase-independent regulation of IFT by KDM3&
that KDM3A binds IFT81 in a manner promoted by its methyllysine.

To further investigate whether dimethylation on K545 of IFT81 affects the affinity of the
peptide to KDM3A, IG values of non-methylated or dimethylated IFT81(536-555)
peptides against KDM3A were determined

The formaldehyde dehydrogenase (FDH) coupled assay was used for inhibition
measurements (for assay information see Chapter 3, Section 3.5.2), with the H3(1-
15)K9me2 substrate peptide concentration kept at thekyvalue (see Chapter 3, Section
3.5.2.3) Initial rates were plotted against inhibitor concentration (log[M]); GraphPad
Prism 6.0 was used to fit the resultant dose-response curves (see Materials and methods

Chapter 11, Section 11.3.4, for more information)

The methylated IFT81 peptide displayeda greater inhibitory effect (ICso £ tv J ‘~ -8t
demethylase activity of KDM3A on histone substrates than the corresponding non-
methylated peptide (IGo £ tyr J Figure 5.8, Table 5.3). This result indicates that
KDMS3A preferentially binds the methylated form of IFT81, as might be anticipated given

its known role as a lysine demethylase.
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Figure 5.8 ICso determination of non-methylated and dimethyllysine IFT81(536-
555)K545 peptides with KDM3A. In vitro enzymatic reaction of KDM3A (100 nM) was
performed in the absence (100% activity) or increatng concentrations of non-
methylated or dimethylated IFT81. Demethylation advity was determined by the FDH
coupled assay (see Materials and methods, Chapterl,l Section 11.3.4, for more
information). Points are plotted as the mean of tplicate with standard deviation.

Table 5.3 ICso values determined by the FDH coupled assay. KDM3A
concentration was 100 nM.
Inhibitor ICso (UM) 95% Confidence Intervals (UM)
Non-methylated IFT81(536-555 270 182-401
IFT81(536-555)K545me2 24 21-28
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5.8 Preliminary investigation of the mechanism of
KDM3A inhibition by methylated IFT

The results described in Section 5.7 suggest that the presence of the dimethyllysine
residue in the IFT81 fragment peptide strengthens the interaction between KDM3A and
IFT81, as the modified peptide had a greater inhibitory potency than the non-methylated
peptide. It was propsed that KDM3A is likely to bind the lysine methylated form of IFT81
through its ImjC domain. Thus, experiments to investigate the mechanism of inkiidn (i.e.

competitive, non-competitive or uncompetitive modes) were carried out.

Kinetic characterisation was carried out using the FDH coupled assay. In these
experiments the concentrations of the substrate peptide, H3(1-15)K9me2, and the
concentrations of the inhibitor, IFT81(536-555)K545me2, were varied (0 - 30@uM and 0
100 uM for the substrate and for the inhibitor, respectively). The apparerfyand Vinax values
were calculated and values were compared between no inhibitor and increasing inhibitor
concentrations. Due to the observed substrate inhibition, kinetic parameters were
calculated using both the Michaelis-Menten model by using data points belovhet

substrate inhibition range and the substrate inhibition model.

The substrate inhibition model resulted in large errors when calculatindky and Vinax. This

is likely to be an indication of an insufficient number of data-points. Data from this assay
was used for preliminary characterisation, though it is appreciated that further
investigation with a larger data-set is required for former conclusions to be made. Notably,
analysis by both models imply that increasing the inhibitor concentration decreases both
Kvand Vimaxvalues; an exception was the assay with 100 uM inhibitor where using the
substrate inhibition model resulted in a large error. A decrease in both the appareiiy
and Vinaxvaluesis an indication of uncompetitive inhibition, in which the inhibitor binds
the enzyme only after an enzyme-substrate (ES) complex has been fornfédlhe =K;for

uncompetitive inhibition was 170 £ 45 pM.
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Figure 5.9 Michaelis-Menten plot to investigate the mechanism of inhibition of

IFT81(536-555)K545me2 of KDM3A. The FDH coupled assay was used for KDM3A
inhibition kinetic studies. Concentrations of the sibstrate peptide, H3(1-15)K9me2, and
the concentrations of the inhibitor, IFT81(536-555)K545me2, were varied (0 - 300uM
and 0 100 pM for the substrate and for the inhibitor, respectively). The apparentkm and
Vmax values were calculated using GraphPad Prism 6.0 (see Matals and methods
Chapter 11, Section 11.3.4, for more information)Dotted line, fitted with substrate
inhibition curve. Solid line, fitted with Michaelis Menten curve, analysing only the
substrate concentration range where kinetics obeyghe standard Michaelis-Menten (<
100 J All measurements were conducted in triplicate and &lues represent mean and

standard deviation.

Table 5.4 Apparent Kuand Vmax values of H3(1-15)K9me2 catalysis by KDM3A
in the presence of increasing concentrations of IFT 81(536-555)K545me2. Apparent
kinetic parameters were calculated by fitting eithe the Michaelis-Menten model below
substrate inhibition range or the substrate inhibition model using GraphPad Prism 6
(see Materials and methods, Chapter 11, Section Bl4, for more information). All
measurements were conducted in triplicate and valug represent mean and standard

deviation.

Model used Michaelis-Menten Substrate inhibition
IFT81(536- Apparent Ky Apparent V max Apparent Apparent
555)K545me2 (uM) (UM/min) Kwm (HM) Vimax
inhibitor ( pM) (UM/min)
0 80+ 28 112 359+ 448 43+48
25 40+ 11 8+1 231+ 207 37+29
50 206 7.3+£0.7 105+ 52 25+10
75 11+4 5.1+05 40+ 16 12+ 3
100 7+3 39+04 69 + 58 16+11
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The preference of the inhibitor for binding to the ES complex over the non-substrate
bound enzyme causes a relative loss of the ES complexes to form enzyme-substrate-
inhibitor (ESI) complexes according to the Le Chatelier's principleScheme 5.1). As a
result, an apparent greater affinity to the enzyme for the substrate is observed, hence the
reduction in Kv. Reduction in Vhax is a result of the enzyme inhibition which cannot be
countered by adding more substrate. Given the behaviour of IFT81(536-555)K545me2 as
an apparent uncompetitive inhibitor, it is likely that binding occurs outside the activesite

of KDM3A, arguing against the hypothesis for binding of IFT81 to the active site via i
dimethyllysine.

ES L» E+P

E+S

k

ESI

Scheme 5.1  Michaelis-Menten reaction scheme for rev ersible uncompetitive
inhibition. E represents the enzyme, S represents the substratend | represents the
reversible uncompetitive inhibitor which binds the enzyme only after an enzyme-
substrate (ES) complex was formed. By decreasingdhconcentration of ES complexn the
system and increasing the concentration of the EStomplex, the inhibitor shifts the
equilibrium towards production of more ES complexes resulting in apparent higher
affinity to the enzyme for the substrate?”

5.9 Investigating whether KDM3A regulates IFT81

protein levels

Sections 5.6-5.7 describe investigations into the possibility that KDM3A non-cataigally
regulates IFT via binding, similar tohow KDM3A binds Glil and protects it from
degradation, therefore stabilising its protein levelé This hypothesis could explain theco-
purification of KDM3A and IFT proteins and the lack of KDM3A catalysis on IFT peptides
(see Sections 5.4 - 5)5To further examine this hypothesis, it was envisaged to determine

whether KDM3A regulates IFT protein levels in a demethylase-independent manner.
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IFT81 protein levels were measured using quantitative LC-MS/MS and western blotting.
hTert-RPE1 cells with thelFT81¢37 genotype, which lack endogenous IFT81 through
CRISPR/Cas9 knockout, were used as a negative control. IFT81 protein levels were
compared between cells with WT and nulKkDM3Agenotypes KDM3&222 CRISPR/Cas9)
which were either treated to induce ciliary growth or resorption (cell lines generatedy

Dr. Patricia Yeyati, manuscript acceptgd

Data from both LGMS/MS and western blotting experiments demonstrate that no change
in IFT81 protein levels occurred between WT and nulKkDM3Acells (Figure 5.10). These

results indicate that during ciliogenesisIFT81 protein turnover is independent of KDM3A.

Only a small apparent decrease in IFT81 protein levels was detectbg both quantitative

mass spectrometry and western blotting experiments during resorption. Engedt al. have
found that regulation of intra-ciliary transport is controlled by the IFT cargo size rather
than by the quantity of IFT proteins per cilium28 The results of the new experiments
correlate with the report by Engelet al. showing similar levels of IFT81 protein during

growth and resorption.

(A) (B)

Figure 5.10 Dependence of IFT81 protein levels on KDM3A expres sion during
ciliary grow th and resorption. IFT81c3.7 cells lack endogenous IFT81 through
CRISPR/Cas9 knockoutKDM3A222cells (KDM3A null) do not express KDM3A protein
through CRISPR/Cas9 knockout. (ARuantitative mass-spectrometric analyses by LC-
MS/MS of immunopurified IFT81 extracted from hTertRPE1 andKDM3AFr22.2 mutants
during ciliary growth and resorption. IFT81¢r3.7 pools (combined extracts of growth and
resorption) were used asa negative control. (B) Total cell extracts from growng and
resorbing cultures blotted with the indicated antibodies. Measurements were carried out
by Dr. Patricia Yeyati.

156



Chapter 5. KDM3A mediated regulation of intraflagellar transport proteins

5.10 Investigating the epigenetic regulation on IFT

expression by KDM3A

The presented data regarding KDM3A regulation of IFT imply that IFT fragment peptides
are not substrates for KDM3A, at least under the tested conditions. In addition, KDM3A
does not seem to regulate IFT81 protein levels during ciliogenesis. However, the DSF and
inhibition data indicated that an interaction between KDM3A and IFT peptides might be
possible although not necessarily specific, and that methylation of Lys545 in IFT81
improved the inhibition potency. One hypothesis that could explain these results is that
KDMS3A regulates IFT in a demethylase-independent manner by binding to methylated
Lys545 in IFT81.

Independent of whether this data can be explained by direct protein-protein interactions
KDMS3A might also epigenetically regulate flagella formation via transcriptioal regulation

of IFT. Previous workhas demonstrated that KDM3A is involved in the regulation of
flagella formation during spermatogenesis through its epigenetic role in chromatin
remodeling45 To gain a comprehensive picture of the possible regulation of IFT by
KDMS3A, measurements ofFT transcription levels, in the presence or absence of KDM3A
expression, were performed using Real Time quantitative Reverse Transcription PCR
(QRT-PCR)

gRT-PCR is a widely used method to determine the transcript level of a gene in cells or
tissue samples. Thel 1 f Z et term indicates that measurements are performed during
amplification instead of at the end of the reaction. The results achieved by this method can
be quantitative with respect to the transcription levels of the target gene. This technique
measures messenger RNA (mRNA) levels by using reverse transcriptase to convert the

MRNA into the complementary DNA (cDNA) sequence whichthen amplified by PCR?

The gRT-PCR assay described herein uses the S¥BBreen fluorescence dye (Life
technologies). This dye intercalates with double-stranded DNA (dsDNA), resulting in
increased fluorescencean increasein the fluorescence signals proportional to the dsDNA
produced during the reaction30 The threshold cycle (@ is the cycle at which fluorescence
due to amplification is greater than a predefined thresholdA lower G correlates with
higher transcript expression levels. The difference in the;@alues between one treatment
and a selected calibrator treatment, which is a reference treatment used for calibratioof

the same gene is known as the 'delta’¢Figure 5.11).29
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Figure 5.11  lllustration of qRT-PCR plot. Red plot represents transcript
amplification during a selected calibrator treatmert, blue plot represents transcript
amplification during a tested treatment for the sane gene. The threshold is an arbitrary
level of fluorescence chosen to be above baselinanability. C: is the cycle number at
which the fluorescence signal exceeds-S+ —S” 1« S¢i8 thie gjfference in the C€values
between the two treatments.

If primer efficiency was perfect, each amplification cycle would double the level of cDNA.
Since in many cases primer efficiency is imperfect, the fold increase isfunction of
(efficiency)n,where n is the number of cycles. M.W. Pfaffl has developed a mathematical
model for relative quantification in RT-PCR which takes into account the efficiency of the

amplification for each primer (Equation 5.1).31

Ratio = (Earget) ‘bttarget (calibrator-treatment) [ (Eref) ”q ref (calibrator-treatment)

Equation 5.1 The Pfaffl formula. E is primer efficiency, target is the target geneagef is
the reference control and 4C: is difference in the € values between one treatment and a
selected calibrator treatment of the same gene

The gRT-PCR technique is one of the most accurate and sensitive methods foasneng
RNA levels32 However, since it is so sensitive it is essential to calibrate the conditions to
avoid misleading results. Any genomic DNA contamination could bind the BR® Green
dye and generate a false increase in signal. A false signal could also be a result of primer

dimerization or suboptimal primer efficiency. In addition, a difference in the extraction of
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MRNA between samples and performance of reverse transcription and PCR itself can also
generate a false signal, and therefore normalisation using an appropriate reference gene is
required.3334 All of these factors should be considered when designing gRT-PCR

experiments35

The next sections describe the design of &RJ-PCR experiment and the resultant data.

5.10.1 Primer design for maximising selectivity and efficiency

To get reliable mRNA transcription datait is essential to design efficient and specific
primers. For this assays, primers were either designed according to existing validated
primers published in PrimerBank, or by using Primer-BLAST, a tool developed by the
NCBI3637 The Primer-BLAST tool checks primer pair selectivity against a selected
database. To avoid binding of the primers to genomic DNA, primers were designed such
that they must span an exon-exon junction in addition to the default design parameters
(e.g. PCR product size and primer melting temperatures). A list of the selected primers is
shown in Table 5.5 of Sectian 5.10.2

5.10.2 Determination of primer efficiency using standard curves

Standard curves are used as a quality control test for primers intended to be used iR§
PCR assays to determine their efficiency. The ideal primer efficiency is 2 (100%), meani
that the amount of DNA is doubled at each amplification cycle. For accurate and reliable
results it is highly recommended to use primers with efficiency in the range of 90% -
110%.35

In the assay samples without cDNA template were used as controls to detect primer

dimers. In addition, a control experiment in which RNA samples from each treatment were
incubated without the reverse transcriptase enzyme was performed to test for the

presence of genomic DNA contamination. To test for primer efficiency, cDNA from all
samples to be tested in the experiment was mixed in equal amounts. Then, a two-fold
serial dilution of this cDNA mixture was performed. For each primer set the threshold

cycle (G) value was plotted for each of the dilutions against the log cDNA concentration
(Figure 5.12).
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Figure 5.12  Standard curves for primer efficiency assay. For each primer set €

values are plotted against a two-fold serial dilutbon of cDNA. cDNAnN these assays was

1:1 pool of cDNA from all the samples to be used ithe assay (three biological repeats for
each of the two genotypes and the two culture contibns). Primer concentrations were

900 nM (see Materials and methods, Chapter 11, Sem 11.2.4.5, for more information).
Primer sets were designed to test the transcriptionlevels of the following genes:(A)

SPSB2(B) POLR2A(C)KDM3A (D) IFT74, (E)IFT81 and (F)IFT88.
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A linear fit was then used to calculate primer efficiency according t&quation 5.2.

2
'BBE'?EAJS’?(UR%SEA“?“a

Equation 5.2 Calculation of efficiency using standa rd curve slope. Slopes between -
3.1 and -3.6 gives reaction efficiencies between 9@nd 110% which are typically
acceptable3s

The G range for quantification is the dynamic range for each primer set in which the
primer efficiency is optimal. During the first test some of the primers gave good
correlation, but low efficiency, i.e. they were linear with a shallow gradient. The efficiency
was optimised by increasing the primer concentration from 600 nM to 900 nM (see
Materials and methods, Chapter 11, Section 11.2.4.5, for more informatjotn addition to
primer efficiency measurements, melt curve analyses were carried out to determine
whether a single product was produced in each amplification as indicated by a single peak
in the curve (data not shown. Table 5.5 summarises the sequence,:@ange, efficiency and

the linear fit R2 correlation for the chosen primer sets.
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Table 5.5 Summary of standard curves data showing t he sequence, G range,
efficiency and R2 correlation for each primer pair. Efficiencies were calculatedbased
on the slopes of the standard curves (see Materialand methods, Chapter 11, Section
11.2.4.5, for more information). F- refers to forwad sequence, R- refers to reverse
sequence.

Gene Sequence G range | Efficiency (%) Rz

F- CCGGGGTAAGAGGGGCTATT
SPSB2 28.3-33.8 96 0.96
R- CCGCGTAGTGGTCAGTCTG

F-GGGTGGCATCAAATACCCAGA
POLR2A 21.3-26.5 110 1.00
R- AGACACAGCGCAAAACTTTCA

F- AGGGGAGAGAAAGGGAGGAQ
KDM3A 32.4-36.1 110 0.92
R- TCCCAAACCAGCTTTGTCCA

F- TCAAGAGGTGGAGTTGGGTTA
IFT74 25.8-30.3 108 1.00
R- CATTGCAGTTGCCACTCGAAT

F-TCTCAATAAGGAGCCCTTTAG(
IFT81 25.1-29.6 109 1.00
R- CACCAAACCCTGACGAAAAG

F- TCCTGAAACTTCACGCAATCC
IFT88 30.2-34.7 101 0.96
R- GACCACCTGCATTAGCCATT(Q

5.10.3 Reference gene selection

For accurate gRT-PCR, which allows comparison of mRNA transcription between different
samples, it is necessary to choose an appropriate reference gene to be used for data
normalisation. A good reference gene is one in which the transcription level stays constant
under the different experimental procedures32 Differences in the total amount of cDNA in
an assay can be formed by different amounts of total RNA, the quality of the RNA and
variability during the synthesis of cDNA from RNA. Since a reference gene is exposed to
the same procedure as the tested genes, its cDNA amplification allows the differences in
total cDNA levels to be normalised between samplés.Primers for DNA-dependent RNA
polymerase Il POLR2Aand for Homo sapiensplA/ryanodine receptor domain and SOCS
box containing 2 SPSBR were tested as candidates for reference genes; they are both

involved in housekeeping mechanisms ROLR2A,NCBI gene ID 5430, is involved in
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transcription and SPSB2NCBI gene ID 84727 is involved in protein degradation), and are

therefore expected to have stable expression between the tested treatments.

To select a reference gene, tha vels of POLR2and SFSB2cDNA were measured across
two genotypes and two culture conditions for each reference gene candidate in hTert-
RPEL1 cells. Cells either expressed WT KDM3A or wet®M3Anull cells (KDM3Ar22.2;
CRISPR/Cas9 22 clone 2, cloned by Dr. Patricia Yeyati, manuscript ac¢epted were
treated to either induce cilia resorption or growth. ¢ values were calculated as the
average of three biological repeats for each genotype and culture conditions, each with
three technical measurements. Primers used for these measurements were validated in
Section 5.10.2 (see Materials and methods, Chapterl,1Section 11.2.4.5, for more

information).

POLR2Mada slightly lower C; variability across the different samples compared t&PSB2
(standard deviation of 0.4 vs. 0.5 respectivelykigure 5.13). In addition, POLR2Ahad a
stronger mRNA expression thanSPSB2 (average Cof 22.2 vs. 28.4 respectively).

Therefore, POLR2Avas chosen as a reference gene for normalisation.

357

301

251

20
v
'T/v @Q’
o 9

Figure 5.13 Reference gene selection. The box and whisker plot shows the median,
lower/upper percentiles and the variability of the C: values across two genotypes and
two culture conditions for each reference gene caridate in hTert-RPE1 cells. Cells were
either WT or null KDM3A cells, and were treated to either induce cilia resrption or
growth. G values were calculated as the average of three tegical measurements. Bx
and whiskers range represent the Cvariability over three biological repeats for each
genotype and culture condition for expression of eeh gene (blue POLR2Aand red -
SPSBY. Dr. Patricia Yeyati carried out the cell cultwes
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5.10.4 Determination of the dependence of IFT expression levels on KDM3A expression

Sections 5.10.1-5.10.3 describe the development of a gRT-PCR method to determine
whether KDM3A regulatedFT mRNA levels.

Human hTert-RPEL1 cells expressing WT KDM3A d{DM3A null cells (KDM3Ar222
CRISPR/Cas9 exon 22 clone 2loned byDr. Patricia Yeyati, manuscript acceptgdvere
treated to either induce cilia resorption or growth, each genotype and condition had three
biological repeats. cDNA was used in gqRT-PCR experiments to measure the levele 14,
IFT81, IFT88and KDM3A transcripts (see Materials and methods, Chapter 11, Section
11.2.4.5, for more information). Gene expression was measured with three technical

replicates by gqRT-PCR for each biological repeat.

Primer amplification efficiency was corrected by relative quantification based on the Pfaff
method, in which the measured efficiency for each primer set is incorporated into the
amplification calculation3! For each gene, the average expression values were calculated,
normalised with a reference gene POLR2Aand compared to mRNA levels of an arbitrary
selected calibrator treatment (resorption, expressing WIKDM3A which was set to 100%

(see Materials and methods, Chapter 11, Section 11.2.4.5, for more information).

As expected, th&KkDM3Anull cells had much lower expression levels ddDM3AMRNA than

WT KDM3A cells, regardless of the culture conditions (over four-fol®, >r&rw fet M rars
for resorption and growth respectively, Figure 5.14 A). KDM3Aexpression in the null

cells still exists since the CRISPR/Cas9 editing of exon 22 in KDM3A null cells remrdethe
transcript out of frame, therefore some basal low levels of KDM3A transcript remains
depending on the efficiency of nonsense mediated decdy.The mRNA levels olFT74,

IFT81 and IFT88 were unchanged between the different genotypes (WT or nuKDM3A4,
suggesting that KDM3A is not an epigenetic regulator for these geneso(statistically
significant changesFigure 5.14 B-D).

Interestingly, similar to measurement of IFT81 protein levels (see Section 5,9%he mRNA
levels of the testedIFT genes between the different culture conditions was relatively
constant (no statistically significant changes)These results suggest that transcription of
the tested IFT genes during ciliogenesis may be constant, and correlate with reports by
Engelet al. stating that a constant quantity of IFT proteins per cilium is maintained durig

ciliogenesis28
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Relative mRNA expression of KDMS3A, IFT74, IFT81 and IFT88 across

two genotypes and two culture conditions in hTert-R PE1 cells. Cells were either WT
or null KDM3Acells, and were treated to either induce cilia resrption or growth. Gene
expression was measured by qRT-PCR. Efficiency waarrected by relative quantification
based on the Pfaffl method! Average expression values were calculated, normakd
with a reference gene POLR2A and compared to mRNA levels of a selected caliliox

treatment (resorption, WT KDM3A which was arbitrarily set to 100%.

Statistical

analyses were carried out using two way ANOVA folleed up by Dunnett's multiple
comparisons tests using GraphPad Prism 6NS denotes P > 0.05,
1 6&e Maderials and methods, Chapter 11, Section 1145, for more
information. (A) - (D) The relative mRNA expressiorof KDM3A, IFT74, IFT8hand IFT88,
respectively. Bars are mean values + S.D., represieny three biological repeats for each
genotype and culture condition, with three technicéreplicates for each biological repeat.

the' —fe

Dr. Patricia Yeyati carried out the preparations afell pellets.

165

Tie'—1%- faméirs



Chapter 5. KDM3A mediated regulation of intraflagellar transport proteins

5.11 Investigating KDM3A enzymatic activity on
additional IFT PTMs

The results described in Chapters 6 and 7 describe the apparent activity of KDM3A on

methylated arginine and acetylated lysine residues on histone fragment peptides.

In light of these novel data, the potential of IFTs to be substrates of KDM3A was retested
Of particular interest was the case of methylated arginine residues as these were
identified on IFT proteins during resorption22 IFT fragment peptides containing either
methylated arginines or acetylated lysines were designed and synthesised. These peptides
were screened as substrates for KDM3A using MALDI-TOF MS based activity assays (se
Materials and methods, Chapter 11, Section 11.3.3, for more information

The description of the assays and the results are detailed in Chapter 6, Section 6.12 and
Chapter 7, Section 7.11. No activity was detected for any of the screened methylated

arginine or acetylated lysine IFT fragment peptides.

5.12 Screening for IFT lysine demethylationby
other KDMs

The work by Dr. Patricia Yeyati and Dr. Holger Kramer has identified dimethyllysine
residues on IFT-B proteins using LC-MS/MS. In this work, IFT fragment peptides were
designed and tested as substrates for KDM3A. However, no catalysis was detected (see
Section 5.4). To investigate whether lysine methylated IFTs are regulated by another KDM,
activity tests were expanded to include recombinant forms of KDM4A, KDM4C, KDM7B
(PHF8), and IMJD1C

These KDMs were tested for activity against IFT74(71-90)K81me2, IFT81(536-
555)K545me2 and IFT88(61-80)K71me2 peptides. For each KDM, lysine methylated
histone peptide known to be recognised by this demethylase was used as a positive
control. The JIMJD1C substrate is still unknown and so no positive control was available for

this enzyme40

Reactions were carried out underthee — f et f"1 ...'etc—c'es ™Mc_§ o . — f—c's
and 10 pM peptide for 1 h at 37C (see Materials and methods, Chapter 11, Section 11.3.3

166

(A

t

J



Chapter 5. KDM3A mediated regulation of intraflagellar transport proteins

for more information). The only difference for KDM7B assays was the addition of salt to
the reaction buffer (600 mM NacCl). Demethylated products were observed by MALDI-TOF
MS for the positive control experiments (i.e., -14 Da shifts in the mass of the methylated
peptide) compared to the no-enzyme control experiment, indicated demethylation

activity. No reactions were observed for any of the tested IFT peptides following
incubation with the tested KDMs Table 5.6 andFigure 5.15).

Table 5.6 Summary of recombinant KDM enzymes, their control h istone
substrate fragment peptide and the IFT fragment pep tides tested in this study . -
denotes lack of control peptide X denotes absence of activity as detected by MALDI-FO
MS.KDM4A and KDM7B were provided by Dr. Louise Walport, K&BAwas provided by Dr.
Akane Kawamura andIMJD1C was provided bpr. Catrine Johansson.

Enzvme | Control pebtide IFT74(71- IFT81(536- IFT88(61-
y Pep 90)K81me2 555)K545me2 80)K71me2
KDM4A | H3(1-15)K9me3 X X X
KDMA4C | H3(6-21)K9me3 X X X
KDM7B -
H3(1 X X X
(PHF8) 14)K4me3K9me2
JMJD1C - X X X
(A) (B)
KDMAC + H3(6-21)K9me3 KDMAC + IFT74(71-90)K81me2
100 <l4ba  14Da 100
i JLLU.’I‘-.A 0 s 200,
710 1720 2120 2130 2140 2150 2160 2170
m/z m/z

Figure 5.15 Sample MALDI-TOF MS spectra from the screen of IFT peptides
showing the absence of KDMA4C catalytic activity for [IFT74(71-90)K81me2. (A)
KDM4C demethylates the positive control peptide H¥-21)K9me3. (B) Absence of
KDM3A catalytic activity for IFT74(71-90)K81me2 pepide. Peptides (10 puM) were
incubated with KDM4C (2 uM) under standard conditions, followed by analysesby
MALDI-TOF MS (see Materials and methods, Chapter ,1B5ection 11.3.3 for more
information). Reactions with enzyme are shown in rd, control reactions with no enzyme
are shown in black.KDM4C was provided by Dr. Akane Kawamura.
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5.13 Discussion

KDM3A is known to have an important role in male fertility, and is involved in sperm
formation.1.35 KDM3A is also known to interact with non-histone proteins in a catalytic
and non-catalytic manner gee Introduction, Chapter 1), and was observed outside the

nucleus at several cytoplasmic site&4

Work done by collaborators has identified lysine methylation sites on a number of IFT
proteins. The work has also shown that KDM3A co-purified with IFT81 and IFT88 during
differential centrifugation and with IFT81 during immunopurification. In addition, work
with hTert-RPEL1 cells showed that over-expressing IFT81 promotes ciliogenesiskibM3A
null cells but not WT cells, suggesting that KDM3A negatively regulates ciliogenegis i

response to increased availability of IFT81.

The work described in this chapter ained to further investigate whether KDM3A regulates
ciliogenesis thorough the regulation of IFT, and focuses on IFT74, IFT81 and IFT88, as
these are the IFT-B proteins judged most likely to have methylated lysine$he work
involved investigation at several levels of possible regulation from gene expression to

post-translational regulation of KDM3Aon IFT.

Gene expression analyses using gRT-PCR have indicated tRattranscript levels are not
dependent on KDM3A expressionThese results suggest that KDM3A is unlikely to ba
transcriptional regulator of IFT74, IFT81 and IFT88Measurements of IFT81 protein levels,
in the presence or absence of KDM3A, have indicated that KDM3A also does not regulate

IFT81 protein levels.

No KDM3A demethylation activity was observed for the tested methylated IFT fragment
peptides, which cover eight different potential methyl lysine positions on IFT74, IFT81
and IFT88 The results of experiments with recombinant KDM3A were in agreement with
assays using full-length KDM3A. Furthermore, no KDM3A catalytic activity was observed
in tests with IFT fragment peptides containing methylated arginines and acetyllysas,
although KDM3A was observed to modify these PTMs when they are incorporated into
histone peptides (see Chapter 6, Section 6.12 and Chapter 7, Section }.Hlthough
KDM3A exhibits promiscuityin terms of the variety of modifications it catalyseso date all

of these novel reactions occurred on the H3 K9 position (see Chapter 6, Section 6.3,

Chapter 7, Section 7.4.2 and Chapter 9, Section 9.3). Therefore, the available evidence is
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that KDM3A seems to be highly sequence specific which might explain the lack of atfivi
on IFT.

It is important to note that the observed lack of activity under the testedn vitro assay
conditions could be due to the fact that the peptide fragments lack the conformation of the
intact IFT proteins around the modified lysine sites. In contrast, using peptidsubstrates
to detect activity on histone tail modifications may be easier as the tail is largely
unstructured. Another drawback of thesein vitro assays is that recognition of IFTby
KDMS3A might be dependent on other areas of the IFT proteins which are not represented
in the tested peptides and longer peptides are required, similar to observations on length
requirement for substrate peptides of hypoxia-inducible factor prolyl 4-hydroxylaseg! In
addition, a combination of post-translational modifications on IFT might be required to
induce KDM3A catalytic activity, similar to results described in Chapter 7. All in ailh vitro
experiments with isolated full length IFT proteins would have been preferable to test if IFT

are substrates of KDM3. However, such work was beyond the scope of this thesis.

Thermal stability assays imply that KDM3A interacts with the tested IFT peptides
although interaction may not be specific. Inhibition assays using MALDIOIF MS further
show inhibition of KDM3A by IFT However, these assays do not imply whether this
interaction is specific or not, nor do they indicated the site on KDM3A in which ith

interaction occur i.e. whether it binds in the active site

Fluorescence polarisation experiments were designed in order to validate the binding
between IFT peptides and KDM3A. Unfortunately, although these assays gave robust data
for a control protein (KDMA4E), they were not reliable when KDM3A was tested due to
KDMS3A precipitation at high protein concentrations (ata not shown. Follow up binding
experiments can be developed using other methods that require lower protein
concentration such as Microscale Thermophoresis (MST) and BiolLayer Interferometry
(BLI).4243

Interestingly, the presence of the dimethyllysine residue in the IFT81 fragment peptide
was responsible for a greater inhibitory effect on KDM3A than the corresponding non-
methylated peptide (IGo ‘™ tv J ~e& dyr'te’'f..—«intifating that methylation
strengthens the interaction between KDM3A and IFT81The methylated form of IFT81
was therefore hypothesised to bind KDM3A by mimicking the dimethylated histone
substrate and function as a competitive inhibitor. However, the results of kinetic

characterisation of KDM3A inhibition implies that an uncompetitive inhibition meckanism
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is most likely to occur, where dimethylated IFT81 only bind after the enzyme substrate
complex is formed. However, uncompetitive inhibition is rare and confirmation and
further investigation should be carried out Another hypothesis may be that IFT81 binds
KDMS3A through a methyllysine residue but instead of binding to the active sité binds in
another site. H3 K4me3 was found to be important in KDM3A catalysié novel substrates
(Chapter 7, Section 7.4.2 and Chapter 9, Section 9.3).

KDM3A could potentially have a secondary methyl binding site in addition to the
methylated substrate binding site, through which methylated IFT81might bind.

It is also possible that the KDM3An-vitro inhibition results and the immunopurification
data reflect non-specific binding (i.e. the results are not biologically relevant). hlis,
KDM3A might not interact with IFT in cells. Instead, the regulation of KDM3A on
ciliogenesis could be due to an indirect effect whereby KDM3A regulates other proteins
related to ciliogenesis and these in turn modulate the IFT response. Indirect regulation
might also explain the negative effect of KDM3A on ciliogenesis when over-expressing
IFT81 in cells (see Section 15.1More work to decipher the role of KDM3A in ciliogenesis

is required.

Assuming that thein vitro results reflect aninteraction between IFT proteins and KDM3A

in cells, they imply that non-catalytic interactions take place. Similar to the non-catalgt
regulation of KDM3A on Glil, KDM3A could regulate IFT in a demethylase-independent
manner. For instance, KDM3A could bind K545me2 on IFT81 and thereby protect this
modification from removal by another demethylase. In this workno activity by KDM4A,
KDM4C, KDM7Bor JMJD1C was detected; however, other KDMs might catalyse IFT

demethylation.

SPOT peptide arrays if IFTs stained with recombinant KDM3A can be useful for identifying
and mapping the exact positions of the interaction between KDM3A and IFT proteiirs
vitro 44 One way to determine whether KDM3A regulates the leveld dimethyllysine on
IFT would be to perform quantitative mass spectrometry experimets where IFT
methylation between cells with WT and nullKDM3Agenotypes could be compared. Such
an assay can be carried out by using Stable Isotope Labelling with Amino acidsGell

culture (SILAC) experimentsts
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Chapter 6
Investigations into arginine demethylation by
KDM3A

6.1 Introduction

Arginine methylation is a common post-translational modification (PTM), that is present
on both nuclear and cytoplasmic proteing.2 In mammals, arginine methylation is reported
on the N*nitrogens, resulting in mono-, symmetric and asymmetric di methyl forms
(Figure 6.1).3 The most abundant form of methylated arginine is an asymmetric
dimethylarginine (ADMA). The levels of the symmetric dimethylated (SMDA) and the
monomethylated (MMA) derivatives were found to be less than half of that of ADMA.

The non-protonated form of the guanidino group of arginine contains four potential
hydrogen bond donors. Methylation on arginine reduces the H-bonding capacity, increases
the hydrophobicity and affects the structure of the guanidino group.The methylated
arginine structures may alter the affinity for binding partners, and may therefore regulate
the biological consequences of these interactions such as protein stability, cellular

localisation and transcriptions 7

Arginine Mono-methyl Asymmetrical dimethyl Symmetrical dimethyl
arginine (MMA) arginine (ADMA) arginine (SDMA)
Figure 6.1 Identified forms of methylated arginines in mamma Is. Methylation is

shown with red bonds.
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Arginine methylation is especially common in shuttle proteins that regulate eukaryotic
flagella and cilia dynamic$. As described in Chapter 5, Section 5.1, flagella and cilia can
assemble and disassemble at the distal tip, a process that requires intraflagellar transport
(IFT) proteins. During resorption, a number of flagellar proteinsincluding some IFT
proteins, become methylated on arginine residue%!® This observation suggests that
arginine methylation may have a role in the flagellar disassembly process. Argiei
methylation can disrupt H-bonding, and increase hydrophobic interactions, both of which
could alter key protein-protein interactions which are necessary for disassembly. Since
most cell types must resorb their flagella or cilia before mitosis, arginine methylation of

IFT might regulate this procesgi.12

In chromatin, arginine methylation occurs at a number of positions on all of the core
histones, leading to either transcriptional gene activatioror repression depending on the
methylation position, the methylation state and the histone affinity of the binding

partners.8

Protein Arginine Methyltransferases (PRMT) catalyse the addition of a methyl group to
arginine using S-adenosyl methioningSAM) as aco-factor and a methyl donor group13
PRMTs are further classified according to the methylation state they catalyseAlthough
these PRMT enzymes are well described in the literaturdefinitive products of arginine
demethylases have yet to be identified There are reports of fluctuating arginine
methylation levels while the total protein levels remain unchanged, suggesting removal of
this PTM by demethylases rather than protein degradatioff.16 Lysine methylation was
also once assumed to be an irreversible PTM. However, lysine demethylases were
discovered in 2004, a few years after the identification of histone methyltransferases
(HMTs).17.18 Contradicting reports have identified JMJD6 as an arginine demethylase,
however the initial study has not been widely reproduced biochemically and JMJD6 has

since also been reported as a lysine hydroxylase.

In spite of conflicting evidence for IMJD6 enzymatic activity, 20G dependent oxygenases
are still good candidates for arginine demethylases due to the variety of oxidative
reactions they can perform (see Introduction, Chapter 1Scheme 17). A putative
mechanism for arginine demethylation can be implied from observations on lysine
analogue peptides. A recent study shosd that KDM4E can hydroxylate anNEB
methylisopropyllysine containing peptide, which has a similar structure to that of
asymmetric N>dimethylarginine, indicating that there is a possibility for KDM4E to

demethylate arginine in a similar manner Figure 6.2 A).20 Arginine demethylation can
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occur by hydroxylation of the arginine N*methyl group followed by a loss of
formaldehyde (Figure 6.2 B and O, similar to the catalysis of lysine demethylation (see

Introduction, Chapter 1, Section 1.1For more information).

(A)
Hﬁﬁ SNH
:
~No \T’J*NHZ
N ™ tmethylisopropyllysine N & tasymmetric dimethylarginine
(B)
2 1.3 : ;
N N H H
s : ; JmjC KDM ‘?22. \_)J\I'I\ /N\)J\ /N\)J\
g Fe(ll) 2 H :
20G Succinate HCHO
N 02 co2 N
S S
| C FUN N
OH
©)
N i H\j.J\ H\)?\ H\)OJ\
N N ~ N
n \;)J\ﬁ JmjC RDM? Y S WY ¥ Y )
: Fe(ll) S - LIz . g
J/ SRR R J/ 5 f
HN 20G  Succinate HN HCHO N HN
. 02 Cco2 Py A+ A+
\lil NH, HO™ N SNH, HN™ “NH, HaNT NH,
Figure 6.2 Putative outline of the catalytic mechan ism for arginine

demethylation by JmjC proteins . (A) Comparison between NEmethylisopropyllysine
and asymmetric NXdimethylarginine structures. (B) and (C) Comparisa between the
reported JmjC lysine demethylation (KDM) mechanismand the proposed arginine
demethylation (RDM) catalysis respectively Each JmjC oxidation reaction is coupled to
the conversion of 20G and oxygen to carbon dioxideuccinate and a reactive iron(1V)-
oxo intermediate. This intermediate then promotes lydroxylation of the NEmethyl group
to form an unstable hemiaminal which fragments to elease formaldehyde andan non-
methylated residue. Methyl groups are bold red ling, dashed arrows represent proposed
reactions, HCHO is formaldehyde. Figure adapted witpermission 2t

Studies with lysine analogue peptides have also shown that KDM&*enzymatically active

not only on methylated lysine but on a variety of other substrates, revealing its potential

176



Chapter 6. Arginine demethylation by KDM3A

to have additional catalytic functions (see Chapter 7, Section 7.3, for more details on

reactions with lysine analogues).

6.2 Objectives

The work described in this chapter ained to investigate whether KDM3A catalyse$Nx
methylarginine demethylation. The work was initially focused on identifying arginine
demethylation (RDM) activity with histone derived peptides using recombinant and full
length overexpressed KDM3A isolated from human cells, as well as carrying out tests to
determine co-factor and co-substrate dependence. Having identified KDM3A-catalysed
RDM activity, more detailed kinetics were achieved to compare the catalytic efficiency of
KDM3A for methylated lysine and arginine substratesCollaborative work allowed further
comparison of these kinetic parameters to that of other KDMs. A screen for arginine
demethylase activity on natural arginine positions in histone tail peptides was performed.
Further work included retesting KDM3A enzymatic activity in the presence of H3 K4me3.

Finally, the potential for KDM3A to catalyse RDM of IFT fragment peptides was assessed.

Dr. Louise Walport produced all the recombinant KDM proteins, apart fromMdT which
was produced by Aleksandra Szykowska (SGC) and KDMBA.Louise Walport also
synthesised most of the arginine methylated histone peptjgesformed many of the MALDI
screening experiments, and collaborated on tests with full length-IPs. Dr. HolgemKraand
Dr. Patricia Yeyati identified putative arginine methylated IFT proteins. Cloning of FLAG
tagged full length wildtype and H1120Y KDM3A constructasicarried out by Dr. Patricia
Yeyati.This work was published by Walport et &.
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6.3 Identification of arginine demethylation by KDM3A

KDMS3A and other KDMs were observed to react with lysine analogue substrates other
than methylated lysine (see Chapter 7, Section 3.3 Therefore, it was hypohesised that
these KDMs may also be capabtd reacting with other PTMs, and potentially to catalyse

demethylation of methylated arginines.

Initial studies involved using modified H3 histone peptides that contained a methylated
arginine residue in place of H3 K9. It was assumed that the sequence similarity between
the natural and the mutated KDM3A substrate would help to direct the methylated
arginine into the active site. Three forms of the corresponding methylated arginine
peptides were synthesised, containing monomethylated arginine, asymmetric and
symmetric dimethylarginine (MMA, ADMA and SMDA respectively). As these formase
chemically different, it was considered likely that only some may be accepted as substrates

for a putative arginine demethylase.

To test whether KDM3A can catalyse demethylation of arginine residues, the
arginine-methylated peptides (10 uM) and the corresponding H&1-15)K9me2 peptide
were incubated with recombinant KDM3A (2 pM) and co-factors under standard
demethylation conditions for one hour at 37°C (for more information see Materials and
methods, Chapter 11, Section 11.3.3 and Chapter 3, Section 3.5.1). Analyszre carried

out by MALDI-TOF MS. A shift in peptide mass by -14 Da and -28 Da, compared to the non

enzyme negative controls, indicatd mono and di- demethylation.

The positive control reaction with H3(1-15)K9me2 peptide indicated that KDM3Awas
active and can recognise the substrate sequenc&igure 6.3 A). Further, KDM3A was
observed to demethylateall three forms of the methylated arginine residues, with almosa
complete reaction for monomethyl arginine, partial reaction for the asymmetric form and

limited activity for the symmetric form (Figure 6.3 B-D respectively).
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(A) (B)

(© (D)

Figure 6.3 MALDI-TOF MS analyses of arginine demethylation of variant histone

peptides (10 pM) as catalysed by recombinant KDM3A (2 uM) after 1 h at 37°C. (A)
an H3(1-15)K9me2 histone peptide used as a positiveontrol (B) an H3(1-15)K9Rme
peptide (C) an H3(1415)K9Rme2a peptide (D) an H3(115)K9Rme2s peptide Red spectra
show reactions including enzyme, control reactionsvith no enzyme areshown in black.
Figure adapted with permission?! Measurements were carried out by Dr. Louise Walport

6.4 Investigations into KDM3Aco-substrate and co-

factor dependence

Arginine demethylation by KDM3A wadypothesised to be catalysed by the JmjC domain,
thus it was expected that a Jmj€o-factor (Fe') and co-substrate (20G) dependency would
be observed. JmjC demethylases require 'F&s a co-factor to mediate electron transfer
during substrate oxidation. For substrate oxidation to occur JmjC KDMs also require 20G
as a co-substrate which is converted to succinate in a coupled reactioRiqure 6.2; see
Introduction, Chapter 1, Section 1.18

Experiments measuring enzymatic activity with and without co-factor (Fe') and co-

substrate (20G) were therefore performed, under identical conditions to those described
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in Section 6.3. No reaction was observed in the absence of 20G df, Bapporting the
proposed dependency on 20G and Féor arginine demethylation of all of the three
arginine methylated forms (Figure 6.4). These results indicate that arginine
demethylation is likely to occur via the JmjC domain in a similar catalytic mechanisto

that of lysine demethylation, and correlate with the observedto-factor dependence for
other KDM3A-catalysed modifications (see Chapter 7, Section 7.6.3 and Chapter 9, Section
9.5).
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Figure 6.4 MALDI-TOF MS spectra showing lack of arginine demethylation
activity by KDM3A when co-factors are absent from r eaction mixture. Recombinant
KDM3A (2 pM) was incubated with methylated argininepeptides (10 uM) under standard
demethylation conditions, except for the lack of spcified co-factors, for 1 h at 37°C (see
Materials and methods, Chapter 11, Section 11.3.30r more information). (A) H3(1-
15)K9Rme peptide, (B) an H3(115)K9Rme2s peptide and (C) an H3(1-15)K9RmeZ2a
peptide. For each peptide (i) and (ii) shows MALDIFOF MS spectraof reactions carried
out without 20G and Fé& respectively. Reactions containing enzyme are showin red, no
enzyme control reactions are shown in black.
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6.5 Arginine demethylation by full length KDM3A

The assays described above were performed with recombinant KDM3A, which &
truncated construct Z f ... s<*% —S T domadir {resifides 515-1317 see Materials and
methods, Chapter 11, Section 11.2.2 for more informatign

To test whether arginine demethylation activity can be observedy full length KDM3A
(residues 1-1321 see Chapter 11, Section 11.2.2 for more information), constructs
encoding anN-terminal FLAG-tagged full length wildtype WT) and H1120Y catalytically
inactive variant proteins were overexpressed in HEK293T2 Expressed proteins were
then immunoprecipitated using their FLAG-tags Kigure 6.5). Both the WT and the
inactive variant proteins showed degradation similar to that previously observed for
recombinant KDM3A (see Chapter 3, Section 3.4

kDa L L WT MU

Figure 6.5 Western blot analysis of exogenous overe xpression of full length FLAG-
tagged KDM3A in HEK293T cells. Proteins were detected using mouse anti-FLAG
antibody (F3165 Sigma, 1:1000) and goat anti-mousétRP (W4021 Promega, 1:10,000),
see Materials and methods, Chapter 11, Section 11426, for more information. Anti-FLAG
beads were used to immunoprecipitated KDM3A for deethylation assays. L = molecular
weight ladder, WT = wildtype KDM3A and MUT = H1120¥atalytically inactive KDM3A
variant. The molecular mass of FLAG-tagged full length of KI3A is 148 kDa.Cloning of
FLAG-tagged full length WT and H1120Y KDMS3A consteuwas carried out by Dr. Patricia
Yeyati.
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Arginine demethylation activity was analysed by MALDI-TOF $(see Materials and
methods, Chapter 11, Section 11.3.3, for more informatipnKDM3A enzymatic activity
with an H3(1-15)K9me2 peptide substrate was used as a positive controFigure 6.6 A).
Full length WT KDM3A was observed to catalyse demethylation of the
monomethylarginine peptide, but notof the tested dimethylarginine peptides figure 6.6
B-D). This was consistent with the catalytic activity of the truncated recombinant KDM3A
which had higher levels of monomethylarginine demethylation activity compared with
demethylation of dimethylated substrates Figure 6.3). Importantly, no arginine
demethylation activity was observed with the H1120Ycatalytically inactive variant,
indicating that the detected activity was KDM3A-catalysed rather than due to co-purified

proteins in the KDM3A purification.
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(A) (B)

© (D)

Figure 6.6 MALDI-TOF MS spectra showing demethylati on of methylated lysine-
and arginine-containing peptides by full length KDM 3A. FLAG-tagged full length (FL)
WT and H1120Y catalytically inactive variant KDM3A imunoprecipitated from
HEK293T cells (see Materials and methods, Chapterl]l Section 11.3.3, for more
information). (A) An H3(1-15)K9me2 histone peptide used as a positiveontrol (10 pM),
(B) an H3(1-15)K9Rme peptide(10 puM), (C) an H3(1-15)K9Rme2a peptide(10uM) and
(D) an H3(1-15)K9Rme2s peptide (10uM). Reactions containing enzyme are shown in
red, no enzyme control reactions are shown in blackFigure adapted with permission??
Measurements were carried out by Dr. Louise Walport
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6.6 Screening for arginine demethylation by a panel of
KDMs

SeveralKDMs were tested for demethylation oN*methylated arginine residues as part of
this study. These included KDM2A, KDM7B (PHF8), KDM4E, KDM5C and KDM®6B in
addition to KDM3A. Similar to KDM3A, peptides were designed such that the reported
methylated lysine substrate was substituted with different forms of methylated arginine
residues. The sequences of the peptides and the corresponding recombinant KDM for

which they were tested are given iriTable 6.1.

Reactions were performed under the same standard demethylation conditions used with
KDM3A, with the only difference being the addition of salt to reactions with KDM6B and
KDM7B (150 mM and 500 mM NacCl respectively}. Products were observed by MALDI-
TOF MS. A -14 Da and -28 Da shift in peptide mass compared to the no enzyme controls
indicated demethylation activity. Reactions with analogous methylated lysine sequences

were tested as positive controls to confirm enzymatic activity.

Although no arginine demethylation activity was observed for KDM2A and KDM7B
activity was detected for KDM4E, KDM5C and KDM®6B in addition to that of KDM3Pable
6.1). Interestingly, activity for KDM6B was only observed for the asymmetric
dimethylarginine modification when it was incorporated to a longer peptde (21 mer)

rather than the standard length (15 mer).

185



Chapter 6. Arginine demethylation by KDM3A

Table 6.1 Recombinant
substituted the lysine .

out by Dr.Louise Walport.

KDM enzymes
methylated peptide target sequence and the position
For each of the arginine methylation forms ticksdenote

methylation observed, crosses denote no reaction dected. Measurements were carried

tested

in this st udy,
where arginine modifications

their

lysine

Enzyme Lysin_e methylated Po§ition on MMA ADMA SMDA
peptide sequence histone (Rmel) | (Rmes) | (Rme)
KDM3A ARTKSQFTGA(?QLWZ' H3 K9 9 9 9
KDM4E ARTKS(?FTGAGREL"G& H3 K9 9 9 9
KDM5C Q?E;EQ'I?;(_BK A H3 K4 9 9 9
ovee: | KRS T woer | x| o |
KDM2A APAJPGH?Q\@"F?Z' H3 K36 X X X
e | AT | wsmers | x| x| x

*Reaction with 21 mer peptide instead of the standat8 mer length.

6.7 Kinetic characterisationof KDM3A arginine

demethylation

Initial kinetic characterisation was carried out to compare the efficiency of KDM3A
catalysis of the reported lysine methylated substrate (H3 K9me2)to the arginine
methylated analogue substrates, as well as to compare the activity for the different

arginine forms (Rmel, Rme2a, Rme2s).

Demethylation was detected using a formaldehyde dehydrogenase (FDH) coupled
demethylation assay, which is a convenient method for measuring enzynkinetics. All
reagents were kept in excess to ensure that the substrate peptide is the only rate limiting
factor (for more information see Chapter 3, Section 3.5.2, and Materials and methods
Chapter 11, Section 11.3.4). For each of the tested peptides initial rates of KDM3A
demethylation were measuredin three biological replicates, each with three technical
replicates. Michaelis-Menten plots for methylated-arginine substrates are presented in
Figure 6.7. Apparent Kvand kcarvalues were determined based on the Michaelis-Menten
equation, and the ratio ofkca/ Kmwas then calculated as a measure of the catalytic

efficiency for the particular substrate (Table 6.2).
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Figure 6.7 Michaelis-Menten plots for KDM3A measuri ng initial rates of

reactions with the following peptides (A) H3(1-15)K9Rmel, (B H3(1-15)K9Rme2a
and (O H3(1-15)K9Rmez2s. (i), (ii) and (iii) are the biological repicates for each peptide.
Data were determined by the FDH coupled assay, amere fitted to the Michaelis-Menten
model using GraphPad Prisnb (see Materials and methods, Chapter 11, Section Bl4,
for more information). All measurements were conducted in triplicate andrepresent

mean and standard deviation.
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Table 6.2 Kinetic parameters for KDM3A arginine dem ethylation of histone
methylated-lysine and arginine peptide substrates. Apparent kinetic parameters (Kw
and kcat values) were determined by the FDH coupled assaMichaelis-Menten plots for
methylated-arginine substrates are presented inFigure 6.7. Data show mean (n = 3) for
each biological replicate as well as the average tfie biological replicates * s.e.m.

Substrate Biological Enzyme Kwm Kcat Keat / Ku
replicate (J) (3) (x10 s (x10-6/ s
J
15)HK3(F:2L;ne1 i 0.5 10 13 1277
ii 0.5 18 10 526
iii 0.5 8 11 1363
Average 12 +3 11+1 908
15)£'93F§r1T; w2 | 0.5 12 6.0 483
i 0.5 14 3.5 257
iii 0.5 9 4.7 527
Average 12+ 1 5.0+ 0.6 431
15)}2'93'_\(,2 e2s i 2.0 22 2.1 95
ii 2.0 22 2.8 125
iii 2.0 27 2.8 103
Average 24 +2 3.0+£0.3 127

Substrate inhibition was observed for the lysine methylated peptide H3(1-5)K9me2 at
concentrations above 160uM. Substrate inhibition was also apparent for HAL-15)K9mel

(see Chapter 3, Section 3.5.2.4, for primary data).

Interestingly, no substrate inhibition was detected for the arginine methylated peptides
(Figure 6.7 A-Q). Ku values of all arginine methylated peptides were lower than that of the
lysine dimethylated substrate, indicating a better binding affinity to the active siteT{able
6.1 and Table 3.5 in Chapter 3) On the other hand,kcaxVvalues of methylate arginine

substrates were an order of magnitude lower than that of the dimethylated lysine
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substrate, suggesting a much slower turnoverof the methylated arginine residues

compared to the lysine residue.

Among the methylated arginine peptides, the monomethylated form had the highekta/
Kuratio and therefore seems to be catalysed most efficiently (908 x¥3d « J). Thisis
consistent with the MALDI-TOF MS data showing efficient conversiaf the monomethyl
peptide to the non-methylated product Figure 6.3 and Figure 6.6). Thekca/ Kmratio for
H3(1-15)K9Rme2a was two-fold lower than thatof H3(1-15)9Rmel, and the symmetric
peptide keat/ Kuratio was a further three-fold lower than that of the asymmetric peptide
(908 vs. 431 and 127 x16/ + J). The combined kinetic results indicate different
demethylation efficiencies for each of the methylated arginine forms, with preference for
the monomethyl arginine residue, probably due to its low steric hindrance compared to

the dimethylated forms.

6.8 Kinetic characterisation of arginine demethylation
by additional KDMs

Preliminary kinetic characterisation was also carried out with additional KDMs which
displayed arginine demethylation activity in the MALDI-TOF MS screen: KDM4E, KDM5C
and KDM6B (see Section 6)6 Kinetic studies were performed using the FDH coupled
assays in a similar manner to that of KDM3A studies, analogous lysine methylated peptide

substrates were used as controls.

The rate constants for demethylation of the arginine methylated peptideby KDM4E and
KDMS5C, but not KDM6B, imply a much slower catalysis than those of the analogousnlgsi
methylated peptide, in agreement with KDM3A kinetic parameters Table 6.3). By
contrast KDM3A, however, the apparenkKyvvalues of arginine methylated substrates are
lower than that of the natural substrate, likely to indicate on a weaker binding of these
peptides to KDM4E/5C/6B. The catalytic efficiency, as expressed by thes / Kuratio
clearly indicates thatall of the tested KDM enzymes, including KDM3A, were more capable
of demethylating lysine residues than arginines. As for arginine demethylation, KDM6B
and KDM4E were the least efficient enzymes, while KDM3A was found to demethylate all

arginine forms at a catalytic efficiency in the hundreds10¢/ « J range.
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Table 6.3 Kinetic parameters for arginine demethylation by KD Ms for histone
methylated-lysine/arginine peptide substrates. Apparent kinetic parameters were
determined by the FDH coupled assay. Data show megn = 3) £ s.e.mA positive control
of histone methylated-lysine peptide substrate for eah KDM as a basis for reference is
marked in bold. Measurements, except for KDM3A, were carried outhy Louise Walport.

Enzyme Substrate Kwm Kcat Keat / Km
(J) (%103 s1) (x10-¢/ s
J
KDM3A H3(1-15)K9me2 54 + 13 790 + 112 14649
H3(1-15)K9Rme2a 12+1 5.0+ 0.6 431
H3(1-15)K9Rme2s 24+ 2 3.0+0.3 127
H3(1-15)K9Rme 12+ 3 11 +1 908
KDM4E H3(1-15)K9me3 18+4 171+ 15 9575
H3(1-15)K9Rme2a 66+ 5 4.6 +0.7 70
H3(1-15)K9Rme2s 101+ 11 8.7+0.3 86
H3(1-15)K9Rme 169 + 36 2.7+0.2 16
KDM5C H3(1-15)K4me3 8+3 67 = 10 8800
H3(1-15)K4Rme2a | 29.0£ 0.5 41 +4 1420
H3(1-15)K4Rme2s 21+6 4.6+0.7 219
KDM6B H3(14- 6.7+ 0.6 11.7+0.1 1750
34)K27me3
H3(14- 676 + 118 29+4 43
34)K27Rme2a
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6.9 Screening for arginine demethylation on wildtype

histone derived peptides

In light of the observation that some KDMs can catalyse demethylation of arginine
residues when they substitute for the natural methylated lysine, it was hypothesised that
these KDMs might also catalyse demethylation of natural methylated arginine positions on
histone tails.

Peptides for five wildtype methylated arginine positions on histones were tested against
four KDMs that showed arginine demethylation activity with mutated peptide sequences

(Table 6.1). Screening conditions were the same as those described in Section 6.6.

Interestingly, while KDM4E and KDM5C displayed activity against some of the tested
peptides, KDM3A and KDM6B showed no activity for these peptidesTable 6.4)
Therefore, these results demonstrate that whether or not arginine demethylation activity
occurs is highly dependent on the sequence context, with KDM3A and KDM6B presenting
particular preference for the sequencef the methylated lysine substrates.

Table 6.4 Arginine demethylation activity of the te sted KDMs on peptides
derived from WT histone sequences. Ticks indicate demethylation activity, crosses
indicate no activity at the tested conditions.Measurements were carried out by Dr. Louise
Walport.

H3(1-15)R2 H3(1-15)R8 H3(10-24)R17 | H3(18-32)R26 H4(1-15)R3
KDM

me | me2a| me2s| me | me2a| me2s| me | me2a| me2s| me | me2a| me2s| me | me2a| me2s

KDM3A| X X X X X X X X X X X X X X X

KDM4E| 6 6 6 6 6 6 X X X 6 6 6 X 6 6

KDMSC| 6 6 6 X 6 6 X X X X X X X 6 X

KDM6B| X X X X X X X X X X X X X X X
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6.10 Testing the dependence of KDM3A arginine
demethylation on the H3 K4me3 mark

KDMS3A hydroxylation on acetyllysines was found to be promoted by the presence of
trimethylation on the H3 K4 position (see Chapter 7, Section 7.4.2). In addition, KDM3A
deformylation activity was also promoted by the presence of the H3 K4me3 mark (see
Chapter 9, Section 9.4)

No demethylation activity was detected when KDM3A was incubated with H3(1-15)R8me
peptide (see Section 6.9). To test whether arginine demethylation on natural arginine
positions might also be dependent on adjacent lysine trimethylation, H3(1-

15)K4me3R8me peptide was incubated with KDM3A under the same conditions as
described in Section 6.3. Reaction with H3(15)R9me peptide was used as a positive

control for KDM3A activity.

Although the KDM3A was active as apparent by catalysis of the H3(1-15)R9me peptide
MALDI-TOF MS analys indicate lack of KDM3A activity against H3(1-15)K4me3R8me
peptide (Figure 6.8). Therefore, H3 R8 demethylation does not seem to be dependent on

trimethylation at the H3 K4 position under the tested conditions.

Figure 6.8 The presence of an H3 K4me3 mark does not improve demethylation
of the H3 R8me residue . KDM3A (2 pM) was incubated with each peptide (1@M) for 1
h at 37°C (see Materials and methods, Chapter 11eion 11.3.3, for more information.
(A) MALDI-TOF MS spectra showing catalysisf H3(1-15)K9Rme peptide as a positive
control for assay conditions.(B) MALDI-TOF MS spectra showing absence of activitgrf
of H3(1-15)K4me3R8me peptide. Reactions containing eryme are shown in red, no
enzyme control reactions are shown in black.
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6.11 Screening for arginine demethylation of

non-histone substratesby KDMs

Given the detected arginine demethylation activity of some KDMs on peptides derived
from WT histone tail sequences, it was hypothesised that these KDMs might also

demethylate arginines on non-histone substrates.

A selection of non-histone peptides derived from nuclear proteins reported to be
abundantly methylated on arginine residues were then synthesised and testeddble
6.5).23 28 These peptides were tested as potential arginine demethylase substrates by
recombinant KDM5C, KDM4E and KDM6B under the assay conditions described in
Section 6.6.

Table 6.5 Non-histone peptide sequences and the pro tein mark around which
they were designed. Peptides were used to screen for potential methykginine non-
histone substrate of KDM5C, KDM4E and KDM6B

Protein mark Peptide sequence
53BP1(1394-1415) R1401me2a GKAPVTPRmMe2a-GRGRRGRPPSRTTG
53BP1(1394-1415) R1403me2a GKAPVTPR&me2a-GRRGRPPSRTTG
53BP1(1394-1415) R1405me2a GKAPVTPRGREBmMe2a-RGRPPSRTTG

BRCA1(605-619)R610me2a APKKNRme2a-LRRKSSTRH
hnRNPK(295309)R296me2a GRme2a-GGRGGSRARNLPL
hnRNPK(295309)R299me2a GRG&ERme2a-GGSRARNLPL
FMR1(537-551)R544me2a GGRGQGBmMe2a-GRGGGFK
FMR1(537-551)R546me2a GGRGQGGR®&Me2a-GGGFK
p53(332-343)R333me2s IRGRERmMe2s-FEMFRE
p53(328-339)R335me2s FTLQFRme2s-GRERFE
p53(330-341)R336me2s LQIRGRme2s-ERFEMF
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Most methylated arginine peptides were not substrates as indicated by MALDI-TOF MS
analyses. However, in some cases clear demethylation was detectedrigure 6.9).

Interestingly, almost complete demethylation was observed for KDM4E and KDM5C
catalysis of peptides derived from heterogeneous nuclear ribonucleoprotein K (hnRNP K)

and tumour suppressor p53-binding protein 1 (53BP1) respectively.

These results provide preliminary evidence for the potential of arginine demethylation

beyond the context of transcriptional regulation.

Figure 6.9 Arginine  demethylation catalysis of non -histone peptides.
MALDI-TOF MS spectra of observed demethylation redans catalysed by recombinant
KDM5C and KDMA4E. Peptides (10 pM) were incubated thi KDM5C or KDM4E (2 puM) for
1 h at 37°C. Reactions containing enzyme are showm red, no enzyme control reactiors
are shown in black. Figure adapted with permissiod! Measurements were carried out by
Dr. Louise Walport.
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6.12 Screening for arginine demethylation of IFT by
KDM3A

The results in Section 6.11 demonstrate that KDMs can catalyse demethylatiarf
non-histone substrate peptides in addition to histone peptides. In light of these findings, it
was of interest to test whether a potential interaction between KDM3A and IFT proteins

(see Chapter 5) is based on arginine demethylation.

Intraflagellar transport (IFT) proteins were found to be methylated on arginine residues
during flagellar resorption (see Section 16.1). Schneideet al. have proposed that
methylation on arginines is irreversible and therefore the methylated proteins generated
are most likely not reused when resorption conditions are reversed. Instead, they
assumed that the cytoplasm must contain a pool of nonmethylated forms of proteins to

meet the requirement of these proteins for flagellar regeneratioA.

Given the newly discovered ability of some KDMs to demethylate methylated argininie
was considered possible that KDM3A might be able to recycle IFT proteins after

resorption by reversing the arginine methylation state.

Eleven IFT peptides were synthesised with different forms of arginine methylation based
on predictions by the PhosphoSitePIus (PSP) database, andy PTM detection analyses by
MS of IFT proteins extracted from mouse testes (see Chapter 5, Section 5.1 for more

information, Table 6.6 for peptide sequences}?
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Table 6.6 Arginine-methylated IFT peptides screened against recombinant
KDMS3A. Target arginyl-residues are shown in bold.Dr. Holger Kramer and Dr. Patricia
Yeyati identified putative arginine methylated IFPproteins.

Protein Target Peptide sequence
arginyl-
residue
IFT74 R51 GTARPG&me-GCPIGTG
IFT74 R305 IGSPMEERme2-EKLLKQI
IFT81 R345 EGKLSLYRme-QQASIIS

IFT81 R188 EKDQLIKRme2a-VEHLKKR

IFT81 R188 EKDQLIKRme2s-VEHLKKR

IFT88 R72 ISSTAVTRmMe2a-PIATGYG

IFT88 R72 ISSTAVIRmMeZ2s-PIATGYG

IFT88 R129 FDPLSQ$&me2s-GPASPLE

IFT88 R129 FDPLSQ&me2a-GPASPLE

IFT70 R114 DNPAYHSRme2a-VLRLQAA

IFT70 R114 DNPAYHSRme2s-VLRLQAA

The arginine methylated peptides were screened under the same conditions as described
in Section 06.3. H3(1-15)K9me2 peptide was tested as a control for enzyme activity.

Samples were analysed for arginine demethylation activity by MALDI-TOF MS

Although KDM3A was active when incubated with the histone H3(1-15)K9me2 substrate
peptide, no arginine demethylation activity was observed for the tested IFT arginine
methylated peptides. Increasing the enzyme concentration from 2 to gM, as well as

increasing the incubation time by another hour did not change the result$={gure 6.10).
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(A) (B)

KDM3A + H3(1-15)K9me2 KDM3A + IFT88(122-136)R129me2s
100 -14Da -14Da 100

Intensity (%)
Intensity (%)

0 N Laala nmﬂ .y L 0 Litan, L
1550 1560 1570 1580 1590 1580 1590 1600 1610 1620 1630 1640 1650
m/z m/z

Figure 6.10 Example of MALDI-TOF MS spectra from IFT screen. (A) Demethylation
of positive control peptide H3(1-15)K9me2. (B) Absence of demethylation of IFT88(122-
136)R129me2s peptide 15 mer peptides (10 uM) were incubated with KDM3A (4uM) for
2 h at 37°C, followed by MALDI-TOF MS analyses (sieaterials and methods, Chapter 11,
Section 11.3.3, for more information) Reactions with enzyme are shown in red, control
reactions with no enzyme are shown in black.

6.13 Discussion

The work reported in this chapter describes the identification of arginine demethylation

activity for KDM3A andadditionalKDMs from different JmjC subfamilies (KDM4E, KDM5C
and KDM6B). Although Protein Arginine Methyltransferases (PRMTs) are well described,
identification of a bone-fide arginine demethylases is still being actively studied. The
current observations indicate that arginine methylation might be dynamic and not ra

irreversible PTM as previously assumed. This work also represents the first conclusive
evidence for the existence of arginine demethylaseis vitro. Moreover, it suggests that

arginine and lysine demethylation can be performed by a similar catalysis mechanism and
might be dependent on the same enzymes. Preliminary evidence indicates that arginine
demethylation might occur on histone and non-histone substrates, in both an epigenetic

and non-epigenetic context

The results of MALDI-TOF MS screening assays reveal that some of the tested KBdis
catalyse demethylation of argininesn vitro. The peptide sequence as well as the arginine
methylation forms (MMA, ADMA and SMDA) widely influence thre catalytic activity.
Kinetic studies on KDM3A have found that although th&/T lysine methylated histone
sequences (H3 K9me2 and H3 K9mel) showed substantial substrate inhibition for

KDM3A, the analogous arginine methylated substrates do not cause the same effect.
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The apparent low kea: values KDM3A displayed for arginine methylated peptides may
indeed represent slow catalysis, alternatively they might be a result of a combination of
fast arginine demethylation and high uncoupled 20G turnover. To test which assumption
is the correct one,'H NMR experimentsin which the 20G turnover rate was measured
were conducted. However, lack of an available appropriate buffer to maintain enzymatic
activity as well as the need for high enzyme concentration in such assays hamperedsth
work (data not shown). Testing these assumptions regarding KDM6B indicate that partial
decoupling of 20G oxidation and demethylation can occeér.This can be a result o& non-
optimal substrate sequence or due to the use of a truncated substrate (i.e. peptide),igs

the case with other 20G dependent hydroxylasés.

Unlike some of the other tested KDMs, KDM3A does not appear to act on methylated
arginine residuesin WT histone positions or on non-histone peptides. This could be a
consequence of a number of effects. Firstly, KDM3A vitro activity might be sequence
selective. This is an especially likely option given its ability to react with different lyse
analogues and different lysine PTMs when these are incorporated at the H3 K9 position
(see Chapter 7, Sections 7.3 and 7.4.2 and Chapter 9, Section 9.3). Secondly, the screen
might not have been sufficiently comprehensive and there might be methylated arginine
substrates yet to be discovered, which could be on histones or other proteins in the cell.
Thirdly, peptides may not be a good enough mimic of the substrate, either because h fu
length protein is required or because of a lack in combinatorial modifications in the
peptides used for the screen that might be requiredo increase catalytic efficiency. The
catalytic efficiency of KDM3A lysine demethylation activity seems to be improved when
H3 K4me3 is present in the peptide sequence (see Chapter 3, Section 3.5.2.5), and the
same position seems to also induce reaction with H3 K9Ac and H3 K9for (see Chapter 7
Section 7.4.2 and Chapter 9, Section 9.4However, no arginine demethylation was
observed with H3(1-15)K4me3R8me peptide. Therefore, KDM3A arginine demethylation
activity might be dependent on another combination of PTMs. It would be intriguing to
follow up the biochemical work to decipher the combinatorial PTMs effect on arginine

demethylation kinetics.

Arginine methylated IFT proteins, which accumulate during flagellar resorption, might é
demethylated by other arginine demethylases. Therefore continuing testwith other

identified arginine demethylases should be carried out.
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To identify and confirm biologically relevant substrates, arginine demethylation by KDMs
needs to be ultimately demonstrated in cells. Development of selective antibodies wile b

pivotal for such studies, which was beyond the scope of the work described in this thesis.
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Chapter 7
Investigations into a putative new PTM catalysed
by KDM3A

7.1 Introduction

Some of the most highly post-translationally modified proteins in eukaryotes are histones
PTMson the N-terminus tail region of histones, in particular on H3, regulate chromatin
conformation and gene transcription! More than 20 types of histone PTMs h& been
reported and novel PTMs are being discovered due to advances in the development of
specific antibodies and mass spectromeitt methods?3 Lysine is proposed to be the most
modified amino acid, and lysine acetylation and methylation are amongst the most studied
PTMs# Whilst histone acetylation removes the positive chargen a lysine, and is in
general transcriptionally activating, lysine methylation does not substantially alter the
side-chain charge and can be either transcriptionally activating or repressy (see
Introductory Chapter 1, Section 1.8).

Multiple marks can compete on the same position on a histone tail and result in a different
outcome. Moreover, different combinations of PTMs on different positions along the
histone tail can either counteract or synergise to co-regulate the same sitéor instance,

acetylation on H3 K9 competes with methylation on the same site and reverses the
transcription al repression caused by methylation, whereas the co-occurrence of H3 KOA

and H3 K4me3 is often a hallmark of active geneés.

20G dependent oxygenases can catalyse a versatile repertoire of oxidative reactions,
including ring closure and epoxidation. However, only hydroxylation, and consequently
demethylation, are reported to occur in humans. The mechanism for the hydroxylation
reaction is apparently conserved and includes sequential binding of iron, 2-oxoglutarate
(20G), substrate and molecular oxygen, which leads to oxidation of the substrate and is
coupled to the conversion of 20G to succinatelmjC demethylation occurs spontaneously

following hydroxylation, since the oxidation product, the hemiaminal intermediate, is
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unstable and fragments to form the demethylated product and formaldehyde (see

Introductory Chapter 1, Section 1.13}.

Previous studies have revealed the potential of human JmjC demethylases to catalyse
hydroxylation of chemical groups other thanNE&methyllysine, indicating that they may
have more complex reactivity? 11 Although there is evidence for catalysis of uncharged
substrates by KDMs in plantsthe human KDMs tested under these studies (KDM4A,
KDM4B, KDM4E, KDM7B and KDM2Aequired a positively chargedN Bamino group and
could not catalyse the uncharged acetyl-, formyl-, crotonyl-lysine residues or any of the

tested uncharged lysine analogues!o

7.2 Objectives

The work described in this chapter aimed to investigate the possibility of KDM3A to taon
NEBacetyllysine residues. Work was initially focused on testing the neefbr charged
substrates for KDM3A using lysine analoguesStudies then progressed to tesin vitro
activity on acetylated lysine. Detailed validation of a new reaction was then conducted and
optimisation of reaction conditions served as the basis for kinetic characterisation. The
biological relevance of the newly identified substrate sequence was predicted based on
existing CHP-seq dataWork was then expanded to address the possibility of other histone
and non-histone lysine-acetylated sequences to be recognised as substrates for KDM3A
and of other KDMs to react with acetylated lysines and involved designing peptides and
testing reactions with recombinant KDMs A probe into the binding affinity of the
identified product for the bromodomain BRD4 was carried out to gain insights into #n

putative biological implications of the new modification.

Unnatural lysine analogue peptides were synthesised by Gareth W. Langley. H3(1-
15)K4me3K9Ac peptide was synthesised by Dr. Richard Hopkinson. H3(1-15)K4epi8g

and Fmoc-protected deuterated Bacetyllysine were synthesised by Roman Belle. KDM3B,
JMJD1C and catalytically inactive KDM3A were provided by Dr. Catrine JoharisBdi6B

was provided by Kate Dunne. KDM4A was provided by Rebecca HancdBksd&chdatasets
were analysed by Tunc Morova and Prof. Nathan Lack. AlphaScreen measurements were
carried out by David Zollman. Dr. Holger Kramer and Dr. Patricia Yeyati workedentify
acetylation positions on intraflagellar transport (IFT) proteins. Dr. Richaréiopkinson
provided assistance with data analyses.
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7.3 Probing KDM3A substrate repertoire using lysine

analogues

A recent study reported on the use of lysine analogue containing peptides to testeth
dependence of KDM4 (KDM4A, KDM4B, KDM4E) and KDM35Btlee preference of charge
e—f—1f fet ’*ec—< samino-gBolipBf their substratelo This study indicated that the
tested KDMs may have some flexibility in substrate positioning, but are unable to catalyse

oxidation of uncharged groups.

To test whether KDM3A has similar requirements for efficient catalysis, selected lysine
analogue peptides were tested as potential substrates. To increase the chances of
substrate recognition, H3 histone peptides were synthesised where the natural substrate
for KDM3A, the target methylated lysyl-residue (K9), was replaced by a lysine analogue
on the basis of the hypothesis that the sequence similarity between the natural and the

mutated substrate will help to direct the analogue into the active sité2

Four forms of lysine analogues were incorporated into peptidegor experiments with
recombinant KDM3A {Table 7.1). The GL1 peptide contains theN&dimethyl-trans-4,5-
dehydrolysine analogue which is geometrically constrained compared to the natural
dimethyllysine, this analogue was aimed at testing for KDM3A flexibility in substrate
binding. Demethylation of this analogue was observed with other KDMs, although
crystallographic evidence predicts different binding conformations for the C4-C5 bond of
the lysine residuel® The GL2 peptide has anO-methyllysine analogue which mimics the
natural monomethyllysine but is uncharged. Thig>-methyllysine analogue is similar to the
ether substrate of plant 20G dependent oxygenasesnd was used to indicatevhether
KDMS3A can demethylate ether substrateX. The GL3 peptide is a carbon analoguef N&
trimethylated lysine. In both GL3 and GL2 peptides theNBamino group is uncharged, thus
allowing investigation of the needfor charged substrates for KDM3A catalysiShe GL4
peptide has an additional carbonon the NBamino group compared to a natural lysine

residue which changes the positiorof the charge
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Table 7.1 Lysine analogue used in the KDM3A screen. Each analogue is shown
alongside the natural modification it mimics as wdl as the structure of the putative
KDM3A-catalysed products as apparent by MALDI-TOF SMmass shifts. All peptides
contain the same sequence corresponding to the fitsl5 residues of histone H3, with
different lysine analogues at position 9.Lysine analogue peptides were synthesised by
Gareth Langley.

ARTKQTARK-STGGKA

Peptide Natural lysine Lysine analogue Possible lysine analogue
name modification substrate products

H 2 o
%L/N\)J\Fr\ %L/H\:)J\ﬁf %L/H\:)J\H_.J yH\:)J\;J

2

o L R N R

N N -14 Da _NH -28 Da NH;

Py 0, L 0, 1
e ﬁ NN NN

GL2 \H \ \
HN -14 Da

~ (ONQ OH
Hi Hof 0, 8, X
NNy N, WA N
: N : :
\® +16 D:JVOH +14 D:JVO
GL3 A .
By
O
+30 Da OH
H (6] H (0] H (0]

GL4 j\ ﬁ\L
NH,

The lysine analogue peptides were tested as potential substrates for KDM3A. The

2

+15 Da HO™ "0

LT R e et amittype 6 (U-15)K9me2 peptide substrate was used as a positive
control. Assays were carried out under standard conditions and were analysed by MALDI-

TOF MS (see Chapter 3, Section 3.5.1 and Materials and methods, Chapter 11, Section
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11.3.3, for more information). Spectra were compared to negative controls with no

enzyme.

Remarkably, the MALDI-TOF MS analyses reveal that KDM3A catalysed modifications both
™S wiityp® 6 'f'—<t1 o—, «ifhall of thk tested lysine analogue peptides
(Figure 7.1 A and Table 7.1). Demethylation of the GL1 unsaturated peptide, which is a
geometrically constrained dimethyllysine analoguewas observed by mass shifts of -14 Da
and -28 Da relative to the substrate peptide, indicating two consecutive demethylation
reactions (Figure 7.1 B). Complete demethylation, as indicated by a -14 Da mass shift, was
observed after incubation with the GL2 O-methyllysine peptide, which is an uncharged
monomethyllysine analogue. This may occuby the same JmjC lysine demethylation
mechanism, as the hemiacetal is unstable and could fragment to the demethylated form
(Figure 7.1 C). When KDM3A was incubated with the trimethyllysine carbon analogue, the
GL3 peptide, evidence for three oxidations was apparent as indicated by +14 Da, +16 Da
and +30 Da shifts relative to controls with no enzyme Higure 7.1 D). A single
hydroxylation gives a hydroxylated product (+16 Da), two hydroxylations on the same
carbon can resultin an aldehydeafter a HO loss (+14 Da) and three oxidations on the
same carbon can forma carboxylic acid (+30 Da. Similar to the GL3 peptide, two
consecutive hydroxylations to carboxylic acid might also occur at théL4 peptide with an
elongated lysine analogue, as indicated by an overall +15 Da mass shifigire 7.1 E).
These results reveal that elongation of thé&lBamino group by one carbon in peptideGL4
does not affect KDM3A reactivity, as demonstrated by the almost complete conversion to
the carboxylic acid product. Interestingly, an elongated allysine aldehyde intermediate
was not detected by MALDI-TOF MS. This could be due to the complete carboxylation

reaction that decreased the intermediate levels below the detection limit.
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Figure 7.1 KDM3A-catalysed reactions of H3(1-15)K9 peptides with lysine analogues

incorporated at position 9 (ARTKQTAR- K-STGGKA).On the left, MALDI-TOF MS spectra of
KDM3A-catalysed reactions. Recombinant KDM3A (2 uM) was incubated withetlappropriate H3
fragment peptide (10 uM) for 1h at 37°C (see Materials and methods, Chapter 1écton 11.3.3, for
more information). On the right, proposed mechanism for KDM3A catalysed reactiongA)
wildtype 6 u-X¥)K9me2 peptide substrate, demethylation was observed (mass shift
corresponding to -14 Da). (B) PeptideGL1 was observed to undergo demethylation (-14 Da). (C)
Peptide GL2 was observed to undergo demethylation (-14 Da). (D) For peptid€&sL3 one
hydroxylation gives hydroxyl-carbon product (+16 Da), two oxidations on the samearbon lead to
aldehyde formation after loss of HCO (+14 Da) and three hydroxylations on tharse carbon lead to
carboxyl formation (+30 Da).(E) Peptide GL4, carboxylation was observed (+15 Da)Red spectra
show reactions with enzyme and black spectra show the controls with nenzyme.

These results clearly indicate that KDM3A is flexible in terms of substrate conformation,
fot o 7% <«o''"—fe—754 —-Sf— Sf -amiao froupSs "ok & TeqBirement for
efficient catalysis fa all human JmjC KDMsThis information led the design of the

experiments described in the following sections
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7.4 ldentification of hydroxylation of acetyllysines by
KDM3A

7.4.1 Tests with H3(1-15)K9Ac peptide

In light of the new data revealed by the lysine analogue peptide study, it was considered
that KDM3A might interact with uncharged PTMs and thus might catalyse additional

biologically relevant reactions other than demethylation.

Previous studies have shan that KDM4E, KDM7B and KDM2A are unable to react with
NEBacetyllysine peptides under the tested conditions.To find out whether KDM3A could
react with acetyllysine, activity assays were conducted with an H3 histone peptide where
the natural dimethyllysine (K9me2) substrate for KDM3A was replaced by acetylated
lysine (K9Ac). Since acetylatioris reported to occur at the H3 K9 position, this substitution

results in a biologically relevant sequencél4

H3(1-15)K9Ac peptide (10 uM) and the correspondingH3(1-15)K9me2 (10 uM) peptide
were incubated with isolated recombinant KDM3A (2 uM) under standard demethylation
conditions for 1 hour at 37°C (see Materials and methods, Chapter 11, Section 11.3.3, for
more information). Analyses were carried out by MALDI-TOF MS, and enzymatic reacs

were compared to the negative controls with no enzyme

Although the enzyme was active according to the positive control wittd3(1-15)K9me2
substrate peptide, no reaction was observeddy MS with the H3(1-15)K9Ac peptide
(Figure 7.2).
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Figure 7.2 MALDI-TOF MS spectra showing no catalysis by KDM3A for H3(1-

15)K9Ac peptide. KDM3A (2 pM) was incubated with peptides (10puM) for 1 h at 37°C
(see Materials and methods, Chapter 11, Section 1133. for more information). (A)

Incubation with H3(1-15)K9me peptide was used as apositive control for enzyme

activity. (B) Incubation with an H3(1-15)K9Ac peptide. Reactions containing enzyme are
shown in red, no enzyme control reactions are showin black.

7.4.2 Tests with H3(1-15)K4me3K9Ac peptide

KDMS3A demethylation efficiency seems to improve in the presence of tri-methyllysine at
position H3 K4 which isin proximity to the H3 K9me2 substrate (see Chapter 3, Section
3.5.2.5. It was therefore hypothesised that trimethylation at the H3 K4 position might also
facilitate reaction on NBacetyllysine at position K9. Experiments were conducted with
H3(1-15)K4me3K9Ac histone peptide and KDM3A under the same conditions as described
in Section 7.4.1. MALDI-TOF MS spectra were compared with the non-enzyme containing
negative controls, and activity for the H8L-15)K9me2 peptide was used as a positive
control. A mass shift of +16 Da, corresponding to a possible addition of a hydroxyl group
was observed, providinga preliminary evidence for hydroxylation of acetylated lysine
peptides by KDM3ANo indication for deacetylation by KDM3A was detected as suggested
by the abserte of a -42 Da mass shift in the peptide peakigure 7.3).
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Figure 7.3 Preliminary predicted structure of the h ydroxylated product from
KDM3A - catalysis with KAc. (A) MALDI-TOF MS spectrm showing catalysis of H3(1-
15)K4me3K9Ac peptide(10uM) by KDM3A (2 uM) following incubation for 1 h at 37°C
(see Materials and methods, Chapter 11, Section 1133.for more information). Peptide
sequencewas ART-Kme3-QTAR-KAc-STGGKMH2. Reaction containing enzymds shown
in red, no enzyme control reactions are shown in lick. 33% conversion to the
hydroxylated product under the standard assay condions was observed with this batch
of enzyme. (B) Proposed hydroxylation product structure. H3(1-15)K4me3K9Ac peptide
was synthesised by Dr. Richard Hopkinson.

This result provides the first experimental evidence that JmjC KDMs might react with
acetyllysines. Moreover, these data suggest further complexiiy the histone code and the

combinatorial dependence between different PTMs.

212



Chapter 7. A putative new PTM catalysed by KDM3A

7.5 Investigations into the frequency of overlap
between H3 K4me3 and H3 K9me2 marks in human

cells

H3 K4me3 and H3 K9Ac madifications are reported to commonly coincide in mouse
embryonic stem cells, and their co-occurrence suggests a coordinated regulation of aeti

histone markss

To investigate whether H3 K4me and H3 K9Ac coexistence is also prevalent in human
cells, analyses of dR-seq datasets from fourteen human derived cell lines were carried
out, using ChIP-seq data available from the Encyclopedia of DNA Elements (ENCODE)
project (ChiRseq datasets were analysed by Tunc Morova and Prof. Nathan Liach]l
ChP-seq experiments have used the same antibodies and were analysed by the same

bioinformatic methodologies.

Figure 7.4 summarises the percentage overlap of H3 K9Ac and H3 K4me3 in each of the
tested cell lines following ChP-seq analyses. Out of the fourteen cell lines tested, Human
Umbilical Vein Endothelial Cells (HUVEC) had the highest percentage overlap between the
two PTMs (49%), while HeLa S3 had the lowest overlap (15%). The average overlap was
35%. Overall, these data suggest that co-occurrence of H3 K9Ac and H3 K4me3 is

relatively common in human cells
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Figure 7.4 Frequency of overlap between H3 K9Ac and H3 K4me3 marks in
various cell lines. Analyses of fourteen human cell lines with ENCODEhIP-seq
datasets for both marks!s ChlP-seq experiments have used the same antibodiasd were
analysed by the same bioinformatics methodologiessnd are therefore comparable ChlP-
seq datasets were analysed by Tunc Morova and PNdthan Lack.

7.6 Validation of in vitro hydroxylation by KDM3A

Experiments described in Section 7.4.2 have revealed previously unidentified putative
hydroxylation reaction on an acetylated lysine residue catalyselly recombinant KDM3A
in vitro. Experiments then aimed to validate the reaction product of KDM3A catalysed
modification of KAc, as well as to confirm that the reaction is catalysed by KDM3A itself,

and is dependent on the reported JmjC 20G co-substrate and Ee-factor.

All experiments were carried out under the standard conditions as described in
Section 7.4.2, unless otherwise stated. In each test, positive control reactions with H3(1-
15)K4me3K9Ac peptide indicated that the enzyme was active. Analyses were conducted
by MALDI-TOF MS. A shift in peptide mass was compared to the negative contwith no

enzyme.
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7.6.1 Identification of the modified residue using a reference control peptide

The work described in Section 7.4.2 indicated the possibility of hydroxylation on H3 K@
as catalysed by KDM3A, in the presence of H3 K4me3 PTM. In order to ascertain whether
hydroxylation occurs on KAc rather than on another residue, reactions with a reference

control peptide were carried out.

The control peptide used in this experimenwas H3(1-21)K4me3, which contains only the
tri -methylation mark, without acetylation at lysine 9. If the detected + 16 Da mass shift
described in Section 7.4.2vas indeed due to a chemical change on the acetyl at the H3 K9
position, it is expected that KDM3A would not interact with the control peptide which

lacks this acetyl

No reaction was detected with the H3(1-21)K4me3peptide (Figure 7.5). This result
supports the assumption that the reaction is likely to occur on the H3 K9Ac mark rather

than on another residue in the peptide.

(A) (B)
KDM3A + H3(1-15)K4me3K9Ac KDM3A + H3(1-21)K4me3
100 +16 Da 100
S g
> >
2 £
c c
Q ]
E E
o0
1630 1640 1650 1660 1670 1680 2250 2260 2270 2280 2290 2300 2310 2320 2330
m/z m/z

Figure 7.5 Absence of KDM3A enzymatic activity with H3(1-21)K4me3 reference
control peptide . KDM3A (2 pM) was incubated with each peptide (1QuM) for 1 h at 37°C
(see Materials and methods, Chapter 11, Section 1133.for more information). (A)
MALDI-TOF MS spectrm showing catalysis of H3(1-15)K4me3K9Ac peptide aa positive
control. 22% conversion to hydroxylated product was observedunder the standard assay
conditions with this batch of enzyme.(B) MALDI-TOF MS spectrm showing absence of
KDMS3A catalytic activity for H3(1-21)K4me3 peptide.Reactions containing enzyme are
shown in red, no enzyme control reactions are shownn black. H3(1-15)K4me3 peptide
was synthesised by Roman Belle. H3(8)K4me3K9Ac peptide was synthesised by Dr.
Richard Hopkinson.
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7.6.2 Deciphering hydroxylation position using deuteratedN Bacetyllysine substrate

Section 7.6.1 suggests that the mass shift observed when incubating KDM3A with the
H3(1-15)K4me3K9Ac peptide is likely due to reaction occurring on the H3 K9Ac residue.
To find out the position within this lysine residue in which hydroxylation takes place, the

reaction was monitored using deuterated\ Bacetyllysine substrate.

The deuterated peptide used in this experiment is identical to that tested in Section 7.4.2
(H3(1-15)K4me3K9Ac) with the exception of having al3-acetyl at the K9 position instead
of a protiated acetyl. It was expected that hydroxylation of thel3-acetyl group would
result in a mass shift of +15 Da, rather than a +16 Da shift if it took place elsewhere in the

peptide.

Incubation of KDM3A with the deuterated H3(1-15)K4me&9d3-Ac peptide resulted in a
+15 Da shift accordingto MALDI-TOF MS analyses, while incubation with the protiated
H3(1-15)K4me3K9Ac peptide in the same assay caused a +16 Da shift in peptide mass
(Figure 7.6). These results strongly support the proposal that the hydroxylation takes
place on the acetylCH; group of H3 K9.
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Figure 7.6 Deuterated substrate indicates that KDM3 A hydroxylates at the
acetyl. KDM3A (2 uM) was incubated with each peptide (1QuM) for 1 h at 37°C(see
Materials and methods, Chapter 11, Section 11.3.8r more information). (A) MALDI-
TOF MS spectnm showing catalysis of H3(1-15)K4me3K@3-Ac peptide. (B) Acetyl
hydroxylation on of the deuterated acetyl would reslt in a mass shift of +15 Da. (C)
MALDI-TOF MS spectrum showing catalysis of H3(1-1B¥me3K9Ac peptide as a positive
control. (D) Acetyl hydroxylation of the protiated acetyl wouldresult in a mass shift of
+16 Da. Reactions containing enzyme are shown indeno enzyme control reactions are
shown in black. Fmoc-protected deuterated Racetyllysine was synthesised by Roman
Belle. H3(:15)K4me3K9Ac peptide was synthesised by Dr. Richdapkinson.

7.6.3 Investigations into JmjCco-substrate and co-factor dependence

Acetyllysine hydroxylation was hypothesised to be catalysed by the JmjC domain of
KDMS3A, thusit was expected that the same co-factor and co-substrate needed for
demethylation would likely be required for hydroxylation. JmjC demethylases require Fe
as a co-factor to mediate electron transfer during substrate oxidation. For substrate
oxidation to occur JmjC KDMs also require 20G as a co-substrate which converts to

succinate (see Introduction, Chapter 1, Section 1.18).
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To investigate whether hydroxylation is dependent on 20G and Fe experiments
measuring activity with and without co-factor and co-substrate and with other metals
(Zn', Mn") were carried out. Other assay conditions were kept as described in
Section 7.4.1. Data were analysed by MALDI-TOF MS.
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Table 7.2 summarises the assays results. The data suggest that hydroxylatios
dependent on 20G and Pe and that the replacement of Fewith other metal ions tested

here could not recover the catalytic activity. These results indicate that hydroxylatioof
acetyllysines is likely to occur via the JmjC domain in a similar catalytic mecham to that

of demethylation, and correlates with data about co-factor dependence in additional novel
PTM reactions catalysed by KDM3A (see Chapters 6, Section 6.4 and Chapter 9, Section
9.5).

Table 7.2 Hydroxylation of acetyllysines by KDM3A i s dependent on 20G and
Fe!'. Summary of MALDI-TOF MS data of activity assays WwitKkDM3A (2 puM) on
H3(1-15)K4me3K9Ac peptide (10 uM) performed over lhat 37°C. Assays were carried
out under standard conditions, with 20G (100 pM) ad Fée' (50 pM) except for the
specified change described in the table (see Mateatlis and methods, Chapter 11, Section
11.3.3, for more information). X denotes no reactio was detected.H3(1-15)K4me3K9Ac
peptide was synthesised by Dr. Richard Hopkinson.

Cofactor change from standard KDMS3A hydroxylation catalysis
conditions
No 20G X
No Fe! X
Zn' instead of F& (50 uM) X
Mn!! instead of Fé& (50 uM) X

7.6.4 Confirmation of KDM3A hydroxylation of acetyllysines by mutation study

To examine whether the hydroxylation reaction is catalysed by KDM3A rather than by
another enzyme that hadco-purified with it, experiments with a catalytically inactive

variant were conducted. It was assumed that a construct that differs from the wildtype
sequence by only one-point mutation would be expressed and purified in a similar

manner, thus any impurity found with the wildtype protein would also be present there.

KDM3A and KDM3B have a conserved tyrosine residue in their active siteéidure 7.7 A).
JMJID1C has a cysteine instead ofighconserved tyrosine and thereis no evidence for
JMJID1C - catalysed demethylation (see Introduction, ChapterSection 1.14, for sequence
and structural comparison between the KDM3 subfamily}? X-ray crystallographic studies
suggest that this tyrosine might facilitate interaction with the co-substrate 20G, whiatan

explain its importance in catalysis Figure 7.7 B, PDB: 2YPD and 4C8D
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(A)
Q15652|JMJID1C_2312-2320 LGPRLECSAYGV
Q9Y4C1|KDM3A_1069-1116 LGPKMYNAYGL
Q7LBC6|KDM3B_1536-1546 LGPKMYNAYGL

(B)

Cys2317
Tyrl541

NOG

Figure 7.7 Conserved tyrosine residue at the active site of KD M3A and KDM3B is
replaced by cysteine in JIMJD1C. (A) Sequence alignment between JMJD1C (top), KDM3A
(middle) and KDM3B (bottom). Partial sequences forJMJD1C, KDM3A and KDM3B
(Uniprot numbers Q15652, Q9Y4C1 and Q7LBC6 respentiy) were aligned using Clustal
Omega EMBLEBI16 Conserved tyrosine and its cysteine replacement inIMJD1C are
highlighted. (B) Structural comparison between theJmjC domain of JIMJD1C (orange, PDB
2YPD) and KDM3B (green, PDB: 4C8D) in respect to @Qreplaced here by NOG, pink)
binding. The conserved Tyrl541 in KDM3B, the corrgeonding Cys2317 in JMJD1C and
NOG are shown as sticks with labels.

Given the importance of this residue, it was expected tha Tyr1101Cys substitution
would abolish KDM3A demethylation and hydroxylation of acetyllysines because both of

these reactions are very likely 20G - dependent.

Activity assays were carried outm order to ascertain the relative activities of the wildtype
KDM3A and the available Tyr1101Cys variant with respect to demethylation and
hydroxylation, followed by MALDI-TOF MS analyses as described in Section 7.4.1. The
resulting data reveal that mutating Tyrl101 to gsteine in KDM3A caused loss of
demethylation and hydroxylation activity (Figure 7.8). These results strengthen the
assumption that the detected acetyllysine hydroxylation is catalysed by KDM3A rather

than by another enzyme that hado-purified with it.
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Figure 7.8 Y1101C KDM3A mutation is catalytically i nactive. WT or variant
KDM3A (2 puM) were incubated with each peptide (1QuM) for 1 h at 37°C(see Materials
and methods, Chapter 11, Section 11.3.3, for moreaformation). (A) MALDI-TOF MS
spectrum analysis showing catalysis of H3(1-15)K4m&K9Ac peptide by WT KDM3A as a
positive control for assay conditions. (B) MALDI-T®& MS spectrum showing absence of
catalytic activity of Y1101C KDM3A variant for H3(115)K4me3K9Ac peptide. C) MALDI-
TOF MS spectrum showing absence of catalytic actiyiof Y1101C KDMS3A variant for of
H3(1-15)K9me2 peptide. Reactions containing enzymere shown in red, no enzyme
control reactions are shown in black.KDM3A catalytically inactive variant was provided
by Dr. Catrine Johansson. H3(5)K4me3K9Ac peptide was synthesised by Dr. Richard
Hopkinson.
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7.7 Optimisation of in vitro assay conditions for

hydroxylation of acetyllysines

The purpose of the following experiments described in this section was to optimise the
hydroxylation reaction conditions. Maximising product formation should help in reaction

characterisation and ensure that the best conditions are used for screening of additional
substrates. Finding the optimal 20G concentration will ensure that the co-substrate is not

rate-limiting, which is important for kinetic characterisation of substrate efficiency

7.7.1 Time course for hydroxylation of acetyllysines

Product formation for the hydroxylation reaction was measured over time under the
conditions described in Section 7.4.1 The percentage of product formation was
determined using MALDI-TOF MS by calculating the intensity of hydroxy-acetylated
peptide product peak intensity and dividing this value by the sum of the intensities of
substrate and product peaks (see Materials and methods, Chapter 11, Section 11.3.3, for
more information). The hydroxylation product from peptide H3(1-15)K4me3K9Ac
continued to be formed between 15 to 60 minutes of incubationHigure 7.9). After 60
minutes of incubation no more hydroxylation product was formed. However, product

levels only reached 15% of the total peptide concentration.

Since hydroxylation of acetyllysines product levels reached less than half of the level of
demethylation product, and the reaction rate was much slower (see Chapter 3, Section
3.5.1.1), it seenad possible that substrate was turned over less efficiently in the reaction of
hydroxylation than in demethylation. Asall tests were carried out with peptide substrates,
this comparison might not necessarily reflect the efficiency of the reaction inetls with
protein substrates. Nevertheless, it was envisaged that validation of the use of saturating
20G co-substrate concentration and determination of the steady-state kinetic parameters
(Kw, kear) for hydroxylation of acetyllysines is essential for efficiency comparison between

the reactions.
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Figure 7.9 Percentage of hydroxylation product form ation over time. Measuring

percentage of product formation over time under stadard assay conditions, in which

KDM3A (2 uM) and H3(1-15)K4me3K9Ac peptide (10 pMWwere incubated at 37°C (see
Materials and methods, Chapter 11, Section 11.3.8r more information). Percentage of

product formation was calculated as the ratio betwen product intensity peak and the

sum of the product and substrate intensity peaks asbserved by MALDI-TOF MS spectra.
Data plotted as the mean of triplicate with standad deviation. H3(1-15)K4me3K9Ac

peptide was synthesised by Dr. Richard Hopkinson.

7.7.2 Determination of saturating concentrations ¢ 20G for KDM3A hydroxylation of
acetyllysines

The experiments described in Section 7.6.3 indicated that hydroxylation of acetyllysines
by KDM3A requires 20G. To maximise product formation and also to determine steady-
state kinetic parameters Kw, kca) the use of saturaéd 20G co-substrate concentration

must be validated to ensure that 20G is not a rate limiting factor.

To investigate the optimal level of 20G, activity assays were carried out with increasing
concentrations of 20G (0 to 3 mM), while keeping other factors under the standard
conditions described in Section 7.4.1

Figure 7.10 shows that the product ratio has increasd in line with increasing
concentrations of 20G up t@50 uM of 20G. Product formatiorat 20G concentrations of
750 uM and above was slightly decreased, which might indicate on a weak-substrate
inhibition. These observations suggest that a concentration @50 uM 20Gis optimal and

will not limit the hydroxylation reaction rate.

223



Chapter 7. A putative new PTM catalysed by KDM3A

Acetyl hydroxylation (%)

o T T T
0100 250 500 750 1000 2000 3000

20G (PM)

Figure 7.10 KDM3A hydroxylation catalysis under varying 20G con centrations.
Evaluation of KDM3A (2 M) hydroxylation of acetylsines activity on H3(1-
15)K4me3K9Ac peptide (10 puM) for incubation with vaious concentrations of 20G (0-
3000 pM). Percentage product formation was determiad using MALDI-TOF MS by
calculating the intensity of hydroxy-acetylated pepide product peak area and dividing
this value by the sum of the intensities of substriee and product peaks(see Materials and
methods, Chapter 11, Section 11.3.3, for more inforation). Points are plotted as the
mean of triplicate with standard deviation. The H3(1-15)K4me3K9Ac peptide was
synthesised by Dr. Richard Hopkinson.

7.8 Kinetic characterisation of KDM3A hydroxylation of

acetyllysines

Preliminary kinetic characterisation was carried out in order to compare the catalytic
efficiency of KDM3A hydroxylation of acetyllysines to that of lysine and arginine
demethylation (see Chapters 3, Section 3.5.2, and Chapter 6, Section 6.7 for more

information).

Since the FDH coupled assay can only detect reactions in which formaldehyde is released,
kinetic characterisation of hydroxylation could not be carried out using this method’
Therefore, kinetic studies were performed using MALDI-TOF M3he method employs
manual quenching of the reaction at different time-points along the linear range of the
reaction, and uses micromolar concentrations of enzyme as opposed to real-time

monitoring of the reaction and use of nano-molar concentrations in FDekperiments.

All reagents were kept in excess to ensure that the substrate peptide was the only rate

limiting factor for the reaction (see Section 7.7.2 and Materials and methods, Chapter 11,
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Section 11.3.3, for more information). For kinetic characterisation, initial rates for #
reaction of KDM3A with varying concentrations of H3(1-15)K4m3K9Ac peptide (0-400
M) were measuredKinetic parameters were calculated based on two biological repeats,
each with three technical replicates Figure 7.11). Apparent Ky and kcavalues were
determined by fitting the Michaelis-Menten model using GraphPad Prism 6, and the m@ati

of keat/ Kmwas then calculated as a measure of the catalytic efficiency for the substrate

(Table 7.3).
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Figure 7.11  Michaelis-Menten graph measuring initial rates of hydroxylation

reaction catalysed by KDM3A with the H3(1-15)K4me3K 9Ac peptide Data were
determined by MALDI-TOF MS assay, and was fitted ing Michaelis-Menten modelby
GraphPad Prism6 (see Materials and methods, Chapter 11, Section B13, for more
information). (A) and (B) are the biological repliates. Points are plotted as the mean of
tree technical replicates with error bars showing+ s.d.H3(1-15)K4me3K9Ac peptide was

synthesised by Dr. Richard Hopkinson.

Table 7.3 Kinetic parameters for KDM3A hydroxylatio n with

H3(1-15)K4me3K9Ac peptide substrate. Apparent kinetic parameters (Km and Kcat
values) were determined by MALDI-TOF MS assay (sd&&aterials and methods, Chapter
11, Section 11.3.3, for more information). Data showhe mean (n = 3) of technical
repeats for each biological replicate, as well ashe average of the biological repeats *

s.e.m.

Biological Enzyme K Keat Keat / Kw
replicate (J) (J) (x10-8 s1) (106 < J
i 2 489 +£192 12+£3 25
ii 3 1027 £ 542 45 +18 44
Average 758 £ 269 28+ 16 38
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The apparentKu values for the two biological repeats varies witha large s.e.m.
(489 and 1027 M). This could be due to the low amounts of productormation
when quenching the reaction at the linear range, wich might lead to a low signal
to noise ratio in MALDI-TOF MS spectra (maximal pduct formation under
standard conditions was 20%, see Section 7.7.1., 786 product was present when
quenching the reaction at the linear range data not showr. Nevertheless, the
apparent average Ky value for the hydroxylation catalysis was relativey high
(758 + 269 M), which is likely to indicate a low binding affinty of the tested
substrate peptide to KDM3A. ThiKy value was apparently an order of magnitude
higher than that for the lysine and arginine demetllation reactions, suggesting
that demethylation substrates are better recognised by KDM3A than
hydroxylation substrates (Table 7.4). The apparent averagekca: for hydroxylation
reaction was 28 + 16 x10-3 st, which higher than that of the tested arginine
methylated substrate but an order of magnitude lowe than that of the lysine
methylated peptide. These results might reflect om slower turnover of the newly
identified arginine demethylation and hydroxylation of acetyllysines compared to
lysine demethylation by KDM3A.

Overall, the apparent catalytic efficiency for hydroxylation of acetyllysineby KDM3A as
derived from the kcar / Km ratio was very low (38 x10-6 ¢ J). This value was an order of
magnitude lower than the ratio for catalysis of the methylated arginine substrates, and
two orders of magnitude lower than that of the lysine methylated substrateTable 7.4).
Notably, reaction did not reach saturation at both biological repeats at substrate

concentrations of up to 400 puM.
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Table 7.4 Kinetic parameters for KDM3A histone peptide substr ates. Apparent
kinetic parameters for H3(1-15)K4me3K9Ac were determined by MALDI-TOF MS
analyses. Data show mean of biological repeats (n 2) + s.e.m. Apparent kinetic
parameters for all other substrates were determinedby formaldehyde dehydrogenase-
coupled assay. Data show mean of biological repeatéh = 3) + s.e.m.Histone NB
dimethylated-lysine peptide substrate is marked in bad. See Chapters 3, Section 3.5.2,
and Chapter 6, Section 6.7 for more information.

Substrate Kwm Kcat Keat / Kw
J (x10-3 s1) (x106  J
H3(1-15)K9me2 54 + 13 790 £ 112 14649
H3(1-15)K9Rme2a 12+1 50+ 0.6 431
H3(1-15)K9Rme2s 24+ 2 3.0+03 127
H3(1-15)K9Rme 12+3 111 908
H3(1-15)K4me3K9Ac 758 £ 269 28+ 16 38

The resulting data imply that the H3(1-15)K4me3K9Ac peptide is likely to be a poor
substrate for KDM3A. However, the actuakc.a /Kvvalue for the hydroxylation catalysis
might be different with full length histones and possibly other partner proteins that

contain the full repertoire of PTMs, as opposed to the short peptide tested here.

7.9 Screening forNBacetyllysine hydroxylation on other

WT histone derived peptides

Considering the hydroxylation activity of KDM3A on the histone H3 fragment peptide
H3(1-15)K4me3K9Ac, it was reasonable to propose that KDM3A might also react with

additional natural acetylated positions detected on histone tails.

To investigate whether KDM3A can hydroxylate acetyllysines on other histone positions,
peptides for eight reported acetylated lysine positions on histones H3 and H4 were tested
(Table 7.5). Histone H3 fragment peptides were designed based on acetylated peptide
sequences in the AltaBioscience peptide arrd§.Histone H4 derived peptides are reported

binders for the BRD4 bromodomains, they were selected for this screen to test whether

KDM3A can hydroxylate thent® Determination of the binding affinity of BRD4 to hydroxy-
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acetyl lysine vs.NBacetyllysine is described in Section 7.10. Screening assays were using

optimised conditions with 20G concentration of 25QM (see Section 7.7 2

Interestingly, although KDM3A was shown to be active according to the reaction with
H3(1-15)K4me3K9Ac, no reaction was observed for any of the tested H3 and H4 fragment
peptides (Figure 7.12). Therefore, these results appear to suggest that hydroxylation of
acetyllysines by KDM3A is sequence selective, i.e. it currentlstconly be detected for the
H3(1-15)K4me3K9Ac peptide.No reaction was observed with theH3(1-15)K9Ac peptide
(see Section 7.4.1), suggesting that activity is dependent on the K4me3 position for K9Ac
hydroxylation. Therefore, a specific combination of modifications might also be nessary

for detection of this reactionat other histone positions.

Table 7.5 Acetylated histone peptide sequences and the mark around which
they were designed . Peptides were used as potential substrates for KWIBA. Target
acetyl-residues are shown in bold.

Histone mark Peptide sequence
H3 K14Ac ARKSTGE&KAC-APRKQLA
H3 K18Ac TGGKAPRKAC-QLATKAA
H3 K23Ac PRKQLATKAC-AARKSAP
H3 K27Ac LATKAARKAC-SAPATGG
H3 K115Ac NLCAIHAKAC-RVTIMPK

H4 K5Ac SGR&KAC-GGKGLGKGGA

H4 K58Ac SGR&KAC-GGKAC-GLGKGGA
H4 K12Ac KGGKGL&KAcC-GGAKRHR
H4 K16Ac GLGKGGAAC-RHRKVLR

H4 K12,16Ac GKGL&AC-GGAKAC-RHRKYV
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Figure 7.12 Example of MALDI-TOF MS spectra from histone pepti des screen. (A)
KDMS3A hydroxylates the positive control peptide H3(-15)K4me3K9Ac. (B) Absence of
KDMS3A catalytic activity for H3(1-15)K14Ac peptide.Peptides (10 uM) were incubated
with KDM3A under optimised conditions, followed byanalysis by MALDI-TOF MS (see
Section 7.7.2). Reactions with enzyme are shown in red, controkeactions with no
enzyme are shown in blackH3(1-15)K4me3K9Ac peptide was synthesised by Dr. Richard
Hopkinson.

7.10 Probing for affinities for BRD4 and hydroxy-

acetyllysine modification

The bromodomain (BRD)is a conserved structural module in chromatin-associated
proteins and histone acetyltransferases reported to recognise acetyllysine residues on
histone tails2° As hydroxylation might be a modification of lysine acetylation,
hydroxylation of acetyllysines is likely to modulate the binding affinity of bromodonains

to their histone tails ligands.

BRD4 binds to acetylated H4 histone acetylated lysine residuesia its tandem
bromodomains BD1 and BD2? Although there was no prior evidence for KDM3A acetyl
hydroxylation at BRD4 recognised histone H4 positions (see Section 7.9), it was chosen as
a proof of principle for initial investigation to test the effect of hydroxylation on

acetyllysines on binding to bromodomains.

Comparison of the binding affinity of H4(1-20)K5,8,12,16Ac4 (acetylation only), H4(1-
20)K5ACcOH K8,12,16Ac3 (hydroxy-acetylated at Lys5, acetylated on the other lysihesd
H4(1-20)K5,8AcOH K12,K16Ac2 (hydroxy-acetylated at Lys5 and Lys8, acetylated on the
other lysines) peptides to BRD4 was tested using the AlphaScreen displacement asZaiyn
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this assay the modified peptides were titrated for displacement of a biotinylated H4(1-
20)K5,8,12,16Ac4 (acetylation only) peptide which was bound to BRDA4. dQvalues were
determined in GraphPad Prism 6 after normalisation of the AlphaScreen signal against the

corresponding no peptide controls

The acetylated H4(1-20)K5,8,12,16Ac4 peptide displaced its biotinylated peptide with an
ICso value 0f 3.9J & T fe'ee—"f —<*%aceflatedpEptide competes with biotinylated
peptide for BRD4 binding Figure 7.13 and Table 7.6). ThisICso value closely resembles
the value reported by Philpottet al. for a similar peptide Y-H4(1-20)K5,8,12,16Ac4in the
same AlphaScreen displacement assay with BRDHUC{, value of 5.4 J ).21 Competition
assays with other acetylated and hydroxy-acetylated peptides revealed that H4 fragment
peptides containing hydroxy-acetyllysine can bind BRD4. However, the more hydroxy-
acetyllysine residues are present in the peptide, the lower is the affinity for BRD4 6C
values of 19.5 and 27.31M for mono- and di- hydroxy-acetyllysine peptides respectively).
These results demonstrate that hydroxylation of acetyllysines could modulate the binding

affinity of BRD4 to its histone tails ligand positions

1501

100 1

50 1

-~ H4(1-20)K5,8,12,16Ac,

BRD4 inhibition (%)

H4(1-20)K5AcOH K8,12,16Ac,
—— H4(1-20)K5,8AcOH, K12,K16Ac,

IR

Log(Inhibitor (M))

-50 -

Figure 7.13  AlphaScreen displacement assay of BRD4 with lysine acetylated and
hydroxy-acetylated peptides . Peptides affinities against BRD4 were measured byhe
AlphaScreen displacement assay. Titrations of eachf the non-biotinylated versions of
the histone H4 peptide was used to displace the biimylated H4(1-20)K5,8,12,16Ac4
peptide for ICso determination. All measurements were conducted inriplicate and values
represent mean and standard deviation.AlphaScreen measurements were carried out by
David Zollman.
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Table 7.6 ICso values of modified peptides displacement of biotinylated pep tide
from BRDA4. Investigating the binding affinity of lysine acetyhted and hydroxy-
acetylated peptides to BRD4 using AlphaScreen disggdement assay. ICso values were
calculated in GraphPad Prism 6 after normalisatiof the AlphaScreen signal against the
corresponding controls with no peptides AlphaScreen measurements were carried out by
David Zollman.

_ 95% Confidence Intervals
Peptide 1Cso J 3
H4(1-20)K5,8,12,16Ac4 3.9 3.1-48
H4(1-20)K5AcOH K8,12,16Ac3 19.5 15.6 24.4
H4(1-20)K5,8AcOH2 K12,K16Ac2 27.3 20.2-37.0

7.11 Screening forNEacetyllysine hydroxylation on IFT

In light of the novel observation of theNBacetyllysine hydroxylation reaction and the
continued search for intraflagellar transport (IFT) substrates for KDM3A (Chapter 5), it

was envisaged to screen for activity against acetylated IFT derived peptides.

MS analyses on IFT proteins extracted from mouse testes did not detect any acetylated
lysine residues Qr. Patricia Yeyati and Dr. Holger Kramer, manuscript in preparatjon
With lack of NBacetyllysine detection, eight peptides were designed based on sequences
that were observed to interact with KDM3A, by choosing lysine residues instead of the
detected methylated lysines on IFT and also by substitution of the methyllysine positions
by acetyl lysines Table 7.7). Additional peptide, IFT81(1-15)K596Ac was designed based
on NBacetyllysine prediction by PhosphoSitePlus® (PSP) databage.

Activity assays were carriedout, with optimised conditions of 250 pM 20G (Section 7.7.2).
H3(1-15)K4me3K9Ac peptide was tested as a control for KDM3A enzymatic activity.
MALDI-TOF MS analyses implied that although KDM3A was active, no catalytic attivi
was observed for the tested IFT lysine acetylated peptide&igure 7.14).

231



Chapter 7. A putative new PTM catalysed by KDM3A

Table 7.7 Lysine-acetylated IFT peptides screened as potential subs trates for
KDM3A. Target acetylated-residues are shown in bold.
Protein Target apetylated Peptide sequence
residue
IFT74 K81 QQGLTGMKAC-TGTKGPQ
IFT81 K545 GLESNR&KAC-LEQEVRR
IFT81 K563 EALQEESKAc-YHYTNAM*
IFT81 K596 ISSDQQEKAC-RKAIREQ
IFT81 K649 LEQLMEAKAC-KQAFLKQ*
IFT81 K650 LEQLMEAKKAC-QAFLKQ*
IFT88 K71 IATGYGSKAC-TSLASSI
IFT88 K138 PASPLEAKAc-KKDSPEE
IFT88 K332 FAIGDREKAc-MKKAFQK

*All alanine residues in the peptide sequence are replacing cysteine residues in the original
protein sequence to block the formation of a disulfide bond.

Figure 7.14 Example of MALDI-TOF MS spectra of IFT peptides screen. (A) KDM3A
hydroxylates the positive control peptide H3(1-15)kime3K9Ac. (B) Absence of KDM3A
catalytic activity for IFT88(1-15)K332Ac peptide. Rptides (10 pM) were incubated for 2
h at 37°C with KDM3A (2 pM) under optimised condibins (see Section7.7.2). Reactions
with enzyme are shown in red, control reactions wih no enzyme are shown in black.
H3(1-15)K4me3K9Ac peptide was synthesised by Dr. RichHapkinson.
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7.12 Screening forNEBacetyllysine hydroxylation by a
panel of KDMs

Previous work by Hopkinsonet al. has demonstrated that KDM4E, KDM7B (PHF8) and
KDM2A (FBXL11) are unable to react with histone peptides containinly Bacetyllysine?
The work described in this section aimed to expand ik screen for additional KDMs. The
panel in these experiments included KDM6B, KDM4A and two additional KDM3 proteins
KDM3B and JMJD1C

For each KDM test, a histone peptide containing the methylated mark recognised by this
demethylase was used as a positive control. Acetylated substrate peptides were designed
such that the methylated lysine target was substituted biNBacetyllysine. Since the JIMJD1C
substrate is unknown or might not exist, the acetylated peptide used for tests was
identical to that of KDM3A. The sequences of the peptides and the corresponding

recombinant KDM for which they were tested are given iffable 7.8.

Reactions were carried out under the standard conditions with incubationot J feo0e>ei
and 10 pM peptide for two hours at 37°C (see Materials and methods, Chapter 11, Section
11.3.3, for more information). The only difference for KDM6B assays was the addition of
salt to the reaction buffer (150 mM NacCl).

Analyses were carried out by MALDI-TOF MS. For KDM6B, KDM4A and KDM3B -14 Da
shifts in the mass of the control peptide containing methyllysine, compared to theon
enzyme controls, indicated demethylation activity.No reactions were observed for the
analogue acetylated peptides when these were incubated with KDM6B, KDM4A and
KDMS3B (Figure 7.15 A-C).

Interestingly, a -42 Da shift was detected for H3(1-15)K4me3K9Ac peptide after
incubation with JMJD1C Kigure 7.15 D). This mass shift is likely to indicate that a
deacetylation reaction has taken place as the mass of an acetyl group is 42 Da. If indeed
this reaction would prove to be catalysed by JMJDI1C, it would be the first identified
substrate for this enzyme, and would be an evidence for a novel HDAC activity catalysed

by the KDM family. The apparent IMID1C deacetylation activity is descriliedChapter 8.
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Table 7.8 Recombinant KDM enzymes tested in this study, their lysine
methylated peptide target sequence and the position where acetyl modification

substituted the lysine . KDM6B was provided by Kate Dunne. KDM4A was prodidwyy
Rebecca Hancock. KDM3B and JMJD1C were providéxr bgatrine Johansson.

Enzyme Histone mark Peptide sequence
H3 K27me3 KAPRKQLATKAARMe3-SAPATGG*
KDM6B
H3 K27Ac LATKAARKAC-SAPATGG
H3 K9me3 ARTKQTARKmMe3-STGGKA
KDM4A
H3 K4me3K9Ac ART-Kme3-QTARKAC-STGGKA
H3 K9me2 ARTKQTARKmMe2-STGGKA
KDM3B
H3 K4me3K9Ac ART-Kme3-QTARKAC-STGGKA
JMJD1C H3 K4me3K9Ac ART-Kme3-QTARKAC-STGGKA

*Reaction with 21 mer peptide instead of the standat8 mer length.
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Figure 7.15 MADLI-TOF MS spectra showing screening data for NEBacetyllysine
reactivity with a panel of recombinant KDMs. (A) KDM6B, (B) KDM4A, (C) KDM3B and
(D) JMJD1C. For each protein (i) shows a positiveomtrol reaction with methylated
substrate peptide and (ii) shows the activity of thke protein for a peptide where the lysine
methylated substrate residue was substituted by adgllysine. Peptides (10 uM) were
incubated with KDMs (2 uM) for 2 h at 37°C (see Materials and methods, Chiap 11,
Section 11.3.3, for more information). Reactions wh enzyme are shown in red, control
reactions with no enzyme are shown in black.KDM6B was provided by Kate Dunne.
KDM4A was provided by Rebecca Hancock. KDM3B andDl1l@ were provided by Dr.
Catrine Johansson. H3{15)K4me3K9Ac peptide was synthesised by Dr. RichHapkinson.

7.13 Discussion

The work described in this chapter provides the first evidence of JmjC KDMs catalysed
hydroxylation of an acetyllysine residue, specifically on the acetyl methyl grouprhe
discovery was made possible by done fideapproach using knowledge gained by studies
with unnatural lysine analogues which showed various JmjC KDM catalysed reactions

with uncharged residues

The lysine analogue studies revealed that KDM3A can also react with @methyllysine
analogue (peptideGL2), and therefore is the first human KDM to be found to react with an
ether substrate. To dateO-demethylation catalysis by 20G dependant oxygenases has only
been detectedby the opium poppy enzymesthebaine 6-O-demethylase (T6ODM) and
codeine O-demethylase (CODM) which are involved in morphine biosynthesi§.As part of
morphine biosynthesis, these enzyme catalyse demethylation of the intermediate
thebaine: demethylation on one site by T60ODM produces codeinone whereas

demethylation at a second site by CODM forms oripavin€igure 7.16).
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Figure 7.16  Steps in the morphine biosynthesis in opium poppy, showing two
routes for O-demethylation of theabaine. (A) Thebaine 6O0-demethylase (T60ODM). (B)
CodeineO-demethylase (CODM}3

KDMS3A also catalysed hydroxylation reaction with a tri-alkyl lysine analogue (peptide
GL3), in a similar manner to that of the 5-methylcytosine hydroxylations catalysed by the
TET enzymes Figure 7.17).23 Both the tri-alkyl lysine analogue and theO-methyllysine
analogue are uncharged, revealing the ability of KDM3A to recognise neutral substrates.
Reaction with a tri-alkyl lysine analogue is of particular interest as KDM3A can only accept
di- and mono- methylated lysine residues as demethylation substrates and is unable to
catalyse reaction with tri-methyllysine. Sincetri-methyllysine and the tri-alkyl lysine
analogue have a similar size, it is likely that theres another reason for the lack of
reactivity of KDM3A towards tri-methyllysines. It is possible thata positive charge on a
KDMS3A substrate interferes with KDM3A catalysis rather than being required for activity
as detected with other KDMg9 A tri -methyllysine substrate might, for example, be bload
from access to the KDM3A substrate binding site due to the presence of a positively
charged residue at the entrance of the KDM3A substrate binding site. Since

dimethyllysines and mono-methyllysines can be less protonated or deprotonated, they
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could still accessthe site in this scenario If KDM3A catalytic activity is indeed dependent
on substrate charge it might be regulated by pH changes in cells with physiolodica
implications. When acid-base homeostasis in celis disrupted, KDM3A enzymatic activity
might be modified, and as a result the expression of KDM3A target genes might altét.a
low pH, such as in an acidosis state, more substrates would be protonated and KDM3A
catalytic activity might be reduced.At a higher pH state, such as in alkalosis conditions
KDMS3A might even demethylate dri -methyllysine.24 26 Therefore, KDM3A could in effect
act as a pH sensor in cells. The potential of pH regulation of KDM3A catalytic activity
requires further investigation and experimental evidence At a chemical level, the
difference between the requirements for substrate protonation between KDM3A and
other KDMs, such as the KDM4 subfamily, might be utilised in the development of selective
KDMS3A inhibitors 10

NH, NH, P NH, P NH,
N X _ X _ N
Ilki omoem . UL obee= " T L o= T L
ITI o ° ITI o ~ ITI o “ ITJ o
DNA DNA DNA DNA

5-Methylcytosine

Figure 7.17  Catalytic pathway for oxidation of 5-Methylcytosin e (5mC) as
catalysed by the TET1-3 enzymes.23

Overall, the studies with lysine analogue peptides demonstrate the versatility of reactions
that can be catalysed by KDM3A and its ability to catalyse reactions with uncharged
substrates This understanding led to reactivity tests of KDM3A with acetyllysines, which
are uncharged, that revealed a hydroxylation reaction.

The only enzyme reported to date to hydroxylate an acetyl groups cytidine
monophospho-N-acetylneuraminic acid hydroxylase (CMAH), which is a metalle
lactamase fold enzymé&? CMAHis present in most, if not all, mammals except humans, and
catalyses the hydroxylation of sialic acid found at the termini of sugar chains on the
surface of plasma membrane proteinsKigure 7.18).226 The mechanism by which CMAH
catalyses hydroxylation of an acetyl methyl group is currently unknown as there is no

structure available for this enzyme.
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Figure 7.18 Cytidine monophospho- N-acetylneuraminic acid hydroxylase

(CMAH) catalysed reaction. Substrate atoms directly involved in enzyme catalysis are
shown in red.27

Like KDM3A, CMAH is likely to be an oxygenase. CMAH is reported to be stimulated by
NADH, cytochrome b5, and NADH-cytochrome b5 reducta®e® KDM3A hydroxylation on
the other hand, appears to be dependent on 20G and'Fsuggesting that the mechanism

is probably similar to other JmjC catalysed reactions (see Introduction Section 7.7).

The hydroxylation reaction appears to be highly dependent on the combinatorial effect of
the PTMs of the H3 K4me3K9Ac sequence. Hydroxylation of K9QAc was only observed in
the presence of H3 K4me3No reaction was detected on the K4me3 control peptide, and
experiments with deuterated acetyl confirm that the hydroxylation occur on the K9 Ac.
Therefore, the H3 K4me3 position seems to be required for KAc substrate recognition
demonstrating the need in further understanding the combinatorial readout of multiple
PTMs. Interestingly, H3 K4me3 appear to also induce KDM3A demethylation efficiency
although methylation at this site was not a requirement for activity (see Chapter 3, Section
3.5.2.5).

Other JmjC KDMs are reported to have modified catalytic activity in the presence of H3
K4me3, for example KDM7B and KIAA1718 (JHDM1D). KDM7B and KIAA1718 bind H3
K4me3 via their plant homeodomain (PHD). However, the presence of this PTM on the
substrate peptides induces the catalytic activity for KDM7B but diminisés the activity for
KIAA1718 due to a different effect on enzyme conformatiott. Another example is the
KDM4 subfamily members, which are reported to have enhanced demethylation activiiy
vitro on the H3 K9 position in the presence of trimethylated H&4.32

Although KDM3A does not have a PHD finger, the protein might harbour a different
methyl-reader domain that can interact with H3 K4me3, which could have similar

characteristics to that of the Cys4-His-Cys3 zinc binding motif found in PHDhdlers33

239



Chapter 7. A putative new PTM catalysed by KDM3A

Domains prediction using NCBI Conserved Domain Database (CDD) and ExPASy Prosite
yielded the JmjC and zinc finger domains, however no similarity to other domains wa
identified.12.:34 36

Kinetic characterisation indicates that the hydroxylation ofNBacetyllysine peptides by
KDMS3A is catalysed with poor efficiency compared to demethylation of lysine and arginine
methylated peptides in the tested conditions. However, this newly discovered reactian
vitro may still have biological implications in cells. The combination of the two arks,
K4me3 and K9Ac on histone 3 is enriched in promoter regior¥sThis sequence was found

to be common in human, with an average co-occurrence of 35% for fourteen analysed cell
lines. Therefore, it is plausible that hydroxylation of K9Ac would lead to biological
outcomes influencing gene activation.

Since hydroxylation is a modification of the well-studied lysine acetylation, hydroxylation

of acetyllysines could modulate the binding affinity of bromodomains (BRDs), histone
acetyltransferases (HATSs) and histone deacetylases (HDACs). Although KDM3A catalysis
was not detected on BRD4 ligand positions, displacement experiments have demonstrated
that hydroxylation of acetyllysines could interfere with the binding affinity of BRD4 tots
histone tail ligand positions.

There are a number of enzymes reported to have preference for the H3 K9Ac position
such as the Spt7 and CECR2 BRDs, Gecn5, CBP and p300 which are HATs with a
bromodomain, and also several HDACs, such as SIRT& HDACs are classified in four
classes depending on domain organisation and sequence homology. These class@sbe
divided to two groups according to their catalytic mechanism. The majority of the
identified HDACs belong to classes I/lIl/IV which use Zhand water to directly hydrolyse

an NBacetyllysine residue#? Class Ill HDACs, however, uses NABs a co-factor, which is

... "«717—F t-O-Acdtyl-ADP Ribose and nicotineamide during deacetylation of tHé¢g

acetyllysine substrate (see Introduction, Chapter 133

Both groups of HDACs are likely to interact with hydroxy-acetyllysine. Sir5, a human HDAC
from class Il was crystallised witha peptide of histone 3 succinyl lysine 9 and act as
desuccinylase (PDB: 3RIY#. Since hydroxy-acetyllysine is a much smaller group than
succinyl lysine it seems probable that Sir5 would bind hydroxy-acetyllysine. Studiegith
Neacetyllysine analogues showd that Sir2 and Hst2 class Ill HDACand also HDACS, a
class | HDAC, can deacetylate hydroxy-acetyllysine peptid€gé These studies have
observed opposite substratepreferencefor the two groups of HDACSs: in these tests, class
Il HDACs, hydroxy-acetyllysine peptide had weaker binding (four-fold) and slower
reaction rate (three-fold) compared toNE&acetyllysine peptide. On the other hand, HDACS8
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from class | seemed to have higher affinity and faster turnover for the hydroxylateN®g
acetyllysine vs. theNBacetyllysine substrate. Whether one group of HDACs can catalyse
hydroxy-acetyllysine residue more efficiently than the NBacetyllysine substrate still
requires further investigation, however overall it seems reasonable that hydroxylation on
acetyllysines could be recognised by both groups of HDACs.

KDM3A was catalytically active only with the H3 K4me3K9Ac mark. No catalysis was
detected with any other tested H3 and H4 peptides bearing reportedNBacetyllysine
positions. No reaction was also detected for non-histone acetyllysines on peptides dexil
from IFT when these were incubated with KDM3A. It should be noted however that the
tested peptides had only the acetylation mark, it is possible that an additional mark
including a methyl group could improve substrate recognition by KDM&, as was the case
for H3 K9Ac hydroxylation catalysis. For example peptide fragment of H3 K9me3K14Ac
might be better recognised by KDM3A tham peptide fragment of H3 K14Ac. Similarlya
peptide fragment of H3 K18me3K23Ac might be a substrate for KDM3A although the
corresponding H3 K23Ac is not. An extended screen for potential acetyllysine substrates is

currently being carried out.

Recent studies discovered a rangef lysine acylation PTM<. Since KDM3A recognises
acetyllysines it is likely or KDM3A to react with additional acyl-PTMs as described in
Chapter 9. To date, KDM3A is the only KDM that was observed to hydroxylate
acetyllysines. However, tests with JMJD1C indicate on a possible deacetylation reaction

which is elaborated in Chapter 8.

One important objective of a future study would be to test for the presence ofithnovel
PTM on histones and link it with KDM3A function ira cellular context. Mass spectromeic
analyses on histones extracted from KDM3A modulated cells (knock-out, wildtype
catalytically inactive variant, overexpressed) are curredy conducted in order to confirm
the presence of hydroxy-acetyllysine in cells and to investigate whether i PTM is
KDMS3A regulated. Antibodies against hydroxy-acetyllysine should be generated and
validated. These antibodies can then be used to enrich the histone samples if the newPT
levels are below the detection limit. Cellular immunofluorescence assays can also be
developed to further investigate the hydroxylation of acetyllysines. In addition, specific
antibodies against hydroxy-acetyllysine could be utilised in ChIP-seq experiment®

decipher the localisation of this PTM and thus get an insight into its biological function.
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Chapter 8

Investigations into a putative histone deacetylation
catalysis by IMJD1C

8.1 Introduction

The demethylation activity of IMID1C (also known as KDM3C) is controversid.Similarly

to other KDM3 members, JMJID1C has a CH2C4 zinc finger domain followed by a lagu-X
Xaa-Leu-Leu (LXXLL) motif, and a JmjC domain in its sequentialBterminal region.
However, JIMJD1C is almost double in length compared to KDM3A, and is alsoelatigan
KDMS3B and Hairless (2540 compared to 1321, 1761 and 1189 aa, respectively in humans,
see Introduction, Chapter 1) The JmjC domain of IMJD1C shares only about 50% sequence
similarity with the other KDM3 members, this compares with about 80% similarity between
the validated histone JMJD1 demethylases KDM3A and KDM3B (see Introduction, Chapter
1).

Although the carboxylate facial triad residues are conserved, a number of key residues
found in KDM3A and KDM3B are different in IMJD1C. These inclad@reonine in its zinc
finger domain (Thr667), which has been observed to be important for H3 K9mel
demethylation by KDM3A3 In IMJD1C, this threonine is replacdsy an alanine3 An alanine

to threonine mutation, however, did not restore JMID1EI3 K9mel/me2 demethylase
activity in vitro.3 In its JImjC domain, JIMJD1C is missiagonserved lysine residue, involved
in 20G binding in KDM3A and KDM3B (L$259 in KDM3A and Lys1699 in KDM3B), which
is replaced by a glutamine (GI2476). The change in charge, from a positive to a neutral
residue, may result in a weaker interaction of JMJD1C with 20G. Another conserved residue
important for 20G binding in KDM3A/B isa tyrosine (Tyr1101 in KDM3A and Tyrl1541 in
KDM3B), which in JIMJD16 replaced by cysteine (Cys2317) (see Chapter 7, Section)/.6

These sequence differences likely indicate differerdo-substrate interactions for JMJD1C

Interestingly, recent structural studies of the JmjC domain in JIMJD1C reveal oxidatimin

Cys2317to a sulfinic acid following incubation with certain TCA cycle intermediatesOy.
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Catrine Johansson, manuscript in preparatipimhus, it is possible that IMJD1C utilises other
co-factors and/or substrate then KDM3AB. In addition, a putative deacetylase activity was
detectedin vitro using recombinant IMJD1C and an acetylated histone peptide (see Chapter
7, Section 7.12

8.2 Objectives

The work described in this chapter aimed to gain preliminary data as to whether IMJD1C is
responsible for catalysing apparent deacetylationof NBacetyllysine of a histone H3
fragment, an activity which was observed while screening KDMs with acetylated histone
peptides. The work aimed to probe whether the apparent IMJD1C-catalysed deacetylation
reaction is indeed catalysed by JIMJD1C itself, or bg@purified catalyst. The work included
experiments that tested the dependence of the putative deacetylation reaction on H3 K4
methylation and the known JmjC 20G co-substrate and'Feo-factor. In addition, tests with
different batches and different constructs of JMJD1C, including available JMJD1C JmjC
domain variants, were carried out The efficiency of the catalysis was tested in the presence
of various TCA cycle intermediates as putative co-substrateBhe study was then expanded
to investigate the sequence selectivity of the reaction, the possibility of other histone

sequences to be recognised as substrates for deacetylation.

All IMID1C proteins, including IMJD1C vadamereproduced by Dr. Catrine Johanssdion-
histone artificial N-terminal acetyl and H3(1-15)K4me3K9Ac peptides were synthedigedr.
Richard Hopkinson
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8.3 Testing for histone demethylation catalysis by
JMJD1C

Considering the conflicting data reported in the literature regarding the histone
demethylation activity by JIMJD10ts catalytic activity was testedin vitro using the H3(1-
15)K9me2 peptide? 3

Recombinant JIMJD 1so-2540 protein, which includes the JmjC domain and the zinc finger,
was expressed in baculovirus, and was purified using Ni-Affinity chromatography followed
by gel filtration (See Appendix 2 for analysis of IMIJD1C protein purificatiorgrotein was
produced by Dr. Catrine Johansgon

JMJD1CZ M) was incubated with H3(1-sw {¢tt '3¥'—<t% sunder standard
demethylation conditions for 2hours at 37°C Analyses were carried out by MALDI-TOF MS,
and enzymatic reactions were compared to the non-enzyme containing negative controls

(see Materials and methods, Chapter 11, Section 11.8.3

No reaction was observed by MS with thdimethylated H3 fragment peptides Figure 8.1),
demonstrating that, under the conditions tested, JIMJD1C could not demethylate this histone

H3 peptide.

Figure 8.1 MALDI-TOF MS spectra showing a lack of demethylation catalysis by
JMJID1C with H3(1-15)K9me2 peptide. JMJOC (2 puM) was incubated with peptide (10
pM) for 2 h at 37°C (see Materials and methods, Chaptdrl, Section 11.3.3, for more
information). Reactions containing enzyme are showin red, no enzyme control reactions
are shown in black.JMJD1C protein &as producedby Dr. Catrine Johansson.
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8.4 Detection of a putative deacetylation activity by
JMJD1C

KDMS3A preparations were observed to hydroxylate th&l Bacetyllysine at position K9 of the

H3 histone fragment peptide H3(115)K4me3K9Ac (see Chapter 7, Section 7.4.2
Therefore, IMID1C was tested with this peptide to explore if other JmjC proteins had similar
activity. Assay conditions were kept as described in Section 8.3. Data were analysed by
MALDI-TOF MS.

Interestingly, a two hour incubation at 37°C with IMJD1C resulted in a mass shift of -42 Da,
with a 65% peptide conversion to this product Figure 8.2). This mass shift corresponds to

a putative deacetylation, resulting in the H3(1-15)K4me3 peptide. A very small peak
corresponding to a +16 Da shift might also indicate ocahydroxylated product, however the
intensity of this peak is similar to the noise level. The assay conditions and atidnal results

are described in detail in Chapter 7, Section 7.12.

Figure 8.2 Detection of aputative deacetylation activity by IMIJD1C. Activity assays
with IMJD1C (2 uM) on H3(1-15)K4me3K9Ac peptide (1aM) performed over 2 h at37°C.
Assays were carried out under standard conditionsgee Materials and methods, Chapter
11, Section 11.3.3, for more information). (A) MALDI-DF MS spectum. Reaction
containing enzyme is shown in red, no enzyme conttoreaction is shown in black. (B)
Proposed deacetylation reaction H3(1-15)K4me3K9Ac peptide was synthesised by Dr.
Richard HopkinsonJMJD1C protein was produced by Dr. Catrine Johamsso
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8.5 Time course measurements

Time course measurements were carried out to further characterise the supposed
deacetylation reaction, and were carried out under the standard conditions described in
Section 8.3

These results show that the amount of the observed deacetylated H3(1-15)K4me3 product
peptide in the presence of a IMID1C ((®1) enzyme mixture increases in a time dependent
manner (Figure 8.3). The levels of observed deacetylated product are doubled during the
second hour (from 18% after 1 h to 38% by 2h), and then doubled again by eight hours
(76%). These results suggest that under the tested conditions the reaction rate is relatively
slow as it does not reach saturation after two hours of incubation. For comparison, KDM3A
lysine demethylation catalysis under these conditions reached saturation within minutes
(see Chapter 3, Section 3.5.1).1 KDM3A hydroxylation of acetyllysines under these
conditions was slower than demethylation, with saturation by one hour (see Chapter, 7
Section 7.7.1). Therefore, it is likely that the conditions used in these tests are not optimal
for the putative deacetylation catalysis. In addition, the observed reactivity after two hours

implies that the catalytic source for this reaction is stable under these conditions.

Figure 8.3 Time course measurements of the putative deacetylation reaction.

Measurement of the percentage observed deacetylatioas apparent by a -42 Da shift in

the mass of the H3(1-15)K4me3K9Ac peptide st J  "*ZZ' ™<ce%o <o .. —IJMIDICe ™ (_S
t J under standard conditions at 37°C. Percentage of pduct formation was calculated

as the ratio between product intensity peak and thesum of the product and substrate

intensity peaks as observed by MALDI-TOF MS spectr®ata plotted as the mean of

duplicate with standard deviation. H3(1-15)K4me3K9Ac peptide was synthesised by Dr.

Richard Hopkinson. JMJD1C proteimsproducedby Dr. Catrine Johansson.
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8.6 Investigating the dependency of the putative

deacetylation reaction on the H3 K4me3 mark

The previous chapter described work showing that the KDM3A catalysed hydroxylation of
the NBacetyllysine at position K9 of the histone fragment peptide H3(1-15)K4md89Ac
appears to be promoted by H3 K4 methylation (see Chapter 7, Section 7.4.2). It was
therefore of interest to ascertain whether the putative IMID1C deacetylation activity is also

affected by H3 K4 methylation

JMJD1C I M) was incubated with either H3(1-sw vetu { ... sr o the
corresponding H3(1-15)K9Ac sr J peptide, under the standard reaction conditions for
one hour at 37°C. Analyses were carried out by MALDI-TOF MS, and enzymatic reactions
were compared to the non-enzyme containing negative controls. Comparison of the
percentage deacetylation observed for both peptides suggests that the apparent catalytic

efficiency is similar whether the H3 K4 position is methylated or notKigure 8.4).

30 4 NS
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Figure 8.4 Investigating the dependency of the puta tive deacetylation catalysis

on the H3 K4me3 mark . IMJD1Q2 pM) was incubated with H3(1-15)K4me3K9Ac and
H3(1-15)K9Ac peptides (10 puM) for 1 h at 37°C (e Materials and methods, Chapter 11,
Section 11.3.3, for more information). Comparison fopercentage observed deacetylation
was calculated as the ratio between product intensy peak and the sum of the product and
substrate intensity peaks, as observed by MALDI-TOWS spectra. Data plotted as the mean
of duplicate with standard deviation. Statistical anaysis was carried out using a two-tailed
t-test using GraphPad Prism 6, NS denotes P > 0.433(1-15)K4me3K9Ac peptide was
synthesised by Dr. Richard Hopkinson. JMJD1C pnoteas produced by Dr. Catrine
Johansson.
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8.7 Validation of in vitro putative deacetylation by
JMJD1C

Experiments described in Section 8.4 identified a novel putative deacetylation reaction
catalysed by recombinant JMJD1{@ vitro. Subsequent experiments then aimed to probe
whether the reaction is catalysed by JMJD1C itsadf, by a co-purifying catalyst.

All experiments were carried out under the standard conditions as described in Section 8.3
unless otherwise stated. Analyses were conducted by MALDI-TOF MS, the observed shift in

peptide mass was compared to non-enzyme containing negative controls

8.7.1 Testing for co-factors dependence

As JMJD1C is a JmjC protein, its catalytic activity might be expected to be dependerkiain
as a co-factor and 20G as a co-substrate (for additional information see Introduction,
Chapter 1). To investigate whether the observed putative deacetylation reactioris
dependent on 20G and Pe experiments measuring activity with, without, and witha
different co-factor and co-substrate were carried outOther assay conditions were kept as

described in Section 8.3

35% of the H3(1-15)K4m3K9ac peptide was observed to deacetylate after two hours of
incubation under the standard conditions Figure 8.5 A). Similar amount of peptide (31%)
was converted to the dleacetylatedéform following incubation with a reaction mixture
lacking 20G, indicating that 20G is not essential for the putative deacetylation catalysis
(Figure 8.5 B). 46% of peptide was dleacetylateddnvhen incubated withareaction mixture
lacking Fe!, indicating that additional Fe'is not essential for the catalysis Eigure 8.5 O).
Fe! might even cause a mild inhibitory effect, as more peptide was converted in its absence,
however, this observation should be further investigated. Pre-incubation of the enzyme
with EDTA was carried out to chelate metal ions that could have been co-purified with the
enzyme, such as PeMn! and Zn'. A small decrease in the amount of the converted peptide
from 35% to 27% was observed followingpre-incubation with EDTA (Figure 8.5 D). More
experiments are required to define whether the responsible enzyme is metal-dependent.
Most of the apparent deacetylation was detected following incubation with Mh, indicating
that catalysis might be manganese dependent, although more experiments are required to

confirm this observation (48%, Figure 8.5 E). Interestingly, replacement of F& with Zn!
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completely abolished reaction Figure 8.5 F). Zinc might act as anallosteric Tinhibitor

through coordination to the zinc binding site (see Discussion Section 8.10).

The data suggest that the observed apparent deacetylation reactiés not dependent on
20G, oiFel, and is inhibited by Zti. The decrease in activity followed bpre-incubation with
EDTA indicates that the responsible enzyme might be metal-dependent, and the increase i

activity in the presence ofMn! suggests that this metais a candidateco-factor.
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Figure 8.5 Testing for co-factors dependence. MALDI-TOF MS data of activity assays
with IMJD1C (2 uM) on H3(1-15)K4me3K9Ac peptide (1aM) performed over 2 h at37°C.
Assays were carried out under standard conditionswith 20G (100 pM) and Fé (50 uM)
except for the specified changes (see Materials amdethods, Chapter 11, Section 11.3.3,
for more information). (A) Reaction under the stanérd conditions. (B) Reaction mixture
where 20G is absent. (C) Reaction mixture where Fds absent. (D) Pre-incubation of
JMJD1C with 3mM EDTA, followed by addition of redon mixture where Fe' is absent. (E)
Replacement of F& with Mn" (50 M). (F) Replacement of Féwith Zn" (50 M). Reactions
containing enzyme are shown in red, no enzyme comf reactions are shown in black.
H3(1-15)K4me3K9Ac peptide was synthesised by Dr. Richaogkinson. JMJD1C protein was
produced by Dr. Catrine Johansson.
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8.7.2 Probing putative deacetylation with different protein productions and constructs
of IMID1C

Experiments with different batches of recombinant IMJD1C were carried out to investigate
whether co-purifying catalyst or IMIJD1C are responsible for the observetleacetylation 6

reaction.

First, reaction was conducted with a different batch of IMJD1C, expressed using the same
construct (JMJD1Geo-2520) and purification conditions to test whether the putative
deacetylation activity is not specific for the first batch used. Both protein batches exhibited
dleacetylation 6activity as apparent by a -42 Da shift in peptide masalbeit a slightly
reduced activity for the second batch compared to the first oneF{gure 8.6 A B). Itis
known that the activities of many JmjC demethylases vary between various purifications
and therefore this observation may not be surprisingDr. Catrine Johansson, manuscript in
preparation). The reaction was also conducted with a truncated version of IMIDkZ2497,
encompassing only the JmjC domain (see Materials and methods, Chapter 11, Section 11.2.2,
for construct information). Using this construct, no mass change was observed, indting

on a lack of activity Figure 8.6 C).
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Figure 8.6 Probing putative deacetylation with diff erent protein productions and
constructs of JMJD1C. MALDI-TOF MS data of activity assays with JMJD1C ((®) on
H3(1-15)K4me3K9Ac peptide (10 uM) performed over 2hat 37°C. Assays were carried out
under standard conditions (see Materials and methosl, Chapter 11, Section 11.3.3, for
more information). (A) Reaction using baculovirus poduced His-GST-JMJD 1:@s0-2540 (B)
Reaction using a second batch of baculovirus proded His-GST-JMJD1:Gs0-2540 than that
used for previous tests. (C) Reaction using th&. coli produced njC-domain of a His-
JMJID1@is7-2497 construct. Reactions containing enzyme are shownnired, no enzyme
control reactions are shown in black.H3(1-15)K4me3K9Ac peptide was synthesised by Dr.
Richard Hopkinson. JIMJD1C proteins were producedbyCatrine Johansson.

To conclude these experiments showed that the putative deacetylation activity is observed

with different batches of recombinant JIMJD1C, albeit activity seems to change between
batches which might be due to different puritieslt is tempting to propose that the absence

of a deacetylation activity when incubating the peptide with the JmjC domain construct is

due to dependency of JIMJID1C catalysis on sequences beyond the JmjC domain such as the

zinc finger. However, another possible explanation for the lack of activity could be the
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presence of differentco-eluting proteins in the different expression systemsE. colifor JmjC
JMJID1&is7-2497 VS. insect cells for IMJID1so-2540). It should be noted that KDM3A and
KDM3B were also produced via expression in insect cells, and no deacetylase activity i
detected for these enzymes (see Chapter 7, Sections 7.4.2 and 7.R2pther difference
between the proteinsis their purification methods due to their different tags, which has the
potential to affect impurities (His-tag for JImjC JMJID3{g7.2497 VS. His-GST-tag JMJID:kés.

2540).

8.7.3 [Examination of the putative deacetylation reaction using mutation study

The JmjC domain of IMJD1C has a cysteine at position 2317, insteadofserved tyrosine4

X-ray crystallographic studies on KDM3B suggest that this conserved tyrosine might
facilitate interaction with the co-substrate 20G. Thus, a cysteine replacement might explain
the lack of 20G requirement for IMID1C (see Chapter 7, Section 7.6.4 for sequence alignment
and structural comparison). Interestingly, the thiol of this cysteine was observed to oxidise

to asulfinic acid under certain conditions Catrine Johansson, manuscript in preparatiosee

Section 8.8 for related experiments

To investigate whether the putative deacetylation reaction is catalysed by JMJD1C, rather
than by a catalyst that haato-purified with it, experiments with a C2317Y variant of JIMIJD1C
were performed. The C2317Y JMJD1C variant was purified in a similar manner as the
wildtype JMJD1C, thus it is likely that it was co-purified with similar impurities to the
wildtype.

Activity assays were carried out as described previously in Section 8Bhe resultant data
revealed that mutating Cys2317 to tyrosine in JMJD1C reduced the putative deacetylation
activity by about half (from 38% conversion t023%), but that it was still present (Figure
8.7). These results strengthen the hypothesis that the detected deacetylation is catalysed
by JMJD1C rather than by anotheto-purifying enzyme. These results also suggest that
C2317 may be important for a putative deacetylation but thais not the only residue
required for catalysis, because substituting it did not abolish activityt should be noted that
C2317Y variant does not confer demethylation activity for IMID1C, demonstrating that the
conserved tyrosine in KDM3AB is also not the only requirement for demethylation

catalysis(data not shown, Catrine Johanssgnanuscript in preparation).
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Figure 8.7 Examination of the putative deacetylation reaction using C2317Y
variant. Comparison of percentage @eacetylation6of an H3(1-15)K4me3K9Ac peptide
after incubation of either WTJM s tJ 7 =St e e TYIMIDLC svariant

t J under standard conditions, with 2 hours incubationat 37°C. Percentage of product
formation was calculated as the ratio between prodat intensity peak and the sum of the
product and substrate intensity peaks as observedypbMALDI-TOF MS spectra. Data plotted
as the mean of duplicate with standard deviation. t&tistical analysis was carried out using
a two-tailed t-test using GraphPad Prism 6, ¥ ‘- f+ $.1H3(1-15K4me3K9Ac peptide
was synthesised by Dr. Richard Hopkinson. JMJDIldfeprs wereproducedby Dr. Catrine
Johansson.

8.8 Investigation of other putative co-substrates

The work described in Section 8.7.3 suggests the importance of Cys2317 in the active sit
of IMJID1C for catalysis of its putative deacetylation reaction. In addition to these findings
recent studies have revealed thab- =hydroxyglutaric acid (D-2HG) and citrate, but not 20G,

promotes oxidation of Cys317 to sulfinic acid ©r. Catrine Johansson, manuscript in
preparation). Having confirmed that 20G is not required for the apparent deacetylation
reaction, it was envisaged to investigate whether either of the mentioned TCA cycle

intermediates can stimulate catalysis of the putative deacetylatian

JMJD1CZ M) was incubated with either of 20G (10@M) or D-2HGor citrate (100 and 500
pM) and an H3(1-sw  vefu { ... speptide for 2 hours at 37C D-2HG did not cause
an increase in the apparent deacetylation rate compared to 20Gigure 8.8). However,

incubation of the reaction mixture with either 100 or 500 uM citrate seemed to stimulate
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reaction by about 25% compared to incubation with 100uM 20G (from 38% to 47%
dleacetylation §, although the increase was not statistically significant and more repeats are

required to determine that effect .
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Figure 8.8 Investigation of other potential co-substrate dependence. Comparison
of percentage @eacetylationdof an H3(1-15)K4me3K9Ac peptide after incubation D

s tJ ™c-S $«-St"t D-2HE or titrate (100 & 500 uM) for 2 hours
at 37°C. Percentage of product formation was calculated athe ratio between product
intensity peak and the sum of the product and subsate intensity peaks as observed P
MALDI-TOF MS spectra. Data plotted as the mean ofipdicate with standard deviation.
Statistical analyses were carried out using a twoadiled t-test compared with 20G control
using GraphPad Prism 6. NS denotes P > 0.68(1-15)K4me3K9Ac peptide was synthesised
by Dr. Richard Hopkinson. JMJD1C protein was pratlby Dr. Catrine Johansso

8.9 Screening for possible deacetylation on other

histone fragment peptides

Having confirmed that theH3 K9Ac mark is @& in vitro substrate fora putative deacetylation
using the JMJD1C preparations, as apparent by a -42 Da shift in peptide mass, it was
reasonable to propose that deacetylation might also be detected with additioriglreported

acetylated positions on histone tails.

To investigate deacetylation on other histone positions, peptides for ten peptides with
reported acetylated lysine positions on histones H3 and H4 were testedl4dble 8.1).

Histone H3 fragment peptides were designed based on acetylated peptide sequences in the
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AltaBioscience peptide array. Histone H4 derived peptides are reported binders for the
BRD4 bromodomairsé As a control for selectivity, an available non-histone artificiaN-
terminal acetyl peptide was added to the screen. Screening assays were conducted under
standard conditions (see Section 8)3

The N-terminal acetyl peptide was not deacetylated, although this could be due to position
effect and a better negative control would be a peptide with KAc in the centr&igure 8.9

A). However, all the tested acetylated histone fragment peptides were observed to
deacetylate to varying degrees when incubated with JIMJD1C, the sequences containing two
f..T—>ZZ>ecefe ™t"t 11 fFigdre SOfB).1Thérefof¥ thede results appear to
suggest that although deacetylation would not occur on any-terminal acetyl peptide, the

putative IMID1C catalysed histone lysine deacetylation is not sequence selective.

Table 8.1 Acetylated peptide sequences and the mark around which they were
designed. Peptides were used as potential substrates for JM1C. Target acetyl-residues
are shown in bold. Non-histone artificial N-terminal acetyl peptide as synthesised by Dr.
Richard Hopkinson

Histone mark Peptide sequence
H3 K14Ac ARKSTGE&KAC-APRKQLA
H3 K18Ac TGGKAPRKAC-QLATKAA
H3 K23Ac PRKQLATKAcC-AARKSAP
H3 K27Ac LATKAARKAC-SAPATGG
H3 K115Ac NLCAIHAKAC-RVTIMPK
H4 K5Ac SGR&KAC-GGKGLGKGGA
H4 K58Ac SGR&KAC-GGKAC-GLGKGGA
H4 K12Ac KGGKGL&KAC-GGAKRHR
H4 K16Ac GLGKGGAAC-RHRKVLR
H4 K12,16Ac, GKGL&AC-GGAKAC-RHRKY
Artificial AC-AAAARAAAA
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Figure 8.9 Example of MALDI-TOF MS spectra of acetylated peptides in the screen.
JMJD1C(2 uM) was incubated with peptides for 2 hours at37°C (see Materials and
methods, Chapter 11, Section 11.3.3, for more inforation). (A) Incubation with a non-
histone artificial N-terminal acetyl peptide (10 pM). (B) Incubation with an H4(1-
15)K12AcK16Ac peptide (10puM). Reactions containing enzyme are shown in red, no
enzyme control reactions areshown in black. Non-histone artificial N-terminal acetyl
peptide was synthesised by Dr. Richard Hopkinson. BMJ protein was produced by Dr.
Catrine Johansson.

8.10 Discussion

The work in this chapter has documented the preliminary initial characterisation of himne
peptide putative deacetylation reactions in samples containing JMJD1C. Initial work focused
on testingfor IMJD1C histone demethylation activity and revealed no demethylation activity
under the in vitro conditions used. MALDI-TOMS based studies were then carried out in
order to gain preliminary data to identify whether JMJD1C is responsible for the observed

apparent deacetylation catalysis.

The apparent deacetylation reaction does not seem to be dependent on 20G an résing
the possibility that the reaction might be catalysed by anothecatalyst that co-elutes with
JMJID1C, rather than JMJDI1C itseMnother possibility is that JMJD1C catalysis is not
dependent on the same co-factors required for demethylation, as can also be inferteglits
low sequence similarity to other KDM3 subfamily memberdt would be interesting to test
the activity in the presence of other metals with different oxidation states. Interestingly,
addition of zinc to the reaction mixture completely abolished deacetylation. Zinc inhibition
has been previously reportedfor PHD3, a 20G dependent prolyl-hydroxylaseThis study

showed thatZn'' does not compete withFé! for the active site of PHD3but instead thatzn!
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binds to cysteines in anallosteric site ithat leads to inhibition. For further investigation, t
would be beneficial to determine the 16 for IMJD1C inhibition, as well as carrying out
kinetic characterisation to identify the type of inhibition by zinc (i.e. whether the ihibition
is allosteric or not). The apparent deacetylation activity appeared to increase following

incubation with Mn".,

A different protein batch of IMJD1C also exhibited a putative deacetylation activity, showing
that the reaction is not an artefact related to a specific batch. On the other hand, an imgri
produced in insect cells might have been co-purified with JIMJD1C in both batches: C
purification is possible, albeit unlikely, as purification involves two chromatography
columns (Immobilized Metal ion Affinity Chromatography (IMAC) followed by gel
filtration). If indeed an enzyme, for instance a HDA@p-eluted with IMJD1C through both
columns, it suggests a strong interaction between the two proteins which would also be

intriguing to study.

Interestingly, a construct preparation containing just the JmjC domain of JIMJD1C was not
active as a deacetylase. This could imply that other regions of IMJD1C, such as the aberfi
domain, are important for deacetylation catalysis, in agreement with the requiremenof

the Zn-binding domains for the demethylase activity of several KDMs containing these
domains including KDM3A, KDM5 anKDM6 enzymes38? Another hypothesis for the
abserce of activity is the different production procedures between the two constructs,
which could result in different co-eluting impurities. It would be worthwhile to express and
purify the JnjC domain of IMJD1C under the same conditions as for the longer construct (i.e.
expression with a His-GST-tag ima baculovirus system). To retest for F& dependence it
would also be desirable to producea JIMID1C construct with mutations on the conserved
His-X-Asp/Glu-Xi-His motif, however this is likely to affect the coordination of another
metal that IMID1C might be dependent on. Another useful IMJID1C variant to produce would
be GIn2476Lys, involving in 20G binding (see Introduction Sectior).1

Studies using Cys217Y variant of IMJD1C showed reduced catalytic activity, this appears
to suggest that this residue is important for catalysis. On the other hand, this diféace

could also stem from batch to batch variation of a potentially co-eluting enzyme.
Interestingly, Cys217 of JIMID1C was recently observed to undergo oxidation irasulfinic

acid in the present ofD-2HG and citrate Dr. Catrine Johansson, manuscript in preparation)
This could either be a result of a crystallographic artefact, or it could reflect a factor
facilitating the catalysis. Under the tested conditions described here, citrate was shown to

slightly stimulate the apparent deacetylation catalysis although the increase was not
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statistically significant and more repeats are required to determine that effect. Siacthe
time course measurements in the presence of 20G shesva slow reaction, it seems

plausible that another co-substrate is required for efficient catalysis.

The work was expanded to investigate the sequence selectivity of the reaction. Unlike the
acetyllysine hydroxylation catalysed by KDM3A, the apparent deacetylation activity was not
dependent on H3 K4 methylation. Moreover, putativdeacetylation was observed following
incubation of IMJD1C with the entire tested set of H3 and H4 fragment peptides. However,
no deacetylation of anN-terminal acetyl peptide was detected. The apparent lack of
deacetylation selectivity is not uncommonfor HDAC catalysis. Compared to histone
demethylases, little is known about the selectivity of histone deacetylases. Reports show
that different HDAC subtypes differ in their substrate selectivity, and that some HDACs
exhibit a very low specificity10 13

Assuming that the observed putative deacetylation described in this woris indeed due to
JMJD1C mediated catalysis, there could be several theoretical mechanisms for this catalysis.
A small peak in the MALDI-TOF MS spectra corresponding a +16 Da shift in peptide snas
might imply that the classical hydroxylation mechanism occurs prior to deacetylatian
However, data from co-factors control experiments show that an addition of 20G is not
required for deacetylation. Therefore, the conserved 20G dependent hydroxylation
mechanism might not be employed here by JMJD1C. In this scenario, IMIJD1C malysat
deacetylation by simple hydrolysis via binding and activatin of the carbonyl to make it
more susceptible to attack by a water molecule. Such mechanism does not require a co-
substrate such as 20G ao-factor such as F& On the other hand, this putative mechanism
might imply that an insect-cell hydrolase co-eluted with JIMJD1C could also catalyse this
deacetylation reaction, as no unique JmjC related properties are involveBvidence of
oxidation of the active site cysteine to sulfinic acid facilitated by citrate, and a postib
increase in dleacetylation éactivity in the presence of citrate and manganese should also be
taken into account when trying to propose a putative JMJD1C-catalysed deacetylation

mechanism.

All in all, this work has revealeda possible histone deacetylation catalysis by JMJD1C

Together with KDM3A catalysis of acetyl hydroxylations, and catalysis of another acyl

modifications by both enzymes (see Chapters 7 and 9), it seems that possible members of
the KDM3 subfamily might regulate both methylation and acylation. However, the available

preliminary in vitro results gained in this study are not sufficient to either eliminate or

validate the hypothesis that JMJD1C is the catalyst responsible for the observed
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deacetylation of histone fragment peptides. Current efforts are focesl on testing for
deacetylation in cells by immunofluorescence assay, using overexpressed JMJD1C and an
anti-acetyllysine antibody. Results from these tests are expected to be more conclusive
compared to tests with a purified protein, where impurity issues might hamper analysis
Depending on these results, a comprehensive biochemical and kinetic characterisation will

be followed to complete the data from the presented preliminary observations
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Chapter 9
Detection of a putative lysine deformylation by
KDM3A and JMJD1C

9.1 Introduction

Lysine acetylation is the most studied histone modification of the acyl-type PTMs. Oube
past decade, a substantial number of new histone lysine acylation PTMs that baveen
discovered, including lysine formylation §igure 9.1; for more information see

Introduction, Chapter 1, Section 1.4).4

(A) (B)

N N
e ¥
o) X

Figure 9.1 Lysine acylation PTMs. (A) The structure of a formyllysine residue. (B)
The structure of an acetyllysine residue

Apart from formylation of the methionine Damino group for translation initiation,
formylation of lysine is a PTM uniquely associated with histones and other nuclear
proteins.4 ¢ Formyllysines were first identified on histone H1 by mass spectrometry.
Formylation is proposed to occur as a non-enzymatic secondary modification in cetiuring
oxidative DNA damage, which may explain why formylation is only detected in nuclear
proteins.4 An alternative proposal is that lysine formylation occurs enzymatically by a

transformylase which uses formyl-tetrahydrofolate (THF), the formyl source of formyl
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methionyl-tRNA, to catalyse formylation. However, such an enzyme has not yet been
identified.” It is also important to note that silver staining protocols that use formaldehyde
can result in Hormylation of lysine residues, and therefore use of this technique should be

avoided when identifying formylation sites$

Whether lysine formylation on histonesis catalysed enzymatially or is a secondary side
effect reaction, formylation competes with other lysine modifications such as acetylation
and methylation that could have been present at that positiohThus, formylation is likely
to have epigenetic implications. Enzymethat catalyse the removal of a formyl group from
a lysine residue were only reported receny; the bacterial SrtN and the mammalian SIRT1,
both sirtuin-type HDACs, were identified as deformylases (see Introduction, Chapter 1
Scheme 1.4).10

9.2 Objectives

The work described in this chapter investigated the potential ol catalytic promiscuity of
KDM3A and JMJD1C with respect to deformylation ofN&formyllysines. Following
observations of a putative deformylation reaction on histone peptidegshe dependence of
catalysis on H3 K4 methylation status for each enzyme was investigatéthe study then
focused on KDM3A-mediated putative deformylation, testing for dependence on the JmjC
co-factors and for the possibility of other histone formyllysine sequences to be recogeid

as substrates. Further work explored whether other KDMs react with formyllysingin vitro.

JMJD1C and KDM3B wemeduced by Dr. Catrine Johanss&®M4A was provided by Rebecca
Hancock. H3(1-15)K4me3K9for and H3(1-15)K4me3K9Ac pegtidiere synthesised by Dr.
Richard Hopkinson
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9.3 Identification of a possible lysine deformylation ly
KDM3A and JMJD1C

Previous chapters have described the possibla vitro hydroxylation and deacetylationof

the histone fragment peptide H3(115)K4me3K9Ac by KDM3A and JMJD1@espectively

(see Chapter 7, Section 7.4.2 and Chapter 8, Section 8.4). JIMID1C was also observed to
catalyse deacetylation of a number of additional acetylated histone fragment peptides
(Chapter 8). Although previous work by Hopkinsoret al. has demonstrated that the JmjC
KDMs KDM4E, KDM7B (PHF8) and KDM2A (FBXL11) are unable to deformylate histone
peptides containing N &formyllysine, it was proposed to test whether KDM3A and JMJD1C

might remove this modification 11

Experiments were conducted with an H3(1-15)K4me3K9for histone peptide (10 M) and
either KDM3A or IMJD1C (2M) under the standard conditions (for more information see
Materials and methods, Chapter 11, Section 11.3.3). MALDI-TOF mass spectra were

compared with the negative controls in the absence of the enzyme.

Interestingly, an almost complete conversion to a28 Da product peak in the peptide mass
was observed following two hours of incubation of H3(1-15)K4me3K9for with KDM3A
corresponding to a possible deformylation (84% conversionFigure 9.2 A, Q. The same
product was also detected following incubation with JMJD1C, although the relative
conversion was lower when compared to the KDM3A reaction (24%igure 9.2 B). These
findings provide preliminary evidence that members of the KDM3 subfamily, and Jm|C

histone demethylases in general, show a putative deformylation activity
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Figure 9.2 Detection of putative deformylation acti vity for KDM3A and JMJD1C.
Activity assays with KDM3A (2 pM) and JMJD1C (2 pMyith an H3(1-15)K4me3K9for
peptide (10 uM) were performed over 2 h at37°C. Assays were carried out under standard
conditions (see Materials and methods, Chapter 1E5ection 11.3.3for more information).
(A) MALDI-TOF mass spectrm of H3(1-15)K4me3K9for peptide following incubationwith
KDM3A. (B) MALDI-TOF mass speatm of H3(1-15)K4me3K9for peptide following
incubation with JIMJD1C. Reactions containing enzynage shown in red, control reactions
with no enzyme are shown in black.(C) Proposed deformylation reaction. H3(1-
15)K4me3K9for peptide was synthesised by Dr. Riahaddopkinson.JMJD1C protein was
produced by Dr. Catrine Johansson.
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9.4 Investigation of the dependency of the apparent

deformylation activity on H3 K4me3

Previous chapters described a dependency of KDM3A hydroxylation of acetyllysines on the
methylation status of H3 K4, and a lack of such dependency for JMJD1C apparent
deacetylation (see Chapters 7, Section 7.4 and Chapter 8, Section 8.6). Considering these
findings, apparent deformylation activities by both enzymes was tested for their

dependerce on H3 K4 methylation

KDMS3A and JMJD1C were incubated with either H3(1-15)K4me3K9for or H3(1-15)K9for
peptide under standard reaction conditions at 37C (see Materials and methods, Chapter
11, Section 11.3.3, for more information). Analysewere carried out by MALDI-TOF MS, and

enzymatic reactions were compared to negative controls not containing enzyme

Comparison of the extent ofdeformylation dby KDM3A between both substrates suggests
that the apparent catalytic efficiency of KDM3A is stimulated when the H3 K4 position is
methylated (Figure 9.3). These data correlate with the KDM3A dependency on H3 K4
methylation for hydroxylation of H3 K9Ac (see Chapter 7, Section 7.4). The apparent
deformylation by JIMJD1C was completely abolished in the absence of H3 K4 methylation
(Figure 9.4). Interestingly, the putative deacetylation activity of JIMID1C was not dependent
on the methylation state of H3 K4 (see Chapter 8, Section B.6lote that the spectrum
presented in Figure 9.4 B for reaction containing enzyme is saturated, as the second
isotopic peak of 1589 Da which supposed to be lower than the first one appears at 100 %
intensity. Therefore all peaks, including nose, have higher intensity compared to the

spectrum of the control reaction in this figure
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Figure 9.3 Comparison between the putative deformylation activ ities of KDM3A

with H3(1-15)K4me3K9for and H3(1-15)K9for.  KDM3A(1 uM) was incubated with the
H3 peptides (10 uM) for 1 h at 37°C. Percentageileformylation éwas calculated as the
ratio between product intensity peak and the sum ofthe product and substrate intensity
peaks, as determined by MALDI-TOF MS. Data plottes the mean of triplicate with
standard deviation. Statistical analyss was carried out using a two-tailed t-test using
GraphPad Prism 6}** tTfe'—1e« 00D &3(1-15)K4me3K9for peptide was synthesised
by Dr. Richard Hopkinson.

Figure 9.4 JMJID1C dependency of a putative deformylation activ ity on H3 K4me3
methylation . JMJD1G2 pM) was incubated with the H3 peptides (1QuM) for 2 h at 37°C.
Assays were carried out under standard conditionsgee Materials and methods, Chapter
11, Section 11.3.3, for more information).(A) MALDI-TOF mass spectrm monitoring the
incubation of H3(1-15)K4me3K9for peptide with IMIDC. (B) MALDI-TOF mass speatm
monitoring the incubation of H3(1-15)K9for peptide with JIMID1C. Reactions containing
enzyme are shown in red, control reactions with nocenzyme are shown in black.H3(1-
15)K4me3K9for peptide was synthesised by Dr. Richdddpkinson. JMJD1C proteinaw
produced by Dr. Catrine Johansson.
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9.5 Testing the co-factor dependence of KDM3A

putative deformylation catalysis

To investigate whether the observed apparent deformylation reaction by KDM3As
dependent on JmjC co-substrate 20G amw-factor Fe!, experiments measuring activity

with and without co-factor and co-substrate were carriedbut.

KDM3A (1 M) was incubated with H3(1-15)K4me3K9for sr J under standard reaction
conditions for one hour at 37C, the reaction was analysed by MALDI-TOF MS (see Materials
and methods, Chapter 11, Section 11.3.3, for more information).  About5%
dleformylation dwas observed under standard conditions with 20G and Fé~igure 9.5 A).

No reaction was observed in the absence of 20Gidure 9.5 B), strengthening the
assumption that the apparent deformylation reaction is JmjC mediated and is based on 20G-
dependent catalysis. Low levels of thalleformylated 6product were observed in reaction
mixtures that did not contain Fe' (19%, Figure 9.5 C). These low levels might suggest that
KDMS3A co-purified with some iron. This co-purified iron was apparently sufficient for low
levels of a@leformylation ¢ In contrast, hydroxylation of acetyllysine by KDM3A was
completely abolished without Fe'. However, the efficiency of hydroxylation is likely to be
much lower than that of the putative deformylation and therefore low levels of activity

might not have been detectable (see Chapter 7, Section)7.8
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Figure 9.5 Testing co-factor dependence of KDM3A apparent deformylation
catalysis. MALDI-TOF MS data of activity assaysof KDM3A (1 upM) with the
H3(1-15)K4me3K9for peptide (10 uM) performed over 1h at 37°C. Assays were carried
out under standard conditions, with 20G (100 uM) ad Fe' (50 uM) except for the specified
changes (see Materials and methods, Chapter 11, §ea 11.3.3, for more information).
(A) Reaction under the standard conditions. (B) Redion in the absence of 20G. (C)
Reaction in the absence of€'. Reactions containing enzyme are shown in red, coraf
reactions with no enzyme are shown in black. (D) Aable summarising the resultant data.
H3(1-15)K4me3K9for peptide was synthesised by Dr. Richatapkinson.
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9.6 Screening for KDM3A putative deformylation of

other formylated histone fragment peptides

The N-terminal tails of a humber of variant histones are reported to contain formyllysine
sites12 To investigate whether KDM3A can deformylate these reported positions, histone

fragment peptides containing these marks were testedTlable 9.1).

Screening assays were carried out under standard reaction conditions and were analysed
by MALDI-TOF MS (see Materials and methods, Chapter 11, Section 11.3.3, for more
information). Although KDM3A was shown to be enzymaticallpctive (with respect to the
positive control experiment with H3(1-15)K4me3K9Ac), no deformylation activity was
observed with any of the tested formylated histone fragment peptidesHigure 9.6). These
results indicate selectivity of KDM3A catalysed reactions for the H3 K8lowever, since
KDMS3A putative deformylation was observed to be induced in the presence of H3 K4
methylation (see Section 9.4), a specific combination of methylation and formylation

modifications might be necessary for the deformylatiorof other histone positions.

Table 9.1 Formylated histone peptide sequences. Target formyllysine residues are
shown in bold. Peptides were designed based on rep®d formylated histone sites found
in human and mouse tissues, and were tested as substes for KDM3A12

Hist(tla\lrlteazlr;ark Peptide sequence
H1.2 K17for AAAPPAEKfor- APVKKKA
H2B K5for MPEPAKfor- SAPAPKKGS
H3 K23for APRKQLATKfor- AARKSA
H3 K18for TGGKAPRKfor- QLATKAA
H4 K12for GKGGKGL®for- GGAKRH
H4 K31for DNIQGIFKfor- PAIRRLA

273



Chapter 9.A putative lysine deformylation by KDM3A and JMJD1C

Figure 9.6 Example of MALDI-TOF MS spectra from histone peptide screen.
MALDI-TOF MS data of activity assays with KDM3A (M) on H3(1-15)K4me3K9for
peptide (10 uM) performed over 2 h at 37°C. Assaywere carried out under standard
conditions (see Materials and methods, Chapter 1Bection 11.3.3, for more information).
(A) KDM3A hydroxylates the positive control peptideH3(1-15)K4me3K9Ac under the
experiment conditions. (B) Absence of KDM3A actiwtfor the H4(24-38)K31for peptide.
Reactions with enzyme are shown in red, control reaions with no enzyme are shown in
black. H3(1-15)K4me3K%Ac peptide was synthesised by Dr. Richard Hopkinson.

9.7 Testing for NEBformyllysine demethylation by other
KDMs

Previous work by Hopkinsonet al. has reported that the JmjC KDMs KDM4E, KDM7B (PHF8)
and KDM2A (FBXL11) are unable to catalyse deformylation of histone peptides containing

N Bformyllysine.1!

The work described in this section was designed to screen other KDMs that hawdeztivity

for the H3 K9 position: KDM3B and KDM4A. For each KDM tedt a histone peptide
containing the H3 K9me2 mark (known to be recognised by these demethylases) was used
as a positive control The substrate peptide used in these tests was formylated at the H3 K9
site: H3(1-15)K4me3K9for.

Ffo.—ciee ™MEE L f7ctt o —etE” St o e—fetfrt Ltetc—ciee ™S <o
and 10 uM peptide for two hours at37°C (see Materials and methods, Chapter 11, Section
11.3.3, for more information). Analyses were carried out by MALDI-TOF MS. For KDM3B
and KDM4A, -14 Da shifts in the mass of the lysine methylated control peptide were

observed indicating demethylation activity (Figure 9.7). However, no reactions were
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observed for the analogous formylated peptides when they were incubated with either
KDM3Bor KDM4A

Figure 9.7 MADLI-TOF MS spectra showing data for the impact of recombinant
KDMs on NEformyllysine. Peptides (10 uM) were incubated with KDMs (2uM) for 2 h at
37°C (see Materials and methods, Chapter 11, Sectith.3.3, for more information). (A) A
positive control reaction in which KDM3B was incubated with H3(1-15)K9me2. (B)
Incubation of KDM3B with an H3(1-15)K4me3K9for peptide. (C) A positive control
reaction in which KDM4A was incubated with H3(1-15K9me2. (D) Incubation of KDM4A
with an H3(1-15)K4me3K9for peptide. Reactions withenzyme are shown in red, control
reactions with no enzyme are shown in blackKDM4A was provided by Rebecca Hancock.
KDM3B was provided by Dr. Catrine Johansson. HB5)K4me3K9for peptide was
synthesised by Dr. Richard Hopkinson.
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9.8 Discussion

Formylation is a recently discovered modification that adds to the repertoire of lysine
acylation PTMst Compared to the well-studied lysine acetylation, little is known about the
biological roles of lysine formylation and the factors that regulate this PTM. It is ulear
whether lysine formylation on histones is catalysed enzymatically or is a secondary side
effect reaction due to DNA damage. Nonetheless, the presence of formylation may block

other lysine modifications, and therefore has epigenetic implications.

A recent study identified two sirtuin type HDACSs that can catalyse the removal of a foriny
group on lysine residues (SrtN and SIRTijp vitro.1° The results presented in this chapter

suggest that lysine deformylation may be carried out by enzymes other than the reported
HDACs. The work described in this chapter provides the first evidence of a putative

deformylation of Nt-formyllysine residues as mediated by JmjC KDMs.

These findings strengthen the assumption that both KDM3A and JMJD1C can react with acyl
type histone modifications, and correlate with their putative catalysis of acetyllysine
hydroxylation and deacetylation (Chapters 7 and 8). However, there is also the possibility
that the apparent deformylation by recombinant IMJD1C may result from the presence of a
co-purified impurity which could catalyse both the removal of acetyl- and forml- groups.

In this case, deformylation could occur by simple hydrolysis. Such mechanism would rost
dependent on the JmjC co-factors. The putative deacetylation reaction that was observed
during incubation with IMJD1C was not dependent on 20G and!FEurther investigation
into the co-factors dependence of the putative deformylation catalysis by JIMJD1C may shed
light on the catalytic sourceof the reaction. Interestingly, reaction by both enzymes seemed
to be induced by H3 K4me3. Future screening for formylated substrates should test for

deformylation in the presence of Kme3 at the -5 position.

Putative deformylation mediated by KDM3A was observed tbe dependent on the JmjC co-
factors (Figure 9.5). Although there is no precedence for JmjC-mediated deformylation, a
mechanism for a putative JmjC-mediated deformylatioris by hydroxylation to form a
carbamic acid Gcheme 9.1). The unstable carbamic acid can then undergo spontaneous
decarboxylation to release carbon dioxide and the unmodified lysine. A +16 Da shift in
peptide mass corresponding to the formation of carbamic acid was not observed in MALDI-
TOF mass spectra. However, the half-life of such an intermediate would likely to be very

short and thus it may not be detead by mass spectrometric analyses (see Section 9.3
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NH NH,
-28 Da
H ~ H
N N
¥ Yy
07 07y
Formyl lysine Unmodified lysine

JmjC catalysis OH- -CO,
20G, O, Q—/ Decarboxylation
H-0._-0

Carbamic acid, unstable

Scheme 9.1 Proposed mechanism for KDM3A deformylati on. JmjC-mediated
hydroxylation forms a carbamic acid. The unstable arbamic acid then undergo
spontaneous decarboxylation to release carbon dioge and the free unmodified lysine
The formyl group is labelled in bold red lines

If this initial data on KDM3 reactivity with acyl type modifications presented hereinis
relevant in vivo, members of the KDM3 might regulate both methylation and acylation
marks. The observed dependency of H3 K9 putative deformylation on H3 K4 methylation
for both KDM3A and JMJD1C emphasises the combinatorial regulation between different
histone PTMs, a phenomenothat would be beneficial to further investigate for a better
understanding of the epigenetic code. Future study should also screen for additional acyl-
type modifications as potential KDM3 substratesAnother important objective for future
study is the kinetic characterisation of the new deformylation reaction. In light of the
complete apparent deformylation reaction that was observed for KDM3A mediated
catalysis under the tested conditions, itis possible that the catalytic efficiency for

deformylation might be even greater than thaof the demethylation reaction.
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Chapter 10

Summary and future prospects

10.1 Summary

&very global traveller has experienced the disorientation of being unable to speak the local
language. At present, those in the field of chromatin regulation and epigenetics are in a
similar position. Like the traveller who hears words he or she does not understand, we are
faced with observations that cannot be neatly... f =1%o ‘" <oett ™<(—S«ce '""Befger—e 't fZ«&0

etall

Histones, the basic packaging units of eukaryotic DNA, are heavily decorated with a variety

of post-translational modifications (PTMs)2 ¢ trrra —St 0Sc<e—*eF ... ‘tF S>'*—Steced
proposed, which posited that PTMs can act to form a language read by specialised proteins

to regulate the structure of chromatin, and ultimately to mediate gene expressiGH.

Although we have made an enormous progress in some aspeof®pigenetics, elucidation

of the full complexity of the control of gene expression by histone PTMs and the epigenetic

enzymes that regulate them is only now beginning to emerge.

The histone lysine demethylase (KDM) family of epigenetic enzymes remove methyl marks
from lysines on histone tails; by doing so they change the epigenetic code and regulateagen
expression; The Jumonji C domain (JmjC) family is the largest family of KDMEhe work
described in this thesis aimed to biochemically investigate the inhibitor and substrate
diversity of the JmjC KDMswhich has led to the identification of new inhibitors and

substrates and revealed a dependence between adjacent PTMs

There is an interest in developing small-molecule probes that modulate JmjC catalytic
activity to investigate their biological rolesé 5-Carboxy-8-hydroxyquinoline (I0X1) is the
most potent broad-spectrum inhibitor of JmjC demethylases reported. However, 10X1
suffers from low cell permeability.8 Chapter 2 described structure activity relationship
studies leading to the discovery of am-octyl ester form of IOX15 with an improved cellular
potency (EGovalue of 100 to4 pM) and selectivity towards the KDM4 subfamily (see
Chapter 2 Table 2.1 and 2.2). These findings were supported byn vitro inhibition and

selectivity studies,adivity versus toxicity analysesin cell cultures and intracellular uptake
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measurements. Then-octyl ester of IOX1 should find utility as a starting point for the
development of JmjC inhibitors such as branched and non-ester analogues, and aslla ce
permeable tool compound for studies investigating the roles of JmjC KDMs in epigenetic

regulation.

In Chapter 3, the production and kinetic characterisation of KDM3A, a JmjC histone
demethylase with varied physiological functions, was carried ol@RMALDI-TOF MS and FDH
coupled assays were developed for the kinetic characterisation of KDM3A. Kinetic
measurements for reported KDM3A substrates (H3 K9me2 and H3 K9mel) revealed
substrate inhibition at elevated substrate concentrations, observations which were not
described in previous reports (see Chapter 3Figure 3.13 and Figure 3.15).19 Studies

investigating the effect of H3 K4me3 on the kinetics of KDM3A H3 K9 demethylation
discovered that the H3 K4me3 mark appears to enhance the substrate inhibition, but it also
improves the catalytic efficiency of the demethylation reactions (see ChapterBigure 3.14;

Table 10.1). Results from these kinetic characterisations were then used as the basis for
subsequent comparisons between the catalytic efficiency of KDM3A for reported and novel

substrates.

In Chapter 4, TCA cycle intermediates were evaluated a®-substrate mimic inhibitors for
KDM3A KDM3A was screened against TCA cycle intermediates by 3hift measurements
using DSF as well as FDH coupleghzyme assays. g determinations were then conducted
with selected potent metabolites. The reported inhibition data reveal that TCA
cycle intermediates inhibit 20G dependent oxygenases with varying degrees of potency,
with ICso values ranging from the micromolar to the millimolar ranget! The observed data
suggest that KDM3A thermal stability was moderately sensitive to the tested metabolites in
comparison to other 20G oxygenases (see Chapter Bable 4.2). 1Go determinations
validated the inhibition at the 100 uM range by a subset of the tested metabolites (see
Chapter 4 Table 4.3). Metabolomic studies which provide concentration profiles for
metabolites in healthy and diseased tissues are now emerging, and will help in identifg

whether specific 20G oxygenases can act as metabolic sengérs.

The work presented inChapter 5 involved analyses of KDM3A potential for non-epigenetic
regulation during the formation of sperm flagellum. KDM3A is reported to be epigenetically
involved in sperm development!3 15 KDM3A is also proposed to interact with non-histone
proteins in a catalytic and non-catalytic manneté.17 Intraflagellar transport proteins (IFTs)
are proteins participating in flagella formationi8 Work by collaborators has identified lysine

methylation sites on a number of IFT proteins, and suggested a potential interaction
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between KDM3A and IFTs r. Patricia Yeyati and Dr. Holger Kramer, manuscript in
preparation). The work described in this chapter used this data as the basis for further
investigation, aiming to study this potential interaction at several levels of regulatiotunder

the testedin vitro assay conditions methylated IFT peptides were not found to be substrates

for KDM3A The FDH coupled assays revead that the presence of the dimethyllysine

residue in the IFT81 fragment peptide causes a greater inhibitory effect on KDM3A than the

tvat J “"ed tyrav J “ised..-—-<"fZ>
Chapter 5, Figure 5.8). This may indicate that methylation strengthens the interaction

between KDM3A and IFT81. The methylated form of IFT81 was therefore hypothesised to

~

corresponding non-methylated peptide (IGo

function as a competitive inhibitor. However kinetic characterisation did not find evidence

to support this proposal. Moreover, measurements of IFT81 protein levels in cells, in the
presence or absence of KDM3A, indicated that KDM3A does not regulate IFT81 protein
levels. gRT-PCR assay was developed for gene expression analyses, the results indicated
that KDM3A does not affect the mRNA expression leveatd IFT74, IFT81land IFT88 The
work was then extended to test the ability of KDM3A to recognise other potential IFT PTMs.
No activity was detected for any of the screened methylated arginine or acetylated lysine
IFT fragment peptides. Further experiments will seek to determine whether KDM3A
regulates the levelsof methylated lysines on IFT in cells using a SILAC-based M&POT
peptide arrays of IFTs stained with recombinant KDM3A could be usefinl identifying and

mapping the exact positions of the interaction between KDM3A and IFT proteiisvitro .20.21

Chapters 6 to 9 addressed the exploration of novein vitro substrates for KDM3 (KDM3A
and JMJD1C) mediated catalysis, including: methylated arginines, lysine analogues,
acetylated and formylated lysines Table 10.1). KDM3A was discovered to catalyse arginine
demethylation in vitro, although the catalytic efficiency was lower than that of lysine
demethylation (see Chapter 6 Table 6.3). Studies describedn Chapter 7 with unnatural
lysine analogues, showed various KDM3A-catalysed reactions with uncharged residues (see
Chapter 7,Table 7.1). This knowledge was then utilisedo search for novel PTM substrates
for KDM3A. The work described in this chapter provides the first evidence of JmjC KDM
catalysed hydroxylation of anNBacetyllysine residue (see Chapter Figure 7.3). The H3
K4me3 position seems to be required for acetyllysine substrate recognitioin vitro,
demonstrating the need for further understandingof the combinatorial readout of multiple
PTMs. Kinetic characterisation indicated that hydroxylation of acetyllysine-containing
peptides by KDM3A is probably catalysed with poor efficiency in comparison to
demethylation of lysine and arginine methylated peptides Table 10.1). One important

objective of future studies would be to test for the presence of this novel PTM on histones
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and link it with KDM3A in a cellular context. To date, KDM3A is the only KDM that was
observed to hydroxylate acetyllysines. However, activity tests of histone fragment peptides
containing acetyllysines with JMJD1C indicated a putative deacetylation catalysieés
Chapter 8,Figure 8.2 and Table 8.1). Chapter 8 describes preliminary data as to whether
JMJID1C is responsible for this apparent deacetylatiohhe available initialin vitro results
gained in this study were not sufficient to either eliminate or validate the hypothesis that
JMJID1C is the catalyst. Current efforts are focused on testing for deacetylation by JIMJD1C in
cells.Chapter 9 presents preliminary evidence for an additional novel acyl-PTM substrate
for KDM3A and JMJD1C; both enzymes were observed to deformylateformyllysine
residues on histone H3 fragment peptides (see Chapter Gigure 9.2). Based on the
preliminary data presented in this chapter, a mechanism for JmjC-mediated deformylation
was proposed (see Chapter 9Figure 9.8). Interestingly, H3 K4 methylation was also
observed to enhance putative deformylation for both KDM3A and JMJD1C catalysed

reactions, as in the case for H3 K9 demethylation/hydroxylation of acetyls.

Taken together, the work described in this thesis suggests that the catalytic activity of JmjC
KDMs is not limited to lysine demethylation. If the data on KDM3 reactivity proves to be
biologically relevant, members of the KDM3 subfamily might provide a regulatory link
between methylation and acylation marks. Such a link will further highlight the complex
relationships between histone PTMs and the epigenetic enzymes that regulate them. The
observed dependency of H3 K9 catalysis on H3 K4 methylation adds another layer of

complexity to the histone code.
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Table 10.1 Novel putative in vitro histone PTM substrates for KDM3A identified

in this work. Recognised histoneNt-methylated-lysine peptide substrates are marked in
bold. Apparent kinetic parameters were determined lp the FDH coupled assay except
where otherwise stated. Green highlight representshigh efficiency, yellow highlight

represents medium efficiency and red highlight repesents low efficiency. Methylated

arginine peptides were synthesised by Dr. Louise Ipvat. Acetylated and formylated

peptides were synthesised by Dr. Richard Hopkinson.

Efficiency
Substrate peptide Putative reaction Keat /K Féilz\é?;t
(106 /s
J

H3(1-15)K9me2 Lysine demethylation 14649 [l Chapter 3
H3(1-15)K9mel Lysine demethylation 29428 bl Chapter 3
H3(1-15)K4me3K9me2 Lysine demethylation 3833010 Chapter 3
H3(1-15)K9Rme2a Arginine demethylation 431 Chapter 6
H3(1-15)K9Rme2s Arginine demethylation 127 Chapter 6
H3(1-15)K9Rme Arginine demethylation 908 Chapter 6
H3(1-15)K4me3K9Ac Hydroxylation of acetyllysine 38 Chapter 7
H3(1-15)K4me3K9for Lysine deformylation ND, 84%¢e | Chapter 9

[a] Substrate inhibition at H3(1w{ eetx ... ‘e ... fe—"f—c'ee ‘7 1 xyv Kinetitfe ‘,eF" 12
parameters were calculated based on the substrate inhibition model. [b] Substrate inhibition

at H3(1-w{ eefw .. ‘e...fe—"f—<'ee 7 1 v Prelithihary kinktic pardmetes

predications were calculated by LineweaverBurk plotting for data below substrate

inhibition range. [c] Substrate inhibition at H3(Lw{ zefy eefx ...'¢. . Fe—"f—<'eoe ‘" 1 ~y ]
was observed. Kinetic parameters were calculated based on the substrate inhibition mofel. [d

Apparent kinetic parameters were determined BJALDI-TOF MS based assays [e] Percentage
conversion of substrate peptide to the product form under the standard conditions as
determined by MALDI-TOF MS based assays: KDM3A (2 uM) with an H3(1-15)K4me3K9for
peptide(10 uM), 20G (100 uM) and'H&0 uM) were incubated over 2 h at 37°C (see Materials

and methods, Chapter 18ection 11.3.3, and Chapter 9, Section 9.3, for more information).
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10.2 Future recombinant KDM3A production and assay

development

Although recombinant KDM3A is active at relatively low enzyme concentrations compared
to other KDMs, recombinant KDM3A tends to degrade over time (see Chapter 80~70 kDa
bandsin Figure 3.7).22 This degradation introduces complications with protein production
procedures and assay development. The following section summarises conclusicasd

suggestions for the development of future KDM3A-related biochemical research

As described in Chapter 3, KDM3A catalysigquires both the JmjC and the zinc finger
domains (see Chapter 3Figure 3.1). Therefore, the KDM3A construct is relatively large
(94.4 KDa) and requires production in insect cells using the baculovirus systefxpression
using baculovirus requires the useof fresh insect cells with low passage and specially
designated incubators and hoodg3 Use of theSf {rr; medium (ThermoFisher
scientific) resulted in good levels of production of KDM3A in insect cells (see Chapter 11,
Section 11.2.3.

Since recombinant KDM3A degrades over time, purification should be carried out at 4°C and
be completed as quickly as possible. The first report of recombinant KDM3A pudéition
described a five chromatography column procedure, which resulted in a large amount of
degraded protein24 In this thesis, a two column procedure, using nickel affinity and gel
filtration chromatographies, based on the procedure described by Rost alis used?s A step
gradient of imidazole is recommended to improve purification; this might also help enaél
the removal of the protease likely to be responsible for KDM3A degradation. To minimise
degradation by reducing purification time, it may be possible to carry out purification using
nickel affinity chromatography alone. If the gel filtration step is omitted, the activityof the
enzyme should be tested in the presence of imidazole. The enzyme was concentraipdo
63 uM without any observed precipitation, concentration to ~150 uM resulted in protein
precipitation (see Chapter 11, Section 11.2.3¥torage conditions may further be optimised
for example, by using high concentrations of salt (> 500mM) and glycerol (20%). After
thawing, gel filtration can be run in order to remove any aggregated protein and exchange

to the assay buffer.

Several main difficulties should be taken into account when developing assays to study
KDMS3A function. Due to the degradation of the enzyme over time, any assay development

should be designed such that all the samples are measured simultaneously, e.g. usimg a
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appropriate plate system and a multi-channel pipette, similarly to the procedure used for
kinetic measurements (See Chapter 3, Section 3.KDM3A should be defrosted as late as
possible and kept at 4°C until used. Assay development efforts faced challenges due to the
stability of recombinant KDM3A. Kinetic measurements introducing variations in £(aq)
concentrations are problematic as the current facilities are designed for gas equilibration of
one sample at a time and therefore do not allow simultaneous measurements. Assays which
required the use of a high concentration stock of KDM3A, such as fluorescence polarisation

measurements, were hampered due to protein precipitationrésults not described in thegis

Overall, future work should focus on developing a more stable KDM3A construct, or

identifying an additive, which could be a natural partner of KDM3A, to stabilise it.

10.3 Future prospects

The work described in this thesis identifed new inhibitors and substratesfor the JmjC
KDMs and revealed a dependence between adjacent PTMs (for new inhibitors see Chapter
2, Chapter 3, Section 3.6 and Chapter #r new substrates see Chapters 6-9; for data on
dependence between adjacent PTMs see Chapter 7, Section 7.4 and Chapter 9, Section 9.4).
Clearly, there are many questions to explore and possible directions for future work have
been suggestedn the discussion sections at the end of each chapter. Of particular interest

is the discovery of novel reactions catalysed by KDMBurther research should extend this

work and explore the relevance of the finding$o a biologically relevant context.

Specifically, focusing on KDM3A hydroxylation of acetyllysines, possible aims for future

investigations include

i) To confirm the hydroxylation reactionin vitro

KDMS3A mediated hydroxylationof the acetyl group on an acetyllysine histone

fragment peptide was demonstrated using deuteratedl Bacetyllysine substrate

(see Chapter 7,Figure 7.6). Additional experiments can be carried out to

validate the reactionin vitro:

a. Use of two-dimensional nuclear magnetic resonance spectroscopy (2D
NMR) to confirm the hydroxylation position by comparing the product
spectra of an enzymatic reaction with H3(1-15)K4me3K9Ac with that of a

synthetic reference peptide containing hydroxylated acetyllysine.
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b. Conduct80, experiments to unequivocally prove that the OH group is

derived from atmospheric oxygenas catalysed by KDM3A.

To decipher the biochemical basis of substrate recognition by KDM3A

KDMS3A is the first human KDM to be found to react with uncharged substrates
(see Chapter 7, Sections 7.3 and 7.4.2; Chapter 9, Section 9.3). It was
hypothesised that a positive charge on a KDM3A substrate interferes with
KDM3A catalysis since #i-alkyl lysine analogue that have a similar size to tri-
methyllysine was catalysed by KDM3A (see Chapter 7, Section 7.3). KDM3B
catalyses demethylation of H3 K9mel/2 marks but not H3 K9me3, which is
similar to KDM3Az26 KDM3B has 83% protein sequence identity to KDM3A in its
JmjC domain (see Chapter Eigure 1.11). The results presented in this thesis
suggest that KDM3B does not catalyse acetyllysine hydroxylation under the
testedin vitro conditions (see and Chapter Figure 7.15).

a. As there is no reported crystal structure for KDM3A, homology modelling
can be used to build a model of KDM3A based on the structures of other
KDMs. Comparison between a model of the KDM3A active site and the
reported crystal structure of the JmjC domain of KDM3B (PDB ID - 408D
could be carried out to investigate the reasons why KDM3A can accept
uncharged substrates but KDM3B apparently cannotFor instance,
positively charged residues unique to the KDM3A substrate binding site
might regulate substrate recognition by repulsion of positively charged
substrates.In silico simulations can then be utilised to identify key residues
candidates which may be involved in binding to H3 K9me and H3 K9Ac,
these residues could then be further investigated using site directed
mutagenesis.

b. It is of interest to investigate KDM3Bn vitro substrate scoping and compare
it with those of KDM3A. Although KDM3B did not react with an acetyllysine
histone 3 fragment peptide (see Chapter Figure 7.15), it could be useful
to thoroughly test its substrate variability experimentally by using lysine
analogue peptides, similar to the work described in Chapter 7, Section 7.3
Data from this assay might strengthen or weaken hypotheses arising from
the structural comparisons regarding the differences between KDM3A and

KDM3B substrate recognition.
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c. Testing thein vitro catalytic activity of KDM3A and KDM3B at different pH
values is of interest. If KDM3A catalytic activity is indeed dependent on
substrate charge, the catalytic activity might be regulated by pH changes in
cells which affect the substrates protonation stateA MALDI-TOF MS activity
assay could be carried out in varying pH using appropriate buffer KDM3B
catalytic activity could be tested and compared with that of KDM3A at

different pH values.

i) To investigate the dependence of KDM3Aatalysed hydroxylation of
acetyllysines on the H3 K4me3 mark

Hydroxylation of acetyllysine by KDM3A was observed with aH3(1-15)
K4me3K9Ac peptide. Hydroxylation of H3 K9Ac was only observed in the
presence of H3 K4 trimethylation.

a. Further work is needed to understand the requirement of H3 K4me3 for the
KAc reaction and understand whether it is sequence specific or general to
Kme3 at positions 4/-5 to an acetyllysine. Testing whether trimethylation
of a lysine at positions 4/-5 to that of the acetyllysine on histones might
result in KDM3A substrate recognition is of interest, since the distance
between Kme3 and KAc is the same as H3 K4me3K9Ac. For instance,
although a peptide fragment of H3 K14Ac is not hydroxylated by KDM3A, H3
K9me3K14Ac may be a substrate (see Chapter 7, Section 7.9). Similarly, a
peptide fragment of H3 K18me3K23Ac may be a substrate for KDM3A
although the corresponding H3 K23Aavas not (see Chapter 7, Section 7.9)
To investigate the sequence specificity of KDM3A alanine scanning could be
used, systematically replacing each residue in the H3(1-15)K4me3K9Ac
peptide.2” A peptide containing only alanine residues before and after the K4
and K9 positions can be utilised to rule out sequence specificity. An extended
screen for potential acetyllysine substrates across the proteome is
suggested below (Section 10.3, Subsection iv, e).

b. Measurement of the binding affinity of KDM3A to H3 K9Ac and H3
K4me3K9Ac peptides to test whether methylation on the H3 K4 position
increases the binding affinity to KDM3A. Such measurements can be carried
out, using Microscale Thermophoresis (MST) in which fluorescence is used
to monitor the motion of molecules along a microscopic temperature

gradient formed in a glass capillary, with the advantage of using a low
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sample volume28 Another possible method for binding affinity
determination is BioLayer Interferometry (BLI), which is an optical
analytical technique that analyses the interference pattern of reflected white
light due to binding between a ligand immobilized on the biosensor tip
surface and an analyte in solutiod? BLI has the advantage of being a label-
free technology. Note that a methyl-reader domain may only be created at
the dimer interface. Although specific residues required for dimerisation are
not reported, it was demonstrated that both the JmjC and the zinc finger
domains are essential for dimer formationi© To test the hypothesis that a
methyl-reader domain is created at the dimer interface, use of Isothermal
Titration Calorimetry (ITC) for binding and stoichiometry measurements
can be carried out?® Prior to this test, analytical gel filtration or analytical
ultracentrifugation should be carried out to conform the dimerisation of the
KDM83As15.1317 construct.

c. Although KDM3A does not have a PHD finget, may harbour a different
methyl-reader domain that can interact with H3 K4me3. Modelling of
KDMS3A may shed light on putative residues that are similar to that of the

zinc binding motif found in PHD domains!

To investigate whether hydroxylation of acetyllysines is a novel PTM present on

histones and study its biological function and KDM3A reqgulation ia cellular

context

a. Mass spectrometic analysis on histones prepared from KDM3A modulated
cells (knock-out, wildtype, catalytically inactive mutant, overexpressed) can
be conducted in order to confirm the presence of hydroxyl-acetyl lysine as a
novel PTM on histones and to investigate whether th PTM is KDM3A
regulated. Use ofa synthetic hydroxylated acetyllysine reference peptide
identical to the expected trypsin digest product may be used to facilitate the
identification of this PTM. Deuterated acetic anhydride caloe used to block
free lysine positions in a procedure similar to that described by Mackeest
al.32 This procedure will ensure that trypsin can only digest minines and
will result in longer, and therefore more hydrophobic, peptides which can
be better separated in the C18 LCMS column

b. Quantification of the abundancy of this novel PTM. If hydroxyl-acetyl lysines

can indeed be detected as a novel PTM on histones, nhguantification of

288



Chapter 10. Summary and future prospects

the stoichiometry of this modification should be performed. This can be
carried out using stable isotope labelling by amino acids in cell culture
(SILAC)-based methods and PITC (Edman's Reagent) similar to the
approaches used for lysine 2-hydroxyisobutyrylation and lysine formylation
abundancy quantification3334 Quantitative proteomics procedures of
histone PTMs has been thoroughly reviewed by Huarey al.35

Generation of selective antibodies against hydroxy-acetyllysine could be
very useful. Antibodies can be used to enrich the hydroxy-acetyllysine
containing peptides in digested histone samples used for proteomics
analysis if the PTM levels are below the detection limit in a similar
procedure used for histidine phosphorylation detectiorsé Cellular
immunofluorescence assays can also be developed using the new antibody
to further verify KDM3A activity. In addition, these antibodies can be utilised
in ChlP-seq experiments to decipher the localisation of this PTM and thus
gain more insight into its biological function.

Expansion of thein vitro tests to study the effects of hydroxylation on an
acetyllysine on bromodomains and histone deacetylases. Since
hydroxylation is a modification of the well-studied lysine acetylation
hydroxylation of acetyllysines is likely to modulate the binding affinity of
bromodomains (BRDs), histone acetyltransferases (HATs) and histone
deacetylases (HDACS). Displacement studies described in Chapter 7, Section
7.10 have demonstrated that hydroxylation of acetyllysines could decrease
the binding affinity of BRD4 to its histone tails ligands. Tests with additional
bromodomains should be carried out, in particular with those reported to
have a preference for the H3 K9Ac position such as Spt7 and CECR2
BRDs37:38 A collaboration with Eli Lilly is currently under way to test for the
effect of acetyllysine hydroxylation on HDAC activity. A number of zinc-
dependent HDACs have been found to recognise this modificatioBli( Lilly,
unpublished data) Further kinetic characterisation as well as tests with
NAD*-dependent HDACs should be explored.

A high throughput approach could be used to identify candidate novel
substrates across the proteome for KDM3A by designing peptides based on
post-translational modification databases such as PhosphoSitePlus and
dbPTM3940 The tested substrate peptides should contain an acetyllysine

modification and a tri-methyllysine modification at positions 4/-5 of the
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acetyllysine to resemble the H3 K4me3K9Ac substrate. Potential substrates
could also have the feversei arrangement, where the acetyllysine
modification is at position 4/-5 of the tri-methyllysine. A preliminary
search across the proteome based on the UniProt database identified
317,445 proteins with the pattern K-X-X-X-X-K, i.e two lysines which are
five residues apart, out of 553,656 proteins; more than half of the reported
proteins across the proteomet! A more narrowed search, based on the
reported PTM sites deposited on PhosphoSitePlus, found 5432 methyllysine
sites on 2978 proteins, and 46203 acetyllysine sites on 14665 proteins
(some proteins contain multiple hits)3® The combination ofa methyllysine
modification at position -5 of an acetyllysine appeared 76 times on the
search results. These hits include variants and orthologs, as well as multiple
hits on the same protein (seé\ppendix 3).3° Therefore, only about 0.2%of
the reported acetyllysine sites have a reported methyllysine at position -5.
Notably, GO annotationshave indicated that two thirds of the hits are
DNA/RNA binding proteins (22 out of 36 distinct proteins). While this
information may shed some light on the biological distribution of the Kme-
X-X-X-X-KAc pattern across the proteome, it may also reflect a bias in the
database towards this type of proteins. Future work could involve the
synthesis of these potential substrate peptide fragments arid vitro KDM3A
activity screen to determine whether any of these are substrates / binders
SPOT peptide arrays could be utilised to generate a peptide library at the
scale of thousands of peptide®:21.42 Therefore, SPOT arrays can facilitate
the screening of all possible substrates, including those with- S fevérsei
arrengment of an acetyllysine preceding a methyllysine and those with 4 -
distance between the two PTMs to provide a comprehensive peptide library
for screening as potential substrates / bindersThis library would then be
incubated with KDM3A underin vitro reaction conditions, and the detection
of potential novel substrates for KDM3A can be achieved usiregreaction
product selective antibody (ie. hydroxy-acetyllysine antibody). If binding
assays to KDM3A are employed, anti- Hisag antibody can be utilised. It
should be noted that the reported dissociation constant (¥ values for H3
K9me0/1/2 peptides are in the single-digit micromolar range, however
affinities may vary between different substratesl® Another potential

method to detect enzymatic reactions could be using peptide arrays is by
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Telf-Assembled monolayers with Matrix-assisted laser Desorption-
lonization i((SAMD) mass spectrometry, similarly to the procedure used by

Gurard-Levinet al.to study the specificities of histone deacetylases.

In addition to studying KDM3A hydroxylation of acetyllysines, a number of additional

investigations could be carried out following the findings of novel reactions for KDM3

described in this thesis. These include:

The promiscuity of KDM3A could be further explored by testing its reactivity with
other residues and acyl-type modifications. It is finterest is to test whether KDM3A
can hydroxylate isobutyryl-lysine to form the lysine 2-hydroxyisobutyrylation
(Khib), which has been identified by M& Another interesting substrate to test
would be an H3 K9 peptide where the lysine is replaced with methionine. The H3
K27M mutation is prevalent in a subtype of aggressive paediatric brain canceend
the H3 K9M variant has been reported to be recognised by KDM3B46

Chapter 8 describes a putative histone deacetylase activity for KDM3C, a KDM with
no apparent demethylase activity, Deacetylation is an unprecedented activity for
20G oxygenase®:4 Current efforts are focused on testing for deacetylation in cells
by an immunofluorescence assay, using overexpressed JMJD1C and an anti-
acetyllysine antibody.

Chapter 9 describes KDM3A/3C (but not KDM3B) catalysed deformylation. While
the biological functions of formyllysines are still unclear, no human deformylase
have been identified to date; hence this may be of great importance if the activity
was validated in cellular context. Future screening for formylated substrates should

test for deformylation in the presence of Kme3 at thed4/ -5 position.

Overall, the work described in this thesis has identified the potential of JImjC KDMs to

catalyse reactions beyond lysine demethylation and open many possibilities for further

discoveries on the function of JmjC oxygenases
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Chapter 11

Materials and methods

11.1 Chemical procedures

11.1.1 General experimental

Reagents solvents and commercial peptides Reagents and solvents were, unless
otherwise stated, from Sigma Aldrich, Alfa Aesar or Acros. Solvents were removed under
"Ft— . 1T U Fee—"1 — oo %oevaporatar. SMatet wag purified using an Elix UV-

10 system. H3(1-15)K4me3K9me2, H3(1-15)K9me2 and H3(1-15)K9mel peptides were

commercially synthesised at >95% purity and purchased from GLBiochem.

Analytical thin layer chromatography (TLC) was carried out on Merck silica gel 60 F254
aluminium supported thin layer chromatography sheets. Visualisation was by absorption of
UV light (" max 254 nm).

Flash Column chromatography was carried out using a Biotage SP1 automated flash
column chromatography platform, eluting with indicated solvents under a positive pressure

of compressed air.

Melting points were determined using a Leica Galen lll hot stage melting point apparatus

and microscope.

Infrared spectra were obtained as a thin film on sodium chloride discs. The spectra were
recorded on a Bruker Tensor 27 spectrometer and a representative number of absorption

maxima are reported in wavenumbers (cnt).

1H NMRspectra were recorded using a Bruker DPX400 (400 MHz) using deuterochloroform
or DMSOds as a reference for internal deuterium lock. The chemical shifts data are given as
@n units of parts per million (ppm) relative to tetramethylsilane (TMS) where TMS) =
0.00 ppm. The multiplicity of each signal is indicated by: s (singlet); app. br(apparent
broad singlet); d (doublet); t (triplet); q (quartet); dd (doublet of doublets); ddd (doublet of

doublet of doublets); td (triplet of doublets) or m (multiplet). The number of protons (n) for
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a given resonance signal is indicated by nH. Coupling constan@sdre expressed in Hz and
are recorded to the nearest 0.5 Hz. Coupled proton coupling constant} &re averaged and

reported to the nearest 0.5 Hz.

13C NMRspectra were recorded using a Bruker AV400 (101 MHz) spectrometer using the
PENDANT or DEPT Q pulse sequences with broadband proton decoupling and internal
deuterium lock. The chemical shift valuesf each signal are given a€dn units of parts per
million (ppm) relative to tetramethylsilane (TMS) where @ (TMS) = 0.00 ppmtH and13C
spectra were assigned using 2D NMR experiments including COSY and HSQC.

Mass spectra were acquired on Agilent technologies 6120 quadruple LC/MS spectrometer
using electrospray ionisation, operating in positive or negative mode, from sample solutien
in MeOH.m/z values are reported in Daltons and followed by their percentage abundance
in parentheses. High resolution mass spectra (HRMS) were recorded usiagBruker

MicroTOF machine internally calibrated with polyalanine.

11.1.2 Synthetic procedures and characterisation for compounds

8-Hydroxyquinoline-5-carboxylic acid (1) 1

O+~_OH
X
P
N
OH

Acrolein (550 mg, 0.65 mL, 9.81 mmol, 1.5 eq.) was added dropwise over 30 min to a
solution of 3-amino-4-hydroxybenzoic acid (1.0 g, 6.54 mmol, 1.0 eq.) in 6 N HCI. The
reaction mixture was refluxed at 100 °C for 2 h in a 50 mL round bottom flask fitted with a
jacketed water condenser. Upon completion of the reaction based on TLC analysis, the
reaction mixture was allowed to cool to room temperature and the pH was adjusted to pH
9 with agueous ammonia. The mixture was then filtered and the filtrate was acidified to pH
4-5 with 10% aqueous acetic acid. The resulting precipitate was obtained by filtration,
washed with water (10 mL) and dried in vacuo to yield the desired product as a brown
powder (642 mg, 3.40 mmol, 52%). R= 0.35 (CHCL / MeOH (3:1)); m.p. 272-273 °C
(decomposition) (Literature value: 278-280 °C}; 1H NMR (400 MHz, DMS@s) G=7.13 (1

H, d,J= 8.0 Hz, C(Af), 7.70 (1L H, ddJ= 8.5, 4.0 Hz, C(AH), 8.25 (1 H, dJ= 8.0 Hz, C(A),
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8.92 (1 H, ddJ= 4.0, 1.5 Hz, C(AH), 9.47 (1 H, dd,J= 8.5, 1.5 Hz, C(AH) ppm; 13C-NMR
(101 MHz, DMSQ8s) G= 111.0 [Ar)), 117.2 (QAr)), 124.1 (QAr)), 128.9 (JAr)), 134.4
(Q(A), 135.3 (QAr)), 139.1 (QAr)), 149.0 (QAr)), 158.7 (QAr)), 168.5 (Q00) ppm; FT-IR
$ max 3210 (OH), 1684 (C=0) crt; LRMSm/z (ESI) 191 ([M+2H] 2+, 100%); HRMS (ES)
calculated for GoHsNGO; ([M-H]-): 188.0353; found: 188.0351. These data are consistent
with those previously reported !

n-Butyl 8-hydroxyquinoline-5-carboxylate (4)

o O~

OH

A solution of 1 (100 mg, 0.53 mmol) inn-butanol (10 mL) and one drop of concentrated
H.SQ was refluxed at 120 °C for 21 h in a 50 mL round bottom flask fitted with a jacketed
water condenser. Upon completion of the reaction, based on TLC analysis, the reaction
mixture was neutralised with 20% aqueous NaOH and excessbutanol was removed in
vacuo. The residue was dissolved in ethylacetate (EtOAc, 10 mL), washed with sat. NaHCO
(aq) (10 mL) and water (2 x 10 mL)), dried overNaSQ and concentrated in vacuo. The
resulting brown gum was purified by flash silica gel chromatography (gradient elution 2-
50% CHCL in cyclohexane ¢Hex)) to give4 as a sand-yellow solid (33 mg, 0.14 mmol,
25%). R = 0.30 (EtOAc cHex (1:1)); m.p. 76.5-77.7 °GH NMR (400 MHz, CDg)l G= 1.01
(3H,t,J=7.5Hz, ), 1.39 - 1.63 (2 H, m,I&CH;), 1.68 - 2.02 (2 H, m, &CHCH;), 4.38 (2

H, t,J= 7.0 Hz, €,CHCHCH), 7.17 (1 H, dJ= 8.0 Hz, C(A), 7.59 (1 H, ddJ= 9.0, 4.0 Hz,
C(Ar)H), 8.36 (1 H, dJ= 8.0 Hz, C(Aii), 8.81 (1 H, dd,J= 4.0, 1.5 Hz, C(AH), 9.52 (1 H, dd,
J=19.0, 1.5 Hz, C(ABl) ppm; 13C NMR (101 MHz, CDCI3{5= 13.8 (Hs), 19.4 (CH.CH),
30.9(CH.CHCH), 64.7 (QCH,), 108.6 (Q(Ar)), 116.9 (QAr)), 123.4 (QAr)), 128.0 (Q(AN)),
133.7 (Ar)), 135.4 (Ar)), 137.9 (QAN), 147.8 (((Ar), 156.5 (OAr)), 166.4 (COO0) ppm;
FT-IR $ mac 3200 (OH), 2959-2873 (CH), 1693 (C=0) cr; LRMSm/z (ESI*) 246 ([M+H]*,
100%); HRMSm/z (ESI*) calculated for G4HisNGs*, [M+H} = 246.1125; found [M+H} =
246.1121.
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n-Octyl 8-hydroxyquinoline-5-carboxylate (5)

OH

A solution of 1 (100 mg, 0.53 mmol) inn-octanol (10 mL) and one drop of concentrated
H.SQ was refluxed at 120 °C for 20 h in a 50 mL round bottom flask fitted with a jacketed
water condenser. Upon completion of the reaction based on TLC analysis, the reaction
mixture was neutralised with 20% aqueous NaOH. Excemsoctanol was removed by rotary
evaporation at 70 °C and 15 mbar. The residue was further purified by flash silica gel
chromatography (eluting with 6 column volumes oftHex followed by gradient elution with

0 to 100% CHCL in cHex) to giveb as a light-yellow solid (39 mg, 0.13 mmol, 25%). R
0.40 (CHCL / MeOH (19:1)); m.p. 82.0-84.1 °GH NMR (400 MHz, CDg)l G= 0.89 (3 H, t]

= 6.5 Hz, €l3), 1.24 - 1.56 (10 H, m, G¥CH,)s), 1.76 - 1.90 (2 H, m, COO@HH,), 4.37 (2 H,

t, J= 6.5 Hz, COQ), 7.18 (1 H, d,J= 8.5 Hz, C(A{), 7.59 (1 H, ddJ= 8.5, 4.0 Hz, C(AH),
8.36 (1 H, dJ= 8.5 Hz, C(A), 8.81 (1 H, ddJ= 4.0, 1.5 Hz, C(AH), 9.52 (1 H, dd,J= 8.5,
1.5 Hz, C(ArH) ppm; 3C NMR (101 MHz, CDCI3)G= 14.1(CH3), 22.7 (CHCH.), 26.2
(COO(CH)2CHy), 28.8 (COOCHH,), 29.2 (COO(CH4CHz) , 29.3 (COO(ChHisCH,), 31.8
(COO(CH)sCH,), 65.0 (CO@H,), 108.6 (Ar)), 116.9 ((Ar)), 123.4 (OAr)), 128.0 (QAr)),
133.7 (QAN), 135.4 (QAr)), 137.9 (QAT)), 147.8 (QAT)), 156.5 (QAr)), 166.4 (COO) ppm;
FT-IR $ max 3297 (OH), 2857-2955 (C-H), 1702 (C=@m’t; LRMSm/z (ESI*) 302([M+H]",
100%); HRMSm/z (ESI*) calculated for GsH24NGs +, [M+H} = 302.1651; found [M+H} =
302.1744.
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(Pivaloyloxy)methyl-8-((pivaloyloxy)methoxy)quinoline-5-carboxylate (7)

Toamixture ofl Srr s% & rawu se'Za sar t“a feot ...SZ2'"'et-S>Z "<"fZf-1 vy
1.0 eq.) in a mixture of acetone / dimethylformamide (1:1, 10 mL) was added & (54 mg,
0.53 mmol, 1.0 eq.). The mixture was refluxed at 50 °C for 3 h, whereupon a small amount
of precipitate was formed. The precipitate was filtered and washed with acetone (20 mL).
The filtrate was evaporated and the residue was partitioned between 5% w/w aqueous
NaHCQ (30 mL) and EtOAc (20 mL). The organic phase was collected, dried over MgSO
and concentrated in vacuo. The residue was further purified by flash silica gel
chromatography (gradient elution of 0 to 40% EtOAc itHex (15 column volumes) followed

by 5 column volumes of 40% EtOAc inHex) to give7 as a yellow oil (52 mg, 0.13 mmol,
24%). R = 0.45 €Hex / EtOAc (3:2));tH NMR (400 MHz, CD)l G=1.22 (9 H, s, (83)3), 1.25

(9 H, s, (Bl)3), 6.07 (2 H, s, OG0), 6.16 (2 H, s, GGO), 7.32 (1 H, dJ= 8.0 Hz, C(AH),
7.60 (1 H, ddJ= 9.0, 4.0 Hz, C(AH), 8.38 (1 H, dJ= 8.0 Hz, C(A}), 9.01 (1 H, dd,J= 4.0,
1.5 Hz, C(ArH), 9.47 (1 H, ddJ= 9.0, 1.5 Hz, C(AH) ppm; 13C NMR (101 MHz, DMS@;) G

= 26.5 (2x(CHs)3), 38.3 (QCHy)s), 38.4 (O(CHy)s), 80.0 (ACH-0), 85.4 (@H.0), 111.3 (JAr)),
118.4 (QAr)), 123.7 (JAr)), 127.9 (QAr)), 132.7 (QAr)), 133.4 (JAr)), 139.5 (QAr)),
150.0 (Q(Ar)), 156.6 (QAr)), 164.0 (C(5)000), 176.3 QOC(CH)3), 176.5 (COC(CH)s) ppm;
FT-IR $ mac 2975 (C-H), 1725 (C=0) cry LRMS/z (ESI*) 418 ([M+H]*, 100%); HRMS3n/z
(ESH) calculated for GoHayNOy+ [M+H]* = 417.1787; found [M+H} = 417.1801.
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11.1.3 Peptide synthesis

Synthesis was carried out by standard solid phase peptide synthesis (SPPS) using
fluorenylmethyloxycarbonyl (Fmoc) - protected amino acids, 1-hydroxybenzotriazole
(HOBt) and diisopropylcarbodiimide (DIC) as activating reagents at a 1:1 ratio, and
piperidine as Fmoc deprotection reagent. Peptides were either synthesised using a Multipep
peptide synthesis machine (Intavis AG Bioanalytical Instruments, Germany) for screening
proposes or the Liberty Blue automated microwave peptide synthesiser (CEM Corporation,
USA) for kinetic studiesPeptides used for screening assays were not purified. All syntheses
were carried out in dimethylformamide (DMF). StandardN=Fmoc-protected amino acids
amino acids were purchased from Novabiochem or CS Bio, and modified amino acids (such
as methylated residues) were purchased from GL Biochem, except for deuterated
acetyllysine which was synthesised in the labRoman Bellg. All peptides were synthesised
asCGterminal amides. Fmoc-protected amino acids were loaded either on a Tentagel S-RAM
resin (Multipep) or on a Rink Amide MBHA resin LL as described.After synthesis was
completed, the resin was removed from the synthesiser, washed 4 x with
dichloromethane (DCM) and dried overnight in a vacuum desiccatolPeptide sequences

are given in the individual relevant chapters.

11.1.3.1Peptide cleavage and HPLC purification

Peptide cleavage and HPLC purification were carried out as described by Walpeital3
Cleavage of the peptides from the resin was achieved by incubation for three hours with
trifluoroacetic acid (TFA):triethylsilane (97.5:2.5), which also removed the side-chain
protecting groups. The peptide was precipitated with diethyl ether from the cleavage

mixture and the resultant solid dissolved in MilliQ water and lyophilized overnight.

Preparative HPLC for peptide purification was carried out using a Jast€ Net Il /
ADCHPLC usingaGrace/Vydac 218GCC1520 column (C18, I® uM, Prep Guard Cartridge
10x20mm). Peptides were purified using water (0.1% TFA) and acetonitrile (0.1% TFA) as
solvents, and the typical purification gradient for peptide purification was 520%
acetonitrile in water. Peaks were detected at 220 nm and collected automatically, and the
mass and purity of the fractions were confirmed by MALDI-TOF MS. Fractionsntaining
purified peptide (> 95% purity) were pooled and lyophilised in 50 mL Falcon tubes.

Peptides were stored either as lyophilised solids or as solutions in water at -80°
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11.2 Biological procedures

11.2.1 General experimental

11.2.1.1 pH measurements

pH measurements were made using a Hanna Instruments HI 9321 microprocessor pH
meter fitted with a 5 mm diameter electrode. Before use the probe was calibrated in either
the rangeof pH 4-7 or pH 7-10, as appropriate, using standard calibration solutions (Fisher
Scientific) and stored in 4 M KCI solution between uses. pH of solutions was adjustedhwit

stock solutions of HCI or NaOH as necessary.

11.2.1.2SDS-PAGE gel electrophoresis

NuPAGE Novex Bis-Tris Precast gels (4-12%, 1 mm, 15 well, Life Technologies) were
used for SDS-PAGE gel electrophoresBBamples were prepared for loading in NUPAGE
Lithium Dodecyl Sulfate (LDS) Sample Buffer (4 x, Life Technologies), supplemented with
srr J  t«—S<' —$DTHR-and run in NuPAGE MES SDS Running Buffer (20 x, Life
Technologies) Coomassie staining was carried out using Pierce Coomassie Brilliant Blue R-

250 (Thermo Scientific) according to the manufactureii protocol.

11.2.1.3Western blot

Proteins were transferred onto a nitrocellulose membrane (0.2 ‘"1 e<eta ¢)<—""% 7t
using an iBlot Gel Transfer Device (Invitrogen), program P2 for 6 minuteShe «fe, " f 1t

™fe —_Ste 7' .. ettt 7" sx S ™Mc—S wr” ff Z'..e Tf%fe— f"..e <ZZ<
washing (3 x 5 min, PBS-T) primary antibodies (specified in the dividual relevant

chapters) were added to the membrane and incubated for 1 h (room temperature, shaking).

The membrane was washed again (3 x 5 min, PBS-T) and secondary antibodige¢#ied in

the individual relevant chapters) were added before incubating (1 h, room temperatute

dark, shaking). Following 3 further washes, the membrane was imaged on an Odyss€y x

Infrared Imaging System (LI-COR fet fefZseft —ece%o of %t (LFCOR). ;e =™ "1
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11.2.1.4Plasmid purification

The plasmid was transformed intoE. coliXL10 Gold cells (Stratagene). The transformed

cells were grown on a LB Agar plate supplemented with the appropriate antibiotics. A single

colony from the plate was used to inoculate 10 mL 2TY medium‘'€—f <e<e %o f''""""<f—1%
fe—c,<'=c.. fof ™Mfe coi— f—FT ‘"f"ec%S— ttr "’e eSfece%da uy + a tr
purified using a Fermentas GeneJEY Miniprep or Maxiprep kit, according to the

sfe—"f .. ——"%"ie 7. Z4
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11.2.2 Plasmids and protein constructs

Plasmids used in this study are described ifable 11.1.

Table 11.1 Plasmids used in this study and their or igins.
Encoded Vector Tag Antibiotic Use Source
human protein (N- resistance
terminal)
KDM4A; 1,064 PCDNA3-N- FLAG Ampicillin Mammalian Prof. Yi
FLAG-LIC cell Zhang
expression | University
of North
Carolina at
Chapel
Hill.4
H118A catalytic | PCDNA3-N- FLAG Ampicillin Mammalian Prof. Yi
inactive variant | FLAG-LIC cell Zhang,
of KDM4A 1,064 expression | University
of North
Carolina at
Chapel
Hill.4
Full length PCDNA3-N- FLAG Ampicillin Mammalian Prof. Yi
KDMBS3A; 1321 FLAG cell Zhang,
expression | University
of North
Carolina at
Chapel
Hill.5
H1120Y catalytic| PCDNA3-N- FLAG Ampicillin Mammalian Prof. Yi
inactive variant FLAG cell Zhang,
of KDM3A 1321 expression | University
of North
Carolina at
Chapel
Hill.5
KDM3As15 1317 pFB- Hiss Ampicillin Production | Structural
CT10HF- in Genomics
LIC baculovirus | Consortium
(SGC)
Oxford
University.6
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Human recombinant isolated proteins used in this study are described ifiable 11.2.

Table 11.2 Recombinant proteins used in this study and their s ources.

Tag
Protein (N- Source
terminal)
KDM3As1s His Professor Christopher J. Schofield (CJS) grqo@xford
1317 ° University.6
KDM3Bss2-1761 Hise SGCOxford University
HiSe-
IMID1Ge0- Glutathione SGC, Oxford Universit§.
2540 S-transferase
(GST)
JmjC
JMID16is7. Hise SGC, Oxford Universit§.
2497
KDM4A; 359 Hiss CJS group, Oxford University.
KDM4C Hiss CJS group, Oxford University.
KDM6Bi141 , : :
590 (IMJID3) Hiss CJS group, Oxford University
KDM7B; 447 _ CJS group, Oxford University.
(PHF8) Hiss

11.2.3 KDM3A expression and purification

KDM3As1s.1317Was produced as arN-terminally Hiss-tagged protein in Sf9 insect cells using
the Bacio-Bac® baculovirus expression system (Invitrogen) based on the procedure
described by Roseet al® DNA encoding for the catalytic domain of KDM3A, comprising
residues T515 through S1317, was cloned into the pFB-CTHF10-LIC vector. The resultant
plasmid was transformed into the DH10bac vector. The resultindacmid twas transfected
into Sf9 cells grown inSE {rr; ettc—e Strer +S1t” toproducethe S11

baculovirus. P2 virus was used to generate protein at a large scale, expression occurring
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over 72 hours. Sf9 insect cells were harvested and lysed (50 mM HEPES-KOH pH 7.5, 300
mM KCI, 10 mM imidazole and 5% glycerol,.. *’Z3—1%; - free Protease Inhibitor
Cocktail; Sigma-Aldrich0.2 mg/mL DNAse I; Roche); homogenate sample was collected. For
optimal purity and catalytic activity, the protein was kept at 4°C during purification and the
procedure be completed within a day. The lysate clarified by high speed centrifugation
(56000xg for 45 minutes), pellet and supernatant samples were collected. The protein was
then purified by Ni-Sepharose (GE Healthcare) by batch binding. For protein binding, beads
were incubated with lysate at slow rotation for 60 min. Supernatant was removed and beads
were loaded into column and washed using 20CV of Wash 1 buffer (50 mM HEPES-KOH pH
7.5, 300 mM KCI, 5% glycerol and 10 mM imidazole), followed by 4CV of Wadtuffer (30

mM imidazole). Protein was eluted with 5CV of elution buffer (250mM imidazo)eFractions
containing protein were pooled and purified by gel filtration on a HiLoad 16/60 Superdex
200 column (GE Healthcare) equilibrated with 20 mM HEPES-KOH pH 7.5, 300 mM KCI and
5% glycerol. Fractions containing protein from gel filtration were pooled and concentrated

to 63 uM (concentration to ~150 UM resulted in protein precipitation), aliquoted, then

rapidly frozen in liquid nitrogen and then stored for long term at 80°C.

11.2.4 Mammalian cell culture procedures

11.2.4.1 HelLa cell culture

All procedures were carried out in a Class Il Biological Safety Cabiner (Nuaire Nu 437-400E).

The human cervical carcinoma Hela cell line was from the American Type Cultures

ZZ% .t 4 fefeefea fot o—mZ——7"%% <o —Z.%.. .. i

(DMEM; Invitrogen Gibco Cell Culture Products, Carlsbad, CA) supplemented with 10% fetal
calf serum (FCSInvitrogen), 1% Glutamax (Invitrogen) 6 and 1% penicillin-streptomycin
(Lonza). Cultures were kept at 37°C in a humidified atmosphere of 95% air and 52803.
Cells were detached from the culture flask with a solution of 0.05% trypsin and 0.02%
Ethylenediaminetetraacetic acid (EDTA; Sigma) and then washed and suspended in

complete culture medium with 10% FCS.

Passaging Hela cells: The medium was removed from the cells via aspiration and cells
were  washed with  phosphate-buffered saline (PBS). 0.25%  Trypsin-
ethylenediaminetetraacetic acid (EDTA) was added and the cells incubated (3%&, 37°C)
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until cells were released from the surface of the plate (approx. 3 min). Cells were then gently
resuspended in fresh medium, before transferred to new plates containing fresh pre-

warmed medium.

Cell Storage: Cells were frozen in DMEM containing 20% FBS and 10% DMSO and stored in
a-80°C freezer for short term storage (less than 1 year) and in a liquid nitrogen dewar for

longer term storage.

Transfection: Transfection was carried out with cells at ~50% confluency as judged using
a Motic AE20 (Ted Pella) microscopeCells were transiently transfectadth plasmid DNA
using DNA stock solution and FugerteHD (Promega) diluted in OptiMEM minimal medium
(Life Technologies) f ... ... tce%o —¢ ...t fIDNAfPtranSiction and transfection
reagent were separately diluted in OptiMEM and incubated at room temperature for 5 min.
The two reagents were then mixed and left at room temperature for 10 min to give a final
e Fe="f—<te T orart Bugenk® HD* DNA ratio of 1:3. The medium on cells
in the 96 well plates was replaced and the DNA-FugehélD «*Z ——<‘s w J  ftttt —* Ff..°¢

appropriate well and mixed thoroughly.

11.2.4.2Viability analyses in HelLa cells

Antiproliferative  activities of compounds were determined using 5¢3-
carboxymethoxyphenyl)-2-(4,5-dimethylthiazolyl)-3- (4-sulfophenyl)te trazolium, inner
salt (MTS) assay! HelLa cells were seeded into 96-well plates (2000 cells/well) and
cultured at 37°C for 24 h to achieve 70% confluency. Subsequently, the medium was
replaced with DMEM medium containing the tested compounds in different concentrations
of 1-300 M in 1% DMSO. Staurosporine in 0.03-1BM final concentration was used as a
control for cytotoxicity. After 24 h of treatment, the medium was replaced with CellTiter
96® Aqueous One Solution Reagent (Promega) and incubated for 4 hs{@lues were
calculated in Prism 6 software after normalisation against corresponding 1% DMSO treated

cells and 1% DMSO in media (no cells) controls.
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11.2.4.3Cellular immunofluorescence demethylase assay

A protocol adapted from that of Kinget al., 2010 was used for investigation of cellular
demethylation inhibition. 12 HeLa cells were maintained in DMEM media supplemented with
10% fetal bovine serum (FBS), penicillin and streptomycin. Cells were transiently
transfected with either FLAG-tagged KDM4A or the H188A catalytic inactive variant of
KDM4A using Fugen@ HD. Inhibition studies were initiated 24 h after cellular transfection
and compounds were added to a final concentration of 300 RV in 1% DMSO. Cells were
washed with PBS and fixed usingprmaldehyde (4%). H3 K9me3 levels were measured in
cells following 24 h incubation with compound. All cells were stained with an anti-FLAG
mouse monoclonal antibody (Sigma F1804), rabbit ant#3 K9me3 (Abcam Ab8898) and
DAPI (Sigma D9564) for DNA. Alexa FludrA88 antibody (Life technologies A-21121) and
Alexa Fluor® 568 antibody (Life technologies A-11011) were used to fluorescently label the
FLAG and H3 K9me3 primary antibodies. Image acquisition was conducted usiag
Operetta High Content Imaging System (PerkinElmer) and image analysis was performed
with Harmony High Content Imaging and Analysis Software (PerkinElmer). The nuclei were
automatically identified by DAPI staining using the standard parameters. Cells expressing
low amounts of the exogenous demethylase, where FLAG-tag staining was dim, were
omitted from analyses by setting a minimum threshold. Egvalues were calculated in Prism

6 after normalisation by setting DMSO treated KDM4A variant transfected cells to 0%

inhibition .

11.2.4.4Intracellular delivery assay

The protocol used was adapted from that of Kruidenieet al., 2010.13 HeLa cells were dosed
with a 200 pM solution of the compound in DMSO or DMSO alone. After 24 h of incubation
the medium was aspirated and the cells were washed with PBS. The number of cells in each
sample was determined using a Motic AE20 (Ted Pella) microscope. Extraction of the
compounds from the cells was performed by lysis using 80% aqueous methanol. All gales
were shaken for 10 min on a vortex mixer and then centrifuged for 10 min at 15000 rpm.
The supernatant was removed and the methanol solution was evaporated using a SpeedVac
machine. Samples were dissolved with water in proportion to the cell count and an aliquot

of the resulting supernatant was mixed with caffeine at 1000 ng/mL as the internal
standard. Samples were analysed by reverse phase LC MS/MS using a heat assisted

electrospray interface in positive ion mode. The instrument used was a Waters Quattro
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Micro triple quadrupole mass spectrometer coupled to liquid chromatography CTC PAL and
Waters Acquity UPLC. The column was Gemini C18 HPLC with 3.0 mm internal diten
(Phenomenex). Nominal MRM (Multiple Reaction Monitoring) transitions for analytes were
190.0 to 146.0 for IOX11, 302.2 to 190.0 for esteb and 195.0 to 138.1 for Caffeine. MRM
methods were ran over a 5 minutes gradient running from 1% ACN + 0.5% acetic acid (aq)
to 90% ACN + 10% formic acid (aq), held for 2 minutes and returned to the starting
conditions over 0.1 minutes and remained at the starting conditions for 3 minutes. Samples
were assayed against calibration standard curve over the range of 0 to 208/ prepared
with diluted cell lysate of cells dosed with DMSO. Quantitative analysevere made by
measuring the peak area of the compounds, normalised using caffeine, followed by linear

regression analyses to calculate the number of moles per cell.

11.2.4.5Real-time qRT-PCR

RNA extraction and reverse transcription:  total cellular RNA was isolated from the cells
using the RNeasy Mini, RNA isolation kit (Qiagen). The RNA was eluted from the RMeas
Mini columns with 30 pl of RNase-free water. RNA samples were treated with
deoxyribonuclease (TurboDNAse, Ambion The amount of total RNA isolated from the cells
was gquantified using a NanoDrop spectrophotometer (2100 Bioanalyzer). Samples were
then divided into 1500 ng RNA per 100J 6#f cDNA synthesis reaction using the TagMan
Archival Reverse Transcription Kit (Applied Biosystems). To minimise potential variabily,
the cDNA for all RNA samples has been generated in the same reverse transcriptase react
mixture. Genomic DNA contamination was assessed bgal-time gRT-PCR, using mixes

without the reverse transcriptase enzyme.

Primers design and efficiency measurements: primers were either designed according
to existing validated primers published in PrimerBank, or by using Primer-BLAST
(NCBI)24.15

Oligonucleotides were purchased from SigmaDNA from all samples to be tested in the

experiment was mixed in equal amounts to be used as a template for primer efficiency
measurements. PCR efficiency and dynamic range for the primers were determined by
running real-time PCRs on serial dilutions of the cDNA template. Primers sequences and

efficiency data are described in thendividual relevant chapters.
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Quantitative RT-PCR: Realtime quantitative RT-PCR was performed using SYBR Green
chemistry.16 For each reaction, 2x SYBR Green Quantitect mastermix (Qiagen) was added to
900 nM forward and reverse primer. cDNA template was added to 8 ng per PCR reaction
Reaction mixes were aliquoted in a volume of 40 pl/well onta 96-well optical reaction
plate (Applied Biosystems) in technical triplicatesThe reaction plate was then transferred

to the CFX96 Touch Real-Time PCR detection system (BIO-RAD). The following cycling
conditions were used: 50C for 2 min (stagel); 95°C for 10 min (stage 2); 95°C for 15 s; 6D°
for 1 min (stage 3) X 40. The specificity of the PCR primers was checked using dissoaiati
curve analysis at the end of each run. Fold change in mRNA expression was determined by
the Pfaffl method?!” Results were normalised to a reference gene and a selected calibrator
sample which was arbitrarily set to 100%. All experiments were repeated three
independent times (three biological repeats). Statistical analyses were carried out usinge

way ANOVA followed up by Dunnett's multiple comparisons tests using GraphPad Prism 6.

11.2.4.60n-bead demethylation assays

A protocol adapted from that of Walportet al. was used HEK293T cells were transiently
transfected with KDM3A. Cells were washed in PBS buffer and lysed in 50mM HEPES, pH
7.5, 150mM NacCl, 0.5% NP40, 1% EDTA-free protease inhibitor cocktail and DNAse (10 mg
ml-1). Lysate was diluted five-fold with buffer containing 50mM HEPES, pH 7.5, 150mM NacCl
before being incubated with 20 ml anti-FLAG M2 Magnetic Beads (Sigma-Aldrich) for 3 h at
4°C. Beads were washed four times with lysis buffer (500 ml) and two times with 50mM
HEPES (500 ml; or 50mM HEPES) before MS analysis. Beads were resuspended in a final
volume of 30 ml for use in activity assays. Demethylation reactions were conducted with 2
ml of the immobilized anti-FLAG bead suspension with peptide (10 mM) and
cofactors/substrates. The demethylation products were detected by MALDI MS (conditions
given in Section 11.3.3). Western blotting of lysate samples was carried out to confirm

exogenous overexpression of all enzymes (conditions given in Section 11.2)1.3
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11.3 Biochemical assays

11.3.1 Test of compound stability in AlphaScreen assay buffer

3 mM of the tested compounds were incubated in a solution composed of the tested buffer
for AlphaScreen assay (50 mM HEPES pH 7.5 supplemented with 0.1% BSA, 0.01%
Tween20, Fé (10 pM), ascorbate (100uM) and 20G (10 uM)) in room temperature. Sample
were taken for LCMS analysis after 0, 1, 2 and 24 h of incubation. LCMS retention tintgs (
are quoted to the nearest 0.1 min. LCMS was performed on a WATERS Sunfire equipped
with a C18 column (150 mm x 4.6 mm, 5 pm) using a linear gradient of solvent A (water +
0.1% CRCQH) and solvent B (acetonitrile + 0.1%CRKCQH), eluting at a flow rate of 1
mL/min and monitoring at 254 nm: 2% B over 2 min, 2% B to 100% B over 16 min and
100% B over 2 min.

11.3.2 Differential scanning fluorimetry (DSF) assay

A protocol adapted from that of Nieseret al. was used® Samples were loaded in triplicate
into a white 96-well PCR plate (Bio-Rad) with each well containing a final volume of 20 pl.
The PCR plates were sealed with optical quality sealing tape (Bio-Rad). The concentration
of KDM3Aineachwell™ fe t A ™(_S wp4H,0 and 2X SYPRO Orange (Invitrogen)
in 200 mM Hepes buffer, pH 7.5TCAIl metabolites were used at a concentration of 10 mM
Peptides were used at a concentration of 200 uM. DSF experiments were carried out using
MiniOpticon Real-Time PCR System (Bio-Rad). The samples were heated from 280%C at
the rate of 1°C/minute. A single fluorescence measurement was taken each minute. Melting
temperatures were determined by performing a curve fit to the Boltzmann equation
(Equation 11.1).

7.F..;

SEATE2ZE A

UL..E

Equation 11.1 The Boltzmann equation. LL and UL are the values of minimum and
maximum intensities, respectively, anda denotes the slope of the curve within .18
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The degree of thermal shift was calculated by comparing the melting temperature of KDM3A
in the presence of compounds against negative controls with no enzyme. 200 [3(1-

15)K9me?2 peptide fragment was used as a positive control for binding.

11.3.3 MALDI-TOF MS based activity assays

Conditions for MALDI-TOF MS activity assay were carried out as reported by Walpettal 3

All reagents were prepared in 50 mM HEPES buffer pH 7.5 unless otherwise stated, except
the ferrous iron, which was prepared as a stock solution (100 mM) in 20 mM aqueous HCI.
This stock was then diluted in water. Standardo-factors concentrations used in assays are
described in Table 11.3, unless otherwise stated. Enzyme and substrate mixes were
prepared separately and combined into sample-wells of a 96-well plate to a final volume of

30 ul to initiate the enzymatic catalysis, which was carried ouat 37°C.

Table 11.3 Standard concentrations of components in MALDI-TOF MS activity
assay. The following conditions were used to measure catalytic activity using MALBEIIOF MS, unless
otherwise stated.

Component Concentration in reaction
Enzyme varied (single-digit pM)
Enzyme mix
Fe! 50 uM
Ascorbate 100 uM
Substrate mix Peptide varied (5-500 uM)
20G 100 uM

For potential novel substrate screening reaction& sr J *“releSant peptides was used.
The reactions were incubated for 1 hunless otherwise stated. To test for inhibition, the
enzyme was pre-incubated with an inhibitor for 15 min at 37°C before initiation of the
reaction with all other reagents. Where necessary for inhibitor solubilisation, 1% DMSO was
included in the assay buffer. Inhibition assays were carried with varied concentrationsf
the tested inhibitors together with methylated H3 fragment substrate peptide, andGCso
values were calculated from the reaction rate during the linear phase of catalysis. For kinetic

studies, all samples containing the various substrate concentrations were kept under the
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same conditions and measured simultaneously for each time-point during the time-cowgs

experiment.

Reactions were quenched with 1% formic acidA 96-spot MALDI plate was spotted with
s J ‘Zcyano-4-hydroxycinnamic acid (CHCA MALDI matrix fet s J ‘"~ eofe’'Z% "%~
spot. Samples were left to air dry before being analysed by MALDI-TOF MS.

Samples were analysed using a MALDI-TOF mass spectrometer (Waters MALDI Micro MX)

in the positive ion reflectron mode.A laser energy of 200-250flight tube voltage 12000 V,

reflectron voltage 5200 V. The mass window collected was determined based upon the

peptides in the sample.Spectra were processed (background subtraction: polynomial

order 3, below curve (%) 10, tolerance 0.010; smoothing: smooth window (channels)

+3, number of smooths 5, Savitzky Golay method) using MASSLYNX 4.0 (Waté&sle

—Sf— <o ofet L fete eefZ7 “f cf-ctee Tt f <o =St f,e'Z—-% £8F"cet
compared with the calculated values of the peptides were observed. However, in all cases

the mass shift between the product and the substrate masses was unchanged.

The percentage of enzymatic activity was calculated usingquation 11.2 and was

normalised based on control reactions with no enzyme.

Ad
" %=P=HUPE? ﬁ@ﬁ?%%muw
U@

Equation 11.2 Calculation of the percentage of enzy matic activity based on MALDI-
TOF MS analyses P is the relative intensity of the peak of the prodct peptide and S is the
relative intensity of the peak of the remaining subtrate peptide in the sample. In cases
where several products were observed, their sum ointensities is used to calculate the
percentage of catalytic activity

All data were processed with GraphPad Prism 6, fitting either dose-response curves
with variable Hill slope (for ICso determination) or Michaelis-Menten curves (for

kinetics). In all assays, non-enzyme containing negative controls were used for data
normalisation. A methylated H3 fragment peptide was used as a positive control for KDM

catalysis. All measurements were carried out in triplicate unless otherwise stated.
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11.3.4 Formaldehyde dehydrogenase (FDH) coupled assay

KDMS3A assays were carried out as reported at 372\l reagents were prepared in 50 mM
HEPES buffer pH 7.5 unless otherwise stated, except the ferrous iron, which was prepared
as a stock solution (100 mM) in 20 mM aqueous HCI. This stock was then diluted in water.
Standard co-factors concentrations used in assays are described ihable 11.4, unless
otherwise stated. To test for inhibition, enzyme was pre-incubated with inhibitor for 15 min
before initiation of the reaction with all other reagents. Where necessary for inhibitor
solubilisation, 1% DMSO was included in the assay buffer. Enzyme and substrate mixes
were prepared separately and combined to initiate catalysis in clear-bottom black 384-well

plates (Greiner Bio-One).

Table 11.4 Standard concentration of components in KDM3A the FDH coupled assay. The
following conditions were used to measure KDM3A catalytic activity using the FDH cougl@assay
throughout the study unless otherwise stated.

Component Concentration in reaction
KDM3A varied (hundrents nM)
Enzyme mix
Fe! 50 uM
Ascorbate 100 uM
FDH 0.5 U/50 pl reaction
Substrate mix Peptide varied (5-500 uM)
20G 100 pM
NAD+ 500 uM

Production of NADH was fluorescently monitored over 60 cycles with a cycle time of 30
seconds using a PHERAstar FS (BMG Labtech) plate reader with 355 nm excitation and
460nm emission. Formaldehyde standard curve was used to convert fluorescence to
demethylated product concentration. The linear range for the KDM reaction was used to
calculate initial rates, as determined by the slope of the fluorescence signal recordedll
data were processed with GraphPad Prism 6, fitting either dose-response curves with
variable Hill slope (for 1Go determination) or Michaelis-Menten curves (for kinetics).In

all assays, non-enzyme containing negative controls were used for data normalisation. A
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methylated H3 fragment peptide was used as a positive control for KDM catalysis. All

measurements were carried out in triplicate unless otherwise stated.
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Appendix 1

Mascot Search Results for SDS-PAGE gel bands corresponding to KDM3A (see
Chapter 3, Section 3.4).

Analysis by Carina Giladi Oppermann group and Dr. Rod ChalBurgess-Brown group,
Structural Genomics Consortium, Oxford

Mascot Search Results for the ~115 kDa band

Search title : Auto submitted by BioTools

Database : SwissProt 2012_09 (538010 sequences; 190 998508 residues)

Timestamp : 26 Jun 2014 at 16:52:32 GMT

Protein hits : KDM3A_HUMAN ecetrhe’t . ¢"c... THef—8>Zfef j ° ‘et of'ctqe  °h  °k
KDM3A_MOUSB ecet et . <"c... THe:-SsZfef j °© —e o—steffZ2h “h

DNAA_STRE®Mhromosomal replication initiator protein DnaA OS=S treptococcus equi subsp. zooepidemicus (strain

MGCS10565) GN=dnaA PE=3 SV=1

RPOD_BORBRNA polymerase sigma factor rpoD OS=Borrelia burgdo rferi (strain ATCC 35210/ B31/ CIP 102532 / DSM 4 680)

GN=rpoD PE=3 SV=2
FARS_ARTAN €7 f—fA f"efetet ese_Sfet ° "_fececf feoeh2pPE21SV=1

ATP8_APILI ATP synthase protein 8 OS=Apis mellifera ligustica GN=mt:ATPase8 PE=3 SV=1

BIOB_RHOPBIotin synthase OS=Rhodopseudomonas palustris (stra in BisB18) GN=bioB PE=3 SV=1

MED30_AEDAMediator of RNA polymerase Il transcription subunit 30 OS=Aedes aegypti GN=MED30 PE=3 SV=1

TBP_METKA ", “87 <otce%o ""‘—Fce ° F-Sfe'>"—e ofed ¥+ hp u mjik u pmjp u heepjef’
PE=3 Sv=1

NFI_DICT6 st'e— ... ZFfet ° C=>'%eZ'e—e —St e’ ScZ—jbpkifue jpme u ~mGNEnfi PE=3 SV=1
KIFAB_HUMAN S”‘ete‘efNfoet L f—Ft scofece k ° el ef'ctesk °h  °j

DADAL_RHILO Afece' f..<t TS5t " %ofefet h eefZ7 o— —oc—e Z'Scoré-—"fco jejepp€ °tft h °j °h
SYCP1_MESASynaptonemal complex protein 1 (Fragment) OS=Mesocr icetus auratus GN=SCP1 PE=2 SV=1

BCCIP_CAEBHrotein BCCIP homolog OS=Caenorhabditis briggsae GN =CBG11215 PE=3 SV=1

LMMVR Attt —%7 Zsetrfet ° fcoet otefcac L~ fcoefu e<—Ft —f-tfeu fituieele °h °j
COILARATH ‘"*ef—ceticootooc—c™f ""—tce h ° "f <t eB<ESff ° h °h  °h

TBD2B_XENTRBC1 domain family member 2B OS=Xenopus tropicalis GN=tbcld2b PE=2 SV=1

DDX49_DROME'*, f ,Z2 % Atriette— StZc..fet Kkl "S<Zf'etZfe'%fe—%" ° REk2SV=2
PRSA2_BACCRoldase protein PrsA 2 OS=Bacillus cereus (strain A TCC 14579 / DSM 31) GN=prsA2 PE=3 SV=1

PUR7 NAUPAS ‘'S ¢ ‘esZfoce'coctfoo'ZENe— ... ... ot ASffedt s Sof——<Z<f " —et . Zf ee="fce ju ~hkm
Log(P), where P is the probability that the observe d match is a random event.

Individual ions scores > 52 indicate identity or ex tensive homology (p<0.05).

Protein scores are derived from ions scores as a no nprobabilistic basis for ranking protein hits.

Peptide Summary Report

Significance threshold p< 0.05 Max. humber of hits 20

1. KDM3A_HUMAMss: 149472 Score: 466 Matches: 17(10) Sequences: 8(5) emPAI: 0.10
secoefMet L Cc.. THet—8>Zfet | ° ‘et of’ctqe °h °k

Mascot Search Results for the ~70 kDa band

Search title : Auto submitted by BioTools
f—fo.f*f [ ™cee "~ jehiOep *ljoYehe sf“—e¥ppo¥Velp fect—1t+€

Timestamp : 26 Jun 2014 at 17:27:26 GMT

Type of search : MS/MS lon Search

Enzyme : Trypsin

Fixed modifications : Carbamidomethyl! (C)

Variable modifications : Oxidation (M)

Mass values : Monoisotopic

Protein mass : Unrestricted

Peptide mass tolerance : + 1.5 Da

Fragment mass tolerance : + 1.3 Da

Max missed cleavages : 4

Instrument type : ESITRAP

Number of queries : 306

Score distribution

Peptide score di ~ e—="¢,——<‘s\ ‘ee o ‘"F o aheZ'% e €Y ™MSH 1" feo ZSE> —Sf— St ef" "t of—..S <o f
random event. Individual ions scores > 53 indicate identity or extensive homology (p<0.05).

[Deprecated] Score distribution for family members in the first 50 proteins. Protein scores are derive d from ions

scores as a nhonprobabilistic basis for ranking prot ein families.

Protein families 1 V2 (out of 2)
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1

Accession Score Description

1 KDM3A_HUMABB Lysinespecific

demethylase 3A OS=Homo sapiens GN=KDM3A PE=1 SV=4
2

Accession Score Description
1 ATP8_APILI 74 ATP synthase protein 8 OS=Apis mell ifera ligustica GN=mt:ATPase8 PE=3 SV=1

Mascot Search Results for the ~60 kDa band

Search title : Auto submitted by BioTools

Database : SwissProt 2012_09 (538010 sequences; 190 998508 residues)

Timestamp : 3 Jul 2014 at 05:51:07 GMT

Protein hits : KDM3A_HUMANeceofre’f "¢, ttet-S>Zfet j ° ‘et of’ctqe  °h  °k
BIOB_RHOPmBIotin synthase OS=Rhodopseudomonas palustris (stra in BisB18) GN=bioB PE=3 SV=1

RH27_ARATH 7§ Ntfrfette— StZc..fet in ° "feFSFZfef ° in C°i Ci

MUTS RICAE  eceef—..S "3 fc” ""'—dcs ——  ° .. ef——ecfftfsd<"fcs AlE °e—— °j ©°h
COIL_ARATH “"‘ef —cofNceefeec—<"F ""*—fce h biddpsis thaliana GN=COI1 PE=1 SV=1

RTC5_CANTT fe—"c...—c‘e ° —1Z%t"f . f'co% ""‘—tco | fofétet f2co oo—"fco Ajkek u he€
Sv=1

RS10_MYCGB0S ribosomal protein S10 OS=Mycoplasma galliseptic um (strain R(low / passage 15 / clone 2)) GN=rpsJ P
Sv=2

ATPB_GEOLS e>e—Sfef o— —ec— F—f ©° %‘ f..—%" Z'FZ%>< «s="~hhlh u hninou € °f-’
DNLI_PYRKO  Z<%ofet ©° " .. ‘.. .. —e o't fef"fleece ee—"frpho u hijoe u h€ °Z<% °h
ATPB_DESHM e3e—Sfet o— —ec— E—f ° fe—Z ¢~ f . rcHici-eeSFfco Aiu hemmke€ °f-’

BYST_NEMVBystin OS=Nematostella vectensis GN=bysl PE=3 SV=1
POLY_DROMEf —"'"«"— A"+ 7 f %11 ‘Z 75" '—fce ""'e —"fés'n'» ©° "o S Znfielanogaster GN=pol PE=4 SV=1
PLD5_MOUSHactive phospholipase D5 OS=Mus musculus GN=PId5 P E=2 Sv=1

RNH2_VIBC3Ribonuclease HIl OS=Vibrio cholerae serotype O1 (st rain ATCC 39541 / Ogawa 395 / 0395) GN=rnhB PE=3 SV
PHCB_SPIPL A’ S>... ...>fecs ,t—f ... SYpirlina®platensis GN=cpcB PE=1 SV=2
GCSPB_PROAZobable glycine dehydrogenase [decarboxylating] su bunit 2 OS=Prosthecochloris aestuarii (strain DSM 2
SK 413) GN=gcvPB PE=3 Y4102_ARATHPutative uncharacterized protein At4g01020, chlorop lastic OS=Arabidopsis thaliana
GN=At4g01020 PE=4 SV=1
ATPB_SPHAIATP synthase subunit beta OS=Sphingopyxis alaskensi s (strain DSM 13593 / LMG 18877 / RB2256) GN=atpD P
Sv=1
SYT_LACLA S"f'ecefrn_ Ze%ofol ° fo—='iitil. — e 2P f.mecoaea"co hkej€ PESISV=L
NOG1_MOUSE—...Zt'Zf" Aocotco%o "MmFce h 0 —e e—e I %] 0]
Log(P), where P is the probability that the observedimiata random event.
Individual ions scores > 53 indicate identity or ex tensive homology (p<0.05).
Protein scores are derived from ions scores as a no nprobabilistic basis for ranking protein hits.
Peptide Summary Report
Significance threshold p< 0.05 Max. number of hits 20
Standard scoring MudPIT scoring lons score or expec t cutoff
1. KDM3A_HUMAWBSs: 149472 Score: 292 Matches: 13(7) Sequences: 5 (3) emPAl: 0.06
secoef Mot "L THet—S85Zfet j ° fel oflctdqe °h °k
Check to include this hit in error tolerant search or archive report
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Appendix 2

Analysis of IMJD1C protein purification (see Chapter 8, Section 8.3 )

Protein was produced by Dr. Catrine Johansson

(A)
S FT Wl w2 W3 E1 E2 E3
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(©)

Figure A2.1 Analysis of JMJD1C protein samples during purification . (A)
Coomassie staining of SDS-PAGE protein gel followinfractions from Ni-Sepharose
purification. S denotes the supernatant, FT the fle-through, W1- wash with 10 mM
Imidazole, W2 - wash with 20 mM Imidazole W3 - wash with 30 mM Imidazole,E1
elution fraction 1 with 250 mM Imidazole, E2 elution fraction 2 with 250 mM
Imidazole,E3 elution fraction 3 with 500 mM Imidazole. (B) Coomassie staining of SDS-
PAGE protein gelbf fractions from gel filtration purification on a HiLoad 16/60 Superdex
200 column (GE Healthcare). A letter and a numbendicate the fraction name loaded in
each lane. Numbers on the left of the gels presetite molecular weight of each standard
in KDa. Arrows on the right indicate the bands repgsenting the JMJD1C protein (117
KDa). (C) Gel filtration chromatogram of JMJD1C pification. Protein was produced by Dr.
Catrine Johansson.
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Appendix 3

Reported sites of a methyllysine modification at position - 5 relative to an
acetyllysine (see Chapter 10, Section 10.3).

Table A3.1 PhosphoSitePlus data of reported sites of a methyllysine
modification at position - 5 relative to an acetyllysine across the proteome. 1 The
following reported acetyllysine marks can be screead as candidate novel substrates of
KDM3A.

Main GO-molecular Methyl  Acetyl

. Protein name Protein Organism  Uniprot . .
function position position

CCR7 chemokine

receptor binding

C-C motif chemokine 21 CCL21 human O00585 115 120

protein binding ]
) ] ) T-complex protein 1
involved in protein ) CCT6A human  P40227 5 10
subunit zeta

folding
ATP-dependent ATP-dependent RNA
; . . DDX1 human Q92499 234 239
helicase activity helicase DDX1
Dihydrolipoyllysine-residue
pyruvate acetyltransferase
dehydrogenase component of pyruvate DLAT mouse Q8BMF4 358 363
(NAD+) activity dehydrogenase complex,
mitochondrial
o Elongation factor 1-
tRNA binding EEF1A1 human P68104 36 41
alpha 1
o Elongation factor 1-
tRNA binding EEF1A1 human P68104 79 84
alpha 1
translation factor Elongation factor 1-
- - EEF1A2 human Q05639 36 41
activity, RNA binding alpha 2
structural constituent )
Protein 4.1 EPB41 human P11171 361 366

of cytoskeleton

rRNA
pre-rRNA processing
methyltransferase ; FTSJ3 human Q8lY81 788 793
protein FTSJ3

activity
misfolded protein 78 kDa glucose-regulated
o ) GRP78 human P11021 596 601
binding protein
chromatin DNA
- Histone H1.4 H1E mouse  P43274 21 26
binding
DNA binding Histone H2B type 1-B H2B human P33778 15 20
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Main GO-molecular ) ) ) ) Methyl  Acetyl
) Protein name Protein Organism Uniprot N N
function position  position
DNA binding Histone H2B type 1-B H2B human P33778 23 28
DNA binding Histone H2B type 1-B H2B human P33778 120 125
DNA binding Histone H2B type 1-A H2B1A human Q96A08 13 18
DNA binding Histone H3.1 H3 mouse  P68433 4 9
nucleosomal DNA ;
o Histone H3.3 H3 cow Q5E9F8 4 9
binding
DNA binding Histone H3.2 H3 chicken P84229 9
DNA binding Histone H3.1 H3 mouse  P68433 14
DNA binding Histone H3.1 H3 mouse  P68433 18 23
DNA binding Histone H3.1 H3.1 human P68431 9
DNA binding Histone H3.1 H3.1 human P68431 14
DNA binding Histone H3.1 H3.1 human P68431 18 23
nucleosomal DNA
o Histone H3.3 H3F3A human  P84243 4 9
binding
nucleosomal DNA
- Histone H3.3 H3F3A human  P84243 9 14
binding
nucleosomal DNA
o Histone H3.3 H3F3A human  P84243 18 23
binding
nucleosomal DNA .
- Histone H3.3C H3F3C human Q6NXT2 5 10
binding
nucleosomal DNA )
o Histone H3.3C H3F3C human Q6NXT2 10 15
binding
nucleosomal DNA
o Histone H3.3C H3F3C human Q6NXT2 19 24
binding
HIST2H3
chromatin binding Histone H3.2 human  Q71DI3 5 10
AIC/ID
HIST2H3
chromatin binding Histone H3.2 human Q71DI3 10 15
AIC/D
HIST2H3
chromatin binding Histone H3.2 human Q71DI3 19 24
AIC/D
DNA binding Histone H3.1t HIST3H3 human Q16695 5 10
DNA binding Histone H3.1t HIST3H3 human Q16695 10 15
o High mobility group protein
DNA binding HMGA1 human P17096 62 67
HMG-I/HMG-Y
Heterogeneous nuclear
RNA binding hnRNP A1 human P09651 161 166
ribonucleoprotein A1
microtubule motor
o Kinesin-like protein KIF3C KIF3C human 014782 163 168
activity
o DNA/RNA-binding protein
DNA binding KIN human 060870 306 311
KIN17
ATP-dependent DNA X-ray repair cross- Ku80 human P13010 660 665
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Main GO-molecular ) ) ) ) Methyl  Acetyl
) Protein name Protein Organism Uniprot N N
function position  position
helicase activity complementing protein 5
) Mediator of RNA
chromatin DNA o
bindi polymerase Il transcription MED1 human Q15648 1006 1011
indin
9 subunit 1
actin binding Myosin-9 MYH9 human P35579 651 656
chromatin DNA Transcription
o NFkB-p65 human Q04206 310 315
binding factor p65
ADP-ribose
_ ADP-sugar
diphosphatase NUDT5 human Q9UKK9 205 210
o pyrophosphatase
activity
o POU domain, class 5,
DNA binding o Oct4 human Q01860 151 156
transcription factor 1
RNA binding RNA-binding protein 7 RBM7 human Q9Y580 45 50
calcium ion binding Reticulocalbin-1 RCN1 human Q15293 81 86
RNA binding 60S ribosomal protein L7 RPL7 human P18124 156 161
o Ubiquitin-40S ribosomal
RNA binding ) RPS27A human  P62979 6 11
protein S27a
GTPase activator SH3 domain-binding
- ; SH3BP1 human Q9Y3L3 142 147
activity protein 1
Serine
chromatin binding  hydroxymethyltransferase, SHMT2 human P34897 469 474

mitochondrial

myosin light chain Myosin light chain kinase,
SmMMLCK human Q15746 603 608

kinase activity smooth muscle

cadherin binding Sorting nexin-2 SNX2 human 060749 442 447
methylated histone -
binding Spindlin-1 SPIN1 human Q9Y657 2 7
DNA binding Nuclear transition protein 2 TP2 rat P11101 83 88
DNA binding Nuclear transition protein 2 TP2 rat P11101 88 93
structural constituent  Ubiquitin-60S ribosomal

of ribosame orotein L40 UBA52 human P62987 6 11
Polyubiquitin-B UBB human POCG47 6 11
Polyubiquitin-B uUBB human POCG47 82 87
Polyubiquitin-B UBB human POCG47 158 163
RNA binding Polyubiquitin-C UBC human PO0CGA48 6 11
RNA binding Polyubiquitin-C UBC human POCG48 82 87
RNA binding Polyubiquitin-C UBC human P0OCG48 158 163
RNA binding Polyubiquitin-C UBC human P0CG48 234 239
RNA binding Polyubiquitin-C UBC human P0OCG48 310 315
RNA binding Polyubiquitin-C UBC human POCG48 386 391
RNA binding Polyubiquitin-C UBC human POCG48 462 467
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Main GO-molecular

Methyl  Acetyl

function Protein name Protein Organism Uniprot position _position
RNA binding Polyubiquitin-C UBC human POCG48 538 543
RNA binding Polyubiquitin-C UBC human PO0CG48 614 619
DNA binding Zinc finger protein 484 ZNF484 human Q5JVG2 315 320

1. Hornbeck, P. V. et al. PhosphoSitePlus, 2014: mutations, PTMs and recalibrations.
Nucleic Acids Res43, D512 D520 (2015).
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